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Riassunto

L’argomento di questa tesi si colloca nell’ambitel dphytomanagement”,
cioe di quell'insieme di tecniche che vengono zaéite per ridurre il contenuto o la
mobilita dei metalli pesanti nei terreni grazieragessi mediati da piante superiori.
Il “phytomanagement” comprende numerose tecnicleescimo classificate in base al
tipo di processo utilizzato e all'obbiettivo perség. In questo lavoro sono state
approfondite le tecniche di fitostabilizzazione deetalli pesanti, prendendone in
considerazione entrambi gli aspetti di fitostakdizione in-planta, attraverso
'accumulo degli inquinanti nei tessuti radicali dipecie da biomassa, e
fitostabilizzazioneex-planta attraverso I'impiego di ammendanti organici. Bnibe
le tecniche hanno come obiettivo la riduzione deliabilita dei metalli tramite
insolubilizzazione allo scopo di ridurne la disdmhiia per gli organismi viventi, ma
si distinguono per la localizzazione dei processpettivamente nei tessuti della
radice e nel suolo.

La sperimentazione sulla fitostabilizzazioimeplanta & stata condotta con
I'obiettivo di valutare la capacita di accumulondetalli pesanti nelle radici fittonanti
di una pianta modello (colza) e di definirne laatmca di rilascio attraverso il
processo di degradazione radicale. Sono statiatalamhche I'effetto di investimenti
crescenti (22, 44 e 63 piante?n del tipo varietale (due ibridi CHH a taglia
convenzionale, un ibrido seminano e una varietpollinazione libera) (primo
anno) e di un diverso livello di inquinamento datafienel terreno (secondo anno)
sulla dinamica degradativa dei fittoni. | risultétidicano che, in un terreno non
inquinato, la degradazione della biomassa radigaleene abbastanza velocemente
(-83% in un anno), anche se ~10% di materiale abgeimane indegradato dopo 18
mesi e in grado quindi di mantenere immobilizzanetalli al suo interno; a questa
sostanza organica recalcitrante, puo tuttavia esaggiunta annualmente o con il
ciclo di coltivazione successivo nuova biomassaementando il pool organico per
la ritenzione degli inquinanti. E stato evidenziatee i metalli vengono accumulati
maggiormente nei tessuti radicali fibrosi (cortexerno) e il loro rilascio puo
risultare, in funzione dello specifico metallo, piento della degradazione delle
sostanza organica, con concentrazioni finali chréama a seconda dell’elemento. Il

ritmo degradativo dei fittoni € risultato indipemtie dal genotipo e dalla densita di
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semina, ma sarebbero comunque da preferire culpikarvigorose (ibridi CHH) e
semine fitte in quanto garantirebbero una magdgmassa in campo (e.g., 1200 kg
ha'per Taurus, che aumenta a 1700 kg par investimenti di 63 piante e un
maggiore accumulo di metalli. L'inquinamento da atietpesanti ha rallentato
notevolmente la dinamica degradativa, a causa dellzore attivitd microbica
proteolitica (fasi iniziali) e cellulosolitica (fasuccessive). La presenza di alte
concentrazioni di metalli nel suolo ed elevati livdi biodisponibilita (Cd, Co, Cu,
Zn) puo significativamente favorire l'adsorbimentiegli stessi sul materiale
organico in degradazione, determinando una dinateicgorale di accumulo nei
fittoni in via di degradazione. Complessivamentenastante la degradazione della
sostanza organica sia inevitabile, le radici figioth di una pianta annuale
effettivamente consentono di stabilizzare i metadll lungo periodo, con livelli di
efficienza maggiori nei terreni inquinati ai qusilirivolge questo tipo di tecnica.

Le prove di fitostabilizzazioneex-planta avevano come obbiettivo la
valutazione del potenziale apporto di metalli péisa suoli e sulla loro
biodisponibilita in seguito a fertilizzazione commendanti organici derivati da
materiali di scarto. E stato valutato anche il patale trasferimento di inquinanti
alle piante coltivate. Sono stati confrontate deertipologie di ammendanti,
evidenziando importanti effetti sul suolo e su soda foraggio in funzione dalle
caratteristiche del’ammendante stesso, e in pdatie dal suo grado di maturazione.
A parita di C organico apportato, infatti, ammendahe hanno subito processi di
stabilizzazione (compostaggio) e che sono quindiricchi di nutrienti, e di azoto in
particolare, ma anche di sostanze umiche, hanmatdonsultati produttivi migliori,
favorendo nello stesso tempo I'accrescimento résliddella sperimentazione sono
stati confrontati compost da RSU, frazione solidaligestato da scarti vegetali e
separato solido di liguame suino, ma in tutti iidagpporto di metalli pesanti al
suolo é stato trascurabile cosi come I'accumuldarelggio del sorgo, indicando che
per ammendanti prodotti a partire da materiali dalgga il rischio nella catena
alimentare sembra limitato. Tuttavia, nel medioiquw, I'apporto di ammendanti
organici puo aumentare la biodisponibilita di aicwlementi come Ni e Zn,
indipendentemente dalla qualita della sostanzanozgaanche se generalmente i
rischi maggiori sono stati riscontrati per ammendadn origine animale (liquame

suino). La mobilita dei metalli pesanti deve quirdipendere dalla presenza di
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metalli in forme solubili negli ammendanti stessha potrebbe anche essere
influenzata dall'interazione specifica con il suole generale, il compost é risultato
I'alternativa migliore sia dal punto di vista steghente agronomico (performance
produttiva) che ambientale (apporto di metalli @dsponibilita, stabilita della
sostanza organica). Ammendanti stabilizzati conteoithar, che sono piu inerti dal
punto di vista biologico, nel medio periodo hanneeice esercitato scarsi effetti sulla
produttivita delle colture in sperimentazione (qriagiolo). Anche gli effetti sul pH
(aumento) sono risultati transitori, mentre sembramu stabili gli effetti sulle
proprieta fisiche del terreno (aerazione, dengtallla ripartizione dei metalli tra le
diverse fasi del suolo. Il biochar infatti, ha fawo la ritenzione di Cu e Zn, mentre
potrebbe aumentare la solubilita del Pb, con efééte possono variare in funzione
oltre che della dose anche dell’eta del biochaiatiin I'ossidazione a carico dei
gruppi aromatici del biochar ne modifica le canmagteche chimiche e quindi le
interazioni con i metalli e gli altri componentildeiolo. Anche il biochar comunque,
se prodotto a partire da materiali non inquinabin mletermina significativi aumenti
delle concentrazioni di metalli totali nel suolmelle colture, e pud quindi essere
utilizzato, anche su una scala temporale relativedenampia, per aumentare lo stock
di carbonio dei suoli piu che per aumentare la peeduttiva delle colture. | rischi di
contaminazione del suolo sembrano scarsi dal mamehe gli elementi, che
divengono piu solubili, sarebbero ridistribuiti 8erorizzonti del suolo piu profondi e
quindi verrebbero diluiti.

Quando invece negli ecosistemi agrari vengono dafito ammendanti
derivati da materiale inquinato, il rischio di camtinazione del suolo e della catena
alimentare e concreto. Ammendanti come il biochatooettivi come la cenere,
infatti, a seguito dei processi rispettivamente piiolisi e incenerimento si
arricchiscono di metalli pesanti rispetto al mateeridi partenza. In particolare,
biochar e cenere prodotti a partire da legno tattan conservanti a base di rame
sono molto ricchi di questo elemento e hanno detemo un forte aumento delle
concentrazioni di rame fogliare e nelle radici dragole. L’aumento di pH
conseguente all’aggiunta di biochar e cenere naguiadi in grado di limitare la
biodisponibilita e 'accumulo del Cu nella piantaampdo questo metallo & presente
nellammendante in alte concentrazioni. E possibilgtre che effetti simili siano

riscontrabili anche in altre specie e per altriheati (Cr, As), in caso questi fossero
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presenti nel biochar o nella cenere in concentrmaoomale. La presenza di rame
nei tessuti vegetali ha fortemente compromessadsacita vegetale soprattutto nel
caso della cenere derivante dallo stesso legnarteémeza, probabilmente perché il Cu
era piu prontamente solubile, mentre per il biodaabiomassa epigea si e ridotta
significativamente (-40%) senza causare moria dntple. L'utilizzo di biochar e

cenere contenenti alte concentrazioni di metalljuendi da evitare in agricoltura,

mentre sarebbe opportuno individuare impieghi a#tevi che ne consentano

I'utilizzo senza pero determinare rischi per I'aeniie o la salute.
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Summary

Phytomanagement refers to a group of techniqueshmmse plants to reduce
content or toxicity of heavy metals in soils. Thisesis focuses on metal
phytostabilization, which aims at reducing metalodvailability in soil.
Phytostabilization can occur either in roots osails. The first requires the uptake of
pollutants and their stable accumulation in rogguesif-planta phytostabilization),
the second insolubilization of metals in soil teeyent plant uptakeek-planta
phytostabilization). For this thesis both thesesaspwere explored.

In-planta phytostabilization experiments aimed at evaluating potential
accumulation of heavy metals in rapeseBrh¢sica napud. var. oleifera) and the
time span within metals are retained in degradapgdots before being released into
the soil. The effect of increasing sowing densg, (44, 63 plant i) and genotype
selection (CHH normal-sized hybrids, semi-dwarf iy and free-impollination
variety) on the dynamics of taproot degradationemevaluated (first year) along
with the effect of level of soil metal pollutionggond year). The results indicated
that degradation of root biomass was relatively (a83% within 12 months), but
after 18 months still 10% of organic matter wasilalée for metal retention. This
indicates that the annual supply of root biomas<iivation can improve metal
retention. Metals are mainly retained in the inoertex, which also owns a higher
rate of cellulose and is more recalcitrant to dégtian, thus allowing a greater
concentration of pollutants to be observable oueretin degrading tissues.
Nevertheless, after 18 months metal contents waiscesl compared with the initial
stock, with concentrations depending on the speafetal. The dynamics of root
degradation was independent on genotype choice pdauat density, but more
vigorous cultivars (CHH hybrids) and elevated pldensities should be preferred if
the taproots are meant to stabilize metals, becaluee higher biomass production
(up to 1700 kg hain Taurus at 63 plant ). High level of soil pollution (Cd, Co,
Cu, Zn) slowed down root degradation due to a redlién the microbial activity. In
addition, the consequent high metal bioavailabilitgs associated to significant
increases in root metal contents (and concentigtidespite the degradation process
progressed. Overall, despite the degradation ofsr@annot be stopped, metal

stabilization in taproots is feasible in the loegrt and it would be more effective in
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polluted soils where it is of paramount importarioereduce metal mobility and
accumulation along the food chain.

Ex-planta phytostabilization trials aimed at evaluating fhessible risks of
soil metal pollution and plant uptake with wastereesd organic amendments. The
effects of organic amendments on soil and plants gvaatly affected by chemical
characteristics of the amendment and its maturadiegree. When the amount of
organic carbon added to the soil was the samegri@tbductivity and root growth of
forage sorghum were obtained with matured compdstiwis richer in both N and
humic substances. None of the tested amendmentsgompost from organic urban
wastes, anaerobic digestate from plant biomasses,pay slurry (separated solid
fraction) had hazardous contents of heavy metdlsréfore, when the amendments
do not derive from polluted feedstock they do nutréase the content of heavy
metals in the soil or their concentration in platiswever attention should be paid
to metal bioavailability, in the middle term someetals (e.g., Ni, Zn) increased
significantly increased their mobility, irrespeaivof the amendment, although
generally higher values were found for the animexixeed amendment (pig slurry)
which is richer in dissolved organic matter (DON#)etal mobility in the amended
soils therefore may depend on the presence of lgokpecies in the amendments
themselves and probably on the interaction soilradmeent. Compost appeared as
the best amendment among those tested for meetot the agronomic
(productivity) and environmental (carbon stock oestion, metal total and
bioavailable contents) demands.

Biochar is also an organic stabilized amendmeritjtlwas not found to have
relevant effects in the middle term on plant prdaoity of barley and bean . The
effect of biochar on soil properties (pH increasesy also short lived, while the
effects on soil physical properties (aeration aalk lolensity) and metal partitioning
in different soil phases appeared longer-lived. cBar increased Cu and Zn
retention, but also the water-soluble Pb, withetghces depending on biochar age
and application rate. In fact, the oxidation of dhiar aromatic rings changes its
chemical properties and the interaction with meteiswever, when it is produced
from unpolluted feedstock, biochar does not inaessil metal contents or plant

uptake, probably because soluble metals are distdbto deeper soil horizons,
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limiting the accumulation in the rhizosphere. OVlethe real value of biochar lies in
the addition of carbon to the soil, rather tharnsreffect on plants productivity.

On the contrary, when soil amendments are proddiced contaminated
feedstock, there is a real potential for soil armmbdfchain contamination.
Amendments like biochar and liming agent (e.g. wasl) concentrate the heavy
metals contained in the feedstock material duringolgsis and incineration
respectively. The biochar and wood ash produced ftm-treated wood in fact were
rich in Cu which was available for uptake by planf®e concentration of Cu in
sunflower leaves and taproot grown in soil amend#d such biochar were greater
than those in unpolluted reference soil, while el wood-ash severely
compromised plant growth (dead of plants) due eohigh Cu bioavailability. The
increase in soil pH after the addition of amendments too weak to limit Cu
bioavailability when Cu itself was highly concenéd, and this may happen for
other metals (e.g., As, Cr) if concentrated inwlaste-wood. Above-ground biomass
of sunflower was reduced (-40%) in polluted-bioclaanended soil, despite plant
height was unaffected. Overall, polluted biochad ash should not be used in

agriculture, and alternative uses should be foongdlluted wastes.

15
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Introduction: Phytomanagement of heavy metal-polluéd soils

Heavy metals (HM) are inorganic elements which radlys occur in soils,
water and organisms. HM in soil are component afarals, and when minerals
dissolve due to the weathering, metals are releagedhe soil solution and can be
taken up by plant roots, as well as other elemamtisnutrients; then, they can either
be stored in roots or transferred to edible pdiniss entering the food chain. In the
organisms, some metals, like Cu, Zn, Mo, Fe anamiconsidered micronutrients,
they being required in small amounts as co-faabbrsnzymes. Deficiency of these
elements has therefore negative impacts on orgahidevelopment and growth
(Robinsonet al 2009). On the contrary, the presence of non-éissenetals (i.e.,
Cr, Hg, As, Co, Cd) even at very low concentratianassociated to toxicity, since
metals cause oxidative stress and inhibition ografion of enzymes activity and
structure, with potentially detrimental effects oells and organisms (Clemens,
2006).

Since several metals are used for industrial dmsyi their extraction and
release in the environment has increased in thetMas centuries. Metals are also
released into agricultural soil through fertilizeasd pesticides. As a result, many
mining and industrial areas and even agricultuwabts worldwide suffer from high
levels of HM, and the exposure of organisms todaancentrations has therefore
increased, with negative effects on the environnagigt human health. Hence, there
is need for soil reclamation to avoid further conitzation and for reducing the risk
of human exposure to toxic elements (Robinsbal., 2009).

Many techniques have been developed for soils rextied, and traditionally
metal-polluted soils have been excavated and despad as special waste or
chemically-physically treated to remove the exceksnetals (Saltet al, 1998).
These techniques can effectively remove the paltsiabut they are associated to
other drawbacks. Further wastes to dispose of fi@luted sludges after chemical
treatments) and non-intended results (e.g., chamgesoil properties, possible
redistribution of residual metals) should be appeipd addressed (Zerbi and
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Marchiol, 2004). In addition, excavation or cheatitteatments are not applicable to
large areas because of the high cost @adt, 1998; Robinsoet al, 2009).

Beside the traditional treatment methods, phytorgameent, which exploits
plants-based techniques for soil reclamation, masrged in the last decades as a
sustainable and environmental-friendly tool to cointhe fluxes of HM in the plant-
soil system. The great interest on green techneolmr soil cleaning up is due to the
potential for effectivein situ remediation and the positive side-effects that
phytomanagement can exert on the landscape compateaditional chemical and
physical techniques. In fact, phytomanagement appratable for cheaply cleaning
up extensive areas and limiting soil erosion (Rsbmet al, 2009; Daryet al,
2010). It also has lower impact on water and aalityy improves the landscape and
is widely accepted by public opinion (Zerbi and ®taol, 2004; Mendez and Maier,
2008; Vameralet al, 2010).

Phytomanagement collectively refers to the techesqthat manipulate or
engineer the plant-soil system and aim at incregasirreducing plant uptake of HM
according to the final goal (Robinsat al, 2009). Depending on the purpose,
phytomanagement can be distinguished in:

v phytomining;

v phytovolatilization;

v biofortification;

v phytoremediation.

Phytomining is the plant mediated-extraction ofuadlle metals which are
either not economic to mine or present as contamiiimaagricultural soils, making
them unsuitable for crop cultivation (Nicks and @iteer, 1995). Its feasibility is
based on the value of the metal extracted, whiglenids on the metal itself and the
amount extracted (Robinsaet al, 2009). Phytomining might be feasible for Ni,
since some species such Berkheya coddiiRobinsonet al, 1997) and species
belonging to the genualyssum(Brooks and Robinson, 1998) can accumulate this
metal at very high concentrations. In fact, thehhijomass productivity of these
species allows to extract considerable amountefrbtal, up to 144 kg Ni Hawith
B. coddiiand 121 kg Ni hawith A. bertolonii(Brooks and Robinson, 1998).

In phytovolatilization, the remediation processdlwes the volatilization of

metals from plant leaves through transpiratiorhds been used for the removal of
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mercury (Gosh and Singh, 2005) and it might beilidador Se too (Bafuelos,
2000), which volatile forms are dimethylselenided atimethyldiselenide (Horne,
2000). It has the disadvantage that there is ndraloan the chemical species and
amount released in the atmosphere (Robims@t, 2009).

Biofortification aims at increasing the concenwati of essential
micronutrients, like Fe and Zn, in food plants moprove agricultural productivity
and human health through reduction of micronutrideficiency (Branca and
Ferrari, 2002). The feasibility of biofortificatioshepends on metal bioavailability. In
this regard, the main disadvantage is that the exdration of non-essential metals
might also increase along the food chain, espgciBltultivation is conducted on
contaminated sites (Bafuelos, 2006).

Phytoremediation aims at removing HM from the gbilough root uptake
and accumulation in the above-ground tissues (@hytaction) or through metal
immobilization in the rhizosphere (phytostabilipat). The ability of higher plants to
absorb metals and accumulate them in the shoot,etsoes at noteworthy
concentrations, is known since the last centurg, @&rpresent more than 400 species
have been recognized to accumulate HM at very leghcentrations (Zerbi and
Marchiol, 2004; Robinsoret al, 2009). Such plants are collectively referrecaso
hyperaccumulators, due to their exceptional accatimn skills. The thresholds to
discriminate hyperaccumulators depend on the noooatentrations range for the
metal considered, but conventionally hyperaccuroulagpecies are those that
concentrate one metal in the shoots at least h@¥stthe normal concentration found
in plant tissues for that element (Zerbi and MasthR004). For instance, the
threshold for Ni is 1000 mg Kg(Brooks et al, 1998), for Zn is 10000 mg Kg
(Reeves and Brooks, 1983; Reewtsal, 1995), whereas for Cd is 100 mgkg
(Reeve=t al, 1995).

Due to their accumulation skills, hyperaccumulatoase been proposed for
the reclamation of metal-polluted soils (Chane®83), and the first field
experiments were carried out in the 90s (Ba&kerl, 1994). Despite the high
concentrations of HM reached in the shoots, furthgreriments highlighted that soil
remediation using directly such species was dilfihecause of growth (small
biomass) and selectivity (soil, climate, accumolatof only one metal) constraints

that limit the extraction effectiveness (Ebbs andckan 1997). More recently,
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phytoextraction research has focused on fast ggpwim-hyperaccumualtor species,
I.e. Brassica juncedQuartacciet al, 2005; Quartacat al, 2006), ryegrass (Zhaat
al., 2007),Zeamays(Luo et al, 2005) and fodder radish (Vamerati al, 2011),
which combine high biomass production with the igbilo absorb several metals,
although at lower concentrations than hyperaccutokdaNevertheless, when high-
biomass species are used for phytoextraction, glantth is mainly limited by metal
toxicity (Singh et al, 2003). Other constrain factors are the low soital
bioavailability (Vameraliet al, 2010), especially at neutral and alkaline pHj kv
translocation from roots to shoots (McGratral, 2001).

Metals low bioavailability was attempted to be @mmne by adding
molecules able to foster bioavailability througle flormation of soluble complexes,
which are easily taken up by plant roots and toatkd to the shoot (chemical-
assisted phytoextraction). These molecules arecalhelators or chelating agents,
and can be natural or more often synthetic organmpounds (Lucet al, 2005;
Quartacciet al,, 2005; Quartacat al, 2007). Many chelators, i.e. EDTA, NTA and
more recently EDDS, have been widely tested in gaxtraction, and despite some
positive results, their employment is often asdedato some noteworthy
disadvantages, such as higher metal leachingén{@r et al, 2001) and
phytotoxicity, with reduction in root and shoot®inass (Quartacat al, 2006). In
addition, the amount of metals removed from potutsoils through assisted
phytoextraction is usually very low compared to ttweal soil metal content
(Quartacciet al, 2007), suggesting the several phytoextractiaresyare needed for
soil restoration. As an overall judgment, even #ssisted phytoextraction has
revealed unsatisfactory for metal-remediation psgsqQuartacat al, 2007).

Another technique for soil reclamation is phytodiafition, which has
recently emerged as a possible alternative anddéonptementary technique to
phytoextraction. Phytostabilization aims at maimtag low levels of bioavailable
HM, thus limiting the accumulation in the abovegrdutissues, and therefore the
possible risk of food chain contamination (Vangraid et al, 1995; McGratlet al,
2001). The main objectives of stabilization are {d)set a vegetation cover and
minimize both soil erosion (Mendez and Maier 2088 surface and groundwater
contamination, thanks to elevated transpirationsfGand Singh 2005); (2) to limit

the uptake of trace elements by crops through dnedtion of insoluble and not-
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bioavailable chemical species (Cunninghetnal, 1995; Wong, 2003), which reduce
the possible contamination of foods (Mendez andeMa008) and (3) to reduce the
direct exposure of soil organisms to HM and enhapicgliversity (Mendez and

Maier 2008). Stabilization of metals can be effesliy obtained either by adding
amendments such as zeolite or beringite (Meestchl, 1999) to polluted soils, or

cropping metal-tolerant plants that combine highiecimg capacities with low metal

accumulation in aboveground tissues (low root tmoskranslocation).

Combinations of grasses and brushes or trees haea Bhown to be
successful for plant-mediated stabilization, wittasges providing a fast ground
cover that temporarily limits wind erosion untilrghs and trees become established
(Williams and Currey, 2002). Then, shrubs and ti@eside an extensive canopy
cover, and their deeper roots prevent erosion twerdong term. Furthermore, the
presence of different species and habits maintspesies and functional diversity,
provides a high nutrient environment and improve8 physical characteristics
(Belskyet al, 1989; Tiedemann and Klemmedson 1973, 2004).

Sometimes, it might happen that growth is severajyaired even for metal-
tolerant plants due to high pollution levels. Iisthase, both amendments for metal
immobilization and covering vegetation can be ussdce amendments (i.g.,
beringite) can improve plants’ covering capacitigespite very high metal
bioavailability; this effect is due to significanéduction of metal translocation to
shoots, in both the short and long term (Vangroldswet al, 1995). Other
amendments, such as compost, manure and charshenaged to supply nutrients
and increase plants’ productivity in both pollutedd agricultural soils, but their
effects on metal mobility are controversial (Scheemand Davis, 2006; Hargreaves
et al, 2008; Sohiet al, 2010). Many organic amendments are waste-derived
materials, and they contain organic (e.g., PCBxid®y PAH) and inorganic (HM)
pollutants, thus potentially resulting in a furtregurce of soil contamination (Jones
and Healey, 2010).

However, for effective stabilization, plants shoudd also tolerant to low
nutrient and organic matter contents, since manalapelluted sites are abandoned
mining or other industrial areas, where soil fagtiland physical structure are
severely impaired. A possible strategy to overcohie limiting factor might be the

combination of the phytoremediating plants withueg species, since the latter
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accelerate microbial activity and improve organiatt@r content and fertility, thus
resulting in a faster restoration (Tordeffal, 2000).

Plant choice is therefore a crucial item for susfidsstabilization, as
highlighted by many studies conducted in pollutesha (Tordofiet al, 2000; Freitas
et al, 2004; Rizzet al, 2004). Many plants able to grow under hard ¢t (i.e.,
high metal bioavailability and poor soil fertilityjave been known for long time and
belong to selected populations of spontaneous epdniing in unpolluted soils
(Tordoff et al, 2000). There is great availability of such p&nsince even
commercial cultivars of spontaneous species, Rastuca rubral. and Agrostis
capillaris L., show high metal-tolerance and can be successialtyl for stabilizing
metal-polluted areas (Vangronsvedd al, 1995). However, good candidates for
metal stabilization in polluted sites ideally shibdle native to those areas, as they
have evolved survival mechanisms appropriate topgso-climatic conditions; in
fact, many field trials for phytoremediation regdltin poor plant colonization and
soil amelioration since allochthonous species wesed instead of native plants of
the area to remediate (Mendez and Maier, 2008)eMaar, selecting native plants of
the area that must be cleaned up has the advatay®id the introduction of not-
native and potentially invasive species that mayekese the regional plant diversity.

Much progress has been made in phytotechnologies, pbant-based
remediation techniques are still hardly used fordlamanagement, because of the
long time required for the treatment of pollutedssahe possible competition with
crops and the lack of information about the medtrasiregulating metal mobility in
soils. In addition, the role of roots and the iat#ron soil-root-microbes, which has a
great effect on metals speciation and mobilityha thizosphere, is poorly known,
probably because the effect is often soil-spe¢Ricbinsonet al, 2009). This makes
it difficult to set generally-accepted guidelinesr fsoil management through
phytotechnologies.

In this framework, this thesis explore various aspef phytotechnologies,
with particular regard to the processinfplanta phytostabilization and the role of
organic amendments. The aims of this study ar@c¢heisition of information on the
feasibility of heavy metal stabilization in plamtots and gaining more insight on the
effects of soil amendment on content and mobilitynetals in soils and in the plant-

soil system.
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Chapter 1

Evaluation of the degradation dynamic and potentiakffectiveness of

in-planta phytostabilization in rapeseed taproots

Abstract

Phytoextraction anadh-planta phytostabilization, which aim at accumulating nheta
in the shoots and roots respectively, might helfuce metal bioavailability and
toxicity in polluted soils. Nevertheless, when r@oé degraded, the metal they had
accumulated are released into the soil, and thieiligtion is therefore only a
temporary solution for metal immobilization. In ghstudy the time span within
taproots ofBrassica napusire degraded in soil and metals released was atedlin
relation to different agronomic condition (cultivand initial plant density). The
results indicate that taproot degradation pattemesdifferent among varieties and
densities, but the residual biomass in the long &8 months) is independent on the
genotype and plant density; however, for metaliktation, the varieties producing
larger shoot and root biomass (i.e. Taurus), agtdriplant densities (i.e. 44 or 63
plant m?) should be preferred, since they allow to accuteutégher stock of metals
during the cultivation cycle. In taproots, metals mainly accumulated in the tissues
with higher content of cellulose (i.e., inner e}, which are also more resistant to
degradation; therefore, metals more effectivetgined in degrading taproots than
the biomass. After 18 months there was still 10%hef initial biomass which can
retain metals, suggesting that it is possible toease yearly the organic matter able

to accumulate metals through plant litter addition.
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1.1. Introduction

Since they grow and develop in the subsoil, roatgehbeen always difficult
to study, but nowadays much information is avadaldn roots anatomy,
morphology, functions, dynamics of production amatti, and the interactions with
the soil, due to the development and improvemembot-analyses methods, such as
coring (Lauenroth, 2000; Cartet al, 2004) minirhizotrons (Vameradit al, 2003),
and labeling techniques (Milchunesal, 1985; Milchunas and Lauenroth, 1992).

In addition, at present it is well recognized thabts affect the soil they are
in contact with, which is called rhizosphere. Raat$act improve soil aeration and
water absorption, alter the concentration of natseand can change heavy metal
speciation by releasing chemicals i.e.;” ahd chelants, which acidify the soil and
bind heavy metals respectively (Zerbi and March&fp4), thus increasing the
amount of soluble elements in the soil (Robinebal., 2009).

The ability of the root system at interacting wikie soil can be exploited to
improve the effectiveness of plant-based technebgiimed at reducing metal
mobility along the food chain. In fact, vegetaticovers the soil and limits the loss
of metal through erosion, and some plants may dilgxtly stabilize heavy metals
in their roots ip-planta phytostabilization). A potentially useful species ih-planta
phytostabilization iSypha latifoliaL., which accumulates several metals (i.e. Mn,
Co, Cd, Cr, Cu, and As) in roots, most of them demany times (up to 80 times for
As, 35 for Cr, 3.5 for Cu and 4.7 for Pb; Vareh al, 2012) over the toxicity
thresholds reported in the literature. Other sgetésted for metal stabilization in
roots areLupinus luteud.., Trifolium repend.., andLolium perennd.. (Dary et al,
2010; Lopareva-Pohet al, 2011) Lupinus luteus. can accumulate heavy metals at
different extent according to the concentrationsaih, and was reported to retain Cd,
Cu, Pb and Zn in roots up to 4.8, 150, 80 and 8@f kg’ dry weight (dw)
respectively in a highly polluted soil. Howeveristiplant was found not suitable for
remediation of high metal polluted areas, due shap decrease in both shoot and
root biomass as a consequence of metal toxicitylevitis more effective for mildly
polluted areas (Dargt al, 2010). T. repensL., andL. perennelL., can accumulate
high concentration of metals in roots (139, 204 #0@0 mg kg dw in T. repensand
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110, 470 and 1062 mg Rgdw in L. perennefor Cd, Pb and Zn respectively;) and
they are suitable for reducing metals mobility (aogva-Pohet al, 2011)

The total amount of metals stored in the root itateel to metal
concentrations in the roots and root biomass: aaleapetal concentration, the more
the biomass, the more the amount of metal immaaliZThe amount of metals
accumulated in roots could be potentially high iopcspecies, since the remarkable
plants’ investment for allocation of photo-assatels to belowground tissues that
can lead to high root biomass. In fact, more th@® ®f net primary production at
global scale is transferred to the soil throught growth (Jacksomt al, 1997), but
the allocation of C into the roots might be higherce values up to 50% of the total
C fixed through photosynthesis have been also tepgdNguyen, 2003).

Despite the potential high allocation of carbon ametal accumulation in the
roots, when dead roots are broken down the metasgiqusly accumulated are
released into the soil. Root death and degradasiom natural process and much
research has been carried out to evaluate thespié@ of roots, especially for fine
roots in wood-forest (Guo, 2004; Jostihal, 2006) and shortgrass species (Watson
et al, 2000; Milchunaset al, 2005). The rates of root growth and death hdse a
been measured for some crop species like wheae(@st al, 1998) and sorghum
(Blum and Arkin, 1984). Nevertheless, there isydrtle information about root
dynamics in crop species suchBrassicaceaethat have high potential for metal-
accumulation. In addition, to our knowledge, thare no studies considering the
relation between root degradation and the effigiemicstabilization of toxic metals
in soils over time. As a result, the time span imithnetals are retained in the roots
before being released into the soil is still unknpvand therefore the potential
effectiveness oih-planta phytostabilization can not be determined.

The aim of this study was therefore to 1) evalufiee dynamic of taproot
degradation for a model organisBrgssica napud.., var. oleifera) in a silty-loam
soil and ) metals retention in breaking downrtayis to assess the feasibilityiof
plantaphytostabilization, and Ill) to describe the degtémh of taproot in relation to
agronomic (cultivar and sowing density) variablBs.napusL., was chosen as a
model organism in view of its high biomass productand ability at accumulating
metals in both shoot and roots, that makes it antiatly suitable species for

phytoextraction and stabilization of heavy metals.
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1.2. Material and Method

1.2.1. Experimental set up for the cultivation

The experiment was carried out at the experimdatat “Lucio Toniolo” of
the University of Padova (Italy). Four cultivarsR#5D01 (semi-dwarf hybrid,
Pioneer), Excalibur (CHH hybrid, Dekalb), Vikingp@n-pollinated variety, NPZ
Lembke-Rapool) and Taurus (CHH hybrid, NPZ Lemblagédl) of rapeseed were
sown on the September 26-27 2008 in the siltynlsail of the farm in 5.4 x 12 m
plots at three different densities (22, 44 angBBits n¥), within a three repetitions-
split-plot design.

Before sowing, 130 kg Raof triple-phosphate and 120 kg hef potassium
sulphate, corresponding to 60 kg'haf POs and 60 kg ha of K,O respectively,
were supplied. On the February 17 2009, 80 Kg dfanitrogen was supplied as

ammonium-sulphate (20.5%).

1.2.2. Set up for the degradation trial

At plants maturity (May 7 2009), 5 plants per phare collected, thoroughly
brushed to remove any particles of soil, and shoadtroot fresh and dry (45 °C, 36
h) weight were determined, along with the humidigntent. Dry shoots and roots
were then milled and digested with Hjlfor measuring metal concentrations and
removals, which were used as reference for theadiagjon trial.

Nine taproots from each plots were collected an thlay 9 2009. After
collection, roots were washed as described abakfrash weight measured. Roots
were then stored at 2 °C until they were buriedhm in the silty-loam soil of the
farm at 15 cm depth (June 3 2009). The roots weapped into a 1.2 mm mesh size
nylon-net bags (Fig. 1A) to facilitate the followisamplings, and encased in a 1.2-

cm mesh zinc net (Fig. 1B) to prevent the smicrofaunao enter the net-bags.
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A

Figure 1. A rapeseed taproot in a 1.2 mm mesh singlon-net bag (A) and
nylon-net bags in the Zn-mesh net before burying ithe soil (B).

The roots were periodically collected and bothdeai dry biomass and metal
contents were measured to estimate the loss ohiorgaatter and metals releasing
respectively . At each sampling, the roots wemrdhghly washed in plastic boxes
filled with deionized water. To avoid loss of rauaterial, the net bags were emptied
into 0.2 mm mesh sieves for washing and the theagtight (105 °C, 24 hours) of
taproots was then measured. The degradation exgeatrimn for 18 months, and four
sampling were performed over the whole period. Smgpulates for root during the

degradation trials are listed in Table 1.

Table 1. Sampling date for the experiment of root dgradation.

*

Sampling Date DAB
3 June 2009 0

1 December 2009 181

13 April 2010 314

6 October 2010 490

2 December 2010 547
"DAB = Days After Burying

1.2.3. Analysis of the content of fibers

The content of fibers (Total fiber, ADF; cellulodgnin, ADL; ash, AlA) in
dried (45 °C, 36 hours) taproots was measuredaat pnaturity according to Van
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Soest (1978). The analysis was run for three diffetissues: rhizoderm (Rhiz) inner
cortex (Cor) and vascular tissue (Cyl) (Fig. 2).

Figure 2. Root tissues: rhizoderm (Rhiz), inner adex (Cor) and inner cylinder
(Cyl).

1.2.4. Heavy metal concentrations in plant

The analysis of the metal concentrations in tagrotatproot tissues (Rhiz,
Cor and Cyl) and shoots was performed through I&S@nductively Coupled
Plasma — Optical Emission Spectroscppyter digestion in concentrated HANO
according to the USEPA (1995) method.

1.2.5. Statisical Analysis

All the analysis were performed in triplicate, eptéhose for the distribution
of metals among different root tissues. After chegKkor normality (Skeweness and
Kurtosis testsP<0.05) and homogeneity of variances (Bartlett',tBs0.05), the
data were analyzed through ANOVA. (Costat 6.4, Cighy 1998-2008 CoHort
Software 798 Lighthouse Ave. PMB 320 Monterey, ®8940, USA). The trend of
root degradation and metal release were expressguraentage residual biomass
(percentage of the initial dry weight) and percgetaresidual metal content
(percentage of the initial content), respectivalyd interpolated over time (humber
of days after burying) through the Curve-Expert f€ssional 1.6.3 software
(Copyright 2012, Daniel G. Hyams) and running timalgsis CurveFinder for the
best fit.
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1.3. Results

1.3.1. Aboveground and taproot biomass at maturity
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Figure 3. Shoot biomass of four rapeseed varietieat three plant densities,
approximately at maturity: dry weight per plant (A) and per hectare (B), and %
water content (C). Different letters indicate statstically significant differences
(capital letters for main effects; lower case letiss among densities within same
cultivar) (Test MSD, P < 0.05). Vertical bars represent standard errors.
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Shoot dry weight for individual plants was signatly higher (45 g dw
plant’) at 22 plants f, whereas the highest biomass referred to an ageala)
was found at the highest density (63 plant &s visible in Fig. 3A and 3B.

Taurus produced always the highest biomass (41 gptamt'), with a
statistically significant difference compared tokMyg, that produced the lowest
biomass (31 g dw plaf)

The interaction “cultivar x density” was often magnificant for individual
plant dry weight, but it was generally significamhen extending the biomass to an
area, with biomass increasing at higher densikes 3B).

The average humidity content was about 82%, withllsdifferences among
the cultivars, whereas no differences were foundhe main effect “density” (Fig.
30).
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100 - Root Humidity
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Figure 4. Taproot biomass of four rapeseed varieds at three plant densities,
approximately at maturity: dry weight per plant (A) and per hectare (B) and %
water content (C). Different letters indicate statstically significant differences
(capital letters for main effects; lower case letts among densities within same
cultivar) (Test MSD, P < 0.05). Vertical bars represent the standard errors

The average dry weight of taproot decreased witheesing density when
referred to an individual plant (3.3, 2.1 and 1.plant’ at 22, 44 and 63 plant™m
respectively), but increased when referred tara (726, 890 and 1211 kg hat
the lowest, intermediate and highest density resfy).

Taurus produced the largest biomass (2.81 g dwthlamrresponding to
1116 kg dw ha) and Viking the lowest (1.98 g dw pldntcorresponding to 743 kg
dw ha).

The “interaction cultivar x density” was often sigrant for both individual
and per-hectare biomass, with taproot weight irginggat increasing density.

The humidity content in roots was significantly fdient among densities,
with the lowest value (58.4%) at the highest dgngdmong the cultivars, Taurus,
Excalibur and Viking had the highest humidity corit¢mean = 64.1%,), with a
statistically significant differencd>€0.05) from PR45D01 (57.2%).
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1.3.2. Fiber content in taproots
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Figure 5. Fiber contents (% out of dw) in taprootsapproximately at plant
maturity in different tissues: rhizoderm (Rhiz), inner cortex (Cor) and inner
cylinder (Cyl). Different letters indicate statistically significant differences
(capital letters for main effects; lower case letts among tissues within same
density) (Newman-Keuls testP < 0.05). Vertical bars represent standard error.

The content of fibers was analyzed only for themedfect “density” because
of the very small amount of material available. rEfere, only the results referring
to the main effect “density”, “tissue” and theitenaction are reported (Fig. 5) and
discussed. The average total fiber (ADF), cellulasd lignin content was 49.5%,
39.8% and 9.38% dw respectively, and no significhfierences were found for the
main effect “density” (Fig. 5A, 5B, 5C). Ash propion (AIA) was significantly
different among densities, with the highest valid3% dw) at 44 plant fj and the
lowest (0.32%) at 22 plant fr(Fig. 5D).

Different tissues had different contents of ADFnin and cellulose. The
inner cortex (Cor) had the highest ADF (62.1% dmhereas the inner cylinder (Cyl)
had the lowest (39.8% dw) value (Fig. 5A).

The rhizoderm (Rhiz) and Cyl had a lower conteht@lulose (mean =
33.5%) than Cor (52.3% dw) (Fig. 5B).

The highest proportion of lignin (11.6% dw) wasiid in Rhiz, whereas the
lowest value (6.71% dw) was found for Cyl (Fig. 5&hiz had the highest content
of ash (AlA) (0.7% dw), while the inner Cor and Qwd a lower value (0.27% dw
each) and did not differed from each other (Fig).5D
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1.3.3. Heavy metals

Metal concentration and removals in shoots
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Figure 6. Metal concentrations (mg kg dw) in shoots at harvest of four
rapeseed varieties under three plant densities. Ddrent letters indicate
statistically significant differences (capital leters for main effects; lower case
letters among densities within same cultivar) (MSDRest, P < 0.05). Vertical bars
represent standard error.

The concentration of heavy metals in abovegroundhbss was in the normal
range for all the elements considered. Some méials As, Co, Pb,) were not
detectable in many samples, therefore, when omydata were available, statistic
analysis couldn’t be run.

Cd, Cr and Zn reached significantly lower conceriraat the lowest density
(0.26, 0.37 and 18.37 mg kglw for Cd, Cr and Zn respectively at 22 plart)m
while no differences were found between the inteliate and highest density. Other
elements (Cu, Mn, Ni) were equally concentratethathree densities (3.48, 17.60

and 0.56 mg k{ dw for Cu, Mn and Ni respectively).
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Among the varieties, statistically significant @ifénces were detected for Cd,
Cu, Ni and Zn. Taurus always had the highest camattons (0.31, 3.71, 0.65 and
22.11 mg kg dw for Cd, Cu, Ni and Zn respectively), while PR€8 had the
lowest concentration of Cd (0.26 mgdw) and Cu (3.19 mg kbdw ). Viking had
the lowest concentration of Zn (18.5 mg'kdw), along with PR45D01, and the
highest Cu concentration (3.69 mgkdw) along with Taurus. Excalibur had the
lowest concentrations of Ni (0.49 mgkdw), and Cd (0.27 mg Kigiw) along with
PR45D01.

The interaction “cultivar x density” was often nsignificant, but some
differences were occasionally found, with high@naentrations at the highest
density.
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Figure 7. Sum of metal ( Cd, Co, Cr, Cu, Mn, Ni, B, Zn) concentrations (mmol
kg’ dw) in shoots at harvest of four rapeseed varietie under three plant
densities. Different letters indicate statisticallysignificant differences (capital
letters for main effects; lower case letters amongdensities within same cultivar)
(MSD test,P < 0.05). Vertical bars represent standard error.

The total concentration of heavy metals did ndiedimong the varieties, but
statistically significant differences were founda the main effect “density”, with the
intermediate density having the highest (0.74 mkup! dw) concentration and the
lowest density (22 plants frdw) the lowest concentration (0.65 mmol'kdw). The

interaction “cultivar x density” was never statistiy significant.
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Figure 8. Metal removals (g hd) by the above-ground biomass at harvest of
four rapeseed varieties at three plant densities. ierent letters indicate
statistically significant differences (capital leters for main effects; lower case
letters among densities within same cultivar) (MSQest, P<0.05). Vertical bars
represent standard error.

Metal contents increased with increasing density &l the elements
considered.

Among the varieties, Taurus had significantly higaecumulation of metals,
followed by Excalibur, whereas PR45D01 and esplgcidking were less effective
at removing metals by aboveground biomass. HoweRB45D01 had relatively
high accumulation of Mn, Ni and Zn, with only sligtifferences from Taurus and
Excalibur, thus resulting slightly better than \figifor phytoextraction.

The interaction “cultivar x density” was generabignificant, with metal

contents increasing with increasing density.
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Figure 9. Total metal (sum of Cd, Co, Cr, Cu, Mn, N Pb, Zn) removals (mol ha

) by the above-ground biomass of four rapeseed vaties at three plant
densities at harvest. Different letters indicate sitistically significant differences

(capital letters for main effects; lower case lett'ss among densities within same
cultivar) (MSD test P<0.05). Vertical bars represent standard error (A);

correlation between shoots dry weight (kg hd and total metal removals by
shoots (mol hd') at harvest (B).

In Fig. 9A is reported the total amount of metadésnoved through the
aboveground biomass. Statistically significant eléihces were found for both the
main effect “density” and “cultivar”, with the higlst amount of metals (13.7 + 0.04
mol ha) accumulated at 63 plant?mand Taurus and Excalibur being the most
effective genotypes at accumulating metals, anangikhe worst.

The interaction “cultivar x density” was signifidaanly for Excalibur and
Viking, however all the cultivars showed a tendeatyncreasing metal removals at
44 and/or 63 plant thdensity. The increasing in metal contents withréasing dry

weight followed a linear trend (R 0.88), as showed in Fig.9B.
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Metal concentrations and removals in taproots
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Figure 10. Metal concentrations (mg kg) in taproots of four rapeseed
varieties at three plant densities at harvest. Diffrent letters indicate statistically
significant differences (capital letters for main &ects; lower case letters among
densities within same cultivar) (MSD test,P<0.05). Vertical bars represent
standard error.
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Metal concentrations in roots did not differed ngigantly among the
densities, except for Zn, that reached the higb@stentration (60 mg Kgdw) at 44
plant m? (Fig. 101).

Different cultivars had significantly different agoulation of Cd, Co and Cu.
PR45D01 accumulated the highest concentrationsoof0210 mg kg dw) and Cu
(5.07 mg kg dw), and the lowest of Cd (0.31 mgkdw). Viking accumulated the
lowest concentration of Co (0.19 mgkgw) and Cu (4.17 mg Kgdw), wheres
Taurus and Excalibur accumulated the highest cdrateons of Cd ( mean = 0.39
mg kg* dw). Excalibur had the highest concentration of(@87 mg kg dw) along
with PR45D01.

The interaction “cultivar x density” was never sigrant, except for Cd in
Taurus, where the highest concentration was fottidesintermediate (44 plant
density (Fig. 10B).
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Figure 11. Total metal (sum of Cd, Co, Cr, Cu, MnNi, Pb, Zn) concentrations
(mmol kg™ dw) in roots at harvest of four rapeseed varietiesinder three plant
densities. Different letters indicate statisticallysignificant differences (capital
letters for main effects; lower case letters amondensities within same cultivar)
(MDS test,P < 0.05). Vertical bars represent standard error.

The overall concentration of metals in taprootar(sef nine elements; Fig.
11) was not significantly different among “den8iby “cultivar” or their interaction

(mean = 1.2 mmol kY.
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Figure 12. Metal removals by the taproots biomassfdour rapeseed varieties at
three plant densities at harvest. Different lettersndicate statistically significant
differences (capital letters for main effects; lowecase letters among densities
within same cultivar) (MSD test, P<0.05). Vertical bars represent standard
error. All values are expressed in g hd, except As, Cd and Co which are
expressed in mg hd.
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The accumulation of metals in rapeseed taprooteased with increasing
density, with statistically significant differencdsom the lowest to the highest
density.

PR45D01 and Taurus had the highest metal contemitb, generally
significant differences from Excalibur and Vikinglowever, Excalibur performed
better than Viking for Co, Cr, Ni and slightly betfor Cd, Cu, Mn, Pb.

The interaction “cultivar x density” was signifidaior some metals, but only
for Excalibur and Viking. Co, Cr and Ni contentstaproot significantly increased

with increasing density for Excalibur and thoseCof Cu, Mn and Ni increased with

density for Viking.
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Figure 13. Total metal (sum of As, Cd, Co, Cr, CuMn, Ni, Pb, Zn) removals
(mol ha) by four rapeseed varieties at three plant densitis at harvest. Different
letters indicate statistically significant differerces (capital letters for main
effects; lower case letters among densities withisame cultivar) (MSD test
P<0.05). Vertical bars represent standard error (A); correlation between root
dry weight (kg ha) and total metal removals by roots at harvest (B).
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When considering the total amount of metal recav@neroots no significant
differences were found either for density, cultiartheir interaction (mean = 1.1
mol ha'; Fig. 13A). The correlation between the taprooiniss and the total metal

removals is weak as visible from the loW(Rig. 13B).

1.3.4. Metal concentration and distribution in roottissues
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Figure 14. Metal concentrations (mg kg dw) in taproot tissues: rhizoderm
(Rhiz); inner cortex (Cor); inner cylinder (Cyl). Different letters indicate
statistically significant differences (LSD testP < 0.05). Vertical bars represent
standard error.
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Heavy metals had different concentrations dependmghe root tissue (Fig.
14). The highest metal concentrations were gelyei@ind in Rhiz, whereas the
lowest in Cor. Exceptions are Co, Cr and Ni: Co Aind¢had the same concentration
in the Rhiz and Cor (mean = 0.21 mg C6'ldyv and 2.86 mg Ni kjdw; Fig 14B
and 14F); Cr was more concentrated (2.63 m§dw) in Cor than in the other
tissues (Fig 14C). Cu and Mn were equally concesdrin Cor and Cyl (3.4 mg Ky
dw and 12.9 mg kgfor Cu and Mn, respectively; Fig. 14D and 14E).
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Figure 15. Metal distribution (% out of content in mg per root) among different
taproot tissues for the main effect “cultivar”.
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Despite the lower concentrations, the inner co(@ar) accumulated higher
amount of metals due to its higher weight thanather tissues (Fig. 15). Metals had
similar pattern of distribution among root tissuegh the distribution decreasing in
the order Cor > Rhiz > Cyl. Nevertheless, the Yeath metal in a specific tissue
appeared generally different from those of the othetals, and apparently there
were also differences in the distribution of thengents in different varieties.

1.3.5. Root breaking-down
Residual biomass during the degradation trial

The results for the residual root biomass for tleénneffect “cultivar” and
“density” are reported in Tables 2 and 3 respelbtive

Table 2. Percentage residual dry weight out of thenitial value (%dw) for
taproots of different cultivar. Values represent man * standard error for at
each sampling date. Different letters indicate statically significant differences
(LSD test P<0.05).

Samplingdw  PR45D01 Excalibur Viking Taurus

% 26.7+293 3091432 3321281 29.17+1.74
% 199+276 2141429 293+574 25.6+2.03
% 814+223 7131210 129%+493 7.00%+1.79
% 2.77+1.12 (b'5.24 + 1.52 (ab 11.4 + 2.30 (a 7.14 + 2.20 (ab)

A WO N P

Table 3. Percentage residual dry weight out of inial value (%dw) of rapeseed
taproots at different plant densities. Values reprsent mean + standard error at
each sampling date. Different letters indicate statically significant differences
(LSD test < 0.05).

Sampling dw 22 plants rit 44 plants rif 63 plants rif
1 % 32.8+£2.53 27.0+£2.15 30.1 £3.15
2 % 25.8 +3.44 21.6 +4.85 249 +1.34
3 % 9.28 +1.55 11.4 +£3.73 574 +1.98
4 % 572+1.20(b) 9.63+2.57(a) 4.520.91(b)
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The % residual weight (%dw) was significant onlytla last sampling, for
both the main effects. PR45D01 had the lowest %ad ®iking the highest,
followed by Taurus and Excalibur. The intermedidensity allowed to conserve
higher %dw than the other densities. The indivicurad per-hectare taproots weight
were never significantly different among cultivardensities during the degradation

trial (data not shown).

Degradation trends for taproots

The taproot percentage residual dry weight (%dw} waed to assess the
dynamic of organic substance degradation withenitttubation timespan for both
the main effects “cultivar” (Fig. 16) and “densit{Fig. 17).

The degradation patterns fitted a MMF model fornbitte main effects. The

MMF model follows the general equation:

ab+cx?

b+ x4 (Ea. 1)

Excalibur, Viking and Taurus were approximated tigto the same equation,
and were therefore represented by the same curkide WR45D01 followed a

different trend, with a faster degradation compdcetthe other varieties (Fig. 16).

63



Root Degradation
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Days after burying

Figure 16. Predicted trends of root residual dry waght of degrading taproots
(% out of initial dw) for different varieties. The model used was a MMF model
[y = (axb + cxxX)/(b + x) 1.

The parameters for the MMF model describing rogfrdéation for the main

effect “cultivar” are reported in Table 4.

Table 4. MMF model parameters, coefficient of detemination (R? and
estimated half time (t2) for taproot degradation of different rapeseed
varieties.

Parameter PR45D01  Excalibur Viking Taurus
a 9.9970E+01 9.9981E+01 9.9981E+01 9.9981E+01
b 1.4462E+07 2.9788E+05 2.9788E+05 2.9788E+05
C -2.7341E+0¢€ -4.2574E+0¢€ -4.2574E+0¢€ -4.2574E+06
d 2.5660E-01 3.0028E-01 3.0028E-01 3.0028E-01
R? 0.9978 0.9992 0.9992 0.9992
t(1/2) (days) 45 65 65 65

The difference among PR45D01 and the other culiivas particularly large
at the beginning of the degradation process, athddea estimated half-time for the
loss of dry weight (1) of only 45 days, which is shorter than that eateu for the
other cultivars (65 days).
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Root Degradation
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0 . . .
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Days after burying

Figure 17. Predicted trends of root residual dry wight of degrading taproots
(% out of initial dw) for different plant densities. The model used was a MMF
model [y = (axb + cx®)/(b + x%) ].

A specific trend for the residual dry weight of tapt was found for each
plant density. The trends for the lowest and highessities were very similar to
each other (Fig. 17).

The parameters describing each equation are repiorfeable 5.

Table 5. MMF model parameters, coefficient of detenination (R? and
estimated half time (t1/2)) for taproot degradation for different plant densities.

Parameter 22plantsif 44 plantsif 63 plants rif

a 9.9944E+01  9.9989E+01  9.9939E+01
b 6.2375E+06  2.1509E+03  4.7699E+07
c -7.4520E+07  -5.3882E+04  -6.2083E+08
d 3.2598E-01  2.0281E-01  3.1574E-01
R? 0.99667 0.99901 0.99420
t(1/2) (days) 81 31 70
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Heavy metals retention in degrading taproots foretimain effect “cultivar”
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Figure 18. Estimated trends for the residual metalcontent (% out of initial
content expressed in g hd) in rapeseed taproots for different varieties.
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Table 6. Model parameters and coefficient of deterination (R?) for residual
metal contents in rapeseed taproots for differentarieties

Metal Model Paramete PR45D01 Excalibur Viking Taurus
0+ a 1.01E+02 1.00E+02 1.03E+02 1.05E+02
As a (éa’;kovsky b -1.02E+01 -9.40E+00 -9.28E+01 -1.13E+02
Model) c -2.75E-02 -2.70E-02 -2.27E-01 -2.07E-01

R? 0.9092 0.9777 0.8769  0.9895

a 1.00E+02 1.00E+02 1.00E+02 1.00E+02

(ab+cx)/(b+x) b 1.04E+06 4.13E+07 1.83E+07 1.15E+02
cd (MMF c -1.56E+07 1.87E+00 -3.19E+08 -4.17E+01
Model) d 2.98E-01 3.45E+00 2.69E-01 8.79E-01

R? 0.9945 0.9989 0.9972  0.9966

0+ a 1.01E+02 1.05E+02 1.12E+02 9.73E+01
Co a (éatkovsky b -4.99E+00 -2.95E+00 -9.52E+01 -8.43E+00
Model) c -1.47E-02 -1.14E-02 -2.33E-01 -1.78E-02

R? 0.9886 0.9922 0.8781 0.9914

0+ a 1.04E+02 6.43E+02 1.01E+02 1.19E+04

o a (é{atkovsky b -3.77E+00 1.69E+00 -4.43E+00 4.79E+00
Model) c -1.32E-02 -5.48E-03 -1.22E-02 -2.80E-03

R? 0.9935  0.9967 1 0.8773

e a 1.02E+02 1.12E+02 1.02E+02 1.05E+02
cu a (éatkovsky b -8.05E+00 -2.16E+00 -4.09E+00 -2.93E+00
Model) c -2.11E-02 -7.46E-03 -9.50E-03 -7.32E-03

R? 0.9685 0.9995  0.9964 1

1+ a 1.01E+02 1.09E+02 1.01E+02 1.02E+02
Mn a (éa’;kovsky b -5.68E+00 -2.35E+00 -4.77E+00 -2.80E+00
Model) c -1.61E-02 -9.68E-03 -1.26E-02 -7.55E-03

R? 0.9837 0.997  0.9951 0.9584

1+ a 1.04E+02 1.27E+02 8.92E+01 1.33E+02
Ni a (é{atkovsky b -4.59E+00 -1.34E+00 -9.28E+00 -1.05E+00
Model) c -1.47E-02 -7.56E-03 -2.00E-02 -5.24E-03

R? 0.9873 0.9833 0.9023 0.9547

a 1.03E+02 1.00E+02 1.12E+02 9.95E+01

(ab+c)/(b+x) b 2.78E+03 7.38E+02 2.84E+03 3.41E+08
Pb (MMF c -2.45E+02 -5.86E+01 -2.58E+02 -6.67E+08
Model) d 1.10E+00 1.11E+00 1.09E+00 5.98E-01

R? 0.9793 0.9998 0.8829  0.9696

a 1.02E+02 1.00E+02 1.00E+02 1.00E+02

(ab+cxX)/(b+xX) b 1.43E+12 5.25E+05 2.38E+05 4.17E+02
Zn (MMF c -7.26E-01 3.90E-01 -1.90E+00 -1.07E+01
Model) d 5.15E+00 2.68E+00 2.47E+00 1.25E+00

R? 0.995 1 0.9999  0.9992
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The estimated trends for residual metal contentsapeseed taproots for
different cultivar are reported in Fig. 18, wherdlas parameters for each equation
are reported in Table 6.

Metal contents fitted either a Ratkowsky (As, Co, Cu, Mn, Ni) or a MMF
(Cd, Pb and Zn) model, both belonging to the fanuolly sigmoidal models.
Nevertheless, metal contents followed differentgras depending on the cultivar.
Viking seemed to release metals (As, Co, Cr, Mr), Nore slowly than the other
cultivar. A similar behaviour was found for Taurgds, Co, Cu, Mn). On the
contrary, PR45D01 seemed more effective at retgingn. Excalibur resulted the
most effective for Cd, but generally had fasteeasing of metals (Co, Cu, Mn, Ni)
compared with the other cultivars.

Sometimes (As x Viking, As x Taurus, Co x Viking, NPR45D01 and Pb x
Viking), the estimated trends resulted in initiakgentage higher than 100%.
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Table 7. Estimated half time for the residual metatontent in rapeseed taproots
of different varieties.

Metal t w2 PR45D01 Excalibur  Viking Taurus

Date 11/06/201C 17/05/201C 17/07/201C 28/11/2010
Days after burying 373 348 409 543

cd Date 29/07/200¢€ 12/11/200¢€ 23/07/200€ 21/09/2009
Days after burying 56 162 50 110

Co Date 09/05/201C 24/02/201C 18/07/201C 16/09/2010
Days after burying 340 266 410 470

cr Date 22/03/201C 23/10/200€ 04/06/201C 29/01/2010
Days after burying 292 142 366 240

Cu Date 20/06/201C 16/04/201C 11/08/201C 22/07/2010
Days after burying 382 317 434 414

Mn Date 23/05/201C 18/02/201C 18/06/201C 15/06/2010
Days after burying 354 260 380 377

Ni Date 17/04/201C 22/01/201C 28/08/201C 27/03/2010
Days after burying 318 233 451 297

Pb Date 05/03/201C 09/12/200¢€ 15/05/201C 11/01/2010
Days after burying 275 189 346 222

7n Date 20/01/201C 17/10/200€ 29/10/200€ 17/09/2009
Days after burying 231 136 148 106

The estimateddf») for metals for the main effect “cultivar” (Tablg were
different among the varieties, and reflect theeattdht ability at retaining metals.
Noticeable, the half time were always longer thaoseé estimated for root

biomass.
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Heavy metal retention in degrading taproots for theain effect “density”
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Figure 19. Estimated trends for the residual metatontent (% out of initial content
expressed in g hd) in rapeseed taproots at different plant densities
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Table 8. Model parameters and coefficient of deterination (R?) for residual
metal contents in rapeseed taproots at different pht densities.

Metal Model Paramete! 22 44 63
a 1.00E+02 9.95E+01 1.00E+02
(a+b*x)/(1 + c*x + b 5.20E-01 -9.31E-02 -1.51E-01
As d*x?) c -1.15E-02 -5.28E-03 -4.18E-03
(Rational Model) d 4.89E-05 1.21E-05 9.96E-06
R? 0.9957 0.9927 1.0000
a*exp(b*x) a 9.98E+01 1.00E+02 9.89E+01
Cd (Exponential b -5.65E-03 -5.64E-03 -6.00E-03
Model) R? 0.9981 0.9984 0.9763
a 1.00E+02 1.00E+02 1.00E+02
(a*b + c*x~d)/(b + b 6.73E+01 6.73E+01 6.73E+01
Co x%) (MMF c -3.93E+01  -3.93E+01  -3.93E+01
Model) d 7.93E-01 7.93E-01 7.93E-01
R? 0.9983 0.9983 0.9983
. a 1.09E+02 8.89E+01 8.78E+01
Cr a+ b*x (Linear b 1.75E-01  -1.46E-01  -1.56E-01
Regression) )
R 0.8881 0.9016 0.9007
a 1.00E+02 1.00E+02 1.00E+02
(a*b + c*x~d)/(b + b 6.73E+01 6.73E+01 6.73E+01
Cu x%) (MMF c -3.93E+01  -3.93E+01  -3.93E+01
Model) d 7.93E-01 7.93E-01 7.93E-01
R? 0.9983 0.9983 0.9983
a 1.00E+02 1.00E+02 1.00E+02
(a+bx)/(1+cx+dR) b 1.63E-01 -1.71E-01 -1.78E-01
Mn (Rational c -8.59E-03 -8.09E-04 -7.51E-05
Model) d 4.41E-05 -2.69E-07 -2.08E-06
R? 0.9868 1.0000 0.9995
a 9.98E-03 1.00E-02 9.98E-03
o M@+ bx+ o) b 2.26E-05  -9.46E-07  -2.26E-05
Ni (Reciprocal
Quadratic) c2 1.80E-07 1.45E-07 1.80E-07
R 0.9708 0.9591 0.0000
a 1.03E+02 9.98E+01 9.98E+01
b 2.74E+03 1.27E+08 5.92E+07
Pb (ab+cX)/(b+xX) c 2.42E+02  -2.42E+08  -1.53E+08
(MMF Model)
d 1.09E+00 6.03E-01 5.46E-01
R? 0.9782 0.9876 0.9061
a 1.00E+02 1.00E+02 1.00E+02
b 1.22E+08 2.99E+02 1.16E+03
Zn (ab+exX)/(b+x) c 255E+00  -3.19E+00  -1.05E+01
(MMF Model)
d 3.60E+00 1.36E+00 1.41E+00
R? 0.9956 1.0000 0.9990
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Generally, each metal was retained at differeneéreddrom rapeseed taproots
at different plant densities (Fig. 19), as visibil@m the parameter reported in Table
8.

Co and Cu followed the same retention trend fothadl densities (Fig. 19C
and 19E), whereas Ni followed the same trendtfog highest and lowest densities
(Fig.19G). Cd followed very similar trends among thfferent densities (Fig. 19B).

For most metals (As, Cr, Pb and Zn), the retenfiattern appeared slower at
22 plant ni? (Fig. 19A, 19D, 19H, 19I); however, the intermedidensity appeared
to release Mn more slowly than the other dens(&&s. 19F), and it was as effective
as the lowest density for As, but had the worgn&bdn of Zn. The highest density
was as effective as the lowest density at retairiiigand as effective as the
intermediate density for Pb, but had the worstntge ability for As and Cr.

For As, Mn and Ni, the % content increased for lhgest density at the
beginning of the degradation of roots, while tHie& was not observed in the other

density or for the main effect “cultivar”.

Table 9. Estimated half time for the residual metalin rapeseed taproots at
different plant densities.

Metal t (1/2) 22 44 63

As Date 05/10/201C 07/09/201C 18/06/2010
Days after burying 489 461 380

cd Date 03/10/200€ 04/10/200€ 25/09/2009
Days after burying 122 123 114

Co Date 09/09/200¢ 09/09/200€ 09/09/2009
Days after burying 98 98 98

Cr Date 08/05/201C 24/02/201C 30/01/2010
Days after burying 339 266 241

Cu Date 08/08/200¢ 08/08/200¢< 08/08/2009
Days after burying 97 97 97

Mn Date 05/05/201C 08/07/201C 07/06/2010
Days after burying 336 400 369

Ni Date 06/04/201C 23/02/201C 06/04/2010
Days after burying 307 265 307

Ph Date 27/03/201C 13/01/201C 14/01/2010
Days after burying 297 224 225

7n Date 28/11/201C 04/08/200€ 09/10/2009
Days after burying 178 62 128
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The equations describing the residual content ah emetal allowed to
estimate thed,) for metal contents (Table 9). The4 were generally longer than

those of the residual biomass, as happened fan#ie effect “cultivar”.

Heavy metal proportions in degrading taproots
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Figure 20. Relative content of metals (% out of theéotal amount of metals
expressed in mmol per root) irrespective of the ctilvar and density.

The total composition in heavy metals of the tapsoindicate that the
proportion of each metal changes during the degjaddFig. 20). Some elements
(Mn, Cu) become relatively more concentrated, artdero (Zn) become less
concentrated over time.

1.4. Discussion

1.4.1. Metal removals through aboveground biomassd taproots

Biomass, along with metal concentrations in theogh@nd roots, is one of
the main parameters to take into account to estirpints’ ability at accumulating
metals (Liet al, 2003; Quartacat al, 2006).
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Rapeseed might be effective for the managementeaf/yh metal-polluted
soils, due to its ability at removing metals thagbuhe above and below -ground
biomass. In fact, metal removals were generally lfigkg h&), and increased with
higher plant densities.

Among the genotypes tested here, all the hybridedymed larger
aboveground biomass than the variety, and removgkeh amounts of metals,
confirming their higher potential for phytoextrawmii For phytostabilization in
taproots, the variety was overall as effective las hybrids. Nevertheless, the
differences in the removals of specific elementd, (Co, Cr, Cu, Ni, Pb) through the
taproot of different cultivars, suggest that théraspecific variability should be
investigated to improve the effectiveness of phigioidization.

Here, Taurus resulted the best cultivar for metatuenulation in the
aboveground biomass, and should be preferred éwerphytostabilization in
taproots, in view of its better performance for tamovals of most metals.

Metal accumulation in shoots and roots had differessponses to the
increase in sowing density, and in rapeseed phiraeion is more easily enhanced
at increasing density than phytostabilization. Hesve the results indicate that
agronomic factors (i.e. plant density and choicethed genotype) can contribute
increasing both metal phytoextraction and, to adesextent, phytostabilization,
suggesting that the efficiency of green technolegian be improved through proper

agronomic practices.

1.4.2. Root degradation in soil and effectiveness$ phytostabilization of
metals

The decomposition of leaf-derived litter is affettey its physical-chemical
composition (Cornelissen, 1996), and this is truelifter in general. Many indices,
including the concentration of lignin, can be tethto the process of mineralization
of organic matter (Heakt al, 1997), and it is therefore reasonable to rethat
other chemical compounds relatively recalcitrant degradation (i.e. cellulose)
might be useful to determine the degradation patéiplant-derived organic matter.

However, the chemical composition can not explaawhole process of plant litter

78



degradation (Paustiaet al, 1997), since environmental parameters (i.e. exatpre,
moisture) are also involved in determining it (Sirend Gupta, 1977). However, in
this study, only the chemical composition of tapso@.e., content of fibers) was
taken into account for determining the degradapattern of rapeseed taproots, since
the pedo-climatic conditions where the same fottedItreatments.

Since the chemical composition (cellulose and hyniwvas the same
irrespective of plant density, no differences he tdegradation patterns were
expected for the main effect “density”, and theidhesl biomass (kg hY was
expected to be higher at 63 plarit.nfor cultivars, no hypothesis could be built up
depending on the content of fiber, since the cdsteflignin and cellulose were not
measured for the varieties.

On the contrary, for different taproot tissuesfaté#nt degradation dynamics
were expected, because of the different chemigapesition: the inner cortex (Cor)
was expected to be the most recalcitrant tissudegvadation in view of its higher
content of fibers, while the inner cylinder (Cylasvexpected to be the most easily
degradable.

The results of the degradation trial (Fig. 16 afgl duggest that taproot are
degraded with different dynamics depending on tleotype and sowing density,
although these differences generally did not leadignificant differences in the
residual biomass in the long term. Different degtamh trends for the main effect
“density” were therefore not consistent with theulés for the content of fiber; this
suggests that the content of lignin and celluloge not explain the degradation
patterns of taproots within the same species, harktore other variables might be
more important for determining intraspecific dieces in the process.

However, as expected, different root tissues wargratled with different
rates, with Cor being the most resistant tissudegradation, confirming that the
content of lignin and cellulose might be good pcaalis for the degradability of plant
residues (i.e. different tissues).

Overall, our view is that small differences in ttiegradation patters might
exist among densities and cultivar, due to diffeemnin root size. The size (diameter)
affects the mean lifespan of roots (Tierney andelyaB001; 2002; Van Der Krift and

Berendse, 2002), and it might aslo affect the ddagran dynamics of dead roots.
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However, overall the residual biomass (kg havailable for metal retention in the
long term can be considered independent from thesityeand genotype.

As regard the model proposed for the dynamic ofo@ipdegradation, the
MMF model (sigmoidal family) resulted the best @eofor approximating the %
residual biomass for the main effects “cultivar’dafdensity”, and in general
mirrored the experimental data, as confirmed by thgh coefficients of
determination. The results therefore suggest thatMIMF model is suitable for
describing rapeseed taproots degradation in genemagpective of the cultivation
factors, at least in this soil. However, it is ljke¢hat degradation of litter might be
modeled through other models too, depending on sihecies (Henriksen and
Breland, 1999) and quality of litter (Swiét al, 1979). For example, Curry and
Byrne (1997) found that both an exponential decay a linear model gave good
fitting for the loss of weight in winter wheat ovéme. Therefore, it is likely that the
specific characteristics of both the litter and getimatic condition might greatly
affect the degradation rate of plant litter.

The experimental data and the shape of the curuggest that the
degradation of root was very quick at the beginnifigghe degradation trial, as
confirmed by the very shorta4) estimated for both the cultivars and densitidse T
initial loss of organic substance might be due tmemalization of the readily
degradable compounds, especially in the rhizodemnth ianer cylinder; then, it is
likely that, when only the inner cortex remaindt tegradation slowed down.

However, the degradation of rapeseed taprootsnesil completed in 18
months. Nevertheless, since after 18 months theifewas about 10% of not-
degraded biomass, we retain that in the long tdrms possible to increase the
organic substance for metal stabilization in sgildalding plant residues from the
following cultivation cycle, thus increasing the fegftiveness of in-planta
phytostabilization.

Finally, the nylon net bags might have significgraffected the rate of root
decomposition, therefore it is likely that the wlenfound here are biased and not
representative of the real degradation occurringhe field. In fact, coarse mesh
allows earthworms and other macroinvertebratesotdribute to the degradation of
litter and to accelerate the mineralization rateewes when the size of the mesh does

not allow macroinvertebrates to stay in conta¢h\he litter, the degradation results
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significantly slower (Curry and Byrne, 1997). Howey since all the data were
affected by the same bias, the results remain vatithe evaluation of the influence

of the factors under study.

1.4.3. Heavy metal retention in taproots

Heavy metal residual contents in breaking downdeisr depend on their
initial concentrations and the releasing into tlwél &s a consequence of root
degradation . The initial concentrations in turpeled on roots ability at absorbing
metals and retaining instead of translocating therthe shoots, and this ability is
different according to the metal and the plant ssecfor instance, many
Brassicaceadave good ability at absorbing and accumulatiregais in both shoots
and roots (Vameraét al., 2012).

The results of the degradation trail confirmed Bahapusmight be suitable
for phytostabilization, especially for Cu and Zhat were accumulated at higher
extent than other metals.

In taproots, metals were mainly accumulated initimer cortex, which was
the more recalcitrant tissue to degradation. TRigaens the slower loss of metals
than biomass from degrading taproots, and suggests metal retention in taproots
is effective despite the loss of organic matter. alidition, the differences in
degradation patter ns of different taproot tissméght explain the differences in the
retention patterns for different metals (Fig.18)l dne changes in the composition in
heavy metals in the roots during the degradatiog. @): in fact, those metals that
were found mainly in the inner cortex (Cr, Ni, Rire released more slowly than
those stored at relatively high percentages inirther cylinder or in the external
cortex (Cd, Zn).

Metal retention was different depending on theetgriand this is consistent
with the observation that the same element haeérefit distribution in root tissues
for different cultivars. Cultivars with higher edive contents of metals in the Cor,
where therefore expected to be more effective @inmeg metals. However, the
relative distribution of metals in root tissues swanly seldom consistent with the

trend for metal releasing we found for differenttiwar. For Zn and Cu it was found

81



a perfect match between metal distribution in tgues depending on the cultivar
and the releasing trend, while for other metalseheas only a partial match between
the expectation and the retention trends foundjeimeral, higher contents in the Cor
were associated to slower releasing at the beginminthe degradation in PR45D01
(Cr, Cu, Mn and Ni), but for Viking (Co, Cr, Mn, PaAnd Taurus (Cd, Pb) often the
releasing of metals did not seemed related to ekaive contents in the Cor. It is
likely that when significant proportion of metaleastored in the other tissues than
the Cor, the overall trend for metal retention mere difficult to predict referring
only to the relative distribution of the elementang the root tissues.

Higher densities were initially supposed to allovaimtaining significantly
higher metal contents over time, due to the highiéal accumulation, but in the end
this hypothesis was rejected. However, at highesities the initial accumulation of
metals in taproots is larger, thus resulting nedfective for phytostabilization.

The increase in metal contents during taproot digian observed for the
main effect “density” were attributed to the alyilaf organic matter to adsorb HM
from the soil solution. This suggest that stabila@a might be enhanced irrespective
of the initial metal stock.

Overall, the results suggest that metal distributio root could be useful to
describe patterns of releasing from breaking dowots; but other factor must be
involved in this process, and it is likely that raaeliable estimation trends for metal
retention might be obtained considering other cleaimiharacteristics of the roots

and soil.

1.5. Conclusions

Root degradation is a complex process that heredeasribed considering
only the time span between burying and sampling datd the content of fibers in
taproots. Therefore the patterns of degradationraeidl releasing are biased by the
simplification of the process, but general conduastould be drawn.

In the long term, the amount of recalcitrant biosn@vailable for metal
retention is independent from both the genotypesawing density, therefore for an

effective phytoextraction and phytostabilizatione tlvarieties producing higher
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biomass (Taurus) should be preferred to thoseptatuce smaller biomass, since
higher biomass allows to accumulate higher amoointsetals. For the same reason,
high densities should be preferred.

Irrespective of the sowing density and genotype,dbgradation of organic
matter occurs quickly, but in the long term (18 s there is still about 10% of
organic matter which retain metals. Therefore, ps$tgbilization in taproots is
feasible, and the amount of metals retained inatbgg taproots can be increased
yearly by adding litter from the following cultivian cycle.

The patterns of metal releasing depends on thekiisbn of metals in the
taproot tissues, the metal itself the genotype, thedchemical composition of the
taproot tissues. However, these variables are bl @ completely explain the
degradation of taproots and metal releasing patteand clearly further research is
needed to clear the role of different variablesdetermining the rate of taproot

degradation.
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Chapter 2

Dynamics of root degradation and metal release witin planta

phytostabilization: effects of different soil contanination levels

Abstract

Metal stabilization in plant roots is an emergieghnology for the remediation of
polluted soil which aims at immobilizing metals,sgbly in the long-term, making
them unavailable for organisms. However, when racésdegraded as a consequence
of soil microbial activity, the metals previoushpsed are again released into the soil.
In this study, it was assessed the time span wplolutants are retained in the
taproot ofBrassica napud.. var. oleifera under different soil pollution levels. The
roots were buried in either metal-polluted or uiygeld- soil-filled boxes at 10 cm
depth and collected periodically to measure thelues weight and metal contents.
Root degradation trend were approximated througsiganoidal model, and the
estimated half-time for root biomass was 154 dathexmetal-polluted soil and 114
in the unpolluted one. The slower root degradatioder soil contamination was
attributed to a lower microbial activity, as rewshlby the soil mean fluoroscein
content (0.99 + 0.07 vs. 0.73 = 0.07) over the whgkeriod of incubation.
Nevertheless, metal concentration in degradingsraws found to increase over
time, especially in the polluted soil, probably doemetal adsorption onto organic
matter. Adsorption was surely enhanced by the mgtal bioavailability of the
polluted soil and by water stagnation in the boxd#sboth treatments as a
consequence of increased metal solubilization &dies.

It is concluded that phytostabilization wiBh napusis a feasible phytomanagement
option in metal-polluted soil only if new litter igearly provided through new
cultivation cycles, in order to increase the organatter pool. It also seems that the
effectiveness of metal immobilization might be imyped by preventing metal
leaching through various means (e.g., impermeadledns).
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2.1. Introduction

Heavy metals are common contaminants in indusamal agricultural soils,
and reclamation of contaminated areas is needeeldtace human exposure to toxic
elements through the direct contact with polluted and through the food chain
(Robinson et al, 2009). Besides the traditional reclamation tépies, green
technologies exploiting higher plants for soil rehagion (collectively referred to as
phytoremediation) have been recently developed, aodiadays many plant-
mediated techniques are available for soil remextigZerbi and Marchiol, 2004).

One of the green technologies potentially usefuldoil reclamation is the
stabilization of heavy metals in the soil; the plarediated stabilization is referred as
phytostabilization, and aims at immobilizing heawmetals in the rhizosphere,
making them unavailable for soil organisms and tpusventing the food-chain
contamination rather than at removing metals frown $oil. Phytostabilization can
occur either in the soil ek-planta stabilization) or in the rootsin-planta
stabilization). The first occurs through changemgtal bioavailability and solubility
through modification in pH and precipitation or agsion onto soil particles; for
instance, bioavailability of heavy metals can Heaively reduced by rising the soill
pH (McGrath, 1998; Sakt al, 1998) or through adsorption onto soil organidtera
(Cunninghamet al, 1996).In planta stabilization occurs through accumulation of
heavy metals in plant roots, so that metals carentdr the food chain, because they
are not transferred to the harvestable biomassi(Robet al, 2009). Unfortunately,
phytostabilization in plant roots is only a shaved solution for soil pollution,
because roots are degraded by soil microorganisngs, (bacteria, fungi), and the
elements previously accumulated are therefore seteato the soil (Vangronsveld
et al, 1995). Nevertheless, there is not informatioailable in the literature about
the relation between the degradation of plant nat@nd the releasing of heavy
metals, so that the rate of metal releasing froamtpinaterial is still unknown.

In a previous experiment, it was found that rapedap roots are completely
degraded in about 18 months, but metal releaskvges than the loss of biomass,
because metals are mainly stored in the most lgealc tissues (i.e., internal
cortex). As a result, despite the estimated haiktior root biomass in absence of

contamination was only 65 days, those of metalgedrirom about 100 to 420 days,
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depending on the element, with most metals havihglatime > 300 days. In this
trial it was also found that root biomass and tlegainstock had a different estimated
half-time in different cultivars, suggesting thepiantance of genotype choice.

In this study the root degradation experiment vBitassica napud.. var.
oleifera was repeated, with the objective to assess tleeafatoot degradation and
metal release over time in relation to the levesat pollution. The effects of some
environmental variables, such as soil temperatnceraoisture on litter degradation
in soils have been already studied in the past, (Elenriksen and Breland, 1999a),

but there is lack of information on the influendesoil pollution.

2.2. Material and Methods

The trial was carried out at the experimental fédtmcio Toniolo” of the
University of Padova (ltaly), and the analysis weeformed at Department of
Agriculture, Food, Natural resources, Animals andvibnment of the same

University.

2.2.1. Experimental set up for cultivation

Two cultivars ofBrassica napud.. var. oleifera i.e. PR45D01 (semi-dwarf
hybrid, Pioneer) and Excalibur (CHH hybrid, Dekalg¢re sown in the silty-loam
soil of the experimental farm of Padova University September 30 2010. With the
aim to studying the effects of seed density on grotvth and metal accumulation,
rapeseed was grown at 44 and 63 plants within a split plot design with 3
replicates (4.5 x12 m plot size). After ploughingdaharrowing, the soil was
fertilized with 60 kg h& of P,Os as triple perphosphate, and 60 kg' fed K»O as
potassium sulphate. Nitrogen was supplied in sptimg at the dose of 100 kg ha
as ammonic sulfate followed by a further additié®® kg ha" as ammonium nitrate.

On May 25 2011, 15 plants per plot were collecteakshed with compressed-
air to remove any soil particle, and the fresh Wweigf both shoot and tap root
measured. Twelve roots per plot were used for dlo¢ degradation experiment and

stored at 4 °C before starting the trial, and 3gabvied (105 °C, 24 h) for measuring
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the moisture content and estimating the total moimass production on a hectare
basis. The dry weight of each of the 12 roots tblréed was used as reference value
in the degradation experiment.

Metal analysis and determination of fiber contemtrevperformed on dried
roots after milling. Metal concentration was measluby ICP-OES after digestion in
concentrated HN® according to the USEPA 1995b method and usedfasenee
value for the degradation experiment. The contéatml detergent fiber (ADF), acid
detergent lignin (ADL), cellulose and ash (AIA) wemeasured according to Van
Soest (1987).

2.2.2. Root degradation set up

The degradation trial was set up in large boxésdfivith either unpolluted or
artificially polluted soil. The soil, having a gifoam texture, was collected on May
2010 at the experimental farm and air-dried in gheeise for a week. Part of this
soil was contaminated by adding Cd, Co Cu and Zns(dphate) at a rate of 4, 40,
200 and 750 mg Kb respectively using 25 L of contaminated solutioixed with
150 Kg of soil. The contamination level achievedexded about 2 times for Cd and
Co, and about 5 times for Cu and 8 times for Znlthlean Guideline Values (IGV)
for agricultural soil (Italian Ministerial Decreés2/2006). The soil was then let dry
and during the following week it was repeatedlyrst to ensure complete mixing
with the metal solution. The reference unpolluteid was arranged in the same way
but without adding the metal solution.

The total metal content in both polluted (P) angballuted (UP) soil was
measured (USEPA 1995a) to verify the achievemetdrget concentrations.

The degradation experiment was set up in the ofaetirgy on June 7 2011.
Each root was wrapped into a 1.2-mm mesh size ngleinbags to avoid soill
macrofauna to enter, and placed at 10 cm of dep®V/IC boxes (60x40 large, 34 cm
height) filled-in with either the polluted or the@polluted soil. Each root was marked
with a small stake and a tag to be recognized ev&tion. The boxes were covered
with a 1.5-cm mesh size metallic net to avoid artemal interference by little

animals. The number of roots in each box varied@liog with the same cultivation
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densities adopted during field cultivation, i.e. 44d 63 plants i During the
following 12 months, the roots were periodicallylected from the soil (Table 1) for
measuring the residual biomass and metal concimtsat

At each collection, the nylon net bags were geatid thoroughly washed
with distilled water within PVC boxes to remove ttesidual soil. Root fragments
were collected on a 2 mm mesh sieve. The roots theredried at 105 °C for 24 h

and the dry weight and metal contents were measagaiove.

Table 1. Dates of root sampling during the degrad&in experiment.

Date Sampling Days after burying
7/06/2011 Root burying 0
12/07/2011 Sampling 1 35
10/10/2011 Sampling 2 125
9/01/2012 Sampling 3 216
18/04/2012 Sampling 4 316
3/07/2012 Sampling 5 392

2.2.3. Soil analysis

During the degradation experiment, the microbialvdayg, which might be
related to the rate root degradation and metakselewas periodically analyzed.
Measurements were carried out through the FDA (ekrein diacetate) hydrolysis
according to Adam and Duncan (2001). Briefly, thetmod consisted in placing 2 g
of fresh soil in a 50-mL flask with 15 ml of a 6vrphosphate buffer solution (pH
= 7.6, 24 °C). Then 0.2 ml of a FDA stock solut{@®00 pg FDA mL}) was added
to start the reaction. Blanks were prepared witlaaldting the FDA substrate, along
with a suitable number of sample replicates. Thskit were shaken by hand and
placed in an orbital incubator (100 rpm mMjrB0 °C) for 20 min and then added with
15 ml 2:1 (v/v) chloroform-methanol solvent to stibye reaction. After a thorough
hand shaking, the samples were centrifuged witlBimb centrifuge tubes at 2000

rpm mir* for 3 minutes. The supernatant was filtered withatthan 42 paper filters
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for subsequent spectrophotometer absorbance mestrg490 nm wavelength).

The concentration of fluorescein released durirgréaction was calculated through
a calibration curve within the range 0-5 mg fluaeis mL*, which were prepared

from a 20 pg fluorescein mistandard solution. The 0 mg frfluorescein standard

was used to calibrate the spectrophotometer zefordoeach set of blanks and
samples were read.

Information about the prevailing type of soil mibral activity (cellulolytic
and proteolytic) was obtained through the methoodppsed by Squartinet al
(2012). Cotton (three stars, n. 16) and silk (thstes, Bozzolo reale n. 24) 50-cm
long treads were buried at about 10 cm of deptithen boxes containing the
degrading roots and left for 7, 14 or 21 days dytine whole experiment. After
incubation, the threads were removed with cautremfthe soil and their traction
resistance was measured through a digital dynanssm@MADA ZP, Elis,
Electronic Instruments and Systems, Roma) with theak function” which
measures and records the maximum strength (kg)rébefee tread breaks. The
percentage difference between the strength of ¢huheeads and the mean value of
the unburied ones was standardized on the numbecubation days in the soil. The
percentage variation of the standardized strerfgtithe cotton and silk threads were
assumed as representative of the cellulolytic anteplytic activities, respectively.

Within boxes, soil bioavailability of Cd, Cu, NibPand Zn was measured
according to Lindsay-Norvell (1978).

Since a spontaneous vegetation flora colonizedsthie boxes during the
experiment, the abundance of each species wassadsasd plant samples collected
on October 28 2011, After accurate washing withiltkd water, shoot and root
samples were oven-dried at 105 °C for 24 h andyaadl by ICP-OES for

determining metal concentration as described above.

2.2.4. Climate

The temperature and humidity contents (Volumetriat&/ Content) at 10 cm
depth in the boxes containing the roots during diegradation experiment was

recorded through a data-logger over the whole gesfdhe degradation experiment.
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2.2.5. Statistical analysis

All the analysis were performed at least in triptec After checking for
normality (Skeweness and Kurtosis te$?s0.05) and homogeneity of variances
(Bartlett’s test,P<0.05), the data were analyzed through either ANQWACruskall
Wallis test (Costat 6.4, Copyright 1998-2008 CoHewftware 798 Lighthouse Ave.
PMB 320 Monterey, CA, 93940, USA). The trend of traegradation and metal
release were expressed as residual biomass (pegeeott the initial dry weight) and
residual metal content, respectively, and intefgol@ver time (number of days after
burying) through the Curve-Expert Professional 3.6oftware (Copyright 2012,
Daniel G. Hyams) and running the analysis Curvegiiridr the best fit.
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2.3. Results
2.3.1. Shoot and root biomass in rapeseed
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Figure 1. Shoot biomass of two rapeseed varieties &avo plant densities,
approximately at maturity: dry weight per plant (A) and per hectare (B), and %
water content (C). Vertical bars represent standarderrors. Different letters
indicate statistically significant differences (capal letters for main effects;
lower case letters between densities within the sa&ntultivar) (Tukey HSD test,
P<0.05).
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Shoot biomass per plant and per hectare was highexcalibur than in the
semidwarf hybrid PR45D01 (Fig. 1A, B,) (main effiecthe main effect “density”
was also significant, with higher biomass for bpén plant and per unit surface area
at 63 plants M (55.1 + 7.0 g plaft, corresponding to 34.7 + 4.4 thas. 37.1 + 5.8
g plant’, corresponding 16.3 + 2.6 t Ha

The interaction “cultivar x density” was signifidaonly for the overall per-
hectare biomass (Fig. 1B), with the biomass inengawith increasing density for
both cultivars. Overall, the highest biomass waslpced by Excalibur at 63 plant
m? (73.2 + 7.8 g plant corresponding to 46.2 + 4.9 t'ha and the lowest by
PR45D01 at 44 plant #(28.3 + 2.1 g plart corresponding to 12.4 + 0.94 tHa

The water content in shoot tissues was very simalatong treatments,
irrespective of cultivar, density and their intdérac (mean value: 68.3%).
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Continues in the following page
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Figure 2. Taproot biomass of two rapeseed varietieat two plant densities,
approximately at maturity: dry weight per plant (A) and per hectare (B), and
% water content (C). Vertical bars represent the sandard errors and different
letters indicate statistically significant differerces (capital letters for main
effects; lower case letters between densities withsame cultivar) (Tukey HSD
test, P<0.05).

At root level, dry biomass per plant was signifidsarhigher in Excalibur
(4.02 £ 0.56 g dw) than in PR45D01 (2.7 £ 0.18 9 ¢(fig. 2A). Consequently, the
total root biomass produced per hectare was sggmifly higher in Excalibur (2.2 £
0.39 t ha) than in PR45D01 (1.4 + 0.13 t'ha(Fig. 2B).

Root biomass was always significantly higher athighest plant density, but
the interaction *“cultivar x density” was signifidaronly for the “per-hectare
biomass”. The highest root biomass was producegxoglibur at 63 plant i (5.1 +
0.77 g root, corresponding to 3.2 + 0.48 tHaand the lowest biomass by PR45D01
at 44 plant 1§ (2.6 + 0.22 g root, corresponding to 1.3 + 0.09 tHaThe incidence
of taproot biomass on total plant weight rangedvieen 9.5% to 6.5 %.

The percentage of humidity in root tissues was \&aple, irrespective of

cultivar, density and their interaction (mean vall2%).
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2.3.2. Fiber Content in Taproots
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Figure 3. Fiber contents in taproots approximatelyat plant maturity (% out of
dw). Vertical bars represent standard error. Different letters indicate
statistically significant differences (capital leters for main effects; lower case
letters between densities within same cultivar) (Tkey HSD test,P<0.05).

The content of fiber (ADF), cellulose, lignin ansha(AlA) in the taproots at
harvest was the same irrespective of genotype mi gensity. The average values
were 59 + 5.68% dw, 45 + 4.46%, 14 + 2.1% and @&4823% for ADF, cellulose,
lignin and ash, respectively. At the end of thetrdegradation experiment, the
residual fiber content was lower than at the begmrbut no differences were found
between soil treatments, genotypes or plant dessifimong parameters, only lignin
and AIA increased over time. At the end of the expent, about one year later, the
average values in the polluted soil were 55 + 3.3%0+ 4.4%, 23 £ 1.4% and 2.2 +
0.58%, for ADF, cellulose, lignin and ash, respesti, whereas those of the
unpolluted soil were 54 + 3.6%, 28 + 4.4%, 25 +70@Band 1.9 + 0.24%,
respectively.
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2.3.3. Heavy Metals

Metal concentration and removals in shoots
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Figure 4. Metal concentrations (mg kg dw) in shoots at harvest of rapeseed
varieties under two plant densities. Different leters indicate statistically
significant differences (capital leters for main efects; lower case letters between
densities within same cultivar) (Tukey HSD test,P<0.05;). Vertical bars
represent standard error.

Metal concentration in shoots was relatively comistamong treatments,
irrespective of cultivar or density, except for Gde semidwarf hybrid PR45D01
having significantly higher values (264 + 21 pg'kdw vs. 216 + 12 pg kgdw of
Excalibur), and for Cu the plant density of 44 plani® leading to significantly
higher concentrations (4.90 + 0.27 mg'kes. 4.14 + 0.21 mg kbof the 63 plants
m2).

The interaction “cultivar x density” was signifidaonly for Cd in Excalibur
(Fig. 4A) and Cu in PR45D01 (Fig.4C), with the gt plant density having the

lowest concentration.
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Figure 5. Metal removal (g ha') by the above-ground biomass of rapeseed
varieties at two plant densities at harvest. Diffegnt letters indicate statistically
significant differences (capital letters for main &ects; lower case letters
between densities within same cultivar) (Tukey HSRest, P<0.05). Vertical bars
represent standard error.

The content of heavy metals in shoots was sigmifigehigher in Excalibur
than PR45DO01 for all the elements, except Co. Thanaffect “plant density” was
also significant for all metals, with removals kgisignificantly higher at 63 plants
m? than 44 plants th These results were related to better productadtyieved with
Excalibur and under higher sowing density.

The interaction “cultivar x density” was signifidaanly for Cd and Cu in

Excalibur, with removals increasing with plant déns
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Metal concentration and removals in taproots
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Figure 6. Metal concentrations (mg kg) in taproots of rapeseed varieties at two
plant densities at harvest. Different letters indiate statistically significant
differences (capital letters for main effects; lowecase letters between densities
within same cultivar) (Tukey HSD test, P<0.05). Vertical bars represent
standard error.

Metal concentrations in taproots did not vary dyeamong treatments. It
was constant irrespective of plant density, whesggsficant differences were found
between cultivars for Co and Cu, with Excalibur ingvlower concentrations than
PR45DO01 (0.25 + 0.01 and 0.30 + 0.02 mg Cd Kgv, and 4.25 + 0.15 and 5.32 +
0.29 mg Cu kg dw, for Excalibur and PR45D01 respectively). Theam Cd and Zn
concentrations were 233 + 10 ug'kgw and 30.1 + 2.7 mg Kgdw, respectively.

The interaction “cultivar x density” was not sigo#nt for any of the metals

considered.
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Figure 7. Metal removals by taproots (g hd) of two rapeseed varieties at two
plant densities at harvest. Different letters indiate statistically significant
differences (capital letters for main effects; lowecase letters between densities
within same cultivar) (Tukey HSD test,P<0.05). The vertical bars represent the
standard error.

Metal removals by taproots was generally highemeateased plant density
(i.e., 63 plant if). Significant differences were also found for GwaCu between
cultivars, with Excalibur having higher contents baith metals (0.51 + 0.0006 vs.
0.32 + 0.01 g Cd hbof Excalibur and PR45D01 respectively, and 10.12+dhd 7.4
+ 0.2 g Cu hd of Excalibur and PR45D01 respectively).

The interaction “cultivar x density” was always rdigcant and metal

removals improved with increasing plant densitygegpt for Cu in PR45D01.
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2.3.4. Dynamics of taproot degradation
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Figure 8. Residual dry weight of degrading taproot§% out of the initial dry
weight) as measured during the experiment (squaressircles, triangles) and
predicted trends (lines). Interaction “cultivar x soil” (A): Excalibur in polluted
(Excalibur P) and unpolluted soil (Excalibur UP) asblue squares and line, and
red triangle and line, respectively; PR45D01 in pdlited (PR45D01 P) and
unpolluted soil (PR45D01 UP) as green circle andnke, and violet squares and
line, respectively. Main effect “soil contaminatiori (B): polluted (blue squares
and line) and unpolluted (red squares and line). Méical bars represent
standard error. The model used was a MMF model [ ¥ (axb + cxX)/(b + x%) ].

At all sampling dates, no statistically significalifferences were found in the
residual weight for the main effects cultivar, pgldensity or their interaction, nor for
the interaction “cultivar x soil”, “plant density s0il” and “cultivar x plant density x
soil”. Nevertheless, since the main effect “sotht@mination” resulted significant for

the % residual dry weight (% residual dw), hens iteported only the results for the
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interaction “cultivar x soil” (Fig. 8A) and the nmaeffect “soil contamination” (Fig.
8B).

PR45D01 had produced a significantly smaller raotriass (1.4 £ 0.13 t ha
) than Excalibur (2.2 + 0.39 t Hp but in the polluted soil at the end of the
experiment PR45D01 maintained a higher biomassimé& + 0.11 g per root,
corresponding to 713 + 68 kg Hathan Excalibur (1.1 + 0.15 g per root,
corresponding to 580 + 91 kg ha although the difference was not statistically
significant. The corresponding percentages of tedidiomass were 47 + 5.5 % dw
and 40 = 3.5 % dw for PR45D01 and Excalibur respelst In the unpolluted soil,
at the end of the experiment the highest residwwah&ss was found in Excalibur (1.8
+ 0.40 g per root, corresponding to 920 + 162 k) hahereas PR45DO01 resulted in
a lower residual biomass (1.3 + 0.24 g per roatiesponding to 710 + 108 kg Pa
but the difference was not statistically significahhe corresponding percentages of
residual biomass were 36 = 2.7 % dw and 30 + 2difor Excalibur and PR45D01
respectively. Overall, irrespective of plant depsihd soil contamination, Excalibur
and PR45D01 preserved the same residual root b®3&s+ 2.2%), for both per
plant (1.4 + 0.12 g per root) and per hectare (&3% + 58 kg ha).

The degradation was faster in the unpolluted sice the % of residual
biomass (33 £ 2.0 % dw ) was significantly lowearthin the polluted soil (43 +
3.3% dw).

The % residual weight for the interaction “cultivasoil” and the main effect

“soil” was approximated through the MMF model

y=(a*b+c*xx®)(b+ x%)

which belong to the family of the sigmoidal functgo
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Table 2. Coefficient of the MMF model and coefficiet of determination (R?) for
the equation describing the % of residual taproot dy weight for the interaction
“cultivar x soil contamination” and the main effect “soil”.

o Polluted soil Unpolluted soil
Coefficient

Excalibur PR45D01  Average Excalibur PR45D01  Average
a 99.94 100.01 100.00 100.08 100.11 100.10
b 806.06 2217.82 724.93 1406.96 72.33 351.93
c 39.03 47.79 43.33 38.65 31.76 36.36
d 1.630 2.112 1.698 1.850 1.136 1.532
R? 0.985 0.996 0.998 0.990 0.960 0.977

The goodness of the degradation trends was assegsedressing the values
of the residual root biomass measured during tiperxent and the corresponding
values found through the equation for each intesactultivar x soil” and the main
effect “soil”. Cross validation indicated that teewas always a good correlation

between measured and predicted data (Table 3).

Table 3. Statistics of linear regression between easured (x) and simulated
(y) data values of % residual taproot biomass. CL ndicates the 95%
confidence limit. When “P” is lower than 0.05, the coefficient (slope and
intercept) is significantly different from zero.

Polluted Unpolluted
Parameter
Excalibur PR45D01 Average Excalibur PR45D01 Average
0.981 + 0.991 + 0.993 + 0.985 + 0.957 £ 0.974
Slope + CL
0.166 0.094 0.0684 0.3001 0.275 0.209
P value
0.0001***  0.0000***  0.0000*** 0.0021** 0.0006***  0.0002***
(slope)
Intercept + 1.097 £ 0.470 + 0.342 + 0.79 = 2.34 + 146 £
CL 10.792 6.16 4.45 15.7 16.6 12.9
P value 0.792 0.843 0.841 0.660 0.715 0.769
(intercept) (ns) (ns) (ns) (ns) (ns) (ns)

The estimated half-time for biomass loss/degradda(ti@,) was 154 and 114
days for Excalibur in the polluted and unpolluted sespectively, and 167 and 105
days for PR45D01 in the polluted and unpolluted resipectively.
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According to the model, the loss of dry weight appefaster in the
unpolluted soil over the whole period of degradat{big. 8B) and ;) was 159 and
107 days in the polluted and unpolluted soil, retpely.

2.3.5. Residual metal contents in taproots duringefradation
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Figure 9. Estimated trends of residual metal contes in taproots of rapeseed for

the main effect “soil contamination”.
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Table 4. Model, equation and coefficient for the faoctions estimated to predict the residual metal caent (g ha®) in roots
during degradation.

_ Coefficient
Metal Model Equation 5
a b c d R
Polluted Soll
Cd Exponential y = aé& 450E-01 3.73E-03 0.83
Co Rational y = (a+bx)/(1 + cx + o 4.96E-01 6.88E+05 3.61E+05 -3.03E+02 0.68
Cu Exponential y = a&” 2.00E+01 3.25E-03 0.79
Zn Gompertz y = ae®" ™) 5.34E+02 8.46E-01  7.54E-02 0.76
Unpolluted Soil
Cd Reciprocal Quadrati y= 1/(a+bx +c3 2.44E+00 2.41E-02 -6.07E-05 0.91
_ -8.50E-
Co Rational y = (a+bx)/(1 + cx + o3 4.22E-01 04 -4.69E-03 6.17E-06  0.93
-2.69E-
Cu Exponential y = ad* 2.71E+01 03 0.15
Zn Gompertz y = ae-e”(b-cx) 5.78E+02 8.14E-01  7.91E-03 0.89
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Metal concentrations (mg Ky and contents (mg Hain degrading taproots
were measured periodically at the same time asetfidual biomass. Concentration
and total content of metals increased over tima& aa statistically significant
differences were found for both the main effectaltiear” and “density” or their
interaction.

On the contrary, significant differences were folratween the two soils in
the content of HM, with roots buried in the pollditgoil always having higher values
than those buried in the unpolluted one. For thason, only results for the main
effect “soil contamination” are reported here.

The trends for the residual metal contents are shinoWig. 9. For each metal,
the data were interpolated with the same modedsjective of soil contamination
level (Rational Model for Co, Exponential for Cuda@ompertz for Zn), except for
Cd, the function of which was Exponential in pa#idtsoil and Reciprocal Quadratic
in the unpolluted one.

The goodness of each function was test throughseraldation and results

are reported in Table 5.
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Table 5. Statistics for cross-validation between nasured (x) and simulated
(y) values of residual metal contents in taproots forapeseed (g hd) over
time. CL indicates the 95% confidential limit. When P<0.05, the coefficient
(slope and intercept) is significantly different fom zero.

Metal R? Slope * CL P value Intercept + CL P value
(Slope) (Intercept)
Polluted Soil

Cd 0.83 0.83+0.16 0.011* 0.17£0.61 0.481 (ns)

Co 0.84 0.42 £0.65 0.044* 1.2 +1.47 0.283 (ns)

Cu 0.79 0.78 £ 0.55 0.017* 9.0+24.9 0.373 (ns)

Zn 0.76 0.76 £ 0.59 0.024* 107.6 + 288.2 0.358 (ns)

Unpolluted Soll

Cd 0.91 0.93+£0.53 0.011* 0.020 + 0.16¢ 0.721 (ns)

Co 0.93 0.96 + 0.47 0.008* 0.038 + 0.381 0.807 (ns)

Cu 0.15 0.15+0.50 0.452 (ns) 152+12.2 0.026*

Zn 0.89 0.89 +0.56 0.015* 39.4 +213.8 0.599 (ns)

Generally there was a good correlation (high Between measured and
estimated values, especially for Cd and Co, irretspe of soil contamination level.
The correlation was always significa® € 0.05 for slope), except for Cu in the
unpolluted soil. For Cu in the unpolluted soilwas difficult to identify a robust
model, and the residual content was therefore thextby the same model as that in
the polluted soil.
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2.3.6. Soil microbial activity
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Figure 10. Soil microbial activity measured throughthe Fluorescein method
during the period of root degradation.

The dynamics of soil microbial activity for the maieffect “soll
contamination” during the experiment is reportedrig. 10. The activity changed
over time in both soils, but generally it was geean the control unpolluted soil than
in the polluted treatment.

The prevailing type of microbial activity is showm Fig. 11. The
“fertimeters” were used over the whole period aftrdegradation, but in 2011 they
were incubated in the soil for 7 days, wherea0a2 for 14 or 21 days. The
original method (Squartini et al, 2012) suggestathys of soil incubation, but this
was believed to be insufficient to detected diffieies between the polluted and
unpolluted soils. To compare results, the data ofs&ength were therefore
normalized by the time span (days) between burgimd)collection of the fertimeters
from the soil.
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Figure 11. Strength percentage variation of cottoror silk thread (fertimeters)
standardized by the incubation time in soil. The ctves are representative of the
microbial activity type in the two soils. Vertical bars represent standard error.

Cotton thread (cellulose) is generally more retadoi to degradation than
silk, but at the end of the experiment the celltiolactivity seemed to prevail over
the proteolytic activity, especially in the unpaéid soil. In addition, as a general
trend, in the unpolluted soil the degradation ahbibread types was greater than in
the polluted soil. Nevertheless, the proteolytitvity was more similar between two

soils than the cellulolytic one.
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2.3.7. Total and bioavailable heavy metal

Table 6. Pseudo-total metal concentration (mg K dw) in polluted and
unpolluted soils before root burying and Italian Gudelines Values (IGV) for
agricultural soils (Ministerial Decree 152/2006). hkghlighted values (bold)

above IGV.
IGV Sall
Metal (mg kg*

dw) Polluted Unpolluted
Cd 2 4.60+0.47 0.047 £0.011
Co 20 48.5+ 3.8 9.95+0.15
Cu 120 751 + 92 36.4+0.5
Ni - 22.8+0.7 22.0+0.4
Pb 100 22.1+0.8 23.0+0.4
Zn 150 1278 + 130 83.7+1.4

The metals added to the polluted thesis (i.e.,&x,Cu and Zn) reached the
expected concentration (Table 6) and exceed trad liegits by about two times (Cd
and Co), four times (Cu) and 8 times (Zn).

In the reference unpolluted soll, all elements dat exceed IGV and, as

expected, Ni and Pb had the same concentration aih Isoils (Table 6).
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Figure 12. Bioavailability (mg kg® dw) of metals in polluted and reference
unpolluted soil determined according to the LindsayNorvell (1979) method.
Note the different scale for each metal.

In the polluted soil, the added contaminants (Cd, ad Zn) had greater
bioavailability than in the unpolluted referencd.do contrast, Ni and Pb had higher
bioavailability in the unpolluted treatment. Theo&vailability of Co was not
measured because the determination method doesmsitler this element.

The dynamics of metal bioavailability changed otigre in the artificially
polluted soil. Cd, Cu and Zn bioavailability rosp during the first part of the
experiment (2011), whereas later it tended to @sereand stabilize. For Zn, the
bioavailability increased until march 2012, thesartgd to decrease.

In the reference unpolluted thesis, all the matetained a relatively stable

bioavailability over time.
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2.3.8. Spontaneous vegetation in polluted soil

The plants spontaneously growing in the experimdittges were recognized
as a typical flora of the North Italy environmemhere were some differences in the
composition of the community depending on the paiu level (polluted vs.
unpolluted soil).

Some species (e.glbamium purpureumi., Plantago lanceolatd..) were
found only in the unpolluted thesis; in contrd&a trivialis L. was found only in the
polluted one. However, most species were found oth ithe polluted and the
unpolluted soil.

The most abundant species in both soils weapsella bursa-pastoris.,
which was more abundant in the unpolluted soil, Bodulaca oleraced... Other
species wereSonchus oleraceuk., Chenopodium albunh., Medicagosativa L,
Veronica persicd.., Digitaria sanguinalisL., Solanum nigruni., Eleusine indica
(L.) Gaertn

The concentration of heavy metals in shoot andsraoc¢ reported in Fig. 13

and 14 respectively.
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Figure 13. Shoot metal concentrations of spontanesispecies growing in the
polluted soil. Vertical bars represent standard eror.

In the polluted soil and at shoot level, the highascentration of Cd (8.67
mg kg* dw), Co (6.38 mg kg dw) and Zn (543 mg kydw) were found irCapsella

bursa-pastorisL., whereas the highest value of Cu (662 mdg &g) was found in

Veronica persicd... Relatively high concentrations of metals wals found inPoa

trivialis L. (Cd, Co, and Zn) anBleusine indicaL. Gaertn (Zn). A part from some

species, shoot Cd, Co, Cu and Zn concentratione gemerally higher when plants

grew in the polluted soil than in the referenceamaminated one.

In the unpolluted soil at shoot levdlamium purpureunlL. reached the
highest concentration of Cd (2.85 mgkdw), Co (1.41 mg k§dw) and Cu (45.41
mg kg* dw). The highest Zn was found in this species @ty kg' dw) along with
Veronica persicd.. (68.90 mg k¢ dw).
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Figure 14. Root metal concentration of spontaneowspecies growing in the
polluted soil. Vertical bars represent standard eror.

At root level (Fig. 14), the highest concentratafriCd (22.2 mg kg dw) and
Zn (635 mg kg dw) were found ifVeronica persicawhereas the highest Cu (1042
mg kg dw) and Co (25.50 mg Kgdw) in Elusine indica(L.) Gaertn and Poa
trivialis L., respectively.

In the unpolluted soil,Lamium purpureumL. reached the highest
concentration of Cd (12.87 mg kgw), Cu (117 mg kg dw) and Zn (137 mg ky
dw), while the highest concentration of Co (2.85 kagf dw) was found irElusine
indica(L.) Gaertn..

Portulaca oleraceal., which was one of the most abundant species,
concentrated small amounts of all metals at bottotsand root level and irrespective

of the soil contamination.
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2.3.9. Climatic conditions during the trial

Soil temperature

—Average —Min Max

Volumetric Water Content

m3m-

B

Figure 15. Maximum, minimum and average daily temprature (A) and
volumetric water content (B) in the soil during the root degradation
experiment.

Soil temperature reached high values at the beginoi the experiment, and
the highest temperature (mean 34 °C and Maximur 42) was found on the July
12 2011. Then temperature gradually decreasedeauhed a minimum (mean -0.3
°C and minimum -1.7 °C) on February 14 2012. Imswer, the difference among
the average, minimum and maximum temperatures waghthan in winter.

Soil moisture was higher in winter, when the terapgee were low, due to

the low soil water evaporation.
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2.4. Discussion

2.4.1. Biomass production and dynamic of taproot dgadation

Biomass production is one of the main factors aifgcthe effectiveness of
phytotechnologies, and higher yields generally mrprmetal removals by biomass
species (McGrathet al, 2002; Vameraliet al, 2012), although also metal
concentration in plant tissues plays a relevam (@lcGrathet al, 2002).

The higher shoot and root biomass production bethpgant and per hectare
found in the vigorous hybrid Excalibur comparedhe semidwarf hybrid PR45D01
confirms that intra-specific variability can be amportant source of variation for
improving the efficiency of plant-based technolegi®€owing density was also an
efficient agronomic tool to improve rapeseed growthth higher shoot and root
productivity (t hd) being predicted at elevated densities. Thesetsesogether with
the higher metal concentrations, at least in ra@oit$ seldom in shoots of Excalibur,
suggest that specific genotypes properly cultivated allow a more profitable
application of metal phytoextraction and phytodtahiion.

In plantaphytostabilization requires a long-term immobitiaa of pollutants
within root matter, and this seems more practicablth woody species and
polyannual herbaceous plants, whereas for annuat dnere probably is some
criticism. The decomposition of plants residuesai is obviously affected by the
chemical composition of the litter itself (Swit al, 1979), and different species
have varying C content in their matter that affébss amount of energy recoverable
by microbes (Swinnest al, 1995). Other variables (Heel al, 1997) are the litter
N content (Yavitt and Fahey 1986) and the C:N réEdmonds 1980), together with
environmental factors such as temperature andptaton (Aerts, 1997; Bergt al.,
2000). The lignin content of degrading tissues &l@® a strong regulating effect
(Gholz et al 1985). In this experiment the latter did not Higfted any substantial
differences among treatments, but the root deg@adatattern followed by the two
genotypes diverged at the beginning of the proddss.initial biomass was different
between Excalibur and PR45D01, as well as theuwaklllomass, but it was not so in
terms of degradation rate. The initial pattern winiass loss was different between
cultivars, but overall not enough to cause diffeggradation patterns. The similar
root composition among treatments supports the thgses that the dynamics of
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roots degradation is very stable in terms of faactof initial biomass. Compared
with a previous experiment, root degradation waschmwslower, suggesting
difficulties in predicting the dynamics of litteregradation only referring to its
chemical composition (Paustiat al, 1997). There was also a strong difference
between the two experiments, as the first wasezhmout in the open, whereas this
one was set up in confined boxes that have probaoyced the root degradation
rate. Our study suggests that the intraspecifi@mbdity and sowing density can only
affect the amount of biomass produced by rapeseed.

Other authors reported different degradation rateeng various species due
to different litter composition (Henriksen and Bnetl 1999b) and cell types
(Chessoret al, 1997). Indeed, in this study it was found fastdlulose degradation
than lignin, since at the end of the experimentglecentage of cellulose was lower
than initial values, whereas those of lignin antli 6&lA) were increased. These
results are supported by differential microbiaivatst measured by the “ferimeters”,
especially in the second part of the experimenis likely that different molecules
are degraded either at different rates or at d@iffetimes. Microbes possibly attack
first the most labile compounds (non-structuraboaiydrates, aminoacids, peptides
etc.), whereas the most recalcitrant ones woulddggaded later; this would explain
the lower degradation of the cotton threads (cedi@) compared with those of silk
(protein) in the first part of the experiment, ahe opposite trend in the following
period.

All the analysis on degrading roots (e.g., % ofichesl biomass, FDA,
fertimeters) are consistent with the hypothesis the degradation was faster in the
unpolluted soil than in the reference uncontamuhatee, due to variation in intensity
of microbial activity, despite marked biomass Vhaility of buried roots at the
beginning of the experiment.

Within nylon net bags root degradation was probadffected by altered
contact between organic matter and soil (Henrikd€998), but all the data are
affected by the same bias, allowing correct evalnaof the influence of factors
under study.

C and N contents are recognized as major predictorsdetermining
degradability of shoot litter (Henriksen and Brelal®99a), but this experiment on

root matter innovatively suggests that degradasaiso influenced by pollutants via
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modulation of microbial activity. An accurate evation of the degradation process
should therefore take into account soil propertsasce they might be an important
source of variation in the patterns of litter deg@on.

Root degradation followed a sigmoidal model (MMRattaccurately mirrors
the loss of weight in both this and the previoupeginment within at least 1- or 2-
year period. Interpolation of data was performedraime as days after burying, a
method only apparently wrong compared with modelovgr thermal time. This
choice, that did not compromise treatment compasisowas supported by
difficulties in identifying a minimal temperaturerf blocking microbial activity.
Furthermore, this obviously is a simple model tha¢s not consider successive plant
cultivation cycles, a condition that would requs@me adjustments especially if the
most recalcitrant root biomass follow a differeghdmics.

Efficient management of phytostabilization requires slow down root
degradation after shoot harvest (e.g. phytoextagtor plant death. In this regards,
the agricultural means that were tested, genotgferison and sowing density, had
not any significant influence, although they allawdo increase rapeseed
productivity. Therefore, it was concluded that teximize over time the stock of
organic root material the initial productivity mus¢ as high as possible.

2.4.2. Effects of metals on spontaneous species

Soil contamination by heavy metals affected roajrddation, as well as the
composition of the spontaneous flora. Most of thecges were found in both the
polluted and unpolluted soil, probably because mahthem might tolerate high
levels of pollution. This confirms literature retulnd suggests that native plants
might be useful for botin-planta and ex-plantametal stabilization through uptake
and reduction of soil erosion (Mendez and MaieQ&0The high concentrations of
HM found inV. persicaP. lanceolataE. indicg andP. trivialis, also suggests that
spontaneous plants belonging Rtantaginaceaeand Poaceaefamilies might be
investigated for the accumulation of HM in both shand root. Particularly high
was Cu concentration in both shoots and rootg.gersicalL., a species previously
ascribed as belonging ®crophulariaceadamily, and only recently classified into
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PlantaginaceaeOn the contrary, the low concentration of heawwtals inPortulaca
oleraceal., irrespective of the soil pollution level, sweggs that this species might
be a metal-excluder.

Metal concentrations were generally much higheoots than in the shoot, a
common result in many biomass species caused lceddtranslocation and that

suggest to exploit both phytoextraction and phoiization processes.

2.4.3. Heavy metal uptake and dynamic of metal redesing

The higher concentrations of Cd and Cu in root&xafalibur than in those of
PR45D01 and the higher accumulation of all the feedih elevated plant density
suggest that genotype selection and sowing dermsity significantly affect the
overall accumulation of HM. Intraspecific variabylideserves to be exploited and
agronomic practices to be tuned for achieving mgimediation potentials. In this
way, the hybrid Excalibur at 63 plantmesulted the best choice to accumulate a
high stock of pollutants in the shoot for phytoaxtion purposes and in the taproot
for phytostabilization.

Since metal concentrations and residual root bigmeeye always the same
irrespective of the genotype, Excalibur was noedblmaintain a higher metal stock,
and the same happened for the main effect derSugprisingly the loss of root
biomass was accompanied by increasing metal retenéi fact due to increased
metal concentrations in root matter. In this mogfecies (rapeseed) metals are
probably stored in both easily degradable and cécaht tissues, as in the previous
experiment there was a clear reduction in the metal stock. A relatively high
concentration of metals in degrading tissues isaifrse expected as one important
metal sink in plants is represented by the cell Wdhnara, 2012), which is largely
composed by recalcitrant compounds like celluload &gnin. In this regards,
according to the results of a previous experimafter one year of incubation the
residual content of metals was expected to beivelgthigh, depending on the
element. Instead, unexpected was the sharp incoe@sdime in total metal contents
(mg per hectare) in degrading roots, which is afs@ontrast with the previous
results in uncontaminated soil. Increases in meatentration in the dead biomass
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agrees with evidence that plant-derived biomasble to adsorb heavy metals from
industrial effluent (Verma and Shukla 2000; Praaad Freitas, 2000). Roots may
adsorb metals onto their surfaces through ion exgdaand other mechanisms
(Schneideret al, 2001), especially in the polluted soil where Hieavailability of
HM was found very high. It should also be pointed that the previous experiment
was conducted in the open, where soluble metalbedeached downward, whereas
this experiment was conducted in closed boxes\tidasoil contamination), where
no leaching could occur and the soluble metals wberefore available for
adsorption.

The high metal bioavailability in the polluted smight explain higher metal
contents in the degrading roots. Moreover, aftegrise precipitation the amount of
soluble metals is expected to greatly increasetdweater stagnation in boxes, thus
further increasing the amount of soluble metalsilabke for adsorption onto root
matter. These results suggest that, although tbenadation of metals during the
growing season is affected by the genotype andityef@sher than by the chemical
properties of the soil that affect metal speciatzomd bioavailability), the residual
contents of heavy metals in degrading roots mightniore affected by the soil
conditions; therefore, it was hypothesized thatitiiteal metal contents might be less
important in determining the rate of adsorptior@daske.

The fact that each metal followed its own trend@assistent with the results
of the previous experiment and confirms that ddfér metals might be
released/adsorbed at different extent dependinth@n bioavailability, with higher
adsorption at elevated metal mobility. The adsorpwf heavy metals onto plant-
derived biomass is usually modeled through the hangisotherm (Wang, 1995;
Wanget al, 1998, Schneidest al, 1999), therefore the trend proposed here don't
agree with the available literature about adsomptd heavy metals from agqueous
solutions onto dead biomass. The estimated modeledél release/retention in this
root matter was often sigmoidal, and efficientlpnesented the phenomena for all
the ‘metal x soil’ combinations, suggesting thahest models (other than the
Langmuir model) might be used to describe the auiion between metals and dead
biomass. More difficult was the Cu modeling in thgpolluted soil, a fact probably

due to the natural high affinity of this metal fimganic matter.
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Copper and Cd were the only metals with a negdémdency of their stock
in root matter in the unpolluted soil, confirmingat metals are released during the
degradation despite adsorption onto root surfapeshably because of different

equilibrium conditions in the soil.

2.5. Conclusion

Litter degradation in soil has been studied foradies, but at present it is still
difficult to explain the process due to the highmtner of variables (environmental
and genetic) potentially involved; on the contratlye potential effects of litter
degradation on efficiency ah-planta phytostabilization of heavy metals has not
been investigated at all. It is known that in mapgntaneous and cultivated species
fine root turnover is a fast process which involadarge part of roots already within
the growing cycle, but there is not information d&ymamics of taproots degradation
of annual species after above-ground harvest ot giead.

This study, although far from explaining the whpl®cess, highlighted that
the degradation of root litter in soil is clearljerted by soil contaminants, due to a
reduction of the microbial activity responsible tbe degradation of plant residues.
The initial biomass produced and the amount of HMuanulated in roots set the
metal stock potentially releasable as a consequ@fcdegradation. We think
therefore that the initial metal contents should rhaximized for an effective
stabilization through species and genotype selectial appropriate sowing density,
but this amount can be further increased over thmeugh the absorption capacity of
the litter especially under high metal bioavaildiil Soil characteristics may result
more important than those of the residue for staiibn of heavy metals.

Here the residual heavy metal contents were cldésalged by the presence of
the boxes, but the results suggest the possilbdityreatly rise the amount of metals
retained in organic materials by preventing megaching, for instance through
impermeable barriers that prevent water and metalement downward.

To offset biomass losses and reduce metal relessa, litter should be
periodically added to the soil to enhance metabgit®n, which is expected to

improve the process through repeated growing cyclesse results are not definitive
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on the fate of root matter, but the still high \edwf undegraded biomass (about 30%
and 40% in unpolluted and polluted soil, respetyiveuggest that increasing stock
of organic matter and metals are probably achig¢kemigh the annual deposition of

recalcitrant taproot biomass.
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Chapter 3

Different waste organic amendments increase soil rrsd
bioavailability through variation in dissolved organic matter and

humic substances: effects on forage sorghum

Abstract

Worldwide, many soils have been losing their fiéytibecause of remarkable
reduction in carbon content. Organic amendment® fioy-products or wastes from
agricultural and industrial activities can be swstelly disposed of to hinder the loss
of productivity.

In a mesocosm study, the effects of three differ@mgfanic amendments
(mature compost from green and municipal solid egssolid fraction of anaerobic
digestate from agro-industrial wastes; solid fiactirom pig slurry) were assessed
on productivity and growth of forage sorghum andneetal accumulation in both
soil and plants. The tested amendments were mixtd avsilty-loam texture and
poor organic matter content soil at a rate of b@'t of organic carbon, allowing to
increase the total content of organic carbon fraB8Go 1.2%. Compared to the
unamended reference soil, above-ground biomassrghsm (3 cuts) was increased
by 26, 11 and 5.8% by compost (CP), pig slurry (R®d digestate (AD)
respectively, in view of their higher nutrient cents, especially nitrogen. Root
length density was also increased in CP and AD,tdube hormone-like effects of
their humic substances. None of the amendmentdfisagrtly increased metal
concentrations in shoot tissues, although theynatkased Zn and Ni bioavailability
and AD resulted in a higher total soil Co (+4.9%}),(+7%) and Cu (+6.8%) at the
end of the cultivation cycle. Increased metal bakability (Cd+Cu+Ni+Pb+2Zn)

was associated to the high dissolved organic m&@&M) of pig slurry and
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digestate through formation of soluble metal com@se whereas the high humic
substance of compost prevented metals from becomaorg soluble. It is concluded
that matured organic waste exerts more favorablenagnic effects without rising
environmental or health risks, at least in the medierm. Compost seems also offer
more recalcitrant organic matter to degradatiotimoaigh possible soil contamination
by heavy metals should be evaluated for each viadth.

3.1. Introduction

Agriculture plays the paramount role of producirapds, but many soils
worldwide are losing their productivity becauseoserexploitation. Soil quality is
related to its chemical, physical and biologicahreltteristics, and is referred as soill
fertility, i.e., the ability to sustain crop growthy supplying nutrients and water
(Giardini, 2008). Soil organic matter (SOM) is aykkactor in plant growth and
productivity as responsible of several favourald properties. It is a stock of
nutrients, enhances air and water movements anadt@sdsoil compaction (Hamblin
and Davies, 1977), stimulates microbe activity (KCkt al, 2007; Jones and Healey
2010; Carter, 2002). The most important fractiorSGIM is represented by humic
substance (HS), a class of organic compounds witB00-100000 Da molecular
weight, insoluble in acidic conditions which is pessible for the benefits of SOM
itself (Stevenson, 1994).

Common agricultural practices like tillage, interessmonoculture and the use
of mineral fertilizers instead of manure have cdusevere soil organic matter
reduction, highlighting the need of preserve amtease the carbon stock under a
new view of sustainable agriculture.

In recent years, organic amendments from urbanagno-industrial wastes
have been used as replacement of manure or inarfgniizers. This approach has
the advantage of improving soil quality, reducimgdfill disposal of wastes and
meeting European environmental policy that aimsinorease the recycling of
biodegradable wastes (Smith, 2009). However, thie are some drawbacks such
as soil salinization (Rodgers and Anderson, 1988)@ollution by heavy metals and

other contaminants. In fact, total and bioavailabte Cu, Pb and Zn are reported to
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increase (llleraet al, 2000; Ramos and Lépez-Acevedo, 2004; Faetedl, 2010),
rising doubts about the environmental compatibiifysuch amendments because of
possible leaching and accumulation in the food+fthBEiowever, in other studies it
was found that organic materials can induce meid)(retention due to the presence
binding compounds (Gondar and Bernal, 2009). Sewawk paper mill sludge
(Merrington et al, 2003; Sajwaret al, 2003), green and municipal solid waste
compost (Alvarengat al, 2009) and cow manure (Narwal and Singh, 1998 ha
been found to reduce soil metal bioavailabilityhds recently suggested that organic
amendments like chicken manure (Véeial, 2010) and many other organic wastes
(Clementeet al, 2006; Jones and Healey, 2010) can be used hiliztaheavy
metals in contaminated soils in phytoremediation.

In this framework, this study aimed at assessirggdfiects of supplying a
fixed amount of organic carbon (10 tH&rom various waste organic amendments
differing for the feedstock material and maturfbumification rate) to a organic
matter poor soil. It was verified if the differesburce of organic matter has an
influence on i) shoot and root growth of forage gbmm, ii) soil total and
bioavailability metals and iii) metal accumulatiam plants. Improved knowledge
was also achieved on possible mechanisms of meibllimation/retention through
analysis of dissolved organic matter and humic sulzes.

3.2. Material and Methods

3.2.1. Experimental set up

The experiment was carried out in large pots (mesos) at the Stuard
experimental farm of Parma during 2010 growing seasSoil analysis at the
beginning of the experimental trials, cultivationdabiomass measurements were
performed at the University of Parma, while soifieg for root analyses and heavy
metal contents in both soil and plant biomass wperdormed at the University of
Padova.

The experimental soil had very low Total Organicriioa (TOC) content

(0.83%), and was not fertilized for one year befexperiment. The soil, collected at
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Alfonsine (Ravenna, Italy), was classified @slcaric-Cambisolswith silty-loam
texture Its chemical characteristics before and after almemnt are listed in Table 1.

Table 1. Main soil characteristics at the beginningof the experiment in
reference unamended control (T) and in amended tréments (CP = Soil +
Compost; PS = Soil + Pig Slurry; AD = Soil + Anaerbic Digestate).

Parameter Soil (T) CP PS AD
pH O 8
Texture (Sand, Silt, Clay) % 4,46,20 - - -
Total Lime % 22 - - -
CEC Cmol/100g 145 - - -
1.07 1.12 1.07
TOC % dw 0.83
(+28%) (+35%) (+28%)
1.32 1.27 1.18
Total NV g kg* dw 1.07
(+23%) (+19%) (+10%)
0.70 0.76 0.65
Total P g kg' dw 0.62
(+13%) (+22%) (+4.0%)
lumic and Fulvic Acids (HA - 0.37 0.30 0.32
% dw 0.27
FA) (+36%) (+11%) (+17%)
'Kjeldhal

The experimental soil was collected on Decembe?d@ from the 0-30 cm
depth horizon and air-dried in greenhouse. On Jgni@ 2010, the soil (~ 1 t) was
divided into four aliquots, three of which were mikwith either i) mature compost
from municipal solid wastes, green wastes, and-aghostrial wastes (CP), or ii)
solid fraction from pig slurry (PS), or iii) solitaction of anaerobic digestate from
green and agro-industrial wastes (AD). The amotirineendments were calculated
on the basis of their humidity and composition tll @ fixed amount of organic
carbon (10 t hd), in comparison with a unamended reference coffplChemical
and physical characteristics of the amendmentbsteel in Table 2.

A mesocosm experiment was set-up after mixingwii either compost, or
digestate or pig slurry by filling large pots (hieig.35 m, 0.38 m diam.) with ~60

kg of amended soils (only soil for controls), felimg a completely randomized
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experimental design (n = 3). Before pot fillingda&m clay layer was placed at the
bottom of each pot to avoid water stagnation. Tlo¢s pvere placed within a
greenhouse which had an automatic opening systdmeljo temperature very similar

to ambient temperature.

Table 2. Main chemical characteristics of organic &ste amendments.

Parameter Comopst Pig Slurry Analleroblc
Digestate
pH - 8.56 6.75 8.66
Conductivity mS cm' 2.01 1.6 2.49
Water content % 31.37 53.63 72.42
Dry Matter (DM) % fwt 68.63 46.37 27.58
Loss of Ignition (LOI % fw 22.89 38.92 24.5
Total N® ng k¢t dw® 19746 31419 26933
N-NH,4 mg kg* dw 1424 623 6407
Total P mg kg' dw 6392 21533 6294
Total K mg kg* dw 12581 9352 20812
Cu mg kg dw 109 135 12
Zn mg kg dw 262 281 140
TOC % dw 18.86 45.89 58.53
HA+FA % dw 7.89 4.96 11.47

resh weight; @ dry weight; @ Kjeldhal

Cv. Grazer-N of sorghumS( bicolor (L.) Moench xS. sudanens€Piper)
Stapf) was sown in each pot at a density of 258 seedmfgB6 seeds per pot) on
April 13 2010 and regularly irrigated to maintaiater content at 20-25% w/w (field
capacity at 35% w/w). Plants were grown over 5 msmiroviding three biomass
harvests (cuts) (June 10, July 20 and October ®)2@ffter the last cut, three soill
core were collected from each pot and used foresallroot analysis.
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3.2.2.Plant growth and metal analysis
Aboveground biomass

Sorghum plants were harvested when reaching ~8@d0Beight and water
content was < 70%. Shoot fresh and dry (oven-drnahdl05 °C for 24 hours)
weights were measured before elementary analysis@G, Cr, Cu, Mn, Ni, Pb and
Zn). Metals were revealed through ICP-OES (IndtyivCoupled Plasma-Optical
Emission Spectroscopy) after microwave acid digestiMicrowave Labstation,
Ethos 900) following the USEPA (1995b) method.

Root Growth

At the end of the experiment, root length densRLD) was measured
through destructive sampling by collecting two 58irdiameter 300-mm long cores
from each pot. They were subdivided into three t0lang subsamples. Roots were
separated from soil through flotation by means bifydraulic centrifugation device
and collected in a 500-um mesh size sieve, as ibdedcby Oliveiraet al, 2000.
Separation of soil particles was facilitated by #uslition of a 2% w/v oxalic acid
solution. Roots were stored at 4 °C in 12% v/v ethaolution until analysis. One-
bit 400-DPI TIFF format images of roots were acediby digital scanning on a flet-
bed scanner (EPSON Expression 10000XL, Canada) IRogth was measured by
the KS 300 image analysis software (Carl Zeissovi<embH, Minchen) following
the procedure of Vameradt al, (2003a). Discrimination of roots against exti@umse
objects was performed according to an elongatidesinvalue (i.e. perimetefarea)
> 60 and minimum object area >25 pixels. Root len@tbL) was derived from
perimeter (P) and Area (A) of digital objects, akdw:

P+ VP2 - 164
FbL = Z

Root length of each subsample was referred toitvyslume for determining

the volumetric root length density (RLD, cm €m
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3.2.3. Soil Analyses
Carbon content, Dissolved Organic Matter and Hunfezibstances

Dissolved organic matter (DOM) and Humic Substan€eS) carbon
contents (Walkley and Black 1934) were measured-Hb cm depth after the last
biomass cut.

DOM was extracted from air dried soil samples uslogble deionized water
with an extraction ratio of 1:2 w/v (15 g in 30 m(Lorre et al, 1999). The
suspension was shaken for two hours at room teryperim enriched Natmosphere
and then centrifuged at 70@0for 5 min. Extracts were filtered on microfibeagb
filters (Whatman, Maidstone, England), then on ny45 pum filters (Millipore,
Milford, MA, USA).

HS were extracted from air dried samples usinglLaMDKOH solution with a
solid:volume ratio of 1:10 (10 g in 100 mL) as désed by Carlettiet al (2009).
DOM and HS extracts were stored at -20 °C untilysis Organic carbon content
was essayed by dichromate oxidation (Walkley aratigl 1934). Molecular-weight
distribution and gel-permeation chromatography a¢hehumic extract was carried
out on a Sephadex G-100 gel packed in a 70x1.6l@amiacia column (Pharmacia,
Uppsala, Sweden). The gel packing and the mobissehvere represented by a 20
mM NaB4O; Solution. The apparent molecular weight of thectims were
separated into three classes, i.e., >100, 100-dA& &0 kDa. The column calibration
(Kit MS-II, Serva, Heidelberg, Germany) was basadceviously assessed standard
proteins (Carlettet al, 2009).

Part of the humic extracts were transferred intskivig tubing (14 000 mol.
wt cut-off; Medicell, London, UK) and dialyzed agat double-distilled water. The
water was changed daily until the liquid outside thalysis tube was colorless. The
retained solutions was desalted by ion exchangaroberlite IR 120 H and stored
for the subsequent bioassays.

The residual TOC at the end of the cultivation eywhs also measured on air
dried soil (Walkley and Black, 1934) at 0-15 cm itep
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Hormone-like activities bioassay for humic substasc

The auxin and gibberellin-like activities of the DOwere assessed by
checking the growth reduction of water-crekspidium sativuni.) roots and the
increase in the length of lettuckagtuca satival.) shoots, respectively (Audus,
1972).

Water-cress and lettuce seeds were surface-s¢eriby immersion in a 8%
v/v hydrogen peroxide for 15 min. After rinsingifnés with sterile distilled water,
10 seeds were aseptically placed on filter paper sterile Petri dish (Pizzegheko
al., 2006). For water-cress, the filter paper wadedetvith 1.2 mL of 1 mM CaSQ
(control); or 1.2 mL of 20, 10, 1 and 0.1 myihdoleacetic acid (Sigma) to obtain
the calibration curve; or 1.2 mL of a serial diastiof the HS extract into 1 mM
CaSQ solution. For lettuce, the experimental design thassame as for water-cress,
except that the sterile filter paper was wettedwi mL of the above solutions and
the calibration curve was a progression of 100,118nd 0.1 mg gibberellinic acid
(GA) (Sigma).

The seeds were germinated in the dark at 25 °@r AR h for watercress and
72 h for lettuce, the seedlings were removed amdrtiot or shoot lengths were
measured with a digital gauge. Root (water-cressl) shoots (lettuce) growth data
were standardized against the respective dataeotdintrols. The values obtained
were the means of 20 samples and five replicati@rsani et al, 2011), and

standard errors were always <5% of the mean

Heavy metals

At the end of the experiment, pseudo-total arsanctmetal concentrations in
soil samples were measured after mineralizatiofoviahg the USEPA (1995a)
method.

DTPA-extractable metals (Cd, Cu, Ni, Pb and Zn)evalso measured to
asses metals bioavailability (Lindsay-Norwell 1978)
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3.2.4. Statistical Analysis

All data of biomass weight and total and bioavddab heavy metal
concentrations were analyzed by ANOVA after chegkifor normality and
homogeneity of variances. The Bonferroni or Studéatvman-Keuls P < 0.05) test
was performed for biomass and metals, respectiuelyrder to highlight differences
among means. When ANOVA assumptions were not satisthe non parametric
Friedman test was performed and significant diffeess were highlighted through
pairwise comparisons through the Wilcoxon t&£(0.05).

All statistical analyses were carried out with @bsBoftware (Cohort,
Monterey, CA, USA) for ANOVA, and XLstat (AddinsofParis, F) for the non
parametric test.

3.3. Results

3.3.1. Carbon and nutrients after amendment

The addition of organic amendments was plannedsto the total organic
carbon (TOC) content from 0.83% to about 1.08%, thiglgoal was achieved at the
beginning of the experiment for CP and AD, wheraadight greater TOC (1.12%)
was detected for PS (Table 1). Anyway, the high®CTof PS compared with the
other treatments, that was attributed to some wassrof pig slurry during transport
from the pigpen, was considered negligible.

At the end of the experiment, TOC had decreasedllintreatments (i.e.,
1.02, 0.96 and 0.99% in CP, AD and PS respeciivelyt it was still much higher
in the amended soils than in controls (0.73%). [Blss of TOC was minimal in CP
(-3.9%), the highest in PS (-12%) and intermedrate in AD(-10.5%). and T (-
8.6%)

Humic substances content evidenced a significasrease in the amended
thesis compared to untreated controls, with thaédsgvalues in the CP (+36%) and
AD (+17%) treatments (Table 1). As regards nutdemith pig slurry it was
reached the highest increases of P (+22%) togetligr and a substantial N

improvement (+19%) (Table 1). With compost we d&teédhe maximum increase
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in total soil N (+23%) encompassed with a good eckment of P (+12%), whereas
the anaerobic digestate had had lower both N arespecially for the latter which
did not differ greatly from controls (Table 1).

3.3.2. Plant growth

Blstcut E2ndcut O3rdcut

180 1 a
+ 26% ab b
< 150 +11% +5.8% b
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Figure 1. Shoot dry biomass (g per pot) at each haest and percentage increase
in the total biomass produced throughout the seasofsum of the three cuts) (A)
and Root Length Density (RLD) in the 0-30 cm depttsoil layer (B) compared
with unamended controls. Vertical bars represent stndard error. Different
letters indicate statistically significant differences among treatments (for shoots
capital letters refer to overall biomass) (StudenNewman-Keuls testP < 0.05).

Both above-ground biomass and final root lengthsidgn(RLD) were
positively affected by the addition of organic amemnts. Differences in shoot

growth were mainly observable at the first and fastge cuts, with great advantages
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in productivity with organic amendment especialiyttee beginning. The total shoot
biomass produced over the season (sum of 3 cute)nimols was 126 g d.w. per pot,
corresponding to 8.3 t Haand it was improved by 26% and 11% by compost and
pig slurry respectively (Fig. 1A). The initial adwage deriving by amendment with
digestate was compensated by lower productioneagitiol of the season, so it did not
significantly differed from controls.

Root length density (RLD) did not differ betweerd®-cm and 15-30 cm soill
layers (main effect), therefore only the averageDRaf the whole profile was
considered (Fig. 1B). The mean RLD of unamendedretsnwas 13.37 cm cf and
it was significantly increased in CP and AD (+31&2% respectively). In contrast,
root diameter was very stable among treatmentshimeg a mean of 283 um in T and
only slight higher values in the amended thesita(dat shown).

3.3.3. HS and DOM gel permeation chromatography
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Figure 2. Gel-permeation of DOM (A) and Humic Subsince (B) extracts.

The molecular weight (MW) distribution in DOM chrategrams shows two
well defined peaks corresponding to 100 KDa and-1@®&Da respectively, and a
not well defined peak with <10 KDa apparent molacweight (Fig. 2A). The water
extracts showed the highest amount in the interated/W compounds and the
smallest in the high MW HS (first peak). The fipgtak is usually composed by more
recalcitrant and hydrophobic molecules, which &ssIpresent in aqueous extracts.
Compared with controls T, amendment with pig sI(f®) increased the high and
intermediate MW compounds, while AD increased lowVMsubstances with a
concomitant decrease in the other peaks (percent&genpost amendment (CP)
resulted in a strong decrease in the first peaupleal with a slight increase of the
second peak (Table 3).

The DOM content was increased in all the amendedigshcompared to the
control, especially in PS (Table 3).

Table 3. Relative area of the peaks in the DOM gglermeation and average
DOM content in soils at the end of experiment

Area (%)
DOM % soil dw
100 KDa 100-10 KDa <10 KDa
CP 2.31 76.14 21.56 0.01021
AD 2.77 73.21 24.02 0.01023
PS 3.85 76.2 19.95 0.01137
T 2.83 74.11 23.07 0.00752

Gel permeation of humic KOH extracts (Fig. 2B) @rded small effects of
the three amendments on the 100-10 KDa MW substafite highest increase in
the first peak was found in the PS as well as & dqueous extract. Instead, CP
evidenced an increase in high MW compounds. In Airded soil the amount of

low MW HS was not significantly different from tleentrol thesis (T).
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Table 4. Relative area of the peaks in the HS gekpmeation and average HS
content in the soil at the end of experiment

Area (%) .
HS % soil dw
100 KDa 100-10 KDa <10 KDa
CP 8.98 66.98 24.04 3.63
AD 5.66 66.61 27.73 3.67
PS 9.8 65.91 24.3 3.57
T 3.91 68.3 27.79 3.45

Compared with controls, HS content was higher intle# amended soils,
especially in AD and CP (Table 4).
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3.3.4. HS hormone-like activity bioassays
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Figure 3. Bioassay for Indol-Acetic Acid (AlA) actvity in water-cress for
different amended soils. AIA or humic substances d¢pact (HS) concentration
(logarithmic) in solution is related to standardizel (on controls) root length.

A linear regression model was performed to estintage dose/response
between HS extracts and water-cress root growthtrce shoot length (Figs. 3, 4).
Root growth was negatively correlated with the H&aet concentration of both
compost CP (R= 0.80, Fig. 3B) and anaerobic digestate AD €R0.96, Fig. 3D),
revealing an auxin-like dose-dependent responsevatenced in the calibration
curve (Fig. 3A). In contrast, no statistically siggant dose-dependent response was
induced with pig slurry (PS) and unamended refexdii¢ soil extracts (Fig. 3C and
3E, respectively).
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Figure 4. Bioassay for Gibberellin Activity (GA) in lettuce for different
amended soils. GA or humic substances extract (H8pncentration in solution is
related to standardized (on controls) shoot length.

Lettuce shoot length was positively correlated wiiifierent concentrations of
HS extracts in AD (R= 0.97) and T (R= 0.88) (Fig. 4D and 4E), confirming a GA-
like dose-dependent response as in the calibratiove (Fig. 4A). HS extracts from
CP and PS treated soils showed absence of GA-likieitg (Fig. 4B and 4C,

respectively).
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3.3.5. Total and bioavailable concentration of hegvmetals

Total and bioavailable metal concentrations did diftered between soil
horizons, therefore results are summarized as geafithe whole soil profile.

Total metal concentrations did not exceeded thkattaGuideline Values
(IGV) for agricultural soil (Ministerial Decree 1E2006) before (Table 5) and after

amendment.

Table 5. Italian Guideline Value (IGV) for concentration of heavy metals in
agricultural soils set by the Ministerial Decree 183/2006 and total concentration
(mean = S.E., n = 3) in the control soil (T) at thend of the experiment.

mg kg* IGV T

As 20 7.23+0.19
Cd 2 0.36 + 0.007
Co 20 9.96 + 0.06
Cr 150 56.8 + 0.61
Cu 120 54.5 + 0.38
Mn - 644 + 3.1

Ni 120 44.0 +0.32
Pb 100 14.16 +0.12
Zn 150 82.9+3.0

However, at the end of the experiment, signifidaigher pseudo-total metal
concentrations than controls were found for Co,a@d Cu in AD, together with
slightly higher concentration in PS (Fig. 5). Foe tother elements (As, Cd, Mn, Ni,
Pb, and Zn), concentrations in the amended soile wet significantly different

from those of the control reported in Table 5.

154



Co

11 H a
+0.53%
10.8 A

10.6 1
5 10.4 1

- ] b
210271 510% . 9%
(@] 10 -

9.8 A

Ref.

9.4

Cr
64 1 +6. 9%

62 A
T Ref.
56 -
54 1
52 . :

B CP T

mg kg -1 dw
o1
(o) o

(o2}

Cu

62
+6. 8%

60 A
58 ab
+3.2% 2. 8%
Rt
52 A
50 -

C CP T

mg kg -1 dw
1
o

]
N

Figure 5. Pseudo-total concentration of Co (A), CrB) and Cu (C) at end
experiment in amended and control soils. Vertical &r represent standard
errors. Different letters indicate statistically spnificant differences among
treatments (Student-Newman-Keuls test? < 0.05).
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Figure 6. Bioavailability of Cu (A), Ni (B), Zn (C) and overal bioavailable
metals ( X(Cd+Cu+Ni+Pb+Zn) ) in amended and control soils atharvest.
Vertical bars represent standard errors. Different letters indicate statistically
significant differences among treatments (Wilcoxonest, P < 0.05).
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Ni and Zn bioavailability generally increased asiseguence of organic
amendment (Fig. 6B and 6C), and that of Cu was msceased with pig slurry
(+5.2%), (Fig. 6A). On the contrary, Cd and Pb kakability were very small, 0.01
+ 0.0004 and 0.91 + 0.02 mg kglw, respectively, and no significant differences

were found among treatments.
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Figure 7. Overall bioavailable metals (£(Cd+Cu+Ni+Pb+Zn) ) in amended and
control soils at harvest. Cadmium is not visible de high figure scale.

The overall bioavailability (sum of metals) had thellowing order:
PS>AD>CP=T, with a significant difference betweeh&hd T only (Fig. 7).

3.3.6. Heavy metal uptake by plant

No statistically significant differences were fousthong treatments for metal
concentrations in the shoots, with similar valueslhbiomass harvests. On a dry
weight basis, average concentrations in the thue were 145 + 23 pg Cd kg
0.011 + 0.004 mg Co Ky 0.55 + 0.028 mg Cr kfy 6.9 + 0.48 mg Cu ky 62 + 3.7
mg Mn kg*, 1.5 + 0.12 mg Ni kg, 0.14 + 0.015 mg Pb Kg34 + 3.2 mg Zn kg
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3.4. Discussion

3.4.1. Effects of amendments on sorghum

Soil amendment with organic waste materials isceffit in promoting
sorghum productivity, confirming the general alildf C-rich organic fertilizers to
improve plant growth. This effect was apparentlylated to N supply
(CP>PS>AD>T) at the beginning of the experiment ttuemendments, whereas
there was no evident relationship with soil P. EdleN rate in amendments had a
different order, i.e., PS>AD>CP, but the poorer T@C the more oxidized
amendment (CP) forced us to apply a higher amoucdmpost for reaching similar
final C soil contents. On the contrary, none sigaiiit correlation was found
between root length density (RLD) and soil nutrieahtents, although again with
compost, together with anaerobic digestate, theimax growth enhancement was
observed. Benefits of pig slurry supply were minliraa above-ground level and
negligible at root level, although total soil nigen was 20% higher than unamended
controls. This result is often detected in ferétizcrops, and more frequently in
gramineus vs. dycot species, as RLD tends to deereader elevated nitrogen
availability (Bonaet al, 1995; Vameralet al, 2003b). However, the better root
expansion of CP and AD was justified to the hormiike activity of humic
substances extracted from these soils rather thauttients availability. According
with recent findings of Nardet al. (2009), humic compounds exert various effects on
soil properties and, although their plant growtbmoting effects was highlighted in
recent years only, there are some commercial ptediantaining humic acids that
are claimed to have growth enhancement effectsit Rleatment with biostimulant
substances (i.e., lignosulfonate-humate a lignosale-humate b and leonardite)
was recently demonstrated to exert a hormone-ldtwity and be associated with
increases in plant biomass (Ertatial, 2011). In particular, phenolic compounds
are thought to be at least in part responsibleHerhormone-like activity of humic
extracts (Muscolcet al, 2007; Pizzeghellet al 2006). Compost and anerobic
digestate are composed by mature organic mattertausabilization processes,
oxidization and anaerobic digestion, respectivBlyring waste treatment there is a
significant increase in humification rate (data nshown) and substantial
modification of the organic material are possibsponsible for enrichment of
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phenolic compounds. In previous study on phytoraatesh of pyrite waste, which
derives from pyrite ore roasting at very high tenapere (~800 °C) and therefore are
completely lacking in organic carbon, the additodra small rate of humic acids (0.1
g kg* of waste) similarly had a marked root growth erteanent in fodder radish,
but not a higher rates (Bandieea al, 2009). In that study it was also evidenced
reduced root diameter and improvements of spe®fit length , a fact that was not
found in sorghum, suggesting that the response Aocbhtent might be species-
specific.
Besides the general positive effects on plant dnowtie to organic

amendment, no hazardous metal concentration wesenadd in forage during the
whole cultivation cycle, although amendments cos&ldom increase total and

bioavailable soil metals (see following section).

3.4.2. Variations in soil total metal contents antioavailability

Spreading organic wastes into agricultural landsstgplying organic matter
and essential nutrients to crops is often repaibethcrease total metal contents or
bioavailability, rising doubts on possible accuntioia of metals in agricultural soils
over time and their safe use. For instance, Ramdd_apez-Acevedo (2004) found
that total soil Cu an Ni concentrations were inseghafter compost addition, and
Farrellet al, (2010) reported high concentrations of Ni, Cd Bt and an increase in
Cu and Pb leaching after amending soil with mumikcgolid waste compost.

In this experiment the addition of organic wastesk ribt resulted in marked
increments of heavy metals, even when it appeaigfisant as in the case of
anaerobic digestate and seldom of pig slurry (for Cr, Cu). This suggests that
when the selection of organic waste is carried cauefully, metal contents in the
amendments are low and the waste-derived amendmagte be safely used in
agriculture. It is true that in livestock the abantduse of minerals in animal feeding
may rise significantly metals in pig slurry, es@dlgi of Cu and Zn, but the high
DOM of PS and AD at the end of the experiment harabably increased metal
mobility and leaching, since the accumulation ianp$ did not vary significantly
with diffrent amendments. Indeed, the incrementnetal bioavailability by organic
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amendments was generalized, probably because bf ddgcentration of soluble
metals in the amendment themselves (llieral, 2000). In this view, the organic
matrixes used here were added at different ratéaki® into account variations in
TOC contents, and this may also have generatedyeBan metal bioavailability.

The organic compounds of amendments have been offgorted in the
literature as involved in mechanisms of metal mbdomplexation. In previous
studies different concentration patterns were foiendheavy metals in the molecular
weight (MW) fractions of humic compounds (Franciesal, 1996; Francioset al,
2002), but in this experiment the total and biokdeé metal contents in soils is
probably independent from the humic compounds carde their MW distribution.
As the MW distribution was similar among treatmenitsis likely that total
bioavailable metals depends on their concentraiimasnendments.

A relevant role in metal mobility seems relatedthe dissolved organic
matter, the higher the DOM the higher the bioawdliky of heavy metals. High
DOM contents are known to facilitate metal mobiligcause of the formation of
soluble metal-complexes, as evidenced by de Zg@QR7). In particular, here the
high Cu bioavailability in the PS treatment wasrilatited to the formation of soluble
Cu-organic compound complexes, since Cu has hightgffor organic matter, and
DOM is reported to increase its mobility (Hsu ama, R000). Instead, according to
the results of Chirenje and Ma (1999), insolubhhinolecular weight organic acids
might have retained Cu in the compost-amended #uis mainintaining values
compareble with unamended controls.

Nickel and Zn increased their bioavailability inethamended thesis
irrespective of the source of organic matter. Thainmvariable involved in
controlling Zn mobility in soil is pH, with availaity sharply decreasing at pH > 5.8
(Yoo and James, 2002). In this experiment pH wdsliak and too high to
determine significant metal desorption from soilg Blurry had a lower pH
compared with compost and digestate and the regudital soil pH was in any case
high. The relatively high Zn availability of alléhamended treatments suggests that
other mechanisms than pH has contributed to itsilimation, like the high contents
of free Zn in the amendments themselves (SmithQR0the same conclusion should

be drawn for Ni in view of its similar behaviour Zm.
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Among metals, Zn bioavailability was the most irased, a fact also reported
by Smith (2009), suggesting that this metal maysearparticularl concern for
potential leaching from amended soils in long-tegspecially if amendments or
soils themselves are rich in Zn. Concern in exgesplant accumulation of Zn is
currently excluded; on the contrary the concerdrabf this essential micronutrient
was relatively low (~32 mg kgdw).

Cadmium and Pb bioavailability were not affectedty addition of organic
amendments. In this regards, Cd has low affinity doganic matter, and the
adsorption process is independent of organic matdition (Liet al, 2001). The
addition of organic materials to the soil can fitaié either Pb stabilization or
mobilization (Bradl, 2004), but in calcaric soilgs in this case, precipitation of
carbonates is a major mechanism for Pb immobibratCaocet al. 2004). Therefore,
it is likely that Pb was immobilized in carbonatasd oxides irrespective of
amendment presence.

Contrasting results of metal mobility after the éidd of organic matter were
reported by Walkeet al, 2003, who found that effects of amendments otaime
availability is not related to organic matter corapion of the amendments but to
soil characteristics. Indeed, results from this ezkpent on the overall metal
availability suggests the opposite conclusion, esidifferent organic matter sources
can variously affect metal mobility through vartats in DOM and HS rate. It is
likely that the same amendment (i.e. compost) camease or decrease metals
bioavailability according to the soil and amendmemdracteristic itself as suggested
by van Herwijneret al, (2007).

3.5. Conclusions

Organic amendments from agro-industrial and mualcigvastes can
efficiently be recycled in agriculture as they aféective at increasing soil organic
matter in the middle term and crop productivityr Equal C stock, it was evidenced
that crop productivity is related to nitrogen sypphith possible benefits for root
expansion and growth when a considerable amourttuafic substance is also

supplied with the amendment, as in the case of ostrgnd anaerobic digestate. The
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effects on the belowground plant compartment seerg important for ensuring a
more efficient use of soil resources (nutrients amader), particularly under stress
conditions, such as drought. In this mesocosm é&xjget, plants were regularly
watered but it is likely that in open field conditis plants with larger root systems
may have a further advantage. Therefore, the effecestoration of soil fertility in
degraded soils necessary requires that amendmenislep humic substances along
carbon and nutrients.

The addition to the soil of waste-derived amendsmesives not lead to
significant increases in metal concentrations wtiem amendments are produced
from uncontaminated feedstock, and no contraindicat in the use of very
differentiated organic matrices were found in tisisidy. However, DOM-rich
amendments such as pig slurry and anaerobic digektve higher potential for
increasing soil metal mobility, with possible ris&s metal leaching with repeated
application in agricultural land. The use of suchtenials should be planned to avoid
soil and groundwater contamination in the long-teespecially if hazardous metals
like Cd, Pd and Cr are involved.

It was concluded that more stabilized and matugamic amendments, like
compost, should be preferred to fresh materialgaw of the greater benefits for soil
and plants. From the environmental point of vietapg8ized composts have also the
advantage of avoiding increases of metal bio vditgpproviding at the same time
more recalcitrant organic matter in the long-terraeful for mitigating the

greenhouse effects.
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Chapter 4

Long-term effects of biochar on heavy metals in slband crop plants

Abstract

Biochar incorporation into soil has been advocaea potential large scale solution
to offset global greenhouse gas emissions. Howekierapplication of biochar to
agricultural land must have few if any negative remoic and environmental
consequences if farmers are to readily adopt tbhbntdogy. Biochar use as an
organic amendment has been recently rising duis fwositive effect on soil fertility,
but there is still limited information available@lt long-term effects, especially with
regard to the effects on soil pollutant content distribution. In a field-scale trial it
was investigated the effect of single doses ofiHod25 and 50 t A3 and repeat-
applications (in 2009 and 2011) of biochar (25+88 80+50 t hd) on heavy metal
contents (As, Cu, Zn, Cd, Ni) and distribution @il salong with metal concentration
in plants (barley, beans) over repeated croppingesy The results indicate that
biochar produced from forest residues is of a sk, ue to its inherently low metal
content and the lack of observed negative effeatsrop or soil quality over several
years. Although biochar did cause small changesetal fractionation in soil, it did
not alter total metal concentrations in soil ornpda It was concluded that the
application of wood-derived biochar does not inseegoil metal contents even after

repeated applications deeming it safe for use litaigure.
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4.1. Introduction

Organic soil amendments (e.g. compost, biosolidmure) are widely used
in agriculture to enhance soil nutrient contentsl ais physical and chemical
properties and therefore increasing crop growthlfifact, in addition to stimulating
soil microbial activity, soil amendments help cangesoil water, promote nutrient
cycling, suppress plant diseases and replenishosgénic matter (SOM) reserves.
Although the maintenance of adequate SOM is a m@jctor for agroecosystem
fertility, SOM also contributes to a number of atleeosystem services, e.g. carbon
sequestration and waste detoxification [2]. Howgeyeor agricultural management
practices have frequently been observed to sevezdlyce SOM contents, leading to
reduced crop yields, chronic declines in soil gyand an increased risk of erosion
and desertification [3]. Therefore, there is anemtgneed to restore SOM to
agricultural soils, and the addition of organic ach@ents is an important component
of all agricultural management regimes. However,e dio the progressive
biodegradation of organic materials added to $odir positive effects are typically
short-lived and to realize the long-term benefitS®M there needs to be continual
replenishment

Biochar is produced from the pyrolysis of organiatemials, and when buried
in soil can act as a long term soil carbon (C)estae. remaining for hundreds of
years [4, 5]. Burial of biochar in soil has therefdoeen proposed as a potential
mechanism to not only enhance soil fertility, bisbato lock up biogenic C, and may
play an important role in climate change mitigatiby offsetting C emissions
associated with the burning of fossil fuels [6, Mlany large volume feedstocks are
suitable for biochar production, including crop amdod residues, animal manures
and a range of industrial wastes such as papegeladd biosolids [1, 5, 8]. Recent
studies have also highlighted the ability of biact@msupply a range of agronomic
benefits, e.g. increased nutrient cycling, improvedility and health [4-6] and
enhanced crop productivity, and environmental hb&s)efe.g. production of
bioenergy, global warming mitigation and absorptadrheavy metals [4, 6, 9, 10],
making it a potentially valuable and sustainabt# to improve soil quality.

Organic amendments are also effective for the réatied of contaminated

land, e.g. heavy metal pollution [1], since theeris both soil pH and cation
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exchange capacity (CEC) subsequent to biochar iadditan lead to the
immobilization of metals through precipitation reans and adsorption onto organic
colloid surfaces [11-13] However, a thorough analf the feedstock is needed
prior to application to avoid increasing the pdht load of the soil or the alteration
of the mobility/extractability of the indigenousrdaminants [14, 15].

Like other organic amendments, biochar can coritggh amounts of both
organic (e.g. dioxins, polyaromatic hydrocarbong)d ainorganic (e.g. heavy
metal(loid)s) contaminants, depending on the fexl#tsand production process [16].
However, there is currently a lack of field-scakperiments providing data about the
pollutant content of biochar and the subsequeravaitability to both crops and soil
organisms. This lack of data prevents policymakens making informed decisions
about the risks of amending soil with biochar, tbhge with associated agronomic
management decisions and climate change mitigatrategies.

Therefore, the aim of this study was to investigate influence of variable
rates of biochar addition on soil heavy metal coteions and associated plant
uptake in a long-term, field-scale biochar triathin a vegetable-cereal crop rotation
system. It was hypothesized that higher biocharitiatdrates would be more
effective at reducing metal availability and plamptake due to increases in soil pH
and CEC and the increased immobilization of metataminants. In addition, it was
evaluated whether field-aged and fresh biochar Odférent effects on metal

distribution within the soil-plant system.
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4.2. Material and Methods

4.2.1. Field experimental set up

The field trial was established in 2009 at Aberggnagyn, Wales (53°14°N,
4°01'W). The soil is classified as a Eutric Cambi¢@as a sandy clay loam texture
and is derived from mixed glacial till of Ordoviaieorigin which was deposited
approximately 10000 years ago. The replicated @) trial plots (6 m x 3 m) were
laid out in a randomized block design in an exgstilat agricultural field that had
been used for cereal, vegetable and livestock ptamuover the last 30 years. In
2009, the site was ploughed, harrowed and bioghraad on the surface at rates of
either O (control), 25 or 50 t HaThe biochar was then harrowed into the topseil (0
20 cm Ah horizon) to ensure mixing. Prior to plagti Reglone® (diquat active
ingredient applied at 2 | Hx was applied for weed control alongside fertilizér
(100 kg h& as NHNO3), P (40 kg hd) and K (60 kg ha).

The commercially available biochar was derived fnovechanically chipped
trunks and large branches Bfaxinus excelsiol., Fagus sylvaticd.. andQuercus
robur L. pyrolyzed at 450 °C for 48 h (BioRegional Home®n®; BioRegional
Charcoal Company Ltd, Wallington, Surrey, UK). Tiiechar chip size distribution
was 17 + 1% 0-2 mm, 19 £ 2% 2-5 mm, 32 £+ 1% 5-7rB,182 £ 2% 7.5-10 mm and
had a dry bulk density of 0.20 + 0.01 g €nfrurther physiochemical details of the
biochar, crop and soil management in 2010 and 20dre provided in previous
papers [17-19].

On the 11 June 2011, each of the plots was further spli tato 3 x 3 m
sub-plots, and biochar of the same origin was Huoked to half of the sub-plots at
rates of 0, 25 or 50 t Hao achieve a double loading of biochar and incafes into
the soil as described above. This provided fivegalf biochar addition, O (control),
25, 50, 25+25 and 50+50 t'haOn the 19 July the field was sown (45 seed¥)m
with field bean Yicia fabaL. cv. Green Arrow) and Glyphosate (2 "hand Stomp
(active ingredient pendimethalin applied at 3 Fhaere applied four weeks later to
control weeds. Emergence was completed two weeks sdwing and plants were
harvested at 60 days after emergence, along withsamples for analysis. The
results for plants and soil analysis were previpusported [19]. In 2012, spring
barley Hordeum vulgard..) was sown, with no further fertilizer additions
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4.2.2. Soil and biochar analysis

In February 2012, four replicate soil samples (G20 were taken from each
plot and within 1 h of collection soil samples wereved to pass 5 mm and used for
chemical analysis within 24 h. If the soil hadb&en sieved, it would have been
introducing a bias into the analyses of the sampta#aining the high rates of
biochar, as the properties of the fresh biocharldvbave been essentially measured.
Instead the aim was to evaluate how the biochdrcapion had affected the soil, and
within this, it was analyzed any biochar fragmedog¢sow 5 mm as part of the total
soil sample. The samples were frozen at°Q0vhen not in use. Measurements of
basal soil respiration at quasi-steady state wexdenon 30 g of field-moist soil for
24 h at 20 °C using an automated multichannel SRrhred gas analyzer soil
respirometer (PP Systems, Hitchin, UK) 24 h afwtection from the field. Water
content was determined by drying at 105 °C (24nt) BC and pH were determined
with standard electrodes on field-moist soil (1:iw vsoil-to-distilled water).
Available NQ and NH" were determined in 0.5 MJ&Q, extracts (1:5 w/v) using
the colorimetric methods [20] and [21] respectivélgtion exchange capacity (CEC)
and available nutrients (B, Ca, K, Mg, Na, Pw&re measured at an 1ISO9001 and
ISO17025 accredited laboratory (Lancrop Laboraspriéara UK Ltd., York, UK).
The concentration of arsenic and heavy metals [GuPb, Zn) in oven-dried soil
(105 °C, 24 h) samples collected at the end ofeeper 2011 (and stored at 4 °C)
and in February 2012 and fresh biochar were deteuinby a 700 series ICP-OES
(Varian Inc., Palo Alto, CA) after digestion in cantrated HN@[22]. Prior to ICP-
OES analysis, all samples were filtered througlglam0.45um syringe filter.

Sequential extraction of As and heavy metals i were also undertaken
[23, 24]. Briefly, for the first step (water solebfraction), 1 g of dry soil or biochar
was mixed with 30 ml of distilled water, shaken fd6 h (200 rpm mit),
centrifuged (3000 rpm mih 15 min) and filtered (Whatman No. 42). For thecsel
step (surface adsorbed fraction), samples weraigpesided in 30 ml of 0.5 M
NaHCGQ; and shaken, centrifuged and filtered as descritee. For the third step
(Fe and Al-associated fraction), the residue fromgrevious step was re-suspended
in 30 ml of 0.1 M NaOH and treated as above. Ferftlurth step (carbonate bound
fraction) the residue from the third step was repsumded in 30 ml of 1 M HCI and
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treated as above. Finally, the residual pellet eréed at 37 °C for 48 h and digested
in concentrated HNgXo measure residual As and metal contents [22].

4.2.3. Plant analysis

Bean and barley green leaf samples were collected €ach sub-plot (ca.
100 g FW) in September 2011 (growth stage R4) aagt RD12 (growth stage 31)
respectively. The leaves were subsequently dri@d°@ 48 h), ground (<1 mm),
digested in concentrated HN@25], filtered (0.45 um) and total As and metal
concentrations measured by ICP-OES as describedeabio August 2012, the
mature barley was harvested and crop height, tilenber and dry seed yield (dried

80 °C, 24 h) measured for each individual sub-plot.

4.2.4. Statistical analysis

All experiments were performed at least in tripiecaAfter checking for
normality and homogeneity of variances, differenceseatments were compared by
one-way ANOVA and Tukey HSD (for soil propertie®) Duncan post-hoc tests
(for heavy metals) (SPSS v.14, SPSS Inc., Chidago,
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4.3. Results

4.3.1. Soil and biochar characteristics

Table 1. Influence of biochar application rate on @il quality indicators and
available cations. Values represent meam (= 4) * standard errors expressed on
a dry weight basis. Different letters indicate stastically significant differences
among treatments (HSD testP < 0.05). The 25 + 25 and 50 + 50 treatments
indicate a repeated application of biochar.

Biochar addition rate (t Fa

0 (Control) 25 50 25+ 25 50 + 50
Baf:;piraﬂon SOl ) 47+0.03 0.46+0.02 0.50 £ 0.08 0.53+0.04 0.71 +0.01
e (b) (b) (b) (b) (@)
Moisture conteni 25.1+0.6 252+03 245+04 27.0+12 274+1.3
W 2 el 23 o(abg 9 20 ¥ 2 38 (abg 9 3 @ 8
_ 15+1.7 0=0. 4+1. 1+09 553+4,
EC (uS crit
(uS em) (b) (b) (b) (a) (a)
oH 6.80+0.04 6.85+0.10 6.65+0.17 7.03+0.11 7.55 + 0.03
(b) (b) (b) (ab) (a)
CEC (meq kd) 167+7(a) 161+5(a) 122+5(h) 127 +3(b) 133+3 (h)
B (mg kg) 0.96+0.06 1.00+0.06 0.95+0.05 1.10+0.02 1.41+
(b) (b) (b) (b) 0.04(a)
Ca (g ké) 2640 + 109 2546 + 134 1882 +37 2078+75 2372+
(a) (a) (© (bc) 61(ab)
K (mg kg?) 81+7(c) 94+4(bc) 77+6(c) Lor (i)” 185 (J—;)l‘r’
Mg (Mg ka) 623+16 71+23 57.3+21 80.0+7.6 121+10.3
(b) (b) (b) (b) (a)
Na (mg kg") 29+1(a) 30x1l(a) 25+1(bc) 24+1(c) 23+1(c)
P (mg kg') 42+ 1 42+ 1 432 46 £ 1 44 £ 2
NO;y (mgNkgl) 106431 7.5+45 91+44 55+43 16+03
NH, (mgNkg) 91+09 92+16 102+11 7.6+08 6.9+0.1

There was no significant difference in basal se#piration between the
unamended soil and the soil that had containedithehar for four years (Table 1).
The additional application of 25 t haalso made no difference to respiration,
however in soil with the highest biochar conterterés0+50 t hd), the rate of
respiration was significantly higheP (< 0.05). The pH and EC remained similar
between the unamended control and the soil contaiield-aged biochar, while the
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highest reapplication of biochar (50+50 t'haignificantly increased pH (P < 0.05);
in addition, both reapplications (25+25 and 50+%@it) significantly increased EC
(P < 0.05). The CEC was significantly reduced in phats containing 50 t faand
those containing the reapplications of biochar carag@ to unamended soiP (<
0.05). The concentration of K was significantly lmg in soil containing the
reapplications of biochaP(< 0.05), while B and Mg were only significantlyghier
(P < 0.05) in the soil containing the highest reaggtion rate (50+50 t Fa. In
contrast, the concentration of Ca was lower withad@ 25+25 t Ha of biochar
application (Table 1). There was no significanfedénce in available P, NOand
NH;" between any of the treatments and the unamendetfotoregardless of

application rate or reapplication.

4.3.2. Total As and heavy metals in soil and biocha

The concentrations of metals in the fresh biochadq + 0.22 mg As K§
<0.1 mg Cd kg; 2.51 + 0.04 mg Cu Kk 1.16 + 0.08 mg Ni k¢; 5.98 + 0.57 mg Pb
kg'; 13.8 + 2.5 mg Zn K§ did not lead to an increase in metal concentnaticthe
soil following biochar addition regardless of thgphcation rate (Table 2). In 2012,
small differences in total metal concentration weleserved for As, Cu and Ni:
slightly higher metal contents relative to the cohtvere found in the 50+50 t Hia
biochar treatment, although the soil containingtS@a® always had significantly

lower concentrations than the control. None défe was found for Pb and Zn.
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Table 2. Influence of biochar application rate on étal soil metal content (mg kg
! dw) as measured in 2011 and 2012. Values represeneans + standard error
(n = 4). Different superscript letters indicate statstical significant differences
among treatments (Duncan test? < 0.05).

Biochar rate (t hd)

Metal 0 25 50 25+25 50+50
Year 2011
As 116+04 134+13 143+0.9 12.7+0.8 134+09
Cd 0.7+0.1 0.7+0.1 0.8+0.1 05+0.1 0.1+0.1
Cu 151+1.3 17.0+13 185+1.1 16.4+0.7 186+1.3
Ni 121+13 138+1.1 146+07 13.9+04 147+0.8
Pb  249+07 272+08 299+15 26.4+20 29.3+40
Zn 88.1+85 92.7+6.0 1003+4.4 940+1.6 103.1+5.1
Year 2012
As 95+06@ 11.1+07%9 66+23” 100+06%® 11.8+1.2%
cq 043:005 045:006 030+0.10 045:005 0.58%0.07
(ab) (ab) (b) (ab) @
Cu 11.2+1.2 121+14%® 83+20” 112+09® 136+1.0%
Ni  88+07@ 94+138 62+16® 87+07% 100+1.0%
Pb  195+23 199+10 159+44 203+11 222+15
Zn 65.1+7.2 67.1+56 49.1+13.7 646+52 76.1+6.5

4.3.3. Sequential extraction of As and heavy metals
Control soil

The concentration of As and metals in the unamedattol soil determined
by sequential extraction are reported in Table I% Toncentration of arsenic was
evenly distributed between the Fe-associated arasgdciated (step 3) and residual
(step 5) fractions, which together constituted &8 ®f the total extracted. The water
soluble (step 1), surface adsorbed (step 2) andonate-bound (step 4) fraction
represented 2.7, 8.9 and 20.0 % of the total Asaetdd respectively.
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Table 3. Amount of arsenic and heavy metals in theeference agricultural soll
(0 t ha' biochar) as found through sequential chemical fraonation (step 1:
water soluble; step 2: NaHCQ-extractable; step 3; NaOH-extractable; step 4:
HCl-extractable; step 5: residual fraction, HNOs-extractable). Values represent
means * standard error 6 = 4). Values in bold represent the maximum rate
within each metal.

Metal concentration in fraction (mg Rgiw)

Metal Stepl Step2 Step3 Step4 Step5 Total
As 0.29 + 0.97 + 3.92 2.17 3.50 + 10.86 +
0.13 0.09 0.73 0.13 0.17 0.85
0.46 + 0.17 +

Cd <0.01 <0.01 <0.01 0.02 0.02 0.63 £0.02
Cu 0.60 + 0.91 + 4.04 + 8.47 2.95 + 16.98 +
0.19 0.07 0.75 0.37 0.16 0.75
Ni 0.15+ 0.08 + 0.71 + 5.85+ 6.28 + 13.08 £
0.04 0.02 0.13 0.19 0.34 0.24
0.38 + 0.06 0.55 + 0.85 + 35.47 £
Pb 0.09 0.03 0.12 336xl7 T4 1.66
3.69 + 2.03 + 148 + 79.30 £
Zn 124 046 041 422+23 299+17 357

Cd was extractable only through HCI and HNGtep 4 and 5 respectively),
with 27.5% in the residual fraction and 72.5% @& @d being HCl-extractable.

Cu was mainly extracted with HCI (49.9%), howeva&gnificant amounts
were also found in the NaOH (23.8%) and residudl.4%) fractions. Smaller
amounts of Cu were water soluble and NaH@&tractable (3.5 and 5.4% of the
total respectively).

The concentration of Ni was evenly distributed amaine HCl-extractable
and residual fractions (44.7 and 48.0% respectjyaile only small amounts (1.1,
0.6 and 5.6%) were water soluble (step 1), Nagt€Qractable (step 2) and NaOH-
extractable (step 3) respectively.

Pb was mostly extracted with HCI (94.8%), and thepprtions in the other
fractions were therefore very low.

Zn was mainly extracted during the steps 4 and 3.2(5and 37.7%
respectively). Significant amounts were also foumdhe water soluble (4.7%) and
NaHCGOs-extractable (2.6%) fraction, with little Zn beilNpOH-extractable.
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Soil with biochar
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Figure 1. Influence of biochar addition rate on therelative distribution of
arsenic and heavy metals in the agricultural soil & found through sequential
chemical fractionation (step 1: water soluble; stef2: NaHCOs-extractable; step
3; NaOH-extractable; step 4: HCl-extractable; stepb: residual fraction, HNOs-
extractable).
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Biochar addition affected both the concentratiod eefative proportion of As
and heavy metals present during the sequentiahaidns (Fig. 1). Biochar always
significantly decreased surface adsorbed As, aogased the amount of As bound
to carbonates in the repeated additions. On thé&argn biochar did not affect the
total, water soluble, Fe and Al-associated andluadiextractability of As.

The total amount of Cd extracted (mg*kgvas significantly increased in the
presence of biochar, especially for the repeatrreats (on average +20.0%). In
addition, the repeat application treatments in@edke proportion of Cd extractable
from the residual fraction (on average +22.1%) eetliced that associated with the
HCl-extractable fraction (on average by -8.5%) wishatistically significant
differences P<0.05) from the control. In contrast, the single@tgatments seemed
to cause the opposite effect (-5.4 and -11.4% énr#sidual fraction and +2.0 and
+4.3% in the HCl-extractable fraction with 25 an@ 5ha' biochar respectively),
even though the difference from the control way shghtly statistically significant.

Water soluble and NaHG&2xtractable Cu concentrations and percentages
were reduced at increasing biochar addition rateih) significant differences
between single dose and repeat-application tredasm€&he repeat biochar treatments
also significantly increased the amount of Cu (rgg)kand proportion in the"step.
The treatment with 25 t Habiochar had no effect on Cu extractability and
distribution.

Ni total, water soluble and residual extractabisitgnificantly increased with
increasing biochar addition rates, with statishcaignificant differences between
single-dose and repeat biochar treatments. In a&smtrNi proportion was
significantly reduced in the HCl-extractable fracti(-13.1% and -25.8% for the
single and repeated treatments respectively).

Total extractable Pb did not significantly increagigh biochar application
rate. Nevertheless, water soluble Pb was greathgased in the presence of biochar,
especially at the highest addition rate (+473% wB0w50 t h& biochar). No
significant differences in Pb were found in theestboil fractions.

Zn total extractability increased on average byO0%6.with biochar;
nevertheless water soluble Zn decreased with iscrgabiochar. In addition, the
repeat-biochar treatments increased residual Z&.7+dnd 75.0% with 25+25 and

50+50 t h& biochar respectively) and reduced the HCl-exttletaroportion (-11.6
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and -18.7%). The same effects were also observétkisingle dose treatments but

to a lesser extent.

4.3.4. Heavy metal uptake by plants and crop yié$
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Figure 2. Influence of biochar addition rate on toal As and heavy metal content
in bean leaves. Values are expressed on a dry weldgasis and represent means
(n = 4). The vertical bars represent standard errorsDifferent letters indicate
statistically significant differences among treatmats (Duncan test,P < 0.05).
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Heavy metal concentrations in crop foliage are rgbin Figure 2 for beans
and Figure 3 for barley. Neither bean nor barleguawlated high amounts of
metals, and no significant differences were foumig treatments, except for Zn in
beans. Cd was not detectable in either crop, whileeans As and Pb were found at
very low concentrations (on average 0.8 and 1.&gigespectively). In barley only
Cu and Zn reached detectable concentrations, wahsignificant differences

apparent between biochar and control treatments.
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Figure 3. Influence of biochar addition rate on toal heavy metal content in
barley leaves. Values represent means € 4). Vertical bars represent standard
errors. Different letters indicate statistically sgnificant differences among
treatments (Duncan testP < 0.05).
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At the final harvest, no significant differencesbarley yield P = 0.91), crop
height @ = 0.63) or tiller number per plar® & 0.19) were observed between any of
the biochar treatments and the unamended congatintient. The mean barley grain

yield across all treatments was 7.2 + 0.1t.ha

4.4. Discussion

4.4.1. Effects of biochar application on soil qudly

This study suggests that the addition of biochaaddcultural soil directly
influences both micro and macro nutrient solubilpwever, nutrient enhancement
was only primarily apparent in the repeat-biochaatments, therefore nutrient
benefits are likely relatively short lived [19]. dontrast, the loss of exchangeable Ca
and a lowering of the CEC appear to be negativsamurences of the high rates of
fresh biochar addition.

Although aging can cause significant changes tosiiméace properties of
biochar (e.g. decreasing aromaticity and the faiemadf carboxylic groups) [10], in
the soil containing field-aged biochar there wasegally no alteration of soil
properties compared to unamended control.

Biochar addition also had a liming effect on soH,pprobably due to
dissolution of metal hydroxides and carbonates goren the fresh biochar (e.g.
Ca0, CaCg@) [17], although this too appeared to be shorteive

4.4.2. Effects biochar on the proportions of extraable As and heavy
metals

The extraction method used in this study was d@eslaspecifically for As
fractionation [23], and it is likely that heavy rakt were extracted from different
phases than As. In addition, it is likely that H&kracted metals can bind to organic
matter [24], and metals extracted from both Fe Mndoxides and residual minerals
could underestimate the percentage of the resiftaaetion. The residual fraction

often comprises the largest amount of metals [@8}pough here it was often found a
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relatively small percentage of metals in the ladtagtion step, e.g. Cu, Cd and Pb.
However, as the extraction was primarily aim at soei@g the water soluble and
HCl-extractable fractions, the results remain int@atr for the risk assessment of soil
contamination by heavy metals following biocharitdd.

The application of biochar significantly alterece tbxtractability of both As
and heavy metals in soil, with biochar shifting theractability of some metals (As,
Cu, Zn) from the water soluble and exchangeabletinas to the HCl-extractable
and residual fractions or increasing the waterldelproportion (Pb). Shifts in cation
exchange and changes in pH are recognized as timedmeaers of metal mobility
and sorption following biochar addition [27, 28]oWever, the results suggest that
other mechanisms might be involved in biochar-métééractions. There were
significant reductions in the water soluble fransqCu, Zn), despite generally lower
CEC values in soil containing field-aged biochampared to the control. Biochar
age also seems to be involved with determiningféte of metals in soil despite
field-aged soil having a similar pH to the conti®Becent studies suggest that SOM
can influence the formation of As(lll) in aerobiovironments by mediating the
reduction of soluble As(V) to less soluble As(I[R9]. Therefore, it is likely that
higher rates of organic matter addition can enhafseretention. The arsenate
absorption on humic acid has a peak at pH = 7 [30)d the reduction in
exchangeable As after biochar addition could be tluensoluble As-biochar
complexes, since biochar sorption behavior is simd that of SOM [31].

The concentration of Cd in the HCl-extractable #me&lresidual fraction was
dependent on both the application and reapplicatéde of biochar. Cd is mainly
found in the exchangeable fraction [32, 33], altflowther soil phases (i.e. Fe and
Mn oxides, organic carbon, water soluble) can danségnificant amounts of this
metal [24, 34-36,]. The absence of Cd in the wstduble fraction in this study may
have been due to the very low Cd content in bothasal biochar, while its absence
in step 2 and 3 of the extraction was likely duethte high pH of the extraction
solutions. It is possible that different insolukld-organic complexes were formed as
a consequence of Cd being more effectively retalme@romatic rings rather than
carboxylic and phenolic groups. Consequently, @temntion should be enhanced
following the addition of fresh biochar, while tfield-aged biochar would result in a

shift from the residual fraction towards the HClraxtable fraction (less insoluble).
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Oxidation of biochar can lead to the formation afboxylic and phenolic groups at
the expense of aromatic rings [10], therefore,ed#ht biochar feedstocks could
result in very different retention ability and iraetions with different heavy metals.

Cu has a stronger affinity for SOM than other hematals [37-39] and its
availability is reduced by organic amendments @rdd biochar addition [31, 40] due
to effective absorption mechanisms. The resultd fiare are consistent with these
observations, as increasing biochar addition rasemificantly reduced the
concentration of water soluble and NaH{Rtractable Cu. Moreover, it is likely
that the higher pH enhanced Cu retention in theeakpiochar treatments, thus
explaining the lower water soluble amount foundhw5+25 and 50+50 t Ha
biochar applications compared to the other treatsae®imilarly, Ni retention has
recently been found to be enhanced by biochar428, probably as a consequence
of reduced mobility at the higher pH. The highestaentration of water soluble Ni
was found in the soil that contained the reappbeet of biochar (25+25 and 50+50 t
ha') that had the higher pH values. However, the imeein the proportion of water
soluble Ni with increasing biochar application sateas probably due to the higher
Ni concentration of the biochar, as indicated by ithcrease in total extractable Ni
from biochar amended soil, rather than to a higiwdubility due to the addition of
biochar.

In contrast to previous studies [9, 40], it wasnduhat the amount of water-
soluble Pb increases following biochar additiongasging that biochar might have
different effects on Pb mobility according to saibnditions. Precipitation of
insoluble Pb-phosphate minerals can determine Rubisty [42], and the low
percentage of labile Pb was probably a consequafite high P concentration in all
treatments. The increase in the concentration eémsluble Pb may also have been
related to the formation of soluble Pb specieshagPb-nitrates [31], especially in
the repeat-biochar treatments, where the nitratecardiration decreased with the
higher biochar application rates. However, the jbigy that competition with Cu
and Zn for sorption sites may have resulted inHiggner Pb solubility can not be
excluded.

Reduction in Zn extractability and increased retentfollowing biochar
addition is well documented [43-45]. The alteredgartions of extractable Zn in soil

suggests that Zn is shifted from the most solubldhé most insoluble fractions as a
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consequence of biochar addition. Total Zn extralitalvas significantly increased
in soil with reapplications of biochar (25+25 an@+50 t h&) compared to the
control, although this effect could be due to tk&atively high amount of Zn in
biochar [31].

4.4.3. Effects of biochar on plant uptake of heavgnetals

Biochar has previously been reported to reduce Imatavailability in
contaminated soils [31, 46, 47], which in an adtioal context could potentially
lock up metals, inducing micronutrient deficienceesd reducing yields. This could
arise indirectly by a rise in soil pH reducing nietalubility or directly via metal
binding to biochar surfaces. the results found heogvever, show that the biochar-
induced increases in soil pH are transient, and btihechar amendment of this
particular agricultural soil reduces the CEC. Fertht was found that biochar did
not significantly affect foliar micronutrient comteor crop yields, and where an
increase in the water soluble metal fraction waseoled in response to biochar
addition (e.g. Ni and Pb), no concomitant increasefoliar concentration was
observed. These findings support reports that sidbat biochar will have few short

or long-term deleterious effects on plant growth.

4.4.4. Biochar metal content and the relevance tagyeculture

Currently, there is no consensus on the effectbiothar on soil metal
availability [48-50], which is hampering the forfation of guidelines for the safe
application of pyrolysis products to land. The imipan soil metals will be
controlled to a large extent by feedstock qualityith chars derived from
anthropogenic wastes (e.g. biosolids) likely touicel high metal loadings and
elevated environmental risk in comparison to chdesived from more natural
products (e.g. animal manures, forest residuesyveder, initially there is need to
get public and farmer acceptance of those charseped to be of low risk before

advocating the application of industrial waste-dedi chars.
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Here a low metal-content char was used, which pvaduced from a high
volume feedstock that is capable of meeting thelseé agriculture, if biochar is to
be seen as a significant component of any natigmaénhouse gas reduction
program. Overall, the commercial biochar used lparesessed a low heavy metal
burden in comparison to other waste streams rdytageplied to land (e.g. tannery
waste, biosolids, municipal solid waste composi$).[ These findings also concur
with biochars produced from wood in laboratory saa&actors [51, 52].

The combination of soils and biochar with low metahtent represents the
scenario most likely to occur in temperate agrigalt soils across Europe. This
contrasts with many previous studies which havaised on metal contaminated
soils or chars and which have limited current ratee for widescale technology or
policy adoption. Importantly, the results obtainégre confirm that repeat
application of low risk biochar does not appeateid to a progressive increase in
soil metal load, suggesting that any excess metaseither taken up by plants,
redistributed in the soil profile (subsoil trangfesr lost by leaching. Previous
research has indicated that our biochar contange lamounts of dissolved organic C
(DOC) [18], which is readily released upon apglma to soil. It is therefore
probable that this facilitates the downward movetnogmmetals within the first few
months of biochar application, but groundwater aomnhation due to the low metal
concentrations in both soil and biochar was exaudeowever, clearly more work

is required to confirm this pathway.

4.5. Conclusions

Biochar incorporation into soil has been advocatgd potential large scale
solution to offset global greenhouse gas emissibtmyvever, the application of
biochar to agricultural land must have few if anggative economic and
environmental consequences if farmers are to neadild safely adopt the
technology. Here it was found that biochar produiteth forest residues is of a low
risk due to its inherently low metal content and biack of observed negative effects
on crop or soil quality over several cropping cgcli# was therefore concluded that

wood biochar application does not increase soilalmaintents even after repeated
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applications, although attention should be paidht quality of pyrolized material.
Repeated application of biochar in agriculturallss@hould be considered with
caution for some soil properties only, like CEC,rsening of which has been

observed at a cumulative rate of 100 tha
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Chapter 5

Waste wood-derived biochar and ash increase the lawgailability of

metals in two contrasting agricultural soils

Abstract

Recycled waste wood is being increasingly usedefwgrgy production, however,
organic and metal contaminants in by-products predu from the

combustion/pyrolysis residue may pose a signifiemtironmental risk if they are
disposed of to land. Here it was conducted a stodgvaluate if biochar (from

pyrolysis) and ash (from incineration) derived frometal-preservative treated wood
led to significant accumulation of metals (e.g. @s, Ni, Cd, Pb, Zn) in soil and
vegetation. In a pot experiment, biochar (2% wheyresponding to 50 t Haand an

equivalent pre-combustion dose of wood ash (0.2 &%) were added to a Eutric
Cambisol and Haplic Podzol, respectively. Both adme@nts initially raised soil pH,

however, this effect appeared relatively short ternth soil pH returning close to the
unamended control within about 7 weeks. While bathendments significantly
increased the bioavailability of plant nutrientsg(eK), their addition resulted in an
exceedance of soil metal statutory limits (e.g..dine metal sorbing capacity of the
biochar and the increase in soil pH caused by addme ash and char were
insufficient to offset the amount of free metal esded into solution. Young
sunflower plants were negatively affected by thditamh of metal treated wood-
derived biochar and resulted in an elevated conaio of metals in the tissues,
especially of roots, and reduced above- and bel@urgl biomass. It was concluded
that biochar and ash produced from waste streamaiotng metal based

preservatives should not be used as a soil amendchen to the high risk of

environmental contamination, in this case of Cu.
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5.1 Introduction

Organic wastes are of global concern due to thgelaolumes produced and
the need to dispose of them safely (Jones and ¥{ea0). Organic waste has
traditionally been disposed of through incineratarandfill, but recently there has
been a worldwide tendency to recycling and adopaingiore sustainable waste
management program (Vehlat al, 2007), with priority to preventing and reducing
biogenic waste (Del Borghet al, 2009). As a result, the most widely adopted
strategy for the recycling of organic waste isrioarporate it into agricultural soils
after treatment that turn the waste into safe affidient amendments (e.g. via
composting or anaerobic digestion; Park al, 201l1a; Williams, 2005). This
practice, in addition to reducing unnecessary lidndfan replenish soil organic
matter reserves, provide plant nutrients and hédgecthe nutrient cycling loop
(Jones and Healey, 2010). There are numerous gefderhonstrating the positive
effects of adding municipal- and industrially-dexavorganic wastes to land (Linden
et al, 1995; Curnoet al, 2006; Hargreavest al, 2008).

In addition to being used as compost, organic wagtey. recycled waste
wood, biosolids) can be used for energy generatianpyrolysis or incineration,
which results in the production of biochar and as$pectively (Campbell, 1990;
Lehmann, 2007). These end-products can then préuitieer benefit by addition to
agricultural soils as an organic amendment or Igragent (Demeyeet al, 2001,
Atkinson et al, 2010). Although biochar application to temperatgicultural soils
can transiently increase the concentration of entsi such as P, K and Ca (Quilliam
et al, 2012a), its real value lies in providing a Idegm recalcitrant store of carbon
in soil (Kookaneet al, 2011). In contrast, wood ash is mainly usedatserthe pH of
acidic soils, although it can also provide a sigaifit source of nutrients, particularly
Ca, K, Mg and P (Someshwar, 1996), with significeenefit to crop productivity
(Pattersoret al, 2004 ).

An inherent risk of applying biochar and wood aslsdil is that they contain
varying levels of contaminants including those gatesl during pyrolysis (e.g.
polyaromatic hydrocarbons (PAHS), dioxins and feradaleet al, 2012; Quilliam
et al, 2012b) and, depending on the feedstock (treatex! or municipal biosolids),

both biochar and wood ash can contain significamicentrations of heavy metals.
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PAHs have been found at measurable concentratioasiumber of different source-
derived synthetic and natural chars and ash, areh @&xceed regulatory standards
(Reijnders, 2005; Browret al, 2006; Haleet al, 2012). Biochar can reduce
microbial catabolism of PAHs in soil through incsed sorption and reduced
bioavailability which, together with elevated contrations in soils amended with
biochar, can facilitate the persistence of PAHs$hi environment (Quillianet al.,
2012b). In general, there appear to be few majgracts on heavy metal behavior
following the addition of wood-derived biochar toils however, biochar has the
capacity to both sorb and release metals (Nanejagl, 2010; Uchimiyaet al,
2010a,b). In contrast, wood ash addition can irsgdéeace element concentrations in
soil and plant tissues and stimulate metal leacf@mil et al., 2007; Praharagt al,
2002), although a reliable evaluation of the leaghirom wood ash is difficult to
assess, since it varies depending on both theeaslstock and the composition of the
leaching solution used (Solo-Gabriet¢ al, 2002). This makes it difficult to
compare results and establish the potential risicémtamination, and consequently
there are currently no guidelines for the safe effiective use of soil amendments
such as waste-derived biochar and wood ash.

The aim of this study was therefore to determinestivbr amendment of
agricultural soils with biochar and ash derivednfrreservative-treated wood
increases the metal concentration in the soil aaghtively affects plant growth. It
was hypothesized that total metal concentratiorteeérsoil would increase following
amendment with both biochar and ash, althoughvtieisld not be accompanied by
higher levels of plant uptake as the effective gasan onto biochar and wood ash
surfaces, together with an increase in pH, wouldrelse the bioavailability of
metals (Su and Wong, 2004; Chirerjeal, 2006; Namgagt al, 2010).
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5.2. Material and Methods

5.2.1. Biochar and wood ash production

Biochar and wood ash were produced from Norway Gpicea abieqL.)
H. Karst.) waste wood, which had previously beesspure-treated with a Cu-based
wood preservative. The wood (35 x 120 x 2500 mng peeviously been used
outdoors in North Wales, UK (mean annual temp 11 &0 sunshine h’y 840
mm rain y') for 4 years prior to disposal and reclamationodBar or ash were
produced by pyrolysis or combustion respectivelyg%0 °C for 1 h and then left to
cool for 24 h. Biochar was ground and sieved te filaeim before use. The ash was

in a powder form following combustion and did netjuire grinding.

5.2.2. Experimental design

Two contrasting soils, a sandy clay loam texturetiE Cambisol (78 g kg
organic matter) and a sandy loam textured HaplizBb(509 g ki organic matter),
were collected from the University Experimentalt®taat Abergwyngregyn, Wales
(53°14°N, 4°01'W). The freely draining Eutric Carsbi supports a sheep-grazed
(ca. 10 ewes K8 grassland sward dominated hglium perennel. and Trifolium
repensL., and receives regular fertilizer applicatiod®@ kg N h& y*). The freely
draining Haplic Podzol supports a sheep-grazedqdaewe hd) grassland sward
dominated byFestuca ovind.. andPteridium aquilinum(L.) Kuhn, and commonly
receives no fertilizer or lime. Soil was samplednir 0-30 cm depth and sieved to
pass 5 mm before use. Further details of the aaiistheir physiochemical properties
are presented in Table 2 and Fare¢lal (2011).

To reflect typical land management practices argliegtion rates in the UK,
biochar was added to the Eutric Cambisol at aeqtévalent to 50 t hh(i.e. as a C
sequestration agent; Sadti al, 2010; Jonest al, 2012) corresponding to 2% w/w,
while the wood ash was added to the Haplic Podzal mate of 5 t Ha (i.e. as a
liming agent; Pitman, 2006) corresponding to 0.28%.\l'he high ash content of the
biochar (10% w/w), made these application ratesctly comparable, albeit the

responses were in different soil types. Wood asks wat added to the Eutric
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Cambisol as this was predicted to cause excesskadingzation of the soil while
biochar had no effect on pH or plant growth in Heglic Podzol during preliminary
trials.

Black plastic pots (1000 chwere filled with field-moist soil from each of
the four treatments: (1) Eutric Cambisol, (2) Eut@iambisol + biochar, (3) Haplic
Podzol, (4) Haplic Podzol + wood ash. The replicatds 0 = 5) were then
transferred to a glasshouse (20 + 2 °C with natlaglight) and left to equilibrate for
7 d. Four sunflower seedsié€lianthus annuud.. cv. Sunburst) were sown in each
pot, which received every day up to 100 ml of desti water. A commercial
fertilizer (MiracleGro®, NPK 24-8-16; Great Gard&upply, Boston, MA) was
applied (50 kg of N on a hectare basis) at 14 erabwing. At 21 d after sowing,
seedlings were thinned to two per pot, and at 4&ter sowing all plants were

harvested.

5.2.3. Substrate analysis

Biochar and wood ash pH was determined with stahdkctrodes (1:10 w/v
in distilled water). Total As, heavy metals (Cd, Gli, Pb and Zn) and cation (Na, K,
Ca) contents of the ash and biochar were deternbgea Agilent 700 Series ICP-
OES (Varian Inc., Palo Alto, CA) after digestiondoancentrated HN@and filtration
through nylon 0.45 pum syringe filters accordindgt8-EPA (1995a).

Soil pH and EC were determined on field-moist $bill w/v soil-to-distilled
water) with standard electrodes at the beginnirdheard of the experiment. Moisture
content was determined by drying at 105 °C for 2&xchangeable cations (K, Na
and Ca) were extracted in 1:5 (w/v) fresh soil smspon using 1 M NEDAc (pH =
7) after shaking at 250 rpm for 1 h (Helmke andrkpal996), and analyzed by
flame photometry (410 Flame Photometer; Sherwoadn8iic, Cambridge UK).
Soil As and total heavy metal contents were deteethiby ICP-OES as described
above. Nutrients and metal bioavailability was nueed according thambrechtset
al. (2010) at beginning and end of the experimengflgy 25 ml of 0.01 M CaGl
was added to 2.5 g of air-dried soil, shaken foh24entrifuged (300Q, 15 min),
filtered through successive Whatman 42 filter papand0.45 um nylon syringe
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filters and analyzed by ICP-OEShe extraction solution was left unbuffered to
avoid altering metal speciation and solubility sl §Houbaet al, 2000, Meergt al,
2007). Arsenic bioavailability was measured witte tkame method, since As
concentration in shoot and root is well correlatedhe CaCtextractable fraction
(Vazquezet al, 2008).

5.2.4. Metal speciation modelling

The amount of free metal (i.e. uncomplexed) in soiution in response to
the addition of metal contaminated wood ash or Haoowvas predicted using the
chemical speciation program Geochem-EZ for Windew® (Shaffet al, 2010).
The initial soil metal loading rates were takennirdable 1 (Eutric Cambisol +
biochar and Haplic Podzol + wood ash) and the mede run over the range of
fixed pH values observed in the experiments. Soldse allowed to precipitate
within the model runs, which typically took betwe2rand 7 iterations to achieve
convergence. P and S contents of the biochar/asé &also included in the model
and the input data used were based on Bawrekt (2006) although it was assumed
that all S was lost during wood ash formation.&d NQ" were assumed to balance
any excess cationic charge in solution. Dissoluwegic matter was not included in
the calculations due to uncertainties over its dhahtomposition and pH dependent
charge, although we acknowledge that this wouldo alsewer free metal

concentrations.

5.2.5. Metal sorption to soil

Sorption of Cu, Ni, Pb and Zn to the soil's solidage was measured at
sowing by batch extraction according to Namgawl (2010). Briefly, 25 ml of 0.01
M Ca(NG;), containing an equimolar (0.25 mM) concentration @f(NG;)o,
Ni(NO3)2, Pb(NQ)2 and Zn(NQ), was added to 1 g of air-dried soil (sieved to <2
mm), the extracts shaken (75 rpm, 24 h) and thefaHe suspension measured. The
samples were then centrifuged, filtered and meiatentration determined by ICP-

OES as described above. Solid-to-solution metafitjpsr coefficients Ky) were
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determined by dividing the amount sorbed to thédsphase (mmol kg by the
equilibrium solution concentration (mmat)!

5.2.6. Plant analysis

At plant harvest (45 d after sowing), shoot heightd root length were
measured, and dry weight determined after ovemdr{80 °C, 48 h). Total As and
metal (Cd, Cu, Ni, Pb, Zn) concentrations in leasad roots were measured after
microwave digestion with a Synthos 3000 (Anton-P&aaz, Austria) according to
US-EPA (1995b). Prior to ICP-OES analysis, all sempvere filtered as described

above.

5.2.7. Statistical analysis

After checking for normality and homogeneity of ieaices, differences in
treatments were compared by one-way ANOVA and Tuk&p test using SPSS
v.14 (SPSS Inc., Chicago, IL). T-tests were usedest for differences between
biochar and ash chemical properties (Table 1).

5.3. Results

5.3.1. Chemical properties of biochar and wood ash

Properties of the biochar and ash are presentédbfe 1. Overall, complete
combustion caused metals to become concentratié iash relative to the partially
combusted biochar with all measured parametersgbg&gnificant P < 0.05). Of
particular note was the significantly higher EC @htiof the wood ash relative to the

biochar and soils (Table 1 and 2).
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Table 1. Chemical properties and total cation and éavy metal concentrations of
the biochar and wood ash used in the experiments.alles represent average *
standard error (n = 3).

Parameter Biochar Wood ash
pH 9.77+0.13  10.75+0.02
EC (mS cnf) 1.66 +0.03  13.58+0.15
Na (g kg") 21+0.3 145+0.1
K (g kg 5.7 +0.6 24.5+0.2
Ca (g kg") 7.1+15 31.0+0.3
Cu (g kg 22.1+2.4 198.6 + 3.2
Zn (g kgh) 0.19 +0.02 2.97 +0.09
As (mg kg") 9.01+1.34 125 + 2.62
Cd (mg kg 0.35+0.12 5.25+0.13
Ni (mg kg?) 1.7+0.2 215+1.1
Pb (mg kg) 13.4+1.3 76.5+2.4

* indicates statistically significant differencestiveen the two amendments
(Tukey HSD testP < 0.05).

Cu, the dominant heavy metal, represented almasid220% of the total dry
weight of the biochar and wood ash, respectivaladdition, the concentration of K,
Na and heavy metals in the wood ash and biochae wgnificantly P < 0.05)
higher than in both soils (Tables 1 and 2).
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5.3.2. Soil properties and metal concentrations

Table 2. Properties of the two soils with or withotiaddition of either biochar or
wood ash used in the experiments. Values represemieans + standard errors
= 5). Different letters indicate statistically sigificant differences among
treatments within same parameter (Tukey HSD test? < 0.05).

Eutric Cambisol Haplic Podzol
Eutric Cambisol Haplic Podzol
+ biochar + wood ash
pH (initial)  6.02 + 0.02°  6.97 + 0.01® 495 + 0.01 6.48 + 0.04"
pH (end) 594 + 0.07® 629 + 0.09% 473 = 0.08Y 5.06 * 0.08“
EC@Scm') 204 # 1.209 313 +05® 167 + 1.2© 395 + 1.50@
Moisture (%) 17.2 +0.60© 152 + 029 275 + 1.1® 204 + 0.40®
Na (mg kg) 46.8 + 2519 854 + 2.458” 467 + 050° 123 + 1.68@
K(mgkg) 315 + 0.179 136 + 3.6 16.0 * 0.66° 158 + 5.25@
Ca(mgkg) 5967 + 33.0"” 6817 + 130® 283 + 1.67Y 180 + 2.89®
As (mg kg) 9.44 + 0.12® 103 0.7 151 + 1.18%° 145 + 1.93¢@
Cd (mgkg) 0.65 + 0.06 0.67 + 0.06 0.71 + 0.06 0.70 + 0.11
Cu(mgkg) 115 + 0.78© 181 + 172 731 + 057 351 +11.9@
Ni (mgkg) 9.18 + 0.37® 821 +0.79" 751 +0.61°> 6.66 + 0.93"
Pb(mgkg) 16.7 + 0.799  17.3 + 095 9.09 * 0.66” 9.90 * 0.56"
Zn(mgkg) 37.6 * 1.86 38.2 + 3.76 33.2 £ 343 316 * 4.12

The addition of both biochar and wood ash to sesutted in an immediate
increase in soil pH and E®<£0.05), however, this response was not sustaindd an
by the end of the experiment the pH had fallen beoke to the unamended soil
value (Table 2). The concentrations of Na, K andwese all increased in soils
amended with both biochar and wood ash. There Vgasaasignificant increase in
the concentration of total Cu following amendmeptdoth biochar and wood ash
(P<0.05). Although differences did exist between ttveo soil types, total
concentrations of the potentially toxic elements, Zd, As and Pb remained
unaffected by the addition of either biochar or @oash. In contrast, the
concentration of total Ni was slightly reduced imth soil types following

amendment by either biochar or wood ash.
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5.3.3. Bioavailability of heavy metals and cations
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Figure 1. Nutrient and heavy metal bioavailability in two sols (Eutric Cambisol,
Haplic Podzol) amended with either biochar or woodash at the start and end of
the experiment. Values represent means * standardrrers on a dry weight
basis, whilst the different letters indicate statigcally significant differences
between treatments (Tukey HSD test? < 0.05) for each date. The legend is the
same for all panels.
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Bioavailability of heavy metals and cations in soiéasured at the beginning
and end of the experiment are shown in Fig. 1. ¥seeted, the concentration of
bioavailable metals in soil were one to two ordarsnagnitude lower than the total
metal concentrations reported in Table 1; howenerst treatment trends appeared
consistent between the two extractions.

Overall, the bioavailability of Ca, As, Pb, Zn, @dd Ni remained relatively
unchanged after the immediate addition of eithechmr or wood ash to soil. After
45 d, however, the concentration of available Zd @d in soil had significantly
increased in the wood ash treatment relative tatfeanended control soil, whilst no
such effect was observed in the biochar treatmentontrast to the other heavy
metals, there was an immediate large increasedavhilable Cu after Cu-treated
wood ash application to the Haplic Podzol soil.eA#5 d, the availability of Cu had
continued to increase in the wood ash-treated E&xdzol soil, whilst a significant
increase was also apparent in the biochar-treatétcECambisol P<0.05).

There was also an immediate and significant inereas Na and K
bioavailability in both soil typesP<0.05) following addition of biochar and wood
ash, however, this effect was much less pronoubygethy 45.
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5.3.4. Metal speciation modelling

A. Woodash addition

100 A

80 1

60

Free metal
(% of total added to soil in wood ash)

40 -

20 1

0 —
4.8 5.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4 6.6

Soil pH

B. Biochar addition

100 - M,*W

Free metal
(% of total added to soil in biochar)

5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2

Soil pH

Figure 2. Predicted effect of the shift in soil pH on the prportion of free metals
in solution after the application of either metal ontaminated wood ash (Panel
A) or biochar (Panel B) to soil. Metals not presenin a free state were either
present as metal-ligand complexes or had formed inkible precipitates (e.g.
Cu(OH)2, Zn3(POy)2, Pb3(POy4)2 Cus(AsOy),). “No ash” indicates the pH of the
unamended soil, “Ash start” indicates the soil pH mnmediately after wood ash
addition and “Ash end” indicates the soil pH after 45 d (the labels follow a
similar pattern for Panel B). The initial amount of metal in the solil follows that
shown in Table 2 and is different for the two soil{Panel A, Haplic Podzol +
wood ash; Panel B, Eutric Cambisol + biochar).
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The predicted amount of free metal in soil solutiomesponse to biochar or
wood ash addition is shown in Fig. 2. In the Haplmdzol the addition of wood ash
and the resultant increase in pH was predictedit@mlly cause a large reduction in
free CE*, PF* and Zif", whilst having no major effect on the availabilitf Ni?*,
HAsO,* and Cd*. Modeling indicated that most of the reductionfige metal
concentration was due to the formation of insolubktal complexes (e.g. Cu(OH)
Zn3(PQy)2, PB(PQy)2, Cws(AsOy)2 ), although some soluble metal complexes were
also present. At the end of the experiment, whenptd effect of the ash had been
reduced, it was predicted little effect of the ash free metal availability in
comparison to the unamended soil.

The liming effect of biochar in the Eutric Cambiseas also initially
predicted to greatly reduce free metal concenmatite.g. C&’, PE* and zA"),
however, it had no effect on Nior Cd*. Where reductions were predicted to occur,
the effect became significantly diminished from tk&art to the end of the
experiment. Due to the higher pH of the Eutric Cemwmlhin comparison to the Haplic
Podzol, the addition of biochar was predicted toreéase the solubility of As.
Significant differences in metal response to pHween the two treatments was
caused by differences in initial soil chemistryg(ébase cation concentration) as well
as the chemical nature of the amendment (e.g. ®Hn

5.3.5. Heavy metal sorption

Heavy metals were strongly adsorbed by both sailsfallowed the series Pb
> Cu > Zn = Ni (Table 3). Generally, the presentbiochar and wood ash had little
effect on the solid-to-solution partitioning of theetals as described by the ¥4
values, with the exception of Pb sorption, whichsvilacreased in the presence of
biochar and wood asi€0.01) and Zn in the presence of biochH«{.01).
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Table 3. Solid-to-solution partition coefficients 0gio Kg) describing the sorption

of four heavy metals added to soil in the presencand absence of either Cu-
treated wood derived biochar or ash. Values represg¢ means =+ SEM ( = 3).

Letters indicate significant differences between gatments P < 0.01).

Solid-to-solution partition coefficient (lol§q)

(kg I")

Cu Ni Pb Zn

Eutric Cambisol 3.74+0.0° 2.47 +0.0° 4.57 +0.08° 2.50 +0.01°
Eutric Cambisol + biochar 3.620.05' 2.60 +0.02 4.80 +0.07 2.85 +0.03
Haplic Podzol 2.53+0.09 1.91 +0.11° 2.91 +0.08' 1.72 0.1

Haplic Podzol + wood ash 2.740.01° 2.00 +0.04 3.63 +0.06° 1.85 +0.04

5.3.6. Plant biomass and heavy metal uptake

Overall, plant growth was vigorous in the Eutricn@asol while above- and
below-ground growth remained very poor in the Haplodzol, irrespective of wood
ash application, resulting in extremely stuntedhfla Consequently, only biomass
and metal contents were determined in the Eutrimi@isol grown plants. While the
plants were of similar heights, the addition ofdbiar to the Eutric Cambisol reduced
their total biomass by approximately 40% with angfigant reduction observed in
both root and shoot dry weight8<0.05; Table 4). Cu-treated wood-derived biochar
application had no significant effect on the acclation of As, Cd, Zn, Ni and Pb in
roots or leaves, but it did result in a 4-fold e&se in foliar Cu concentrations and a
40-fold increase in total root Cu concentratioR<@.05). In addition, Cu
accumulation (mg per plant) was higher in the béoctneated plants despite their

lower biomass (data not shown).
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Table 4. Growth characteristics and heavy metal carentration of sunflower
shoots and roots after growth in Eutric Cambisol sib either amended with or
without metal-contaminated biochar. Values are expessed on a dry weight
basis and represent mean * standard errors.

Shoot Root

Parameter Control + Biochar Control + Biochar

Length (cm) 478 2.1 48.0 +2.6 7.2 0.6 71 x04

Biomass (g plaf) 5.15 +0.67 3.05 +0.39 0.73 +0.11 0.44 +0.07

As (mg kg') 0.79 +0.12  0.68 +0.25 2.18 +0.53 3.37 +0.76
Cd (mg kg 0.23 +0.13  0.12 +0.01 0.72 +0.29 0.83 +0.21
Cu (mg kg 362 +0.33 13.75 +2.16 511 +#1.49 202 +52

Ni (mg kg") 1.10 +0.09 0.89 0.1 2.63 +0.73 3.89 +0.97
Pb (mg kg 0.61 +0.09 043 +0.14 5.36 +0.67 5.46 +0.87
Zn (mg kg') 26.78 +6.30 2125 +3.49 20.76 +6.46 41.88 *9.65

* indicates statistically significant differencesttveen treatments (Tukey HSD test,
P <0.05).

5.4. Discussion

5.4.1. Biochar and wood ash metal content and potgal for soil
contamination

Reclaimed waste wood is being increasingly usedefogrgy generation,
however, this waste stream is also known to corgajnificant amounts of organic
(e.g. PAHs) and metal contaminants (e.g. Cu, C), Recent work has shown that
during pyrolysis or combustion, few of these metabs transferred into the bio-oil or
are volatilized, thereby contaminant enrichmentinithe solid end-products (ash or
biochar) is inevitable (Matsuugd al, 2009; Kimet al, 2012).

The type of feedstock and production process usgardduce biochar and
wood ash are important variables that can influethesfinal metal concentration
(Demeyer, 2001; Reijnders, 2005; Atkinsat al, 2010). In this study, the
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concentration of cations and metals in both thehao and the wood ash were, in
general, the same as those reported in the literafe.g. Huanget al, 1992,
Someshwar, 1996), although the concentrations adiri€uNa were higher than those
previously reported (Etiegni and Campbell, 1991leminenet al, 2005; Gaskiret
al., 2008).

In the case of wood treated with Cu-preservativgh Hevels of Cu were
found to be transferred to biochar (>20 g Cthkgnd ash (~200 g Cu Ry which
were far in excess of those typically found in egitural soils (0.001-0.1 g Cu Rg
McLaughlin, 2002), and above the maximum permisslbhits for other common
organic wastes (e.g. biosolids, 0.50-5.0 g Ct; kpmposts, 0.2 g Cu KgUS-EPA,
1993; BSI, 2011). Based on the typical field apgimn rates used here, ash and
biochar would both result in high annual Cu loadiates (1000 kg Cu Ha which
are significantly above regulatory annual limits €@u loadings to agricultural land
(75 kg Cu h# y™), but remain below lifetime loading rates (1500&g ha') (US-
EPA, 1993). The concentration of As, Cu and Znhi& wood ash were also higher
than the recommended values for its use as a smhdment (Risset al, 2009).
The resulting total soil Cu concentrations meastna@ after application (0.18-0.35
g Cu kg") were much greater than soil Cu guidance limitsigfated as being of
“negligible risk of environmental contamination”.¢1-0.07 g Cu kg) and within
the trigger limits for “unacceptable risk” (0.1-1g0Cu kg'), as designated by various
EU member states (Carlon, 2007). These data, tegetith the plant growth results
found here, suggests that Cu-preservative treatemtlws not suitable for generating
products destined for land application, and thaAeptavenues should be sought for
residue disposal (e.g. in construction materialed® and Ramli, 2012).

If biochar or ash derived from non-treated wood desstined for land
application, these results also indicate that cuomtation levels of waste wood
streams by metal-treated timber should be set Vewy (< 1%) to minimize
environmental risk. It should also be highlightdthtt separation of preservative
treated wood from the bulk waste wood stream isstamglly very difficult and still

represents a major challenge to industry (Townstrd, 2005).
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5.4.2. Biochar and wood ash effects on soil pH

The addition of liming agents to grassland soild #re resulting increase in
pH towards neutrality typically results in soil ingpement due to an increase in
nitrification, a reduction in rhizotoxic Al and a concomitant increase in plant
productivity (Kemmittet al, 2006). Here it was found that both wood ash and
biochar increased soil pH, but that this effect weatively short lived. This decline
in pH was ascribed to the gradual neutralizationthed small amount of metal
carbonates and oxides within the amendments. Tditerp of pH response mirrors
that seen in biochar field trials where an idemtresée of application was used with
this Eutric Cambisol soil (Jonest al, 2012). To achieve the optimal pH for
sunflower production in the Haplic Podzol (pH 5.6.8) and Eutric Cambisol (pH
6.0>6.8), the calculated dose of Cag@®equired would be 10 and 5 t ha
respectively, while for Ca(OH)it would be 14 and 7 t Ha(Agricultural Lime
Association, London, UK). Given the metal catiomimt of this ash and char (Ca,
Na, K etc) it was estimated that it was added tpaivalent of approximately 1 t
CaCQ ha', which explains why the amount added was inswffitto bring about a
lasting change in soil pH. Overall, these resultggest that the positive liming effect
of biochar and ash derived from Cu-contaminateddvdoes not offset the negative

impacts of its high Cu content on soil quality gotant growth.

5.4.3. Effect of biochar and wood ash on metal catn availability

Heavy metals such as €lare known to strongly sorb to the surface of both
soil organic matter and biochar, lowering free rhat@ution concentrations and
limiting plant uptake (Ross, 1994; Namgetyal, 2010). Indirectly, the high pH of
biochar and wood ash can also increase the pH-depemegative charge on soll
surfaces, stimulating further sorption as well asnmting metal precipitation (e.g.
Cu(OH)) which readily occurs for several metals above Bl (Fig. 2; Lindsay,
2001). Biochar also contains significant amountsliesolved organic C and HGO
which may complex the free metals and render themphytotoxic (Jonest al,
2011). For these reasons, soil amendment with bioblas been advocated as a

mechanism to remediate metal contaminated site& @Ral, 2011a, b). The effect
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of biochar on metal bioavailability, however, remsaunclear as both increases and
decreases in solution concentrations have beemteebm the literatureHuaet al,
2009; Beeslegt al, 2010; Felleet al, 2011). In this study, the very high intrinsic
Cu content of the char and ash clearly overwhelthedmmobilization capacity of
the soil and biochar, resulting in phytotoxic camications being reached (Harden,
2011).

As regards the mobility of non-essential metalke liCd and Ni, it was
concluded that most of their bioavailable fractaiginated from the soil rather than
from the added char or ash. Due to the high catioment of the amendments,
particularly K, C&*and C§* (Table 1), it was expected that their addition isou
stimulate desorption of the native Cd and Ni, iasieg their bioavailability. This
could occur by direct exchange of cations on sompsiurfaces (e.g. Eafor Cd™),
and indirectly through cation displacement of flom exchange surfaces, which
lowers solution pH and makes metals more solublan{gayet al, 2010). The
opposite response, however, was observed here, bitbhar stimulating Cd
retention at the end of the experiment. These fiigglicontrast with those of Vergara
and Schalscha (1992) and Vibhawari and Pandey [20d® both found that high
amounts of Cti inhibited Cd* sorption in soil. The sorption and desorption
reactions of mixtures of heavy metals, howeveg mplex process dependent on
both soil properties and competition between mdtalsorption sites (Cerqueiet
al., 2011). These results could suggest that Cd anch&y occupy different sorption
site profiles as reported by Yobowstal (2010).

It is clear from this trial that with the exceptioh Cu, biochar derived from
Cu-treated wood appears to have minimal lastingcefon available heavy metal
concentrations in soil. This supports the metallsitity predictions that showed
little long term effects of pH on metal bioavailéyl In contrast, Cu treated wood-
derived ash application tends to increase the atly of native metals.

5.4.4. Effect of biochar and wood ash on metal oxg@n availability

Whilst raising the pH of the soil represents a magmediation option for
most heavy metals (by rendering them insolubleg oithe negative consequences

214



of this can be an increased availability of oxyaside.g. As; Fig. 2; Jones and
Healey, 2010). In contrast to the chemical equdibpredictions, however,
experimentally there was little evidence to supportincrease in As bioavailability
in response to the biochar or wood ash inducedniseil pH. Whilst the amount of
As in these soils and biochar were within natiapateline values for As in soil and
organic wastes destined for land (1-150 mg AS; kgean 40 mg Kg Martin et al,
2009; Reimer and Cullen, 2009; US-EPA, 1994; T2af,0), higher loading rates
may occur with wood treated with As-based presemat (e.g. Cu-Cr-As or
monosodium methanearsonate). Although the feedstat&rial used here possessed
a relatively low As concentration (<0.05 g§gAs-treated wood typically contains
between 1 to 18 g As Kga concentration that is similar to that of Cuthie wood
used here (Hingstoet al, 2002). Upon pyrolysis or incineration, some A#l w
volatilize, however, significant quantities will betained in the ash and char (ca. 30-
40% at 500-600 °C reducing to 10-20% at 850-1500Gfay et al, 2001; Kimet
al., 2012). At these higher concentrations (1-18 g)ki was estimated that the
amount of As added to soil within ash or biochall vasult in soil concentrations
ranging from 1 to 100 mg As Kgexceeding regulatory limits for soils in many
countries and effectively rendering the soil coriteated. In addition, the As sorption
capacity Gnay of most soils will be readily saturate8,{x typically 0.01-0.1 mg As
kg'; Burns et al, 2006), leading to high solution concentratiomsl @ risk of
leaching to groundwater. It should be noted, howetret Cu readily precipitates
with As, and this may offer some protection agaleathing and plant uptake.

As wood-derived biochars are predominantly neghtiveharged, their
capacity for sorbing arsenic is very low in compan to metals such as Cu and Zn
(Beesley and Marmiroli, 2011). The lack of potenfa the added biochar to help
lock up As is supported by a range of studies shgwitle effect in reducing soil As
concentrations or plant As uptake (Beesky al, 2011). Although Cu-Cr-As
treatment is, or has been, phased out in many gesnit can be expected to be
present in many waste wood streams for decadesrnm®,cand this also provides
another reason for not recommending the use ofeprasve treated wood for
biochar production.
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5.5. Conclusions

These results show that waste wood materials aontphigh levels of heavy
metals should not be used to produce biochar arativash intended for use as soill
amendments. The liming effect on soil following Buamendments together with
their potentially high surface charge are insudiitito reduce metal bioavailability
and plant uptake, particularly when the productembelves have high metal
contents. The study has confirmed that even at aloaaidition rates, such as those
used here, contaminated wood ash and biochar s®reaetal (e.g. Cu)
bioavailability, and this is of concern for leachiand subsequent groundwater and
food chain contamination. Their application to saoilay also exacerbate the
bioavailability of previously non-bioavailable oxyians such as As. When biochar
and ash are derived from wood treated with Cu-baseslervatives, extremely high
Cu concentrations in soil and reduced plant bionthss to Cu toxicity are easily
observable. Waste wood, however, may also contgmifisant quantities of other
metals (e.g. Cr, As, Pb), which will also leadhie exceedance of statutory limits for
soil contamination. Feedstock quality is therefofgparamount importance for the
effect of biochar and wood ash on soil and plaodpctivity and to protect human
and environment health. Overall, it was concludedt twhilst waste streams
containing preservative treated wood are suitabteehergy recovery, the ash or
biochar residues produced from this process map@&asuitable for land disposal.
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Conclusions

Phytostabilization of heavy metals is a green tetdgy that can be used for
immobilizing toxic elements either in the rootsiorthe rhizosphere. However, this
study has evidenced that the efficiency of thihwetogy is greatly affected by the
metal itself and soil conditions, so that each yiell site must be carefully
characterized before any treatment is applied.

This study showed thanh-planta phytostabilization of heavy metals with
annual plant species is feasible in their tapraots$ allows to effectively immobilize
relatively high percentages of many elements (Qp,GD, Mn, Ni, Pb) in the long-
term. Stabilization was effective in the relativedfrort-lived organic residues of
rapeseed taproots, but longer-lived residues, thkgoots of polyannual species or
coarse roots of woody plants may ensure betteitseginese would allow to recover
higher amounts of metals and stabilize them fogéwrtime, due to the larger root
size and biomass and their higher resistance toadation. As a result, the
restoration of polluted soils through woody plamight be achieved in shorter time
span than through the roots of herbaceous speatesugh the latter may be more
yielding in the first years. The time span of ge#toration is an important key issue
for determining the feasibility of remediation, bese it is related to the process
costs, and green technologies generally requirg tone to be effective. Indeed,
phytostabilization can be efficiently combined withytoextraction, increasing the
overall efficiency of the process. Compared withtahg@hytoextractionjn-planta
phytostabilization does not produce polluted abowegd residues, and does not
require any additional cost for the treatment @pdsal of biomasses. In this view,
phytostabilization might be a promising and co$¢@fve technique for limit metal
accumulation in the food chain.

Ex-planta phytostabilization through organic amendments apgge more
complex, since these materials increase the biladigty of some metals, as
evidenced in a pot-experiment with forage sorghtihre effects on metal mobility
appeared unrelated to the source of organic métiemrefore it is concluded that both
animal and plant residues can be suitable for thdyztion of amendments intended
for soil remediation. Higher metal retention candsbieved when the amendment is

subjected to stabilization processes which increhsehumification rate and the
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contents of humic substances, although attentionldtbe paid to the contamination
level of the organic feedstock.

Essential components of organic amendments arechcompounds, which
presence was associated to better plant growtiwigedbnind. Humic compounds and
dissolved organic matter (DOM) can also respedtiveduce and increase metal
mobility through complexation processes. In patéicuhigh levels of DOM increase
soil Cu bioavailability, while relatively high amots of humic compounds have an
opposite effect, Although the mobility of other mistlike Cd and Pb, which have
only weak interactions with organic matter, is urgihced by other factors, the type of
organic amendment should be chosen carefully wked in phytoremediation.

If stabilization is intended to be achieved throupk addition of organic
amendments, the changes in the chemical compositibnthe amendments
themselves is a crucial issue, since in the mitlig-term the chemical composition
of amendments changes as well as their abilityteract with soil and metals, as it
was shown in a field-experiment with biochar. Tagpect is not usually taken into
account because much literature refers to shari-studies, suggesting the need of
further investigation.

Overall, stabilization of metals in the long terrancbe achieved through
different methods, but periodic controls and a daesgwledge of the polluted site are

needed to ensure the effectiveness of the resiorati
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