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Biowastesare unwanted materials of biological originclude biosolids (sewage sludge), Treated
Municipal Wastewater (TMW), woedaste, Dairy Shed Effluent (DSEnd composts made from
municipal wates. Potentially, biowastes cafmmprove soil fertility and reduc¢he requirement for
mineral fertilizers foboth degraded and productive landdowever, application to soil may result in

the accumulation or leaching of the Nutrients a@dntaminants Associated with Biowastes (NCAB) in

the environment. Nutrients includeitrogen (N) and phosphorous (P) and other macronutrients, while
common contaminants include cadmium (Cd), copper (Cu), and zinc (Zn). In New Zealand (NZ), most
biowastes are discharged into waterways (e.g. treated municipal effluent) or disposed afffiida

(e.g. biosolids). This is expensive and represents a waste of a potentially valuable resource. While the
application of biowastes to pristine agricultural land may be unacceptable, biowastes may be used to
enhance the growth on degraded or margiahds for the production of timber, fibre, energy,
essential oils, or even N#tive honey. Some of the negative environmental effects of adding
biowastes to soil may be offset by the overlying vegetation if such plants take up nutrients that would
otherwise leach, provided these plants do not accumulate unacceptable concentrations of

contaminants.

I hypothesised NZ native and exotic plants that were selected for their potential economic or ecological
value, may improve environmental outcomes of applyimgwastes application to lovertility soil
through increased growth, while accumulating minimal concentrations of contaminants iretrét
parts.| also hypothesised that mixing distinct biowastes would reduce accumulation of contaminants

and improvesoil quality, thus stimulating growth of the plants. | aimed to determine the paiit



interactions on biowast@amended soil using greenhouse experiments and field trials. Specifically, |
tested Leptospermum scopariuniKunzea robustaKunzea serotinaQlearia paniculata, Coprosma
robusta, Podocarpuscunninghamii Grisilinea littoralis, Pseudopanax arboreus, Phormium tenax,
Phormium cookianum, Cordyline austraisttosporum eugenioide Pinus radiata, Brassica napus,
Sorghum bicoloand Loliummultiflorum. Particular attention was paid tb. scopariunandK. robusta

because these Ndative species produce valuable honey and essential oils.

The biowastes included biosolids, TMW, sawdust, DSE, and compost made from municipal green
waste. Mineral értilisers were used as comparison for some species. | measured the effects of the
biowastes on plant growth and elemental uptake as well as the soil quality. Three glastlasese

experiments and two field trials wenductedto support the objectivesf this research.

Initially, the response of. scopariumand K. robustato individual nutrients was determined using
mineral fertilisers onorthic brown soil with a claloam texture Using agronomicalselevant
application rates equivalent to 200 kghist?, 100 kg P hg 100 kg K h4 100 kg S hg my experiments
showed that only N improved growth. However, the nutrient additions to soil resulted in increased

foliar concentrations.

Amending the same soil with 2600 kg Ntleguivalent of biosolids ah200 kg N haequivalent of DSE
improved the growth of both.. scopariunandK. robustaby 34% and 64%, respectively and increased
foliar P, Ca, and S uptake by 33%, 37%, and 32%%. Concentrations of Cd, Cu and Zn increased, but

remained within thresholdralues.

A second experiment, using 10 L lysimeters, showed that biosolids applied at 1200 kgduikalent
improved the growth ot.. scopariunK. robustaP.radiata, S. bicoloB. napusandL. multiflorumby

60%, 27%, 61%, 29%, 61% and #éXpectively. The beneficial effect of biosolids was slightly offset
when it was mixed in equal volumes with sawdust. In general, the biowastes produced a larger growth
response than urea applied at 200 kg N!rejuivalent, while the N leaching under bidisls was
generally lower. There was a significant species effect-mabhing, with_. scopariunandK. robusta
leaching significantly less N than the other species. None of the species accumulated unacceptable

concentrations of contaminants.

In a fieldtrial on a Pawson Silt Loam, the irrigation of TMW at 500 minyproved the growth of
some, but not all species testelltrial comprising 11 native species, namklgcopariumK.robusta,
O. paniculata,P. arboreus,C. robusta, P. cunninghamiiG. littoralis, P. eugenioidesC. australis,P.
tenax,and P.cookianumwas established on ca. 100 of land near the town of Duvauchelle. Trees

irrigated with TMW grew better than or the same as unirrigated trees. There were no signs of toxicity.



The plans with the greatest positive response to TMW wéracopariumQ. paniculata,C.robusta,

Podocarpus cunningham@ordyline australigndPhormium tenax.

A second field trial at the formeryEewell forest showed that onliK. serotinaespondedpositively to
the application of municipal compost (1200 kg Nt eguiv) and a DS&wdust mixture (2400 kg N fia

equiv).

This thesis shows that a diverse range of NZ biowastes can be used to promote the growttati/dlZ
andexoticspecies, with resulting imnacceptableoncentrations of contaminants in the plants or soils.
Whereas TMW and DSE could be continually applied to plants, the continual application of biosolids
may result in the accumulation of contaminants in soil. Theres the biosolids application would be
more suited to a single application to restore a itestility or degraded soil. Mixing the biosolids with
sawdust may further reduce plant contaminant uptake N©; leaching This beneficiateuse of
biowastes wilfreduce disposal costs, while providing valuable economic or ecological benefits. There
was some evidence in this thesis that somerid#ive plants, namell. scopariunandK. robustamay

alter nutrient cycling in soil and therefore further redubt; leaching. These rhizosphere studies

should be the subject of future research.

Keywords:Biowastes, New Zealanative plantsspecies plant growth, nutrients uptakesoil quality,

contaminantsNG; leaching rhizosphere, root exudataitrogen cycle
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Chapter 1

Introduction

1.1 General introduction

Biowastes arenwanted material®f biological originThey include biosolidsewage sludgeYreated

Municipal Wastewater (TMW), municipal compost, Dairy SHéddat (DSEpnd wood wasteThey
cancontain high concentrations of plant nutrients, whigbtentiallyimprove soil fertility and reduce

the requirement for mineral feitizers forboth degraded and productive lan@albihn and Vinneras,

2007, Lopes et al., 2011, Lagae et al., 2009, Veeken and Hamelers, 2002, Bruun et al., 2006, Hargreaves
et al., 2008, Hawke and Summers, 2006, Mohammad Rusdn 20@7, Minhas et al., 2015, Basta et

al., 2015) However, adding biowastes to soil may hawegative environmental consequences
including the accumulationin soil or leaching of Ntrients and Contaminants Associated with
Biowastes (NCABINegative environmentatonsequences of NCAB addition to soil include excessive

NG; leaching, accumulation of heavy metals or xenobiotics, and pathogens that may endanger human
health (Di et al., 1998, Hawke and Summers, 2006, Agopsa@tialz, 2008, Krogmann et al., 1997,
Lavado et al., 2005, Singh and Agrawal, 2008, Stoven and Schnug, 2009, Qiang et al., 2004, Vogeler et
al., 2006, Mohammad Rusan et al., 2007, Correa et al., 2BO8)ssiveNO; leachingcan contribute

to the eutrophication of lakes andversas well as contaminatgroundwater(Davis, 2014, Fowler et

al., 2013, De Vries et al., 2018trimentallyaffectinghumanhealth(McFarland et al., 2013, Galbally

et al., 2013, Agopsowicz et al., 200Bjowastes contaim mixture of bothorganicand inorganicN

(Angle et al., 1993NGys leaching is dependent upon the mineralisation of organic NNk and

thence nitrification toNGs", which is mobile in sofDick et &, 2000)

The role of plants to cope with the negative consequences of biowastes has attracted considerable
scientific attention(Robinson et al., 2009, Wang and Jia, 2010, Robinson et al., 2007, McCutcheon and
Schnoor, 2004, Lomonte et al., 2010, Prosser, 2011, Galbally et al., 2013, -Gldiy 2005, Tanner,

2001, Dominguez et al., 2008pr instance, the New Zealand native plants manilegptospermum
scoparium and kanukaKunzea robusfaexude bioactive phytochemilsa either from the roots or

from leaf fall, which significantly reducing the evolution of nitrous oxiHedley et al., 2013b,
Fitzgerald, 2012and kill pathogens in biosolidamended soilProsser, 2011, Fitzgerald, 201R)
scopariumand K. robustaare pionee species in thenyrtaceaefamily that are widely distributedn

New ZealandTheyare commonlyfound in degraded environments and low fertility soithere the

landshavereceived less agricultural inpufgvardle, 1991, Stephens et al., 2005, Bertin et al., 2003b)



L. scopariumin particular, has been recognized as tmest widely distributed, abundant, and
environmentally tolerant native species among New Zealand woody p{&usghua et al., 1984,
Stephens et al., 2005Both L. scopariunand K. robustahave been used in land restoration of mine
sites and degraded lands to improve soil quality, promote high invertebrate and species richness,
increase soil ecosystem recovery, and promotes assefaining plant communityBurrows et al.,
1999, Craw etl., 2007, Thomas et al.,, 201dhese species rapidgolonise disturbed largland
erosionprone pastoral hill country, resulting in erosion mitigation and soil conservé8tephens et
al., 2005) In addition to their fast growththey recently become re@mized in NZ as a potentially
important C sink(Trotter et al., 2005, Scott et al., 2000). scopariuntould provide commercial
benefits through the production dfigh value honeyBeitlich et al., 2014, Steinhorn et al., 20&hg
essential oils that haventimicrobialproperties(MaddocksJennimgs et al., 2005, Song et al., 2013)
scopariumhoney providesa.$315m peryeari 2 b % Q & (MPIO2DA6Pdténtially L. scoparium
andK. robustacould be established on lofertility or degraded soils thatdve been amended with

biowastessuch asiosolids and sawdugEsperschuetz et al., 2017)

Other speies that may be grown on soils amended with biowastes arghaim Sorghum bicolgr
and dlseed rape Brassica napysThese two species have beegported to remowve contaminants
from the soiland reduceNG; leaching into waterway$Turan and Esringu0R7, Licht and Schnoor,

1993, Pilipovic et al., 2006, Wang et al., 2009, Barcel6 and Poschenrieder, 2003)

Previous studies have shown thHaendingdistinctbiowastes may affect the flesof NCABollowing
their addition to soils Blending Iosolids with biocharsignificantly reduces NQOeaching, while
improving plant growth(Knowles et al., 2011)ignite significantly reduces Cd accumulation by
pasture on biosolidsamended soi[Simmler et al., 2013mawdustcan reduce planCduptake from
biowasteamended soi{Daniels et al., 2001, Schmidt et al., 2001, Bugbee, 1999tmrticular, mixing
wood-waste (raw dried pine sawdust) with biosohdsmended soils showed a significant reduction in
N mobility in biosolids and potentially reduced N@aching(Paramashivam, 2015b)he study also
demonstrated that mixing woo@vaste (pine biochg did not affect the N@leaching, but significantly
decreased the mobility of NH(Paamashivam, 2015b)

I hypothesised NZ native and exotic plants that were selected for their potential economic or
ecological value, may improve environmental outcomes of applying biowastes application-to low
fertility soil through increased growth, whibccumulating minimal concentrations of contaminants in

their aerial parts. | also hypothesised that mixing distinct biowastes would reduce accumulation of

contaminants and improve soil quality, thus stimulating growth of the plants.



1.2 Aims, objectives, andbenefit of the research

1.2.1 Aim

The aims of the research were to determine the effect of biowastes on the growth of the plants and
to investigate how New Zealand native and exotic vegetation play role in reducing the negative effect
of (NCAB).

1.2.2 Objectivesand thesis structure

The objective of this research weré determine

1. the effect of the application of individuahacronutrients orthe growth andelemental uptake

of L.scopariumandK robusta(Chapter 3).

2. the effect of adding biosolids and DSE to the soil on the growth and elemental uptake of

scopariumandK. robustgChapter 4).

3. the growth, elemental uptake anNG;s leaching oL. scoparium, K. robusta,rhultiflorum, S
bicolor, Bnapus,andP. radiataon soils amended withibsolids biosolids+sawdustand urea

(Chapter 5)

4. how L. ScopariumK. robusta O. paniculata, Crobusta, P. cunninghamij G. littoralis, P
arboreus, Ptenax, Pcookianum, Caustralis,and P. eugenioids respond tothe application

of treated municipal wastewater (TMWif) a field trial (Chapter)6

5. the response oL. scopariunandK. serotingo the application of compost and mixed of

sawdust and dairy shed effluent on degraded/Itestility soil (Chapter y

The researclseeks tamproveour capacity to understand the relationship between plant spefiies
alleviating negative environmental consequencassociated with NCAB, which may lead to

environmental or economic benefits.



Chapter 2

Literature Review

Based orthe existing literature, | give an overview of how plants could play a significant role in
mitigating environmental consequences following biowastes application to soil, with particular
emphasis on several aspects related to the fluxes of Nutrients anth@orants Associated with
Biowastes (NCAB). | focus primarily on how plants play an important role in improving the negative
environmental outcomes following the application of biowastes through evapotranspiration, root

exudates, roofmicrobes interactionsand leaf litter contribution on the flux of NCAB.

2.1 The role of evapotranspiration in changing fluxes of NCAB

Evapotranspiration (ET) is tkembinationof two different processes whereby water is lost from the
land and converted to water vapour, either by evaporation from a surface (such as lakes, rivers,
pavements, and soils) or by plant transpiratighlen et al., 1998)The movement of plant water
through transpiration creates ideal seiater conditions for the dissolution of contaminant molecules,
and movement toward roots, thus increasing rhizosphere reacti@rady, 2008)When a large
amount of water is removed from soil by ET, the downward flowater decreaseshrough the soil,
thereby reducing nutrient and contaminant leaching into surface and ground w&uwford and
Watson, 2003)Approximately 410 mm out of 720 mm of average annual rainfall that enters the soil
is pumped back to the atmosphere through ET from vegetafidarvey et al., 2002, Clothier and
Green, 1997)Depending on theneteorologicalconditions, ET can reduce of the averaggter flux

in the soil by 57%, and lead to a significant decrease in the volume of soil solution that exits the root
zone and therefore reduce the amount of water that is leact{Rdbinson et al., 2006Plants
therefore affect the mobilization and transport of certain nutrients (includi@’) which are mobile

in their soluble form, thezfore their movement through the soil profile is strongly dependent on
water transport through the soi(Harvey et al., 2002)Iin arid regions, this could be significant,

particularly when ET may minimize NCAB mobility by reducing dra{Raipnson et al., 2006)

The effectiveness of plants in changing the flux of nutrients and contaminants associated with ET has
beenwell studied(Robinson et al., 2007, Grifoll and Cohen, 1996, Robinson et al.,&@DB)strongly
influenced by plant species and climg@iobinson et al., 2007, McCulley et al., 2004, Allen et al., 1998)
Evey plant species has its characteristic root system and ET characteristics, which directly affect the
flux of nutrients and contaminants associated with biowastémder similar environmental

conditions, differences in rooting characteristics resultediffecent ET level§Allen et al., 1998)n



drier conditions, for instance, plant species with deepted systems usually had greater ET rates as
they had better access to water during dry periods coregato those plants with shallowwooted
systemgVogeler et al., 2001 As a result, plant species with desmted systems would still be able

to maintain their photosynthesis anthcreasedplant water status and growth during drought
(McCluley et al., 2004)Species such g®plar Populusspp.) and willowalixspp.), which have high
evapotranspiration rates, are fagrowing, and highlwater use were successfully employed in this
role (Ferro et al., 1997, Robinson et al., 200”pplar Populusspp.) grown on woodvaste sites
decreased B leaching into surface and ground w@®abinson et al., 2007)Wood crop including
white oak Quercus albg which had a greater rate of evapotranspiration relative to grass species,
reduced tle leaching of Sereniw®0 (Sf90) by approximately 16%Garten Jr, 1999)High
evapotranspiration rate low trees(Pauliukonis and Schneider, 20@tpwn on top soil and sand
and treated with 2.2 L per week of the primary and secondary treated wastewater effluents took up

a high proportion of the N and P applied as wastewé®irneen and Gill, 2014)

In addition to plant species, environmental factors such as temperature and wind speed also affect
evapotranspirathn rates.Curneen and Gill (201fund that there was aorrelation (P=0.77) between

air temperatue and evapotranspiration, but there was little correlation (P=0.41) between the average
wind speed and evapotranspiration. Additionally, imcrease in average temperature during the
growing season promoted higher evapotranspirati@urneen and Gill, 2014)\nother important
factor that influences ET rate is soil water content, which is strongly dependaheanagritude of

the water deficit and the type of soil. In contrast, excessive amounts of water can lead to waterlogging,
which may damage roots and reduce water and nutrient uptake by inhibiting the respiration process
(Allen et al., 1998)

Several studies have reported that biowastes application could affect evapotranspiration rates of
certain species. For example, @sirneen and Gill (2014pinted out, the addition of wastewater
effluent had a positive effect on éhevapotranspiration rates of willow tre¢Salixspp.) Willow trees
grown on wastewater effluent treatment produced higher ET (average=3.9 mn) dagn trees
receiving water treatment by 2.83 mm dayCurneen and Gill (201demonstrated that willow trees
under primary treated wastewater had higher ET values (4.56 mmm)deympared to the trees
receivingsecondary treated wastewater effluent (3.38 mm dpgCurneen and Gill, 2014igure2.1
showsevapotrangiration rates (mm day) of willow trees treated with wastewater effluent during
the 2010, 2011 and 2012 growing seasdther studies reported significant ET rates (17480pwing
the application of wastewatebetween May and OctobgiGuidi et al., 2008, Martin and Stephens,
2006) Pistocchi et al. (2009ointed out that the evaporation rates of willow tre€Salixspp.)grown



on high concentrations of wastewaté&meatment were between 1.4 and 2 times greater than those
grown on low strength wastewater effluent. A strong correlation between evapotranspiration and
plant development was mainly due to the positive influence of greater nutrient availability on plant
growth, rather than a specific plant characteristic of the willow tr¢@siidi et al., 2008, Pistocchi et

al., 2009)

™ Wastewater
m Water

Evfapotranspiration rate (mm/day)

2010 2011

Figure 2.1 Evapotranspiratbn rates (mm day) of willow trees Salixspp.) treated with different wastewater
effluent during the 2010, 2011 and 2012 growing seasons. Data adapted f©@omneen and Gill, 2014)

2.2 The physical effects of roots on NCAB transport in soil in terms of root
architecture afecting erosion and preferential flow

Roots reduce soil erosion through their ability to modify soil properties including aggregate stability,
hydraulic function, and shear streng{®la et al., 2015, Li et aRp14) Together withthe chemical

and biological activity in the rhizosphere, thieysicabction of the roots contributes to establishment

of macrosporegGhestem et al., 2011Many studies have investigated the role of plant roots in
increasing soil preferential flo@Baets et al., 2007, Bogner et al., 30Germann et al., 2012, Ghestem

et al., 2011, Jargensen et al., 2002, Zhang et al., 20b65)articular, root architecture such as root
diameter, length, orientdabn, and root density strongly affects soil preferential flow, especially
through root channels, which enhance water and nutrient transport across soil pr@@krsnann et

al., 2012, Jegrgensen et al.,, 2002, Baets et al., 20BHAgstem et al. (2011jound that root
decomposition resulted in greater root mass density and continuously created pores in the soil. This
condition increased the transport of water, which may affect the movenadrdissolved elements

through the soil, via increased infiltration ratéShestem et al., 2011)



Root architecture, &ey indicator of root developmert a 2 8 RRS3IKA S lafdtobt Hnn pX
biomass, have attracted attentiomecauseof their role in regulating water and nutrient cycling for
plant growth(Zhang et al., 2015As every species has its own root system architectdicar(eter,
length, orientation and root density)the effect on soil erosion ahpreferential flow varies among
species. For example, alfalfd€dicago sativahas a taproot system which increased infiltration rates
(decreased surface run off) more than whéatiticum turgidum, which possesses fine, fibrous roots
(Ghestem et al., 20115imilarly,carrot Festuca rubrg which also has a taproot, reduced erosion
rates compared withrye grassl(olium perenng a finebranched root speciefBaets et al., 2007)
Carrots Festuca rubrpwith very fine roots (less than 5 mm in diameter) showed a similar negative
exponential relationship between root density and relative soil erosion rate to a&sgoots, and the
reducing effect became less significant when the root diameter increased between 5 and 15 mm in
diameter(Baets et al., 2007Xhang et al. (201%)ointed out thatthe variety of root length densities
(total root length per soil volume) and root biomasses of Chinese arbon®agy¢ladus orientss),
Japanese emperor oal)(ercus dentate and pagoda treeSophora japonidahad a strong effect on

soil preferential flow, with root channels enhancing nutrition transport across soil profiles. This
research found that fine root length density (I&sam in diameter) decreased with increasing distance

from soil surface

2.3 Root uptake of NCAB

Plant roots serve several important key functions in the growth of the plant. One of the important
roles isin moving and uptake of water and chemicals in gibthier and Green, 1997, Bertin et al.,
2003a)which happens through interception, commonly known as root absorption, mass flow or
through diffusion(Brady, 2008)interception with plant root movement serves to shorten the distance
between the pots and the presence of nutrients. The plant roots grow to a length and extend to get
closer to where the elements are. In this specific mechanism, ptaots penetrate the soil pores
OYdzi NASYyGaQ t20F0A2y 0z a2 U KehtsiaredoSaled, SoShat theba@si a |y
and soil nutrients are in close contact, and ion exchange can ¢Bcady, 2008)Mass flow is the
movement of nutrients from the soil to the roots simultaneouslith the movement of the water
mass. In this particular mechanism, water containing ionic nutrients flows toward the root or via the
root itself. The plants in turn, absorb the nutrients. Absorption through mass flow can be affected by
the concentration ohutrients in the soil solution, the amount of water lost through transpiration, and
the volume of water that flows through the soil profile, which affects the amount of nutrients that can
make contact with the roots. Lastly, nutrient uptake can occur ulgio the mechanism of

concentration difference (diffusion) which occurs due to nutrient concentration in gradinaidy,
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2008) In addition,soil temperature affects the absorption of nutrients froimet soil root(Clarke et

al., 2015)

The movement of nutrients from the roots into the plant can be influenced by several factors such as
the plant's uptake efficiency, transpiration rate, and the concentration of the nutrients in soil water
(Brady, 2008, Schnoor et al., 1995, Erenoglu et al., 2@8&1gxplained in the previous section, several
plant species with higbvapotranspiratiorrates such as popla®opulusspp.), willows $alixspp.),

and white oak take up higher amounts of nutrients and contaminants associated with biowastes
6/ dzNYySSy yR DAffSX wnanmns 2Fy3 yR helAldzZ wnng:
and Stephens, 2006The Zn uptake by roots of wheaTrjticum durum) wasincreasedwhen the
concentration of N supply increased from low to medium and from medium to high(Ereroglu et

al., 2011) Similarly, asiu et al. (2015pointed out, increasindNG; levels from 2.0 to 20 m moF I
resulted in elevated root uptake rate Qs in two genotypes of spinaclSpinacia oleracéa This

study also found that the highxalateaccumulating genotype of spinach (Heizhenzhu) showed a
greater root uptake rate dlQ; compared with Weilv., which is a lesxalateaccumulating genotype

(Liu et al., 2015Macduff and Wild (1989%pund a close relationship between root temperature and

the concentration of Nvhich affected root uptake of NCAB. The study demonstrated that the uptake

of NH*"and N@Q was 50% higher at 2@ and N deficiency condition than that found under continuous

N supply. On the contrary, under low N supply at 3°C, the uptake gfviitd 70% lower, whilst NO
uptake was 50% more than that measured under continuous N applic@tiaoduff and Wild, 1989)

In addition to these factors, the role of soiiecroorganisms has played aykrole in nutrient uptake

by roots(Courty et al., 2015, Lambers et al., 2009, Hartmann et al., 2009, Adesemoye and Kloepper,

2009) This specific role is explainedmore detail in the next sub headings.



Table 2.1 Selected properties of nutrients and contaminants associated with biowastes (biosolids, dairy shed efflD8&, municipal wastewatdlWW, and wood

waste) reviewed in thichapter.

Properties Biosolids DSE MWW Wood waste References
Conc. Reference Conc. Reference Conc. Reference sawdust biochar Reference

pH 4.1-7.9 (Wang et al., 2005, Antolin  7.3-8.2 (Dietal., 1998, 7.3 (Mohammad 4.35.7 5.5 (Bugbee, 1999a,
et al., 2005, Knowles et al., Zaman et al., Rusan et al., Paramashivam,
2011, Moket al., 2013, 2002, Zaman et 2007) 2015b)
Paramashivam, 2015b, al., 1999a)
Smith and Tibbett, 2004,
Fijalkowski et al., 2011)

CEC (cmol Ky 16.7-52.2 (Paramashivam, 2015b, n.d n.d 10.6 2.2 (Paramashivam,
Wang et al., 2005) 2015hb)

Total C (%) 0.1-38.2 (Antolin et al., 2005, Hue  n.d n.d 4551 71 (Bughee 19993,
and Sobieszczyk, 1999, Paramashivam,
Knowles et al., 2011, 2015b)
Paramashivam, 2015b)

Total N (%) 0.026.1 (Hue and Sobieszczyk, 1999 0.031.8 (Dietal., 1998, 0.0020.01 (Curneenand 0.060.1 0.03 (Bugbee 19993,
Knowles et al., 2011, Zaman et al., Gill, 2014, Paramashivam,
Paramashivam, 2015b, Smitt 2002, Zaman et Gersberg et 2015hb)
and Tibbett, 2004, Wang et al., 1999a) al., 1986,
al., 2005) Monnet et al.,

2002)

Total P (mg k§ 39006600 (Antolin et al., 2005, Knowles 21-125 (Dietal., 10-15.5 (Curneenand n.d n.d
et al., 2011, Paramashivam, 1998) onghurst Gill, 2014,
2015b, Wang et al., 2005, et al., 2000, Mohammad
Hjalkowski et al., 2011, Mok Rusan et al.,
et al., 2013) 2007, Monnet

et al., 2002)




Table 2.1 continued

Properties Biosolids DSE MWW Wood waste
Conc. Reference Conc. Reference Conc. Reference sawdust biochar Reference
Total K (mg k§ 700-7300 (Knowles et al., 2011, n.d 22.633.3 (Curneen and Gill, n.d n.d
Paramashivam, 2015b, Wang 2014, Mohammad
et al., 2005, Antolin et al., Rusan et al., 2007)
2005, Kalkowski et al., 2011,
Mok et al., 2013)
S (mg kd) 80016850  (Fijalkowski et al., 2011, n.d n.d n.d
Knowles et al., 2011, Mok et
al., 2013)
Cd (mg kg) 0.2-17 (Antolin et al., 2005, Knowles n.d 0.02 (Mohammad Rusan n.d n.d
etal., 2011, Mok et al., 2013, et al., 2007)
Wang et al., 2005)
Cu (mg kd) 2055584 (Antolin et al., 2005, n.d 0.01 (Mohammad Rusan n.d nd
Fijalkowski et al., 2011, et al., 2007)
Knowles et al., 2011, Mok et
al., 2013, Wang et al., 2005)
Pb (mg kg) 8.7-385  (Antolin et al., 2005, Knowles n.d 0.77 (Mohammad Rusan n.d n.d
etal., 2011, Wang et al., 200¢ et al., 2007)
Hg (mg kd) 7.6 (Mok et al., 2013) n.d n.d n.d
Ni (mg kd) 25126 (Antolin et al., 2005, Mok et n.d n.d n.d
al., 2013, Wang et al., 2005)
Zn (mg kg) 54- (Antolin etal., 2005, n.d 0.19 (Mohammad Rusan n.d n.d
1754.8 Fijalkowski et al., 2011, Mok et al., 2007)
et al., 2013, Wang et al., 200¢
Knowles et al., 2011)
Mg (mg kd) 300 (Fijalkowski et al., 2011) n.d n.d n.d
Mn (mg kd') 39.92 (Fijalkowski et al., 2011) n.d 0.07-0.87 (Mohammad Rusan n.d n.d

et al., 2007, Monnet
et al., 2002)
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2.4 Root exudates and their role on biowaste degradation, speciation, and
transport of NCAB in soil

The effect of root exudates on decomposition (degradation), speciation, and mobilization (transport)
of organic and inorganic compounds in the soil matrixeéi known (Bertin et al., 2003a, Kozdroj and
van Elsas, 2000, Walker et al., 2003, ¢#odnd Millard, 1998)The speciation and mobilization of
organic and inorganic substances in the rhizosphere zone is driven by root exudates through:
solubilisation by root exudate enzymes and cells; and mobilization by root exudate organic
compounds(Dakora and Phillips, 2002, Bertin et al., 2003a,decahd Millard, 1998, Schilling et al.,
1998) Root exudatesare one of the most imperative factors influencing microbial movement,
biomass, and group structure. In the rhizosphere, root exudates produce certain compdiatidis (

2.2) to stimulate microbial activities, which subsequently alters soil nutrient statusugh
decomposition and mineralization of organic and inorganic substaffdedge and Millard, 1998,
Kozdr6j and van Elsas, 2000)

Table 2.2 Organic compounds and enzymes identified in root exudates of different plant species and their
function in the rhizosphere (modified and adopted from Dakora et al. 2004 and Faure et al. 2009).
Class of

compounds functions
compound
Amino acids hl £ | vy 7alnth&, asparagine, aspartate inhibit nematodes and root
cysteine, cysteine, glutamate, glycine, isoleucine, growth of
leucine, lysine, methionine, serine, threonine, proline, different plant species,
valine, tryptophan, ornithine, histidine, arginine, microbial growth
homoserine, phenyl f | YA W& ¥ 206 dzii & NA& C stimulation,
Aminoadipic acid chemoattractants,
osmoprotectants, iron
scavengers

Organic acids Butyric, valeric, glycolic, Piscidic, forpgconitic, lactic, plant growth regulation,
pyruvic, glutaric, malonic, aldonic, erythronic, tetronic, chemoattractants,

citric, oxalic microbial growth
malic, fumaric, succinic, acetic stimulation
Sugar Rhamnose, arabinose, raffinose, desoxyribose lubrication, protection of
oligosaccharides, glucose, fructose, galactose, maltos plants against
ribose toxin, microbial growth
stimulation
Purine/ Adenine, guanine, cytidine, uridine
nucleosides
Vitamins Biotin, thiamine, niacin pantothenate, rhibafli microbial growth
stimulation
Enzymes acid/alkalinephosphatase, invertase*Hamylase, plant defence, Nod factor
protease degradation
Inorganic ions  HCQ, OH, CQ, acquisition of mineral
and gaseous nutrients required for plant
molecules growth
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Root exudates contain specific compounds which interact with organic and inorganic substances to
regulate both the bioavailability and the transport of nutrients and contaminants in the soil matrix
(Bertin et al., 2003a, Dakora and Phillips, 2002, Kozdroj andElsars, 2000, Walker et al., 2003,
Degryse et al., 2008, Koo et al., 2010yganic acids are the main compounds of root exudates,
including oxalic, tartaric, succinic, and the most important for solubilisation and mobilization of plant
nutrients and metalgJones and Darrah, 1993, Chang et al., 2002, Koo et al.,. Z01#) assist in
nutrient uptake by increasing the avabiéty the of Pand micronutrients including Fe and Zierke

et al., 2000, Gerke, 2000, Hinsinger, 2001b, Keller and Romer, 2001, Rémheld and Marschner, 1990,
Schilling et al., 1998, Hopkins et al., 1998, Jones, 1998,dRgh, 2001)Fan et al. (2001gnd Treeby

et al. (L989)found that certain root exudate compounds including phytosiderophores, mugineic acid,
and malate improved Fe availability. In addition, the enzyme activities of root exudates of ryegrass
(Lolium perenng and white clover Trifolium repenp pasture, grown on Templeton sandy loam,
significantly increased N mineralization due to the application of (Zaman et al., 1999b)in
contrast, root exudates may reduce the concentration of certain contaminants by forminmpgleo
formation. For example, organic acids in root exudates reduced the concentration of Al, K, and metals
around plant root§Awad and Rémheld, 2000, Chang and Roberts, 1991, Heim et al., 2001, Pellet et
al., 1995)and formed a complex formation with metals including Fe, Mn, Cu, and2eby et al.,

1989, Zhang et al., 1991, Mench et al., 1988)

Different organic acids from root exudates have different implications for-reotl nutrient
interactions.Nigam et al. (2001eported that compared to carboxylic acid, aminodacivere more
effective in mobilizing Cd of maizBga mayy grown in sand and soil culture. The root exudates of
two dicotyledonous plants, spinaclginacia oleracel.) and tomato l{ycopersicon esculentulm)
grown on resirbuffered nutrient solutions at different free ion activities of Cu and Zn were able to
mobilize Cu and Zegryse et al., 2008 hese mechanisms have implications for plant uptake of soil
contaminants through the root systeroo et al. (2010pund that root exudates played a key role in
solubility andavailability of Cd, Cu, Pb, Cr, Ni and Zn under application of biosolids. A complex
compound of root exudates of Alpine Perergss Thlaspi camilescensgrown on weakly acidic sandy
loam (pH 5.15; 68% sand, 20% silt, 12% clay) treated with MWW (septic tanks wastewater) increased
the availability of Zn and Cd in the rhizosph@@essureaulfRompré et al., 2010)

In addition, through nitrification Kigure 22), specific compounds of root exudates are crucial in
mitigating the negative environmental corgggences following the application of biowastes. When
biowastes were applied to soil, a microbial process called nitrification converted most N into the highly

mobile N@ which caused low retention in the target systéf@iao et al., 2015)n most cases, NO
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may be lost through leachin@shikawa et al., 2003, Galloway et al., 2008denitrification before
plants can utilize itthus reducing the Nitrogen Use Efficiency (NUE) in the system and increasing
eutrophication of surface and groundwater contaminati@avis, 2014, Fowler et a013, De Vries

et al.,, 2013, Galloway et al., 2008everal authors reported that a particular group of chemical
compounds of root exudates, called Nitrification Inhibitors (NI), played an important role in reducing
nitrification rates(Tanaka et al., 2010, Qiao et al., 2015, Ishikatva., 2003, Gopalakrishnan et al.,
2007) They can suppress the first step of nitrification by inhibitiigosomonasspp. bacteria that
oxidize ammonim (NH;") (a relatively immobile nitrogen form) to nitrite (N and therefore delay

the nitrification proces¢Zerulla et al., 2001)or example, the root exudates of ri€@ryza ativa) and

the tropical pasture of creeping signal grafdrachiaria humidicola significantly suppressed
nitrification rates(Gopalakrishnan et al., 2007, Tanaka et al., 2010, Ishikawa et al., @b@3gas this

did not occur with two other tropical pastures, of signal gr&sdecumbensandstink grasgMelinis
minutiflora) (Ishikawa et al., 2003Although the effects are strongly influenced by factors such as
plant species, soil texture, and physicochemical characters of nitrification inhibitorsemprop
application rates of high N organic fertilizers such as biowastes often increased the efficiency of plant
nitrogen utilization and alleviated negative environmental impacts includi@gleaching(Qiao et al.,
2015)

Surprisingly, several authors found that the amount and chemical composition of root exudates can
be heavily affected by nutrient availabilidartmann et al., 2009, Jane et al., 1996, Lipton et al., 1987,
Neumann et al., 1999, Ahonelonnarth et al., 2000Jor example, alfalfaMedicago sativeard lupin
(Lupinus albusroots released 80% more of the root exudate citrétgton et al., 19873nd released
more carboxylate compound in later stag#ane et al., 1996, Neumann et al., 19@8)ler Pstress
conditions. The main compound of root exudates (organic acids, amino anidisnugenic acid) of
barley Hordeum vulgargincreased #old under medium Fetress conditiongFan et al.,1997)
Degryse et al. (2008ypund that spinach$pinacia oleraceh.) and tomatol{ycopersicon esculentum
L.) responded to Zaeficiencyby producing more root exudates. For particular plant species (including
leguminous species), the deficiencl Bincreasedthe production of phenolic compounds of root
exudate (Dinkelaker et al., 1995, Nair et al.,, 1991, Neumann et al., 1€88dain organic acids
(including axalate, malate, and citrate) of root exudates fRimus sylvestrisicreased significantly in

soilscontainingAl (AhonenrJonnarth et al., 2000)
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2.5 The effect of rootmicrobe interactions on biowaste degradation and
fluxes of NCAB

In the rhizosphere, some microbial activities play key rateseveral biogeochemical processes
(Stottmeister et al., 2003, Mukerji et al., 2006hese processes involve the rastsociated microbial
communities of plants, as certain microbes such as mycorrhizae are important for obtaining nutrients
and waer for plant growth(Hillel et al., 2005)One important mecanism that characterizes these
underground zone activities of plants is the interaction between the root and the microbes (root
microbe interaction). These roahicrobe interactions played significant roles in respect to stimulating
degradation, availabtly, and immobilization of nutrients and contaminants associated with biowastes
(Morikawa and Erkin, 2003, Harvey et al., 2002, Cohen et al., 2004, Khan, 2006, Stottmeister et al.,

2003) In therhizosphere, the roemicrobe interactions are very important in establishing degraded

14



conditions.With the supporting oxygen supply from the plant (through fine roots), micralegsade
the contaminants irsoilas part of their normal metabolic procesgétarvey et al., 2002Plant roots
excrete C compounds into the soil, which stimuldte growth of the rhizosphere bacteria, which in
turn, degrade the organic contaminar(®rady, 2008)Hence, addingiowastes to soil could provide
a source of food for the microbes. However, the @ntnants applied as biowastre usuallystill
boundin the form ofcomplex compoundthat cannot betaken indirectlyby the plant(Brady,
2008) Thecomplex compoundsust beparsedagain,to breakthem intoionsthat can be
absorbedby plants Whenorganic material is eaten Wyacteria for examplghe structure of
complexcompoundss brokeninto elements morgavourablefor plant uptake(Khan, 2006)
Pant roots interact extensively with soil microorganisms, wHiatther affects the flux of nutrients,

either directly, by influencing nutrient availability and uptake, or indirectly through plant (root) growth

promotion (Richardson et al., 2009)

The effect of plants on the bioavailability and mobility of NCAB throughnootobes interaction is
dependenton the specie¢Baldani and Débereiner, 1980, Mazzola et al., 2088) microbes are
strongly influenced by certain NCABhander and Brookes, 199Which subsequently affects pia

growth and quality. Dependingn the quantity and type of biowastes, their application has an indirect
influence in enhancing soil microbes, whaate crucial in N cyclingstottmeister et al., 2003, Mukeriji

et al., 2006) For example, the application of high Cu biosolids decreased the amount of soil microbial
biomass by about 30% and 13% in sandy loam soil (15% clay) and silsplb@h% clay) respectively
(Chander and Brookes, 199The application of biosolids combined with a eucalptdgladocalyx
significantly increased mycorrhizal colonization (ectomycorrhizal and arbuscular mycorrhipalki
(Madejon et al., 2012)The application of DSE, for instance, resulted in a greatd more diverse
microbial biomass in sqilHawke and Summers, 200&imilar findings using wood waste applad

rate of 80 kg N haof coniferous sawdust on clay (36.5%), silt (41.0%), sandy (22.5%) and soil (Eutric
Cambisol) found increased concentrations of bacteria and fungi, by 90% and 80%, respectively
(Elfstrand et al., 2007)The application of a high rate (78 tHaof fresh paper mill residuals on
Plainfield loamy sand (87% sand, 5% silt, and 8% clay) resulted in a 100% higher microbial biomass C
compared to that of the low rate (22 t Fa(Leon et al., 2006)n addition, over 3 years, application of

45 t hat Dry Weight of biosolids on Gypsilaploxerept (26.7% sand, 51.1% silt and 22.3% clay) under
barley species Hordeum vulgare)promoted the recycling of nutrients by improving soil
microbiological properties, including basal respiration, microbial biomass and some soil enzyme

activities(Antolin etal., 2005)
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2.6 The effects of leaf litter on NCAB

Leaf litter significantly enhances the amount of organic matter in the surface layers of the soil,
promoting nutrient cycling, soil aggregation and water holding cap#PitNford and Watson, 2003,
Mukhopadhyay and Joy, 2010, Schreeg et al., 2008 decomposition of leaf litter plays a key role

in flux of C and mineral nutrient&hich is crucial for maintaining primary productivity in many systems
(Schreeg et al., 2013%everal studies showed that in addition to improving nutrient status, leaf litter
played a crucial role in driving sailicrobe interactiongWang et al., 2014, Cleveland et al., 2002,
Wieder et al., 2008, Wurzburger and Hendrick, 2009, Bowntaal.e 2004)and affected the
physicochemical interactions in the s@chreeg et al., 2013, Strobekd., 2001) Leaf litter mg affect

both the mineralization process of Soil Organic Carbon (SOC) and the structure of the microbial
community by changing the availability of soil nutrients an@QWang et al., 2014, Brady, 2008,
VillalobosVega et al., 2011)Ttese particular interactions can then have further significant effects on
the fluxes of nutrients and contaminants associated with biowagkexdréj and van Elsas, 2000,
Cohen et al., 2004)The effectiveness of leaf litter in related nutrient fluxes and-sdrobe
interaction vary among plant speci¢slukhopadhyay and Joy, 201Q)eaf litters of Cassi&éssia
siameg increasedhe nutrient status and microbial activity in soil more than Sho&@ofea robus)

and Acacia/cacia auriculiforméditters (Mukhopadhyay and Joy, 201Qkaf litter of different plant
species has different effects on nutrient fluxes, especially related to target elements. Leaf litters of
two beans $clerolobium macrocarpand S. paniculatuh and ourdea (Ouratea hexasperma
increased the availability of only one essential nutrient, Ca, in the upper soil (MiatobosVega et

al., 2011) In contrast, the addition of leaf litter of Japanese cypr&mmaecyparis obtuyincreased
fluxes of Ca, Mg, K, and Nhh forest floor percolategChang et al., 2007} ioretto et al. (2001)
reported that leaf litter from the summer deciduous shrulistus incanysncreased the availability

of several macronutrients (N, P, K, S, and Ca) during tineoh8h incubation period. In certain cases,
leaf litter had positive effects in stimulating microbial activity while reducing nutraarsilability
effect. For instane, the leaf litter of rhizomatous forl#®comastylis rossiincreased microbial activity,

but affected the soil N cycling by decreasing the availability @dwman et al., 2004)eaf litter of
certain plant spcies, such as aldeAlfus glutinosp and poplar Populus tremulp acted as a
temporary storage for soil contaminan{Scheid et al., 2009Pver a 25 month incubation period of
leaf litter of alder Alnus glutinospand poplar Populus tremulp the solubility of metalgradually
decreased with timg€Scheid et al., 2009 he effect of leaf litter on fluxes of nutrients is dependent
on soil type. The availability of N and P decreased on less fertile soil (sandstone and heath forest soil)

compared to the more fertile alluvial forest s@ent et al., 2006)
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2.7 Nutrient cycling as related to NCAB

Biowastes that contain high concentrations of nutrients and organic matter are goodolsiwv
fertilizers and conditioners for both plants and sqiBelibacak et al., 2009)The application of
biowastes to soil influences nutrient cycling by increasing bioavailability and the uptake of nutrients
to plants. In this specifiprocess, biowastes may speed nutrient cycling by serving as both a short
term and longterm source of highly available nutrienf®urphy et al., 2007)As discussed above
these nutrients can be a substrate foacteria, fungi, and other decomposers contributing to nutrient
cycling in the soil. The cycle begins with breaking the organic matter in to simpler compounds, thereby
transforming them into plant nutrients available for uptake by roots. The applicatibioofastes may
affect nutrientcyclingby directly increasing the amount of available nutrie(stolin et al., 2005,
Morera et al., 2002, Singh and Agrawal, 20@pwastes modify physical soil properties, such as
stability of aggregates and porosity, which can improve root environment and stimulate plant growth,
and alter the chemical properties of s¢®ingh and Agrawal, 2008)hese changes and affect the
growth of both plants and soil microbéRogers and Smith, 2007, Singh and Agrawal, 2008, Cytryn et
al., 2011)

The influence of biowastes application on nutrient cyclingpeegally their direct contribution in
supplying available nutrients has beell studied.Numerousstudies reported that the application

of organic materials, which are inherent in biowastes, increased the concentration of organic C and,
therefore, increaed the Capacity Exchange of CatioBEGWeber et al., 2007, Brady, 2008, Antolin

et al., 2005) As organic C possess a high negative charge, it contributes to retaining nutrients and
making them available to plants D I 4GID& lal., 2004, Kaur et al., 200%or instance, adding
biosolids increased the availability of N, P, Zn, Cr for uptake by {lAfoisg et al., 2001)Similarly,
applying 90 t hd biowaste (biosolids) to sandy loam (Typic Xerofluvethe) soil resulted in a significantly
increased concentration adtal N, Cu, Pb and Ni, and available P, K, Ca, Fe, Cu, Zn, Mn concentrations
in soil but did not alter the ancentration of available Mg and Na, total Fe, Zn, Mn, Cd, Co or Cr in
(Delibacak et al., 2009Minhas et al. (2015¢ported that the application of MWW increasetie
concentrationof Zn, Cu, Fe and Mn. Another study found that the application of DSE improved long
term soil fertility by increasinghe concentration of total N, total P and plant available nutrients

(Hawke and Summers, 2006)

Biowastes application affected the logrm availability of nutrients. Compared to mineral fertilizers,
biowastes are generally slowly decomposed in the soil, and the continuous release of nutrients can
sustain the microbial biomass population for longeeriods of time(Murphy et al., 2007) For

example, after four years, the applicati of biowaste (compost and manure) resulted in 20 to 40%
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higher soil microbial biomass C compared with the N fertilizer treatrf@iriting et al., 2003¢Zhang
et al. (2006Yound that adding O to 200 kg Raiosolids to less fertile Gray Luvisolic soilreased

the soil extractable P concentration from2%o 86 mg kg soil.

In addition to their direct contribution to increase the availability of nutrients, biowastes application
has a variety of physical properties that affect soil nutrient transformations. Physical aspects such as
aggregate stability, @& key factors in maintaining proper soil structure, which carinoeeasedby

adding organic materials. This specific mechanism could improve soil porosity, which plays an
important role for gas exchange, and water retenti@@rady, 2008) Several authors found that
biowaste application affected this particular aspect. For instali¢eng et al. (20013howed that
adding 8, 16, 44, and 88 kghaW of biosolids to acidic loamy soil (usBrgssta chinensjsimproved

soil texture by decreasing bulk density and elevating soil aeration, soil aggregation, and water holding
capacity, which resulted in elevated total N, P, Zn, and Cr availabdiap. et al. (2006pund that the
application of 38.1 and 78.4 t Haf composted paper mill residuals ovewufoyears, resulted in an

increase on average of 25% of wattable aggregates compared with the rtveated soil.

Lastly, blending certain biowastes with another kind of biowaste may affect the flux of nutrients and
contaminants associated with biowastgmrticularly leaching of NCAB into surface and ground water.
For instance, blending woedaste (raw dried pine sawdust) with biosohdsiended soils showed a
significant reduction in N mobility in biosolids and potentially reduced M@ching(Paramashivam,
2015b) The study demonstrated that mixing wo@dste (pine biochar) did naaffect the NG
leaching, but significantly decreased the mobility okNK(Paramashiva, 2015b)

2.8 Conclusions

Plants have a significant role in mitigating the negative environmeatasequencesollowing the
addition of biowastes to soil. There is plenty of evidence from the existing literature that ET, root
architecture, root exudatesroot-microbe interactions, and litter fall have significant roles. The

following are key outcomes related to those aspects reviewed irGhapter

1. Depending on species and climate, ET could create the ideala®it environment to
dissolve and makeontaminants available for uptake by roots. ET is crucial in reducing the

leaching of nutrients and contaminants into ground water.

2. Root architecture, including roadiameter, length, orientationand root density strongly

affect water preferential flow of soil, especially through root channels, which enhance water
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and nutrient transport across soil profiles. The increase of infiltration may affect the

movement of dissolved elements through thedlsoatrix.

Root uptake of nutrients and contaminants associated with biowastes are strongly influenced

by factors such as ET rates and the concentration of nutrients in soil water.

Root exudates regulate microbial activities which have further importanesroin
solubilisation and mobilization of NCAB in the rhizosphere. Through nitrification, root
exudates play an important role in reducing Nf@aching following application of biowastes.
In complementary fashion, the availability of NCAB affects thdymtion and composition of

root exudates in the rhizosphere.

Depending on plant species, the close interaction between roots and soil microbes could
affect the flux of NCAB either through direct uptake of available nutrients or through root
development. Ircontrast, adding biowastes, which are the source of NCAB to soil could affect

soil microbes.

During their decomposition process, leaf litters play an important role in drivingrsgibbe
interactions which further affect the physicochemical activitiethie soil. However, the

effectiveness of this role varies among plant species.

The application of biowastes to soil may affect the nutrient cycle over both the short and

long term

19



Chapter 3
The response omanuka (Leptospermum scoparium J.Rr§)p and
kanuka (Kunzea robusta de Lange & Toelken) to individual

macronutrients in a lowfertility soll

3.1 Introduction

3.1.1 Background

Manuka Leptospermum scopariynand kanukal{unzea robusfgeare pioneering species that colonise
disturbed areas or loviertility agricultural landWardle, 1991, Stephens et al., 2005)scopariunis

the most widely distributed, abundant, and environmentally tolerant native sga@mong New
%St fFyRQA (Rehghaet al,JlI84/ Stephens et al., 200B6¢se species have been used in
land restoration of mine sites and degraded lands to improve soil quality, promote invertebrate
biodiversity, and increase eogstem recoveryBurrows et al., 1999, Craw et al., 2007, Thomas et al.,
2014) These species rapidly colonise disturbed land, especially steep, efsioa pastoral hill
country, resulting in erosion mitigation and soil conservatiStephens et al., 2005These species
are a potentially important C sir{rotter et al., 2005, Scott et al., 20000 addition, L. scoparium

can tolerate soils with low fertility, high acidity, low or high moisture contents; and is able to withstand

wind-exposed sites and salt sprai@erraik, 2008)

Figure 31 (a) L. scopariumand (b)K. robustawith flowers (Photographs byroster (2014)

Both L. scopariumand K. robustacan produce valuable essential oils, which have antimicrobial
propertieso t SNNE S | f ®X mppTtlF I t SNNE SBélchih ét 6.72000p pT 60 =
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MaddocksJennings et al. (2009¢ported thatL. scopariunand K. robustaessential oils mouthwash
used in a gargle can provide a positive effect on the development of radimiuced mucositis of

the oropharyngeal area during treatment for head and neck candgs®alchin et al. (2000¢ported

that the essential oils df. scopariuntontain antibacterial agents, espally against granpositive
bacteria, that may end up in the soil via a number of pathways including-dejgosition from roots

or through thedecomposition of leafitter. Prosser (20113lemonstrated thatl. scopariumand K.
robusta promote the die off of human pathogens inikd.. scopariumand K. robustacan exude
bioactive phytochemicals, either from the roots or from leaf fall which affects the N cycle, significantly
reducing the evolution of nitrous oxide {§) (Hedley et al., 2013b, Fitzgerald, 20E2)d killing
pathogens in biosolEamended soi(Prosser, 2011, Fitzgerald, 2012) addition,Craw et al. (2007)
andLee et al. (1983)eported thatL. scopariumin particular,tolerated up to 3.6,3800, and 1000
mg/kg of As, Ni and Cr, respectively in soil, which may make these species useful for the
phytostabilisation of cotaminated sites. honey from. scopariums worth up to NZ$500 per kilo
(MinistryforPrimarylndustries, 2014jue to the perceived health benefits resulting from phenolic
compounds such as trimethoxybenzoic acid, methylglyoxal, am@tBoxybenzoiqWeston et al.,
1999, Stephens et al., 2010h the 2013/2014 period (up to June 2014), the New Zealand honey
industry exported approximately 8.706 tonnes of honey (valued at $180 million), of Whéchparium
honey contributed 80 to 90% of the total export val(dinistryforPrimarylndustries, 2014Yhe
concentration of norperoxide antimicrobials ih. scopariunmoney can be quantified analytically, and
Ad (y2ey a GKS 4! y A(§telenset ay, @009 addlitiod to Ad&y product, C 0
wood of theL. scopaum tree has beenused for fencing, tool handle manufacture, and firewood

(Salmon, 1980)

3.1.2 Rationale of the study

My assumption was thdt. scopariunandK. robustaoccur onsoils withlow nutrientconcentrations
especiallythe macronutrientsN, P, K, and $he information on the effects of macronutrients to the
growth and quality of these two New Zealand nafplants is uncleaPrevious studies reported that

a relative ofL. scopariumand K. robusta from the generaEucalyptus under the see family of
myrtaceae responded positively to the application of fertilizéMhando et al., 1993, Ringrose and
Neilsen, 2005, Xu et al., 2002, Albaugh et al., 2015, Cromer et al., 1993, Hunter, 2001, Judd et al., 1996,
Messina, 1992, Carlson et al., 2001, Campion et al., 2006, Weggier et al., 2008, Bennett et al., 1996,
Pankaj et al., 2008)ike other members of thenyrtaceaefamily, the leaves ofeptospermum,
Kunzea, and Eucalyptasntain aromatic oils which can be smelled by crushing the leaves between
the fingers(ANPSA, 2018)he majority of species in this group of plants are found in heath, woodland

or open foest of mainly temperate area$hey are absent in rainforest and arid areas although many
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species do occur in the tropicsh@myrtaceaegeneraEucalyptusLeptospermumandKunzeaare
known to form ectomycorrhizal relationshigg/ang et al., 2009) Several author¢Mhando et al.,

1993, Ringrose and Neilsen, 2005, Xu et al., 2002, Albaugh et al., 2015, Cromer et al., 1993, Hunter,
2001, Judd et al., 1996, Messina, 1992, Carlson et al., 2001, Campion et al., 2006, Weggier et al., 2008,
Bennett et al., 1996, Pankaj et &2008)reported that Eucalyptus salign&. regnans, E. grandis, E.
tereticornis, E. urophylleesponded positively tohe application of fertilizersThe application oNPK
treatments improved rootollar diameter, diameter at breast height and heightwtio compared

with unfertilized treatmentsof E. saligngMhando et al., 1993) Ringrose and Neilsen (200Bund

that AustralianE. regnansgrown on nutrientpoor soils, responded significantly to the application of
macronutrients (N, P, S, and @g)producing higher growth artdgher foliar N and P conceations

The application of N, P, and B at 1:1:0.005 ratio improved the volume groviEh griandisby 91%
during 3 year after treatmenfAlbaugh et al., 2015, Herbert, 1988yous et al. (2015uggested that

the addition of 50 kg P hayrtincreased the P uptake significantly t32bcompared to norfertilised
treatment of E. tereticornisgrown on Rlimited soils. Campion et al. (2006)eported that the
combination of irrigation and fertilizer treatment significantly increased total abovegrountadss

and the available soil P &. grandidby 58% and 9% respectivelfhe same species together with
urophyllagrown on high P sorption oxisol soils resulted in significantly higher tree growth, biomass
production, and N, P, K uptak¥u et al., 2002, Carlson et al., 2Q@gedlings oE. camaldulensis and

E. grandistreated with various rates of NPK fertiliser had higher nutrient uptake and produced
significantly higher abovground biomass, by 23%, compared to the #iertilised treatment(Hunter,

2001) Therefore, | hypothesized that adding macronutrients (N, P, K, and S) to low fertility soil would
enhance the growth of. scopariunandK. robustaas well as increase the uptake of these essential

nutrients in plant parts

3.1.3 Aims

This study aimed tdeterminewhether the addition of N, P, &d S fertilizers significantly affected
the growth, elemental uptake, and elemental composition in rhizosphereis@bmbination withL.

scopariumandK. robusta

3.2 Materials and Methods

3.2.1 Experimental set up

The experiment was carried out in the Forester greenhouse, Lincoln University Nurseoyy(43n H  {
17°HT nm 90 "RdNEWemhwid2t, 018 Lowfertility soil was collected from a marginal

farm area near Bideford, New Zealand9#0n 1 o °p{cp nTEAbIE3A shows the properties of
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the soil used in the experimerfifty 5L pos (22.5 cm in diameter with a height of 22 cm) were filled
with 4 kg of homogenized solfo improve drainage, 2cm of gravel was put at the bottom of each pot
(Figure 3.2). Pots were incubated at ambient conditions in the greenhouse for one week o
treatment application. About 7month old K. robustaand L. scoparium seedlings were then
transplanted into each pot, 25 of each specieach treatment consisted of 5 replicates, and received
one of four macronutrients, either Nitrogen (N), Phosphorus F®tassium (K), or Sulphur (B)e 5
seedlings of thecontrol receivedonly water. The application rate of macronutrients N, P, K, and S
treatments was based on 2:1:1:1 ratibaple3.2). The treatments were applied individually in solution
form to eachpot weekly Prior to treatment application, the desired amount of sdlable3.2) of each
nutrient was weighed and dissolved in & ¥olumetric flask usingeionized (DI) watarntil the salt
was completely dissolve@he nutrient solution was thetmansferred to a 100nL volumetric cylinder

and applied to each poF{gure3.3b).

Table 3.1 Properties of soil used in the experiment. Values in brackets represent standard error of n=5
replicates.

Properties concentration
pH 6.1
Moisture content (%) 26

dry matter [%] 80

C/N ratio 14

total available N [mg kg 43

CEC [me 1007 21

total base saturation [%BS] 55

C [%] 6.5

N [%0] 0.5

P [%] 0.1(0.0)
K [%] 0.2(0.0)
S [%] 0.1(0.0)
Ca [%] 0.4 (0.0)
Mg [%] 0.2 (0.0)
B [mg kd] 29 (0.3)
Cu [mg kd] 4.2 (0.0)
Zn [mg kd] 29 (0)
Mn [mg kg'] 134 (2.9)
Fe [mg kd] 15461 (108)
Cd [mg kd] 0.1(0.0)

Table 3.2 Macronutrients (kg ha) applied to soil for the growth oK.robustaand L.scopariun) seedlings.

Rate of . Amount salt added (g)

Nutrient L Chemical form
application added Total salt added  Weekly application of salt
(kg/ha) Yy app

Nitrogen (N) 200 CHN:O 135 17

Phosphorus (P) 100 KHRPO 13.8 1.7

Potassium (K) 100 KCL 17.1 2.1

Sulphur (S) 100 KSQ 6.0 0.8
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Figure 32 Pot design used in the experiment

The pots were watered to field capacity daily but oot the day of fertilizer applicationThey were
weeded weekly. Monthhheight measurements were taken. Pots were arranged in a randomized

block designThe temperature inside the greenhouse varied between 23°C.

Figure 33 (a) Bidford lowfertility soil used in experiment; (b) Treatment application using 160 volumetric
cylinder

3.2.2 Analysis and statistical evaluation

After 16 weeks, the plants were harvestédlesh plant biomass (root and above ground biomass) was

caefully harvested and weighedoth root and above ground fresh biomassmpleswere dried at

70°C until a constant weight wasached,and fnal dry weight was recorde®hizosphere soil which

gra GadlFrOKSR (2 GKS LX I yd NRigsinger, 2006byvais hafwestel N2 Y (0 K
around plant roots, and sieved using a 2 mm plastic siereund 500 g of fresh soil was stored in the

fridge at +4°C for mineral NNO; and NH,*) analysisFor metal elemental analysis, rhizosphere soil
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samples weredried at 70 C for 24 hoursMineral N NO; and NH;") concentrations of soil were
obtained using-low Injection Analysis (FIA&pur g ofair-dried ground soil samplef each treatment

(3 replicates) were weighed, then transferred into 50 mL d&rge tubes.The samples were then
extracted by adding 40 mL of 2M KCL, shaken byogrdover shaker for 1 hour and centrifuged at
2000 rpm for 10 minutes, and filtered using ¥Wiman 52 filter paper. Extracts were stored in sealed

containers in the freezer for further FIA analysis.

For plants, the dried above ground parts were ground using a Retch ZM200 grinder, while soil samples
were crushed using ceramic pestle and sievadgia 2mm plastic siev€&ive g of each treatment (5
replicates) werewveighed and transferred into 50 mL centrifuge tubes and extracted with 30 mL of
0.05 M 141 Ca (N, shaken by engbver-end shaker for 2 hours and centrifuged at 3200 rpm for 15
minutes and then filtered using Whatman 52 filter pap&ixtracts were stored in sealed containers

in the fridgefor further analysesConcentrations of elements were determined using Inductively
Coupled Plasma Optical Emission Spectrometry@E® Varian 72GBEUSA). Bference soil and plant
material came from Wageningen University, the Netherlands (International Soil analytical Exchange
921 and International Plant analytical Exchange 100), with recoverable concentrationsl&?8d of

the certified valuesSoil and plant total N and C concentrations were measured using an Elementar

Vario MAX CN analyser.

{AIYATFTAOLIY(H RAFTFSNByOSa 6 himedbypnalysis & vadafidduficad NB | (Y S
post-hoc tests aP=0.05 was performed to evaluate tlifference between treatmentsThe analyses

were done in IBM SPS32(International Business Machines Corp., New Orchard Road, Armonk, New

York 10504 91-499-1900).

3.3 Results

3.3.1 Response in above ground dry biomass and root to shoot ratio

Figure3.4 showsabove ground biomass df. robustain combination withdifferent macronutrient

treatments.
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Figure 34 Above ground biomass df. robustain combination withdifferent macronutrient treatments (n=>5).
Treatments that shardetters have means that do not differ significantly.

After 16month of the experimental period, in combination wikhrobusta the application of 200 kg
hat! of N (in CHN.O form) produced a significantlyp€0.05 higher above ground dried biomass
compared to the control and other treatments of this speciégre3.4). In contrast, there was no
significant differencein above ground dry biomass betwedreatments in combination withL.
scoparium At the end of the experimeni robustaproducedtotal above ground dry biomass up to
49 g pot! (equivalent to 12 ton hd), which is 33% higher than the contrbidure3.4).

Figure3.4 shows that with the exception of P treatment, in combination wikh robusta amending

the low fertility soil wih macronutrients increased significantly above ground dry biomass compared
to L. scopariumThe application of N, S, and K increased the above ground dry biom&ssoblusta

by 404 253% and 50% (respectively) higher than that.oscopariuntFigure3.5).
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Figure 35 Comparison of above ground biomasslofscopariumand K. robusta m combination withdifferent
macronutrient treatment (n=5). Asterisks (*) signify significant differences between specidsla{n .® n p

Thisstudy shows that compared to control and other treatments, the addition of P had a significant
(p<0.09 effect on the root to shoot ratio df. robustgFigure3.6). K. robustaespondedpositively to

the application of 100 kg/ha of P (in #D form) byshowing the highest root to shoot ratio value of
0.6 Figure3.6).

0.8

b ® L. scoparium
B K. robusta

o
)]
o *

Root to shoot ratio
(@]
N

0.2

0.0

Figure 36 Rootto-shoot ratio in combination with different macronutrient treatments (n=5). Treatments that
share letters have means that do not differ significantly. Asterisks (*) signify significant differences between
species aLDKn . ® n p
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3.3.2 Foliar nutrients concetration

Nitrogen

Figure3.7 shows Nconcentration ofthe leavesof L. scopariumand K. robustain combination with
macronutrient treatment Foliar N concentrations adf. scopariumand K robustavaried among
treatments.In general, the concentration of N in theavesof L. scopariummanged from 1.5% to 1.9%
between treatments, while the concentration of N in the leavesofobustaranged from 0.9% to
1.6% Figure3.7). These two species tended to have similar N falisrcentrationsL. scopariunfoliar

N averaged 1.9%, whil€. robustaaveraged 1.6%. After 16 months of the experimental period, the
concentration of N in_. scopariumand K. robustaincreased by 19% and 78% respectivé@ljese
numbers indicate that thakK robustaaccumulated more N thah. scopariumTheresultsindicate
that L. scopariunandK. robustahad significantlyl(J>K 051 igher N concentrations than tlwentrol
(Figure3.7).

2.5 L. scoparium
m K. robusta

Plant N (%)

N P S K control

Figure 3.7 N concentrationin the leavesin combination with macronutrient treatmens (n=5). Treatments
that share letters have means that do not differ significanth.pKn Y Asperisks (*) signify significant
differences between specieat L)XKn .®n p

With the exception of N treatmenthe present study indicates that there was a significant difference
in foliar N uptake betweerL. scopariumand K. robustafollowing the application of P, S, and K
treatment (Table 33 and 3.4). In combination with P, S, andIK,scopariunaccumulated 594 64%

and 65% higher Noncentrations respectively, than that df. robusta.
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Table 3.3 Foliar nutrient ratios of each element to Mf L. scopariunmeasured at the end of the experiment.
Values in brackets represent thetandard error of the average concentration per pot throughout the
experiment (n=5).

Treatment Foliar nutrient ratios

N/P N/K N/Ca N/Mg N/S
N 17 (1) 3(0) 0.4 (0) 3(0) 4 (0.4)
P 12 (1) 2 (0) 0.5 (0) 3(0) 5(0.2)
S 13(0) 2 (0) 0.5 (0) 3(0) 5(0.3)
K 14 (1) 2 (0) 0.6 (0) 4 (0) 6(0.2)
Control 15 (1) 2 (0) 0.6 (0) 3(0) 5(0.3)

Table 3.4 Foliar nutrient ratios of each element to Nf K. robustameasured at the end of the experiment.
Values in brackets represent thetandard error of the average concentration per pot throughout the
experiment (n=5).

Treatment Foliar nutrient ratios

N/P N/K N/Ca N/Mg N/S
N 17 (1) 3(0) 1(0) 6 (0) 5(0)
P 6 (0) 2 (0) 1(0) 4(0) 6 (0)
S 10 (1) 1(0) 1(0) 5(1) 7 (0)
K 9 (0) 2(0) 1(0) 3(0) 4 (0)
Control 10 (0) 3(0) 1(0) 3(0) 4 (0)

Phosphorus (P)

Figure3.8 shows the foliar nutrient analysis concentration of macronutrients under various individual

macronutrients fertilizer application.

& L. scoparium

02 *
b m K. robusta
a

= *
(=]
S a a
: b a
]
2 o1

0.0

N P S K control

Figure 3.8 LeafP concentration in combination with macronutrient treatment (n=5). Treatments that share
letters have means that do not differ significantly. XK n YPAsterisks (*) signify significant differences between
speciesat LXKn .d n p
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Figure3.8 shows thatthe application of Ro K. robustadn low fertility soil increased the concentration
of foliar Pby 0.2% comparedo the rest of the treatmentsThe application of all macronutrients
significantly altered the concentration dbliar P ofL. scopariumAs shown byFigure 3.8, the
application of individual 100 kg P Hancreased the concentration of P uptakekinrobustaby 100%
compared tothe control. This study found thaK. robustaaccumulated significantly higher foliar P

than L. scopariunafter amendment with 100 kg P Hdertilizer.

Potassium (K)
In combination withK. robustathe application of all individual fertilizers (N, P, K, and S) increased

significantly (Kb )oliar K compared to the controF{gure3.10). The foliar K concentration iK.
robustawas increased following the application of 100 kg ¥ ich ranged between 0.4% and 0.6%
among treatmentgFigure3.10). On the other hand, amending low fertiligpil with macronutrients

did not significantly affect the accumulation of foliar KLirscoparium.

1.0 ™ L. scoparium
m K. robusta
0.8 *
*
a a
a
g b
ff 0.6 C o
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0.2
0.0
N P S K control

Figure 3.9 LeafK concentration in combination with macronutrient treatment (n=5). Treatments that share
letters have meanshat do not differ significantly LK n YPAsterisks (*) signify significant differences between
speciesat LKn . d n p

The addition of all treatment (NP, Kand S) significantly increased the K uptakekbyobustawith
treatment concentrations 25%560%higher than the controlFigure3.9 shows thathe concentration

of K not only increased in plants receiving 100 kgKféwdiliser but also increased in plants receiving
200 kg N h3, 100 kg P hg and 100 kg S Hdertilizers.This effect was not observerth L. scoparium

however,L. scopariunaccumulated significantly higher foliar K than tiatrobustaFigure3.9).
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3.3.3 Rhizosphere soil nutrient concentration

Figures3.10,3.11, 3.12 and3.13 show the concentrationdistribution of nutrientsin the N, P, Kand
Streatments at the end of the experimentn general, the P, S, K, Ca, and Mg concentrations in the
soil of L. scopariumwere relatively higher than oK. robusta There wasa significant difference
(LIK N Ydhtgial soil P concentration between fertiliser treatments in combination \witecoparium
(Figure3.10).

7 L. scoparium
800 . m K. robusta

700 -
600 -
500 -

400 -

P (mg/kg)

300 -

200 -

100 -

N P S K Control

Figure 3.10 Total soil P concentration in combination with macronutrient treatment (n=3). Treatments that
share letters have means that do not differ significantly pKn YpAsterisks (*) signify significant differences
between speciest LK1 .dn p

The addition of 10 kg P hd equiv.resulted in a significant increase in total P in the rhizosphere soil
of L. scopariunby 15% compared to that of the unfertilised plakigure3.10). On the other handK.
robustadid not response positively to the applicationmaftrients with regard to total P coeatration
in rhizosphere soilThere was no difference in the total concentration of P following the application

of individual P fertilizer in combination with both scopariunandK. robusta

Following 100 kg K haequiv. application, there was no significant increase in K concentration

compared to the controlRigure3.11).
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Figure 3.11 Total soil K concentration in combination with macronutrient treatment (n=3). Treatments that
shareletters have means that do not differ significanthL XK n YpAsterisks (*) signify significant differences
between speciest LK1 .®n p

Total S concentration

Fertilizer application increased the concentration of S in the rhizosphere oflbaitopariunand K.
robusta The addition of 100 kg S htertilizer significantly increased the concentration of S within the
rhizosphere soil of these specidsigure3.12). The concentration of S in the rhizosphere soiLof
scopariumand K. robustaranged betweerD.04 and 0.05%After the 16 week experimental period,
the concentration of S in the rhizosphere soiLocopariunandK. robustavas increased by 28and

21% respectively Figure3.12).
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Figure 3.12 Total soil Sconcentration in combination with macronutrient treatment (n=3). Treatments that
share letters have means that do not differ significantlyKn )Y n p

Total Mg concentration

The study found that the application of all individual macronutrient fertilisers (200 kg 120 kg

P ha?, 100 kg K ha, and 100 kg S hd) significantly increased the concentration of Mg in the
rhizosphere soil oK.robusta At the end of the gperiment, the total concentration of Mg in the soil
of K. robustatreated with N, P, K, and S fertilisers was 0.2, 0.2, 0.19, and e&pectively which
were significantlyduncanL>X n Ybigher than the unfertilised controF{gure3.13).
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Figure 313 Total soil Mg concentration in combination with macronutrient treatment (n=3). Treatments that

share letters have means that do not differ significantlypKn YpAsterisks (*) signify significant differences
between specieat LDKn .® n p

Mineral N concentration

Analysis of variance showghat there was a highly significant (dunce®Kn )diffggencein NOs-N

concentration within the rhizosphere soil bf scopariumand K. robustaFigure 14. The application
of 200 kg N haresulted in an increase of NeN from 0.2 to 3.5 mg kgand from 0.2 to 3.1 mg Kg

within the rhizosphere soil df. scopariunandK. robustarespectively
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Figure 3.14 SoilNGs-N in combination withmacronutrient treatment (n=3). Treatments that share letters
have means that do not differ significanth. (XK1 )d n p

3.4 Discussion

3.4.1 Plant growth

The growth ofK. robustavas greater thart.. scopariunfiollowing theapplication of 200 kg N Haurea
fertilizer, producing significantlhigher aboveground biomassThe application of nutrientsay have
resulted in the significantly higher accumulation of essential nutriémttuding N, P, and Khus
enabling the greater growth d&€. robustawhereasL. scopariuntook up only N signifantly compared

to the control.The results indicate that the nutrient concentration, especially N, applied in this study,
was sufficient foK. robustao stimulate the uptake of this essentiglement, thus enhanaig growth.

This finding is in agreement withunter (2001) who reported that he application of 320 kg N Aa
significantly increased the total dry above ground bioma$susfalyptus camaldulensisdEucalyptus
grandis,relatives ofL. scopariumand K. robustaby 74%during a 37 month experimeniXu et al.
(2002) and Fernandez et al. (2000kported that E. grandisE. urophyllg and E. camaldulensis
accumulated significantly higher P, thereby resulted in significantly higher biomass production

compared to norfertilized treatment. In addition,He increase othe total biomass production (33%)
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of K. robustaduring the experimentunder treatmentswas similar to increases reported in the

literature (Hunter, 2001 ¥or E. camaldulensiand E.grandisreceiving 0f320 kg N ha.

dnce L. scopariunresponded positively to N fertilizer application, itlikely that applying higher
amounts could stimulate growth furtheCampion et al. (2006pund that E. grandisgrown on low
fertility soil did not produce sigficant differencein leaf biomass following the application of 106 kg

N ha', 113 kg P hg and 77 kg K haduring 4year trial period.This studyindicatesthat applying
higher rates omacrautrients as well as extending the length of experimental period of this present

study mayincreasethe growth ofL. scoparium

3.4.2 Element uptake

Theincreaseduptake of N by both L. scopariumand K. robustaand P and Ky K. robustain this
present study is in agreement with previous studiesptents in themyrtaceaefamily. Judd et al.
(1996)and Hunter (2001yeported that amending soil with 350400 kg N hafertilizer during 34
year experimental period significantly increased the foliar NE.o§lobulusg. camaldulensiand E.
grandis.Judd et al. (1996)eported that these speciemcreased P uptakan response to fertiliser
application Ringrose and Neilsen (200&)ported thatthe application of 700 kg P ancreased the
total foliar P ofE. GrandisXu et al. (2002)eported tha the application of 208 kg P Haignificantly
increasedhe P uptake oE. Grandis and E. urophytig. Campion et al. (2006pund that application

of singe superphosphate significantly elevated the P uptaké& ofsrandi€ompared to controlin
addition,Albaugh et al. (201%¥ported that the same eucalyptus species responded to the application
of 117 kg P h&by increasing foliar P up to + 25% ithgr a one year growth periodhe significant
uptakeof foliar Kwas reported byHunter (2001 pndWeggier et al. (2008ywhofound thatE. pilularis
and E. camaldulensiaccumulated significantly higher foliar K concentrations in response to the

application of100 kg K h&

The significant uptake of foliaN, P, and KyL. scopariunand orK.robustain this study is comparable
to the results of previous studies usiBgcamaldulensisnd E. grandiswhich increased foliar N by 28
and 5%, respectively wherceiving350 kg N hafertilizer (Hunter, 2001) The significant uptake of
foliar P by 100% iK. robustais higher than that of found bidunter (2001) Ringrose and Neilsen
(2005) Campion et al. (2006Judd et al. (1996Albaugh et al. (2015ndXu et al. (2002Who studied
the effect of fertilisers application on several rid@s species ok. scopariunand K. robusta.The
application of 115, 208 and 700 kg P'lacreased the total foliar P &. Grandiby 43%(Campion et
al., 2006) 10%(Ringrose and Neilsen, 200&0d 56%(Xu et al., 2002)respectively Albaugh et al.
(2015)reported that the same eucalyptus species responded to the application of 1P7hed by
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increasing foliar P up to + 25% during a one year growth peXadet al. (2002)eported that the
application of 208 kg P Raignificantlyincreasedhe P uptake oE. urophylldby 56%The significant
increase of foliar P uptak€l00%) found irK. robustain this study was higher than that
reported byJudd et al. (1996)ho found thattE. globulusesponded to the application of 50
200 kg P haby inaeasing its folialP uptake by 11% compared to unfertilized treatment. The
significant increase of 50% of foliar K detectel.imobustdn this study is comparable to the previous
studies done byHunter (2001)and Judd et al. (1996 Application of 10kg K ha resulted in 0.5 and
36% of foliar K uptake iEk.camaldulensiend E. grandisrespectively(Hunter, 2001) whereas
amending the soil witd00kg K ha significantly increased the accumulation of foliar K by {33dd

et al., 1996)

In response to thdreatments, bothL. scopariunand K. robustancreasedoliar N, whereas foliar P
and K were only detected significantiygher in biomass oK. robustacompared to contral These
findings are in agreement witBaldani and Dobereiner, 198@Mason et al., 2000)andMazzola et

al. (2002who found that the role of plants in the availability and mobility of nutrients through-oot
microbes interaction idependenton the species.The treatmentscould have stimulated root
exudation(Koo et al., 2013)ncluding organic acids, which play an important role for solubilisation
and mobilization of certain nutrien{@ertin et al., 2003b)in addition, since the composition strongly
varies with plant specie@Valker et al., 2003}his can lead to different plant responses in terms of

nutrient uptake.

3.4.3 Elemental composition in rhizosphere soil

The significant change of concenimats of total P, K, S, and Mg in rhizosphere soil following the
application of fertilizers was in agreement with several previous studies using eucalyptus species
Ringrose and Neilsen (2008&ported that in combination wittE.regnans the application of individual
fertilizers contained 322 kg P hand 364 kg S ha Raignificantlyincreasedthe concentrations of

total P and S in top soil {80 cm).Dias et al. (2000jound that the in combination withE.
camaldulensisamerding soil with18 ¢ 72 kg P hd, which was in the form of superphosphate,

increased significantly the available P in the top sell3@m depth) compared to control.

The response of both species on the concentration of total macronutrienthizosphere soil is
comparable to the redts found by previous authorélthough the increment of concentration of total
P in soil in this study (15%) was lower than that of reporteRibgrose and Neilsen (200%)ho found

100% mcrement of total P in soil, the total P concentration of 0.07% within the rhizosphere doil of
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scopariunfound in this study was higher than that of 0.04% reportedRingrose and Neilsen, 2005)
usingE. regnangn combination with 322 kg Palt, which is higher than the rate in this study.

3.5 Conclusions

K. robustaesponded to individuahacronutrients byncreasinghe aboveground dry biomass as well
as the foliar N, P, and Klinlike K. robustaspecies, the application of macronutrients did not
significantly affect the growth df. scopariumbut significantlyincreased\ uptake only.In response

to applied N, P, K, and R. robustaaccumulated higher foliaN, P, andK, whereasL. scoparium
accumulated higheN only and neitherL. scopariunnor K. robustauptake significantly highe®
compared to unfertilized plantdn addition, thetreatmentssignificantly increased the concentration
of Pand NG (in combination withL. scopariurj) S(in combination with both species), aidg (in
combination withK. robustain rhizosphere soilhis study only shows the results of young seedlings.
Itis unclear whether older plants will respond similarly. Nevertheléssigsults of these experimest
indicate that it is likely that biowastes, which often contain elevated concentrations of N, P, K, and S,
will increase the foliar concentrations of these elementd.inscopariumand K. robustaand may

increase the growth, at least &. robustaThis vill be the focus of the following Chapters.
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Chapter 4
The responsef L. scopariumand K. robustato the application of

biosolids and dairy shed effluent in a low fertility soil

4.1 Introduction

4.1.1 Background

Biosolids and Dairy Shed Effluent (DSE) can contain elevated concentrations of plant nutrients
(Antoniadis et al., 2008a, Bai et al., 2013a, Bai et al., 2013b, Di et al., 1998, Hawke and Summers, 2006,
Moir et al., 2013, Hedley et al., 2013a, Zaman et al., 2002, Bright and Healey, 2003, Haynes et al., 2009,
Paramashivam, 2bb, Cogger et al., 2013)helow C: N ratio of biosolids and DSE makes them a net

N source, where theN and other nutrients are released slowly from these biowastes as they
decompose in the sofGilmour et al., 2003, Powlson et al., 2012, Murphy et al., 20®8refore, the

land application of these biodegradable materials can provide short andtéwngbenefits to soils
(Ginting et al.2003, Zhang et al., 201&ihd crops, which can lead to a lowequirement for mineral
fertilizers.Various studies have shown positive effects of DSE and biosolids application on forest tree
species, which can subsequently provide economic returns through increased biomass and soll
nutrients, while avoiding accumulation of biosolids derived contaminaiisve threshold values
(Wang and Jia, 2010, Zaman et al., 2002, Kimberley et al., 2004, Singh and AgrawallHz008)
application of biosolids prades nutrients, increases organic matter, improves soil structure,
enhances nutrient absorption by planfé/eber et al., 2007, Singh and Agrawal, 2008, Morera et al.,
2002,Antolin et al., 2005, Freeman and Cawthon, 1989)well as increase the number and activities

of soil microbegRogers and Smith, 2007, Singh and Agrawal, 2008, Cytryn et al.,Bi0%a)ids have

been used as fertilizers or composts in land applications to improve and maintain soil proguctivit
stimulate plant growth and establish sustainable vegetation at mine @fiesquez et al., 1990)hey
enhance the activities of soil enzymes as well as the number and biomass of soil organisms due to its
high organicmatter content and nutrient availabilitySingh and Agrawal, 2008, Lteif et al., 2007)
Frequent applications of biosolids has positive ecosystem effects with relatively low extractable metal
levels in soil and support greater plant biomass and tissue qu@ititivan et al., 2006Moderate
application rates of biosolids to low organic matter and clay content soils enhances soil organic carbon
and increases nutrig retention (Antoniadis, 2008)enhances the adsorption capacity of soil to
immobilize heavy metals such as Cu, afféctively reduced Pb availability in a high Pb urban soil

(Brown et al., 2003)Ihe application of DSE, resulted in a greater and more diverse microbial biomass
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in soil(Hawke and Summers, 200&) addition, the enzyme activities of root exudates of ryegrass
(Lolium perenng and wtite clover {rifolium repenp pasture, grown on Templeton sandy loam,
significantly increased N mineralization due to the application of @8fan et al., 1999bAnother
study found that the application of DSE improved kagm soil fertility by increasing the
concentration of total N, total P and plant available nutrieftigswke and Summers, 2006jowever,

the application of biosolids and DSE to forest soil can result in decreased forest pritglleicause
there is a strong dependence on the composition of biowastes, soil type and plant s(@lareset

al., 2012)

In New Zealand, in 2010, there are approximatelyn2ilion ha Figure4.1) of land in forest in which
Pinus radiataare the most fastest growing commercial plantatiqaramashivam, 2015&5everal
thousands of hectares are classified as degraded o+fdotility soils as during the logging, most of
the top soil, which contain a significant higher organic matter, are being reméwea result, the soil

has become acidiand depleted innutrients (Paramastvam, 2015a)Hence these kinds of landsan

be an appropriate alternative for biowastes addition as the contaminants associated with biowastes

are less to enter the food chain.
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Figure 4.1 Distribution of commercial forest species by region in New Zealand (MAF, 2010)

Chapter 3of this thesis showed thdt. scopariunandK. robustaespondedpositively to the addition
ofmacronutrients¢ KS&4S G662 bS¢ w%SItlyRQa ylI (A O&ediduidy i a

dried biomass as well as elevated N, P, and K uptake under individual application of macronutrients.

The applicationof 200 kg N h&increased the above ground dry biomass of kanuka by 33% and
increasedhe N uptake of both manuka and kataby 196and 78% respectivelfhe addition ofL00
kg P ha and 100 kg K hasignificantlyincreasedthe foliar P and K df. robustaby 10®6and 50%
respectively.The study found that the application of macronutrients significantly increased the
concentration of P, 31g andNGs in the rhizagsphere soilAlthough in combination with. scoparium

did not significantly affect its growth, the application of macronutrients of significantiyeased N
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uptake.| hypothesize that fresh biosolids and DSE will enhance the growlth sifopariumand K.

robusta in low fertility soil becauseDSE and biosolids whichigh concentrations of these
macronutrientgKimberley et al., 2004, Antolin et al., 2005, Bradley, 2011, Hawke and Summers, 20086,
Zaman et al., 2002, Singh and Agrawal, 2008, Wang et al.,. BFod®e, | hypothesise that biosolids,

but not DSE, will lead to elevated concentrations of Cd, Cu and Zn in the plants, as these elements

occur at elevated concentrations in biosol{@mmler et al., 2013)

4.1.2 Aims

I aimedto measure the growth and the elemental composition of thavesof L. scopariunand K.

robustafollowing the application of fresh biosolids and fresh DSE.

4.2 Materials and Methods

4.2.1 Experimental setup

The experiment was conductedlaihcolnUniversity greenhouse facility (#38y QnH ®a €t Qn m®RARE 9 0 ®
Low fertility soilwith yellow-grey earths, mostlglassified as Lismore stony 4dam derived from

Greywacke gravels and thin loess depositen a former pine plantation of EyreweFifure 2A 43°

Hp QM pEmp B, MewiZealandyas used as planting mediuffteshDairy Shed Effluent (DSE)

was ollected from Lincoln University Dairy Farm, New Zeal&gu(e 2Bnocoy Qnnb{ Z MTHC
E; 17 m asl) in January 20B30solids were obtained from the Kaikoura Wastewater Treatment Plant,

New ZealandFigure 2G 42°21'37.40"5173°41'27.35"E) in JuR014.The initial treatment consisted

of sedimentation and anaerobic digestion in settlement ponds f8rrionths.
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Google”z

Figure 4.2 (A) a former pine plantation of Eyrewell for obtaining soil medium; (B) Kaikoura Wastewater
Treatment Plant for collecting biosolids; (C) Lincoln University Dairy Farm, New ZealansofocingDSE
(Google Earth).

The keyproperties of soil, DSE, ahibsolids used in this experimeate presented imable4.1.
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Table 4.1 Concentration of nutrients, trace elements and contaminants in soils, DSE, and biosolids used in the
present study. Values in brackets represent standandor (n=15; n=6; 3n=5°)

Properties Soit DSE Biosolids

pH 45 (0.3) 7.5 (0.01) 45 (0.0)
C [%] 4.3 (0.4) 0.11 (0.0) 27 0.7)
N [%] 0.17 (0.02) 0.02 (0.0) 2.5 (0.6)
P [%] 0.05 (0.00) 0.001 (0.0) 0.50 (0.0)
K [%] 0.2 (0.01) 0.002 (0.0) 0.14 (0.01)
S [%] 0.03 (0.00) 0.001 (0.0) 0.87 (0.01)
Ca [%] 0.2 (0.01) 0.003 (0.0) 0.63 (0.01)
Mg [%] 0.3 (0.00) 0.001 (0.0) 0.30 (0.00)
B [mg kd] 5.0 (0.3) 0.04 (0.0) 27 (0.1)
Cu [mg kd] 4.1 (0.2) 0.0 (0.0) 891.0 (18.9)
Zn [mg kd] 72 (1.5) 0.08 (0.0) 1073 (27)
Mn [mg Kkg] 265 (15) 0.04 (0.0) 185 (4.5)
Fe [mg kd] 21121 (291) 0.05 (0.0) 14534 (92)
Cd [mg kd] 0.2 (0.01) 0.04 (0.0) 40 (0.1)

Thirty-six10 L pots (25 cm in diameter with a height of 29 @raje usedFigure4.3). Thetreatments
contained total of & Dairy Shed Effluent (DSE) which is 220 kg'ndpaiv. and kg fresh biosolids
per pot, which was 2600 kg N haquiv. The DSE and biosolids were first homogenisedoughly
using a 10Q plastic tank and black tarpaurespectively(Plate 4.). DSE then further stored in the
fridge for furtherapplication in the greenhous&he biosolids were mixing with soils hetbeginning

of the experimentFor each individual pot, Hg fresh biosolids as mixed completely with Bgfresh
soil usinga 20 L bucket. The soil wasen filled into the pot in layerso give a soil bulk density of
approximately 1.3 g crh L. scopariunandK. robustaseedlings were obtained from Waiora Nursery
Ltd., Christchurch, New Zealand. All plawere transplanted directly after all pots were filled with
medium (soil and plus biosolidslhe pots were arranged in the glasshouséga randomized block

design.
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Figure 43 Pot design used in the present study

To avoid preferential flowDSE waapplied gentlyon to the soil surface of the pots which contath

9 kgof fresh soil with soil bulk density of approximately 1.3 g*cBSE was applied weekly (500
week?). In the first two weeks (January 12th, 20Jdalanuary 19th, 2015), the DSE was applied daily
(from Monday to Friday) of 100 mL of each application, 3 hours after irrigating thepatieg the

next three weeks (Jan 26th, 2015; Feb 2nd and 9th, 2015) the DSE was applied on Monday,
Wednesday, and Klay at ratesof 150mL, and 200mL respectivel. From February 2nd, 2015 to
March 3rd, 2015, it was applied twice per week (Monday and Friday) of 250 mL of each application.
the last two weeks before harvesting the experiment, 530 of fresh DSE wapplied weekly only
(Mondays).Each treatment had 4 replicateS.he ontrols receive neither biosolidsnor Dary Shed
Effluent. During the experiment, the pots were irrigated with measured amount of water using a
automated irrigation sytem. Each pot reeived 200 rh of water twice a day over the experimental
period to ensure optimal plant growth atonditions near field capacitylhe temperature in the
greenhouse ranged from 9 to 20°C during the night (10 pm until 6 am) and from 14°C to 28°C during
the day.

After 12 weeksthe above ground biomassas caefully harvested and weighe®lant samples was

dried at 70C untilconstant weight was obtained and ground using a Retch ZM200 grinder.
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Plate 4.1 (a) Homogenising of DSihd: (b) biosolids used in the experiment

Soil pH was determined using pH meter (MT8E)O g portion of soil of soil was mixed with 25 mL
deionised wateland then shakeffor two hours using an endver-end shaker (at 20 rpm)he plant
available elements were determined using a 0.0R{NG). extraction(Esperschuetz et al., 2017)
Concentrations of Ca, K, S, Cd, Cu, Mn, and Zn were determined using inductively coupled plasma
optical emission spectrometrfy CROES Varian 720 EBSA)Reference soil and plant matel from
Wageningen University, the Netherlands (International Soil analytical Exchange 921 and International
Plant analytical Exchange 100) was analysed with the samples. Recoverable concentrations; were 81

112% of the certified values.

4.2.2 Data and statistial analysis

Significant difference® h I' n detwpel treatments were determined by analysis of variance,
followed by Duncan posgtoc testsat P=0.05 The analyses were done in IEBRSS 22 (International
Business Machines Corp., New Orchard Road, Arniew,York 10504 91499-1900).

4.3 Results

4.3.1 Aerial biomass production

Figure4.4 shows the cumulative biomass (g per pot)LofscopariumandK. robustan combination

with DSE, biosolids, and control.
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Figure 44 Cumulative above ground biomass bf scoparium, K. robusta, and L. pererinecombination with
DSE, biosolids, antthe control (n=4). Treatments that share letters have means that do not differ significantly
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Figure4.4 showsthat with the exception combination of DSE abhdmultiflorum compared tothe
control, the addition of 2600 kg N Aaquiv. of biosolids and 200 kg N“haquiv. significantlyL(>K
0.05 increased the cumulative biomass productioh.o$copariunandK. obusta Twelve weeks after
applying treatments, significant differences were detected in the growth resporisescbpariunand
K. robustaas a result of different treatments, ranking in order of biosolids > DSE > cdfigjot€4.4

and4.5).

In combination withK. robusta biosolids application resulted ite highest increment (100%) of
biomass, from 10% per pot, equivalent to 21 t hido 210 g per pot, equivalent to 43 t haIn
combination withL. scopariuniy comparison, biosolids apgtion significantly increased its biomass

by 44% higher thathe control, from 144g per pot to 20% per pot, equivalent to 41 t hia
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L. Scoparium K. robusta

biosolids DSE control biosolids DSE control

Figure 45 Plant growth responses under different treatments of 12 weeks experiment period under Eyrewell
soil medium.

DSEncreasedhe above ground biomass &f robusteby 24%, up to 13pper pot, equivalent to 28 t
ha'l. Whereas in combination witth. scopariumamending soil with DSE resulted in a significant
increase of the above ground dried biomass by 29%, up t@1#9 pot, equivalent to 36 t HaThere
was a significant differencen above ground biomass betweeln. scopariumand K. robustain
combination with DSE-{gure4.6). In combination with DSE, scopariunproduced 25% higher above

ground dried biomass than that of ki robusta.
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Figure 4.6 Comparison cumulative above ground biomasslofscopariumand K. robustacombination with
DSE and biosolids (n=4). Asterisks (*) signify significant differences betweaonbusta(striped bars) and..
scoparium(solid bars) al.>Kn @ n p

4.3.2 Element uptake

Macronutrients

The foliar macronutrient concentratiaand ratios ofl. scopariumand K. robustameasured at the
end of the experiment are presented Figures4.7 and4.8. Compared tdhe control, in combination
with L. scopariumthe application of both DSE and biosolids significab@(n )Jdnorpased theiptake

of the concentration of foliar Ca by 2dand 29% higher thathe control, respectively Figure4.7).
Whereas in combination witK. robustaDSE and biosolids addition resulted i2and 51% higher
concentration of ftiar Ca than controlThere wa no significant different of Ca uptake between DSE

and biosolids treatment in combination with scopariungFigure4.7).
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Figure 47 Total concentrations of foliar Ca (%) &f scopariumand K. robustameasured at the end of
experiment. Error bars represent the standard error of the mean. Treatment that share letters have means
that do not differ significantly (p<0.05).

In combination with biosolids. robustaaccumulated32%higher foliar Sconcentrationthan the
control (Figure4.8B). In contrast,Figure4.8B shows DSHid not significantly affedbliar S uptakeln
combination withK. robusta DSE and biosolids application significantly reduced the concentration of

foliar K Figure4.8A).
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Figure 48 Total concentrations of foliar (AKand (B S(%) ofK. robustameasured at the end of experiment.
Error bars represent the standard error of the mean. Treatment that share letters have means that do not
differ significantly(p<0.05).
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Although in combination with.. scopariumand K. robustathere was no significant difference kh
uptake between treatments, these New Zealand native species responded differently in accumulating
foliar N Figure4.9). In combination withL. scoparium biowastes application increased significantly
increased the foliar N uptake compared to that of when combined WittobustaAmending DSE and

biosolids increased the foliar N uptakelofscopariuniby 23%and 29%, respectively comparedKo

robusta
1.5
m K. robusta
* L. scoparium
*
*

1.0
S
=2
i<
o
[a W

0.5

0.0

DSE Biosolids Control

Figure 4.9 Total concentrations of foliar N (%) df. scopariumand K. robustameasured at the end of
experiment. Error bars represent the standard error of the mean. Asterisks (*) signify significant differences

between the effluents (striped bars) and controls (solid bars)labKn .® n p

Micronutrients
Figure 4.1Ghows total concentrations of foliar micronutrients (mg/kgl.obcopariunandK. robusta

measured at the end of experiment.

51



125 b A 800 b B
100 b . . %
;g 75 —@500 %E
E g = a
g § 400 \_
B % ? 5300 %: %
i NS =
» X \E =
: N=N% L NE =
K. robusta L. scoparium
. C D
b 0.5
E:Z;Iids ? i
3 @ Control \E 04 b
3 i N=F
:, = NS g
= NE 2
< =8 — o
; = N 5.
. %E Q\\\: &
= N= . = i
B\ S\ R R \ P

K. robusta

-

- scoparium K. robusta L. scoparium

Figure 410 Total concentrations of foliamicronutrients (mg/kg) ofL. scopariumand K. robustameasured at
the end of experiment. Error bars represent the standard error of the mean. Treatment that share letters have
means that do notdiffer significantly (p<0.05)

The application of biosolids and DSEKta@obustancreased the concentration of foliar Cu by 78% and
15%, whereas these treatments increased Au scopariunby Cu by 42 and 46%, respectivéligre
4.10B. Biosolids significantly increased the uptake of Zn by thotbcopariunandK. robusteby 569%

and 298%respectively (Figure 11)n comparison, the DSE did not significantly change the Zn
concentration in the leaves df. robustaand only produced a 37%drease inL. scopariun{Figure
4.10A).

K. robustaaccumulated significantiy-(>K 11 Ydhigher Cdn the biosolids treatment Figure4.10D). In
contrast,Figure4.10Dshows thatin the DSE treatment. robustavas notdifferent to the control. K.
robustaresponded to the application of biowastes in related to Mn uptaRmsolids application
significantly increased.(>K n Ydhe pptake of MnKigure4.10B). The application of biosolids increased
the concentration of foliar Mn . robustaby 71% compared téhe control. In contrastFigure4.10B
shows that in combination witK. robustathere was no significant difference in total concentration
of foliar Mn between DSE aride control. In addition, there were no significant differences of folia

Cd and Mn in both. scopariunandK. robustacompared tothe control (Figure 4.10Band4.10D).
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4.4 Discussion

4.4.1 Plant growth

The positive growth effects dbiosolids and DSEay be due to theircontribution of available
nutrients, especiallyN, P, Kand S As organic materialamending these biowastescreased the
concentration of organic C and, therefore, increased @aion Exchange CapacitCEGWeber et

al., 2007, Brady, 2008, Antolin et al., 2Q0&)ntributed in retaining nutrients and making them
available to plant$ D | GIDeRal., 2004, Kaur et al., 2008, Wong et al., 2001, Delibacak et al., 2009)
As a source of valuable nutrients, the application of DSE iregrimngterm soil fertility by increasing

the plant available nutrientHawke and Summers, @6). Esperschuetz et al. (2016@&ported that
adding1250 kg N hidequiv. of biosolids improved the growth Bfassica napuand Sorghum bicolor
compared tathe control. The effect of applying biosolids and DSE on plant growth could be related to
role in stimulatingroot-microbe interactions processékhan, 2006)in whichaddingbiowastes such

as DSE to soil could provide a source of food for the micrgteske and Summers, 2006)ok et al.
(2013) pointed out that othermyrtaceaefamily membersEucalyptus polybracteand Eucalyptus
cladocalyxgrown on biosolidproduced high biomasgMoyersoen and Fitter, 199@nd (Weijtmans

et al., 2007Yyeported thatEctomycorrhizahas been identified with.. scopariunandK. robusta

4.4.2 Nutrients and trace elements in plant biomass

The application of biosolids and DSE to soil influenced nutrient cycling by increasing bioavailability and
the uptake Ca, KS, Cu, Zn, and Mn to planfthebiowastes may havencreasednutrient cycling,
making more nutrients availabl@urphy et al., 2007, Antolin et al., 2005, Morera et al., 2002, Singh
and Agrawal, 2008Nutrients incorporated into organic mattecan be consumed blyacteria, fungi,

and other decomposers and transfoeaiinto plantavailable formsThe present study found that the
uptake of nutrients and contaminants associated with biowasfNCAB) is species dependdnt.
combination with biosolids and DSE, bdthscopariumand K. robustaaccumulated Ca, Cu, and Zn,
whereas plant K, S, Mn, and Cd were only detected in biomaks mmbustaThese findings are in
agreement with(Baldani and Débereiner, 198@hdMazzola et al. (2002¥ho found that the role of
plants in the availability and mobility of nutrients and contaminants associated with biowastes
through rootmicrobesinteraction isdependenton the speciesBiosolids and DSE application could
have stimulated root exudatiofKoo et al., 2013)including organic acids, which have played an
important role for solubilisation and mobilization of NC@&#rtin et al., 2003b)particularly elevating

the availability of ZigKeller and Romer, 2001a, Hinsinger, 200$b)ce exudate composition strongly
varies with plant specie@Valker et al., 2003)his can lead to different plant responses in terms of

NCAB uptake.
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Copperand Zn uptake bi. scopariunandK.robustawere higher than that of reported bBeshah et
al. (2015)for other speciesThey found that the application of 65 t falried biosolids significantly
increased the accumulation of foliar Zn of oasgna sativa by 280% (from 16 to 61 mgKgwhich
are lower than our results df. scopariunty 569% (increased from 1.2 to 68.2 mg)kandK. robusta
by 298.3% (increased from 29.8 to 118.7 mg)kllok et al. (2013)eported thattwo myrtaceae
members,Eucalyptus cladocalyandE. polybracteawhich were grown in a pot trial in heavy metal
contaminated biosolidseported that these species accumulated Cu (518.3 mg kg) and Zn (215.4
¢ 2074 mg kg), which were higher thathis study Another similar study showed that adding 65 t ha
! dried biosolids significantly increased foliar Beshah et al., 2015)s reported byBeshah et al.
(2015) both Brassica napuand Avena sativancreasecherbage Cu by 100% (from 10 to 20 mg kg
and from 3.5 to 7.0 mg K¢, which was higher than the increases in this stuegosser (201 Ifeported
that the application obiosolids contained 0, 300, and 600 mgt i and 0, 100, and 200 mg%gu
within 6-month experimental period resulted in the accumulation of total foliar Cu and 4n in
scopariumby 3058 mg kgt and @ ¢ 140 mg kg* respectively, which were higherah our findingln
the present studythe DSE and biosolids containedmewhatlower concentrationsof Cu and Zthe
experimental periodwas shorted Increasing the application rate and extending the experimental
period could promote higher foliar Cu and Zn of this speéikkough theseslements were increased,
the levels in all treatments were in the reported range of toxic thresh@Btsadley et al., 2007,
Alloway, 2013)The lower cacentration of foliar K found iiK. robustawas probably influenced by
either structural roles in cell walls and membranes or intard intracellular functiongMarschner,
1995) It is suspected that adding biosolids may have changed either chemical promertjesvth
environment of root.This condition is in agreement withVhite and Broadley, 2003yho reported

that the uptake ofK mainly occurs via root tips.

4.4.3 Contaminants accumulation ithe leaves

Concentrations of Cd ik. robustavere between0.02and 0.3 mg kg, which has been reported as a
normal range in plantéAlloway, 2013)The significant increase of Cd founddinrobustebiomass due

to biosolids application compared to contralas not in therangethat would pose a risk thuman or
animal health(Esperschuetz et al., 2016a, Alloway, 20¥®)ile the concentration of Cd in honey or
essential oils were not measured, the low foliar concentrations indicates that transfer of excessive Cd
into salealte plant products isinlikely. Thisindicates that biosolids can enhance uptake of essential
trace elements in plant parts while not increasing toxic elements like Cd to levels dangerous for animal
and human healthL. scopariumvhich did not accumulatencreasedcontaminants fronthe biosolids

treatment, may be safely amended with higher rates of biosolids.
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4.5 Conclusions

Amending the low fertility soil with 2600 kg N-haquivalent of biosolids and 200 kg Nfequivalent

of DSE improved the growth of thol. scopariunandK. robustahrough higher production of biomass

and increased of Ca, K, and S uptékecopariumvere growing better thaik. robustan combination

with DSE, whereas they both gave same positive response on growth parametenbindion with
biosolids. Biowastes application increased the uptake of certain essential ‘ebmaents and
contaminants budid not result in unacceptabléevek. Differences irthe biomass increase between

L. scopariunand K. robustain combination with DSEompared to biosolids treatment might result
from a stimulation of different mycorrhiza types, associated with the respective species, which will be
an intereging area for future researctsince biosolids may have influenced plant rhizodeposition, it
is recommended for future studies to investigate plant repicrobe interactions with regard to plant

element uptake.
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Chapter 5

A lysimeter study to reveal the response bf £oparium, K.
robusta, P. radiata L.multiflorum, B. napusand S. bicoloron

nutrient fluxes in biowasteamended soil

My role in this study ashelpingDr Juergen Esperschuetz with the experimental maintenance, data
collection, final harvesting, soil and plant samples preparation for analysis, and some data analysis.

have ceauthored of hree papers that have been published from this study as follow:

Esperschuetz J, Lense O, Anderson C, Bulman S, Horswell J, Dickinson N, Robinson BH (2016).
Biowaste mixtures affecting the growth and elemental composition of Italian Ryegrass (Lolium
multiflorum). Journal of Environmental Quality 45(3), 1A4%61.

Esperschuetz J, Bulman S, Anderson C, Lense O, Horswell J, Dickinson N, Robinson BH (2016).
Production of biomass crops using biowastes on low fertilitycdedrt I: Influence of biowastem
plant and soil quality. Journal of Environmental Quality 45(6) 119&3.

Esperschuetz J, Bulman S, Anderson C, Lense O, Horswell J, Dickinson N, Robinson BH (2016).
Production of biomass crops using biowastes on low fertilitycd@drt 1l: Effect obiowastes on
nitrogen transformation processes. Journal of Environmental Quality 45(6); 1978

5.1 Introduction

Previous studies have shown that biosolids application increases the growth and the uptake of Cd, Cu
and Zn oL.multiflorum (Santibanez et al., 2008, Ahana et al., 2009, Bai et al., 2013bherefore,
contaminants such as Cd may enter gngzanimals and result in concentrations in excess of food
safety standards in animal produdiReiser et al., 2014)0n the other handAnderson etal. (2012)
reported that the increase in Cu and Zn in the plant biomass can be beneficial to the health of grazing
animals in areas where these elements are deficient, or where high Zn concentrations are needed
such as a prophylaxis to facial eczei@aen their multibenefits such as edible oil, fodder crops as

well as bioenergy production, Sweet sorghunificoloyand Oilseed rapdfassica hapysare species

of economic interes(Gomes, 2012, Wang et al., 200@)addition, these species have been effective

in removing contaminants from the soil or preweg nutrient leaching into waterway& uran and
Esringu, 2007, Licht and Schnoor, 1993, Pilipovic et al., 2006, Wang et al., 2009, Barcel6 and
Poschenrieder, 2003Recent studies have shown that some of the negative effects of biosolids

addition to soil can be mitigated by blending the biosolids with other biowastes including biochar
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(Knowles et al., 201 llignite (Simmler et al., 2013prganic acidZaleckas et al., 20099nd sawdust
(Daniels et al., 2001, Schmidt et al., 2001, Bugbee, J9B@nce, we hypoth&zed that (1) applying
biosolids will improve the growth and nutrients uptakelomultiflorum, B. napusand S. bicolor(2)
blending biosolids with sawdust can improve soil fertility while reducing plant nutrients loss through

leaching;

5.2 Aim

The aim of the study was to determine the effect of biosolids and biosolids and sawdust mixture
addition on the growth, plant nutrierst uptake, and nutrients loss in combination withscoparium,

K. robusta, P. radiate, iultiflorum, B. napusandS. bicolor

5.3 Materials and methods

5.3.1 Experiment set up

In April 2013, 14 lysimeters were constructed and installed at the Lincoln Univapkityt growth

FIL OAf A& onocoy Q-HAerisoil as defimediaccarding toMIdvDisen P [of2 Bmg
L' gl & 02ftSOGSR FNBY (KS Db2NIK LaftlyRX ¥SIFNI . Al
has no history of fertilizer atition and mainly classified as orthic brown soil with a -tteyn texture
(Esperschuetz et al., 2016a, Esperschuetz et al., 2016b, Esperschiitz et alS@iDa6nlyses showed

a medium pH (pH &), with medium carbon (6.5%) and nitrogen (0.46%) levels and a C/N ratio of 14.3.
The Cation Exchange Capacity (CECwas 21 mg 100 g'. Potassium, Mg, and Na occurred at
concentrations of 0.30, 0.63, and 0.14 gqnE00 g, respectively. The soil was honesdzed before it

was placed into lysimeters (25 cm in diameter; 29 cm in height). To measyre&fbing, a leachate
sampling device was installed in the bottom of each lysimeter. The device was covered by fleece sheets
and a gravel drainage layer to avoid stagnant moisture. Each lysimeter was filled with 10 L of soil at an
average soil bulk densityf 1.3 g cm Soil was packed in three layers to avoid gradients. Lysimeters
were incubated at near field capacity conditions and ambient conditions in the greenhouse for 14 w
before treatment application. The experiment was set up in four soil treatmgmustrol, biosolids,
biosolidssawdust, urea) and arranged in a randomized block design. Biosolids (untreated pond sludge,
OKI NI OGSNAT SR a DNIRS a.0¢ O02NRAY3I (20 O6bw22]
the Kaikoura Sewage Treatment Plasdwdust Pinus radiatedD. Don, untreated) was obtained from

an adjacent woodvaste disposal area (Kaikoura, New Zeala#f21'37.40"S, 173°41'27.35E
Biosolids were homogenized thoroughly after sieving (diameter 10 mm). The treatments comprised
urea Q.11 g dry weight [DW]), biosolids (245 g DW), and the same amount of biosolids mixed with
sawdust (123 g DW). The application rates for urea and biosolids were equivalent to 200 and 1250 kg
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N hal, respectively; the biosolids application rate was equivede 50 t hat dry weight. For a mixture

of biosolids and sawdust treatments, the sawdust was mixed with the biosolids before application at
a ratio of 1:0.5 (biosolids/sawdust). The biosolids and biosshdglust mixtures were applied to the
surface ofthe pots before sowing. Urea (50 kg Nhequivalent) was applied four times over the

experimental period.

Seeds ofL. multiflorum LAM. Feast Il Tetraploid Italian ryegrass; 2 y),bicolor(L.) Moench

W{ dzRI Y SEBSEapuE[ d yYRa ! Ywh QU edl iNB thei IgsingtersRafteNdreatment
application. After germination, S. bicolor and B. napus were thinned to three and five plants per
lysimeter, respectively. A leachasampling device was installed in the bottom of each lysimeter to

measure N®@ leaching.

The lysimeters were arranged in the glasshouse basedrandomized block design. An irrigation
system allowed the independent watering of each plant species by pressmmpensated drippers.
Manual irrigation was used to apply additional water to treatments within species. The lysimeters
were maintained for & w in the greenhouse with temperatures ranging between 9 and 20°C during
the night time (10 PM until 6 AM) and between 14 and 28°C during the daytipsimeters were
watered to produce 13 L of drainage per weeldliquots were stored a20°C until furtler analyses

(Esperschuetz et al., 2016a@he lysimeters were weeded fortnightly.

5.3.2 Analyses and measurements

A final destructive harvest of all lysimeters was performed after 18 w. The total plant biomass was
weighed to investigate the growth responses of each plant species to soil amendmente\aditer
drying at 70°C until constant weight. Dried plant parts were further separated into roots, stems, and
leaves. Further details of samples analyses, measurementsstatidtical analyses were clearly
described byEsperschiitz et al. (20%@sperschuetz et al. (2016&sperschuetz et al. (2016k3nd
Esperschuetz et al. (2017)

5.4 Results and discussion

5.4.1 Biomass production

Figure 51 shows that compared to untreated soil, biosolids+sawdust treatment significantly increased
the growth ofL. multiflorumduring 18 w experimental period of spring and summer weBksnding
biosolids with sawdusihcreased the cumulative biomasslafmultiflorumto 3 t ha! which is almost

1 t ha® higher thanthe control (2.14 t h&). However Figure 51 shows thatthe biosolids + sawdust

treatment had significantlylower aerial biomassompared to urea4.93 tha?) and biosolids alone
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(4.14 t ha'). The results indicate thdt. multiflorumstartedto give significant response at six weeks
after sowing and resulted dédfent treatments ranking in order of urea > biosolids > a mixture of

biosolids and sawdust > control in which remain the same until the end of the experiRigatd5.1).

6
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Figure 5.1 Cumulative biomass (dry weight) in t hdequivalent during the 18wk experimental period. Each
point is the average of six replicates with bars representing the standard error of the mean.-dlarlapping
bars indicate significant differencepX n®np o ® 69 ALISNEOKdIzZSGT = Sd If ®X Hnamc

The growthof L. multiflorumwhich is indicated by the production of aerial biomass is comparable to
other studies using biosolidSmith and Tibbet(2004)found that the application of 4, 8, and 16 tha

1 of dried biosolids resulted the production of annual biomass production of 1.7, 2.0, and Zg&hda
present study usingvhich is approximately 50 t Haf dried biosolids)Other studies coducted by
Moir et al. (2013pnd Hanson et al. (2006kported the average biomass production of 2.2 and 8.7 t
hat, depending on the growth pd, reported foNJ W C STheilawer Ibibngass production of the
biosolids + sawdust treatment compared to the bioschdtsne treatment is probably due to sawdust

immobilizing NBugbee, 1999a)
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Figure 5.2 Total aboveground plant biomass d8. napus,S. bicolorand L. multiflorum at the end of the
experiment. Significant differencesp(>X 1 @re pepresented by lowercase letters. (Esperschuetz, et al.,
2016b)

Figure 5.2 shows that during the }8veek experimental period, applying0 t ha! of biosolids,
equivalent to 1250 kg N Haresulted in a positive growth responselirmultiflorum, B.napus,andS.
bicolorcompared tothe control. Figure5.2 showsthat blending biosolids with sawdust significantly
increased the above ground biomassLomultiflorum and B. napusbut not S. bicolor Compared to
urea treatment, B. napus produced significantly higher biomass both the biosolids
biosolids+sawdudteatments(Figure5.2). Applying 200 kg N hidertilizer has boosted the growth of

S. bicolorand L. multifiorum comparal to biosolids andiosolidssawdust. This is becausearea
contairs higher plantavailable N (200 kg N #a which rapidly hydrolyses to WHPaul, 2014)
compared to biosolids, which contain >95% organi¢@imour et al., 2003)The poor growth
performance oB. napusn the control and urea treatment was probably due the limitatioraobther
element other than NPrevious studies reported that compared to other species including wheat or
maize,B. napugequires higher S and (Rbdallah et al., 2010, Ahmad et al., 2007, Chen et al., 2015,
Jackson, 2000Amendingof the biosolids which werequivalent of 375 kg heof total S and 250 kg
ha! of total P resulted plant available S and P of rapeseed by 41.5 and 2.5 kgthabiosolids and

biosolids+sawdudtreatments, respectively.
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Figure 5.3 Aboveground plant biomass [g DW] after a growing period of 18 weeks in control, biosalids
biosolidstsawdusti NS G YSy da oyrnpaSood {AIYyATAOlI Yy iadindiEate8 NBy OS a
by letters (a, b, ¢) within plant species. Esperschuetz, et al., (2017)

P. radiataresponded positively to the application of biosolids by producing significantly higher
aboveground biomasd-igure 5.3. Compared to control, the species producgtds higher above
ground biomas#ollowing biosolids applicatiorF{gure 5.3. Figure 5.33hows that biosolids treatment
stimulated the growth of.. scopariunandK. robustawith an increase in aboveground bionsasf60%

and 27% respectively compared tahe control. The biosolids+sawdust treatment increasttk
aboveground biomassf L. scopariunand K. robustaby 57%and 52%respectively. In contrasthe

biosolids+sawdust treatment had no effect thre growth d P. radiata(Figure 5.3.

The positive response &f. radiatato the application of biosolids has been reportedKiynberley et

al. (2004)who found that adding biosolidacreasedhe growth of the speciedt is comparable with
the apgication mineral fertilizer(Prescott and Brown, 1998, Weetman et al., 1998)hough L.
scopariumand K. robusta species are naturally adapted to low fertility soil, their growth can be
increasedby adding high N biosolidéltering the sof ghysical properties and stimulating soil
microbial activity, particularly mycorrhiza, in soil by adding high soufoes@ sawdust gave positive
results and stimulated the growth df. robusta,presumably due to higher porosity of the soil
comparedo biosolids treatment aloneThis is in agreement witHaynes and Goh (198&hdWatson

and Mardern (2004yvho found that mixing sawdust with biosolids resulted in higher porosity of the
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growth media, hence increased root biomas&ofrobustaSmith et al. (2011eported thatadding
biosolids into soil may have stimulated ectomycorrhfmali, which in turn, increased plant nutrient
uptake Moyersoen and Fitter (1999Weijtmans et al. (2007)andWalbert et al. (2010jound that
ectomycorrhizalhas been associated with the growth bf scoparium, K. robustand P. radiata.
Arbuscular mycorrhiza has played an important role in promoting growth following the application of
biosolids and sawdust mixtufgVhiteside et al., 2012, Smith et al., 20JHM¢nce, adding both biosolids

(high organic N) and a mixture of biosolids and sawdust (high source of organic C) may have promoted
the growth of both ectomycorrlzial and arbuscular mycorrhiZéhisis supported byMoyersoen and

Fitter (1999)and Weijtmans et al. (2007yvho found that bothectomycarhizal and arbuscular
mycorrhiza colonisation were observeddnrobustaandL. scopariumwhereasonly ectomycorrhizal

was found inP. radiataafter the application biosolids aralbiosolids and sawdust mixture.

5.4.2 Elemental uptake

Adding biowastes on to soil significantly increased the concentration of several macdmicre

nutrients in theleavesof L. multiflorumas shown irmable5.1 and5.2.

Table 5.1 Average concentration of macronutrients ib. multiflorumover the experimental period. Values in
parentheses represent the statard error of the average concentration per ponh(= 6) throughout the
experiment f = 8).Esperschiitz et al. (2016)

Control Urea biosolids Biosolids+sawdust
% wiw

N 2.39 (0.04 3.35(0.09) 2.56(0.05y 2.63(0.12Y

P 0.30 (0.019 0.17 (0.0 0.43 (0.0Y 0.35 (0.0
K 3.21 (0.03) 1.93 (0.02} 2.73(0.06¥ 3.00 (0.12y
S 0.38 (0.01%° 0.26 (0.0 0.40 (0.019 0.35 (0.0
Ca 0.80 (0.019 0.77 (0.02¥ 0.73 (0.019 0.66 (0.0
Mg 0.23 (0.00) 0.24 (0.01% 0.23 (0.009 0.21 (0.0

Notes: Different lowercase letters indicate significant differences between treatmemtstat 1 ® n p

Table 5.2 Average concentration of micronutrients ih. multiflorum over the experimental period. Values in
parentheses representhe standard error of the average concentration per ponh(= 6) throughout the
experiment = 8).Esperschiitz et al. (2016)

Control Urea biosolds Biosolids+sawdust
mg kgt dry wt

N 11.4 (1.09 8.9 (0.3 10.5 (0.3 9.9 (0.8)°

P 5.9 (0.1} 6.0 (0.23 10.3 (0.69 8.7 (0.4Y

K 21.6 (2.3) 19.8 (0.73 150.4 (8.3 91.7 (3.7

S 37.4 (1.0% 35.2 (0.8) 60.2 (1.79 51.0 (2.49

Ca 96.0 (3.9 105.8 (13.8) 118.7 (14.8 105.5 (7.1

Mg 0.03 (0.01%° 0.02 (0.00) 0.26 (0.06) 0.13 (0.009

Notes: Different lowercase letters indicate significant differences between treatmemtstat 1 ® n p

In combination withL. multiflorum application of bothbiosolids and biosolids + sawdust significantly

increased the concentrations of foliar P and S comparettiéacontrol (Table5.1). Table5.1 shows
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that adding biosolids alone, did not significantly increase foliar N concentratibhnaditiflorum. In
contrast, biosolids + sawdust treatment sigradintly increased both N and R lower concentration of
foliar N ofL. multiflorumindicates that other components in the biosolids, such as heavy metals, may
have reduced the effectiveness thie added NIn the biosolids and biosolids + sawdust treatments,
only a limited amount of the total N applied with biosolids (1250 kg)hsas immediately plant
available. It is probably because most of the N in biosolids is locked up in organic calmp¢hioh

need to undergo (microbial) transformation processes to become avai(@dmmers, 1977)The
biosolids treatment decreased the concentration of foliall Ke esults indicated that K concentration

in the plant biomass showed a decré@agstrend inall treatments Figure5.4b). P and S reached their
peak concentration in 10, 12 w, and at the end of the experimé&igure 5.4c and 5.4d). The
concentrations macronutrients including K, P, and $385and 35 g kY respectively) in the present
study are comparable to similar study conducted by (Harrington et al., 2006) and were higher than
deficiency threshold concenttians (28, 2.1, and 1.8 g kgrespectively) i.. perennes reported by
(McNaught, 1970; Smith et al., 1985).
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Figure 54 Average concentrations of macro elements over the experimental peribdor bars represent the
standard error of the mean. Nowverlapping error bars indicate significant difference between meampsX¥
0.05). Adopted from Espschuetz, et al., (2016)

L. multiflorumaccumulatedsignificantly higher concentrations of Cd, Cu andnyoth the biosolids
and biosolids sawdust treatments compared to control and urea treatmefiable5.2). Table5.2
shows thatblending sawdust with biosolids significantly reduced the accumulati@dafthe leaves
of L. multiflorumcompared to biosolids alone treatmerithis could be beneficial far multiflorumor
other edible plants asawdust addition can reduce the entythis toxic element in their $suesThe
present study shows that Cd concentrations of tbavesof L. multiflorumwere within the range of
FOOSLIGFO6ES RFEAEE AyGr1S 2F /R O2yOSYydNI GA2Y oOF &¢
kglfor{ A RYS2 |+ yRFXNIPP ABEBND I yR (KS -OTdN® LISA Ry § &y Al2WR

mg kg for liver)(Reiser et al., 2014The average Cd concentrations in this present study were lower
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compared to other studies where biosolids had been used as a soil conditioner at similar rates as
reported byAntoniadis et al. (2008@ndBlack et & (2012) The lower concentration of Cd found in

this study is probably related to the higher concentration of@liver et al., 2005, Khoshgoftar al.,

2004) Khoshgoftar et al. (2004¢ported that Cd absorption by plants occurs through a process that
throughroot Zn transporter in which a low supply of plant available Zn couldhptes the absorption

of Cd by the plantit is supported byOliver et al. (2005\ho found thatApplying Zn fertilizer inhibits

Cd uptake and translocation, espetjah soit with low plant available Ziror instance, applying Zn
fertilizer to wheat elevated the foliar Zn concentration from 26 to 56 mg¢ud reduced foliar Cd
concentration from 0.90 to 0.09 mg kgn terms of concentrations, the concentrations of Zn in the
biosolids treatment in this study were similar to thoselofperenng129 to 390 mg k¢) reported by
(Santibanez et al., 2008hd (Torri and Lavado, 2009vho used higher rates of biosolids (800 t

ha.) and even higher than similar studies using lower rates of bidsateatment(Antoniadis et al.,
2008a, Ahumada et al., 2009, Black et al., 20TBg concentrations of Cu were increasedthe
biosolids+sawdust treatmerfTable5.2). Although the Cu concentratisim this study were gegrally

lower than those reported fok. perenngAntoniadis et al., 2008a, Ahumada et al., 2009, Black et al.,
2012) this can provide benefits to mitigate the global issues on Cu deficiency in all agricultural systems

(White and Broadley, 2009)

In bah the biosolids and biosolids+sawduseatments there were no significant differences in the
foliar concentrationof N, P, K, S, Ca, and Mg®f nhapuscompared tothe control (Table5.3). In
contrast,S. bicolomccumulagd significantly higher S and Mg in the biosolids aimbolids+sawudst

treatment compared tahe control.
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Table 5.3 Total macronutrients inB. napusand S. bicolotbiomass in response to different soil amendments
Different lowercase letters indicate significant differences between treatmentspat{ »n @spgrsdhitz et al.
(2016)

Control Urea Biosolids +sawdust  Biosolids
% w/w

B. napus

N 4,50 + 0.09b 455+ 0.36b 0.58 +0.11a 0.47 £ 0.04a
P 0.07 £ 0.02a 0.09 £ 0.01a 0.08 £ 0.01a 0.07 £ 0.01a
K 1.29 + 0.56ab 1.48 £ 0.49b 0.53+0.13ab 0.39 £ 0.04a
S 1.49 £ 0.09c 0.99 £ 0.04b 0.24 £0.03a 0.21 £ 0.02a
Ca 4,58 + 0.29b 5.00 £ 0.51b 1.29£0.18a 1.19 £ 0.05a
Mg 0.30 £ 0.02b 0.33 £0.00b 0.13 £ 0.02a 0.11 £ 0.01a
S. bicolor

N 4,50 + 0.09b 4,55+ 0.36b 0.58 +0.11a 0.47 £ 0.04a
P 0.07 £0.02a 0.09 £ 0.01a 0.08 £ 0.01a 0.07 £0.01a
K 1.29 + 0.56ab 1.48+ 0.49b 0.53+0.13ab 0.39 £ 0.04a
S 1.49 £ 0.09c 0.99 + 0.04b 0.24 +0.03a 0.21 £0.02a
Ca 4,58 + 0.29b 5.00 £ 0.51b 1.29£0.18a 1.19 £ 0.05a
Mg 0.30+0.02b 0.33 + 0.00b 0.13 +0.02a 0.11 £0.01a

Note: The average macronutrient concentrations are based on a weighted average across individual harvests.
Lowercase letters indicate significant differences between treatmengstat n ®n p @

With regard to micronutrient uptakeT@ble5.4), compared tahe control, B. napudhad significantly

a higher Zn concentration, but had significantly lower B and Fe concentsdtidoth the biosolids

and biosolids+sawdust treatmentompared to the control, the biosolids and biosolids+sawdust
treatments increased Zooncentrations fivefold and eightfold, respectively. Blending biosolids with
sawdust significantly increased the concentrai@f Cu and Mn by 3® and 40%, respectively,

compared to biosolids alone.
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Table 5.4 Total micronutrients inB. napusand S. bicolorbiomass in response to different soil amendments
Different lowercase letters indicate significant differences between treatmentspat{ »n @spgrsdhitz et al.
(2016)

Control Urea Biosolids + sawdust Biosolids
mg kg' dry wt

B. napus
B nm®dc K o0 dPc647+13.2a 19.2 +2.2¢ 16.5 + 0.6¢
Cu 2.1+0.4a 25+0.1a 2.7+0.3a 2.3+0.2a
Fe 46.5+6.3b 53.0 + 3.0b 20.5+3.4a 15.8+1.7a
Mn 21.4+0.2a 41.2 +6.8b 25.3+3.6a 15.7+1.7a
Zn 21.7 £6.8a 31.4 £6.9a 249.7 +16.9b 232.0 +18.4b
Mo 3.11 £ 1.66a 0.76 £ 0.08a 2.03 +0.58a 3.05 + 0.54a
S. bicolor
B 2.7+0.3a 2.9+0.3a 2.7+0.3a 2.8+0.3a
Cu 2.0+0.1a 2.2+0.3ab 3.7+0.1c 2.8+0.2b
Fe 22.8+3.1a 35.2+6.7a 22.9+0.6a 26.2 +4.5a
Mn 11.9+0.4a 10.9+ 1.6a 19.6 +2.1b 13.9+0.9a
Zn 9.4 +£0.3a 6.5+ 1.0a 81.6 + 6.6¢C 54.8+2.1b
Mo 0.46 £ 0.16b 0.33+0.02a 0.93 +0.08¢c 1.18 +0.12c

Note: The average macronutrient concentrations are based on a weighted average across individual harvests.
Lowercase letters indicate significant differences between treatmengstat n ®n p @

The esults of the presenstudy are in agreement with those &iedell (2010yvho reportedlower

shoot P and K concentrations in maize after Highapplication. The increased of Ca (1000 to 50,000
mg kg'), Mg (1500 to 3500 mg kg, S (1000 to 5000 mg kg and Cu (1 to 10 mg Kyconcentration

of B. napusaind S. bicoloafter biosolids application in the present study fall within the range of food
crops (Alloway, 2013) Amending the soil withbiosolids and biosolids+sawdust elevated the
concentration of Zn to above the typical range found in crop spééiésvay, 2013pf both B. napus
andS. bicolorIn contrast,S. bicolomccumulated lower Zn concentration by 15 and 20 mgikghe
control and urea treatment, respectively in which still within the range for adequate growth in most
crop speciesPlum et al. (2010yeported that although Zn is an important element for various
biological functionshigh concentratins ofZr¢*, as with other trace elemenistoxic. Broadley et al.
(2007)found that the tolerable Zn toxicity iplants is above 300 mg kgn this study, thepplication

of biosolids andiosolids+sawdust boosted the concentrations of Ni and Cd (0.1 to 0.3 Hhinkg)
napusand S. bicolorhowever, they were still within the range for food crops for both human and
animal health(Alloway, 2013, Gstl, 1993) Thsindicates that amending high rates of biosolids and
biosolids+sawdust onto soil can enhance accumulation of essential trace elements without causing Ni

and Cd to exceed threshold levels for food products.
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Figure5.5 shows thathe biosolids and biosolidsawdusttreatmentssignificantlyincreasedlant Zn,
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but lowered Ca, Mg, and MnSeveralauthors have reported that amending biosolids into soil may

have boosted root exudation such as organic acids which played an important role to transform

nutrients into mobile and soluble form, thus increase the available P arfdaet al., 2013, Bertin
et al., 2003b)The present study found that. robustaaccumulated highe{118%)Znconcentration
than that of inL. scopariunf27%)andP. radiata(32%) (Figure5.5d) after biosolids application. This
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presumably due to exudate composition iarce between specieghat influenced the plant-

availability ofnutrients (Walker et al., 2003)ower concentratiows of foliar Ca and Mg found iK.

robustawas probablydue to lower metabolic requirement in this speci@darschner, 1995)Adding

biosolidswould have changedhe physical environment of the roots affectibgth the morphology

and physiology of the root tips where Ca is taker(\White and Broadley, 2003)

5.4.3 Rhizosphere chemistry

Table 55 shows theextractable Ca NOs),) nutrient and trace element concentrations in soil detected

in combination with different plant species and soil amendments

Table 5.5 Extractable Ca Ns)2) nutrient and trace element concentrations in soil detected in combination
with different plant species and soil amendmentBifferent lowercase letters indicate significant differences
between treatments atp )X 1 Bspgysthitz et al. (2016)

Control Urea Biosolids + sawdst Biosolids
mg kg' dry wt

S bicolor
P 0.65 = 0.068 0.60 + 0.00a 0.79£0.13b 0.60 £ 0.01a
K 17.1 £ 0.66a6 14.4 + 0.556 18.9 £ 2.61b 16.0 £ 1.03a6
S 4,39 + 0.24a 3.53+0.35a 10.19 + 2.26b 7.88 + 1.33M
Mg 90.0 + 3.43b 70.5 + 1.406 90.6 +4.01b 849+ 257Mm
Cu 0.01 £ 0.00a 0.01 £ 0.00a 0.02 £0.01a 00a 0.01 + 0.00&
Fe 1.10 £ 0.09a 2.15%+0.32b 1.01 £ 0.05a 09a 1.29 + 0.063
Mn 7.29 + 1.00by 3.10 + 0.25a 3.05+0.76a 4,85+ 1.67ab
Zn 0.05 + 0.03a 0.02 £ 0.02a 0.33+0.14a 0.36 £ 0.18a
L. multiflorum
P 0.48 £ 0.02a @ 0.57 + 0.05ab 0.62 + 0.03b 0.62 £0.01b
K 23.1 + 1.86ah, 26.4 +1.92h, 22.7 £ 1.44ab 19.8 + 0.698,S
S 5.19 £ 0.35a 3.34+0.15a 11.85+ 1.59b 14.54 + 0.93wm,
Mg 5.19 £ 0.35a 3.34+0.15a 11.85 #1.59b 14.54 + 0.93m,
Cu 0.02 £0.01a 0.02 +£0.01a 0.05 +0.02a 0.03 £ 0.00\,
Fe 0.88 £ 0.07a 4.64 £0.27b 0.97 £ 0.04a 0.96 + 0.04a
Mn 2.07 £ 0.05a 6.57 + 0.46m, 2.88+0.11b 2.98 £ 0.16b
Zn 0.13 £ 0.06a 0.11 £ 0.01g 0.84 +0.20a 1.74 £ 0.46,

Note: The average macronutrient concentrations are based on a weighted average across individual harvests.
Lowercase letters indicate significant differences between treatmengeiat 1 dnp ¢

The plant available P &. bicolorhizosphere soil increased after the application of biosolids alone,

whereas amending the soil with both biosolids and biosolids+sawdust increased plant available S

(Tableb.5). Lower concentrations of K, Mg, Mn, and Zn were found in the rhizosphend Sobicolor

following the application of urea. Mg and Zn concentration of rhizosphere soil undaultiflorum

after the application of biosolids alone, while concentration of P, S, and Mn were higher in both

biosolids and biosolids+sawdust treatmentalfle 5.5). Table 5.5 shows that with regard to
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treatments Following biosolids addition, the concentration of available K, S, Mg, Cu, andSZn of
bicolorwere lower than that of irL.. multiflorum Certain trace elements including Cd, Cr, Ni, and Pb

were below detection limit$<0.1 mg/kg)

Previous studies have reported that mixing sawdust with other biowastes has altered the availability
of certain soil nutients such as P and S by exerting effect of microbial activity due to leaching of
organic compound including phenols, tannins, lignin, and terpgiteimark and Scholz, 2008,
Keeling and Bohlmann, 2006, Sanati, 2005, Hall, 2d®i#) higher concentrations of Mg, Mn, and Zn

in L. multiflorumrhizosphere soil after biosolids application were presumably because the species did
not require high concentration dhese elements in producing biomass compared \@thicolorThe

lower concentrations of certain trace elements such as Cd, Ni, and Cr indicate that the application of
50 t hal(equivalent to 1250 kg N His still an ideal rate fd8. bicoloandL.multiflorum. The present

study shows thatS. bicolorand ryegrass utilised different way in exerting the maceand
micronutrients in soil probably due the root exudation and groilflo Nascimento and Xing, 2006)

For instance, the concentrations @a(NG@).-extractableP, S, Mg, Mn, Cu, and Zn $ bicolor
rhizosphere soil were lower than that In multiflorumrhizosphere soil; root exudates may have
changed metal speciation resulting in increased plant uptake or immobilization i(Bsddl et al.,
2006) In the biosolids+sawdust treatment, the concentration@d NGs).extractablenutrients was
similar underS. bicolorand L. multiflorum Cébron et al. (2015eported that as sawduss agood
source of available C, blending them with biosolids attracted heterotrophic bacteria which consumed

root exudates and available nignts in soil as well as stimulated the rhizosphere microbial biomass.

5.4.4 NGs leaching

Applying biosolids and biosolids and sawdust mixture did not significantly affect the leaching of NO
in B. napusS. bicolorandL. multiflorum This was unexpected a$the high carbon: nitrogen ratio in

the fresh sawdust should immobilise mineral N in bioso{gse Appendix A)Peter et al. (2013)
reported that mixing fresh sawdust with other N source N material such as pig manure, reduced the
nutrient mobility in soil. However, the present study shows that™M@s recovered in leachate the

biosolids and sawdust mixture treatments.

Following the application of biosolids and biosolgswdust, there was no significant differences of
NGs - leaching inP. radiata, L. scopariumand K. robusta (Figure 5.6). Especiallyin the
biosolids-sawdust treatment, it is suspected sawdust played an important role in immobilizing organic
N in biosolids as well ascreasedhe C:N ratio, thus less N leaching into soil prafiagbee 1999a,

Paramashivam, 2015bjAt the end of the experiment, sel under P. radiata, L. scopariunand K.
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robustasignificantly increased up to 686 kg'hd 602 kg hdand 1449 kg hg respectively following
the application of both biosolids and siolidsrsawdust Figure5.6h).
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5.5 Conclusion

The application of high rate of 50 t hdiosolids (equivalent of 1250 kg NHao lowfertility soil
supplied sufficient certain essential nutrients includgCu, Zn, Mn, Fe, andds the growth ofL.
multiflorum, S. bicoloandB.napus.Although blending biosolids with fresh sawdust resulted in lower

available certain nutrients including N, it still could provide potential agriculture benefit in reducing
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the uptake of contaminant such as @@, and Ninto the leavesof L. multiflorum, Sbicolor,and B.

napus or Cd However, since it is varied strongly depending on plant species, the use of sawdust in
these scenarios must be implemented on a ehgease basis depending on the required outcome. In
brief, applying high rates biosolids tonlow-fertility soil has future potential benefit as a substitute
fertilizer without significantly elevating contaminants in the plant biomass. However, leaching
contaminants in to the surface and ground water body should be carefully monitdteis.
recommended that a futurdield study to reveal the effect of sawdust decomposition on the {fong

term fertility of soils amended with a mixture of biowastes.
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Chapter 6
The response omanuka (eptospermum scopariurd.R Forst) and

kanuka Kunzea robustELANGES TOELKEN and other New

Zealand native plants to treated municipal wastewater

6.1 Introduction

6.1.1 Background

The reuse of Treated Municipal Waster (TMW) for land application has several benefits over
discharging it into waterway@Angelakis et al., 1999, Coppola et al., 2004, Jim€&iszeros, 1995,
Mohammad and Mazahreh, 2003, Mohammad Rusan et al., 2007, Oron et al., B&&Jlition to its
role as irrigation waterTMW contains elevated concentrations of plant nutrients, including N,, P, K
and S(Mohammad and Mazahreh, 2003, Vogel et al., 2015, Oron et al., 1995, Ji@isnezos, 1995,
Coppola et al., 2004, Toze, 2006)

The longterm disposal of TMW into waterways, such as Akaroa Harbour, can have demonstrable
negative environment impast due to the increased concentration of plant Nutrients and
Contaminants Associated with Biowastes (NCMBhammad Rusan et al., 2007, Mohammad and
Mazahreh, 2003, Bedbabis et al., 2014, Tarchouna et al., 2010, Yadav et al., 2002, Toze, 2006)

Land application of TMWhay cause dispersion of clays in the soil, resulting in runoff which may
eventually pollute waterway@Magesan et al., 2000\Vastewater iirigation can increase the level of

soil salinity due to thevastewatersalt content(Mohammad Rusan et al., 200Thelongterm effect

of treated wastewater application is Na accumulation, which could cause unstable aggregates of soil
(Kaewmano efal., 2009, Tisdall and Oades, 1982, Crescimanno et al.,.19@gber Na results in
excessive swelling of the soil, which may result in the collapse of soil aggregates, making the soil prone
to waterlogging, thus reducingot penetration into the soi{fKaewmano et al., 2009Fontinuous land
application of TMW can lead to excessive amounts of NCAB ifDsditls and Welch, 2000kading

to increased water contamination through leaching and rundfagesan et al., 2000y oo many
nutrients in the wastewater, for example N and P, may cause eutrophicgonith, 2003)
Eutrophication reduces water quality and alters the ecological structure and function of freshwaters
(Carpenter et al., 1998, Gong and Xie, 20&Ljrophication from N and P can result in the mass

proliferation of algae, including cyanobacteria, which may be toxic to humans and aBoatng
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and Baker, 1996)Bowling and Baker (1996pund that eutrophicéion caused a bloom of
cyanobacteria during a drought in Murr®arling River, Australia, which resulted in the death of
livestock Some algae pose a significant health risk to humans using the water, causing gastroenteritis
and skin irritationsTherefore wastewater nutrient content, crop nutrient requirements, soil nutrient
content and other soil fertility parameters should be considered when applying waste2oeids

and Welch, 2000)in addition, TMW application may leach plant nutrients and contaminants into
surface and ground watdXu et al., 2009)TMW contains human pathogens, as well as a number of
organic xenobiotic compounds, such &ndocrine Disrupting Compounds (EDCs) and various
pharmaceutical{Lado and Beilur, 2009, Ternes, 1998, Ternes et al., 2004, Griffin and Harrahy,
2014)

The soils of Akaroa Harbour in Banks Peninsula, Canterbury are derived from the igneous bedrock
overlaid with a thick layer of loesSiven the steep landform, therodiblenature of loess, and variable

climate, soil cover in this region is vulnerable to erogidarris and Harris, 1939)

Supporting plant growth wit the application of TMW may be beneficial for the chosen speties.
challenge is that the application of TMW to the land does not always positiffelst @lant growth.

For example, a high proportion of the P present in TMW could be a limiting factptafiat growth
(Iskandar and Syers, 1980his is presumably due to the low capacity of soil to sorb P,ttreusoil

has a limited ability to transform into available P for plant uptékkandar and Syers, 198Dgvitt et

al. (2003Yeported that treated wastewater caused diffuse damage to ornamental plants and trees of
Quercus virginiana, Chilopsis linearis, Prunus cerasifielistacia chinensisoliar damage increased

as the Ca and Na in leaf tissue increased and th&é @&@centration decrease(Devitt et al., 2003)
This concurs with the study ¢Ehlig and Bernstein, 1959)ho bund that foliarchlorophyll of fruit
trees decreased ahieé absorption of Na increase#ioffman et al. (1989and Mantel et al. (1989)
suggested that CI, or a combination of Na and Cl, are the pyimas causing foliar damag&lthough

Wu et al. (1998hoted that higher tissue concentrations of Ca were positively correlated with plant
tolerance to CIBernstein and Francois (19#&ported that burned leaves contained higher levels of
Cl,Na and Ca than unburned leavetence choosinghe best suited plant and/or crop @ucial when

applyingTMW to land.

{SOSNIt 2F bSs %BSHE I k@ nawe NBnts &g BriowtRty Yepgnd | £ £ &
positively to elevated nutrient levelStephens et al., 2005rown in conjunction with the use of

TMW, theycould be used to promote sustainable restorati¢hhomas et al.2014) Manuka
(Leptospermum scoparidnand kanukaKunzea robustafor instance, responded positively to the

application of biosolidand Dairy She&ffluent (DSEJranklin et al. (2015pund that increased soll
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N concentrations resulted in incrsad foliar N in native plantgnother study found thaK. robusta

reduced NO emissions following the application of D&Eanklin et al.,, 2017)Several native
monocotyledons, includin@hormium tenaxand Carex virgatawere found to have potential in the

reduction of N@ leaching(Franklinetal., 2015] 2 YS 2F b %Q& Yyl GAGS LI I yia |
fertility soils and may not respond paosily to high nutrient levelsSelecting native plant species to

deal with this specific, is not only beneficial to the environment, but codttieconomic value to the

land. For example, manuka and kanuka species can potentially be uggddace highvalue honey

and essential oils aneduce erosion.

I hypothesised that there wilbe a distinctly different response to plant growth, elevated plant
nutrients as well as trace element uptake between native plants species receiving TMW and the

control.

6.1.2 Aims

The main aim was to determine how manuka g¢copariurj) kanuka K. robustd, akiraho Qlearia
paniculata (J.R.Forst. & G.Forst.) Dric&iramu Coprosma robustaRaoul), totara Podocarpus

cunninghamiiG.Bennex D.Don), kapuka Grisilinea littoralidRaoul) puahou(Pseudopanax arboreus

(L.f) Philipson), harakekeR. tenax].R.Forst.& G.Forst), wharariki(Phormium cookianurhe Jol){i o

1 I d4Cdrdyline australigForst. f) Hook. f), andtarata (Pittosporum eugenioideA.Cunn, 1840
respond to the application of TMW.

6.2 Methods

6.2.1 Experimental site and duration

A field trial was conducted between May 2015 (planting) and May 2017 (collection of soil and leaf
samples)lt was part of a longer (four yedigld experimentThe trial wasonducted at Duvauchelle,
Robinsons Baygn p Qny &1 ¢ {, elmvation 5pmcabovepsdatieved), Akaroa, about 75 km east
of Christchurch, New ZealanEigure 6.1).
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Figure 6.1 A map of Duvauchelle field ial, RobinsonBay, Akaroa (about 75 km east of Christchurch, New
Zealand).

The annual mean temperature is 11.8°C and annual precipitation is 985mm. Itis located in a temperate
zone witha sub humidcontinental climate The field trial area was about 200(*.nThe sditype is
Pawson Silt LoarfHarris and Harris, 1939y he physical and chemical properties are showhaible

6.1.
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Table 6.1 Properties of soil at experimental sitefPawson Silt Loam Duvauchelle (43°44'53.06"S,
172°55'41.44" Values in brackets represent the standard error of the mean (n=65).

Properties concentration
pH 5.2 (0.1)
NH:*- N (mg kd d.w) 25 (4)

NQy - N (mg kd) 48 (0.4)
Total C (%) 4.6 (0.1)
Total N (%) 0.4 (0.1)

Al (mg kd d.w) 2473 (286)
B (mg kg d.w) 2.4 (0.2)

Ca (mg kg d.w) 4945(83)
Cu (mg kg d.w) 11 (0.4)

Cd (mg kg d.w) 0.6 (0.0)

Fe (mg kg d.w) 22641 (386)
K(mg kgt d.w) 1729 (37)
Mg (mg kd d.w) 3267 (26)
Mn (mg kgt d.w) 560 (15)

Na (mg kg d.w) 302 (11)

P (mg kg d.w) 1501 (68)

S (mg kg d.w) 514 (9)

Zn (mg kg d.w) 92 (3)

6.2.2 Experimental setup

Species selection

Eleven NZ native species were selected for the field trial, namelycopariumK. robusta O.
paniculatg C. robustaP.cunninghamiiG. littoralis P. arboreusP. tenaxP. cookianumC. australis
andP. eugenoided hese species have a natural disition in the surrounding area, areexpensive
and hardy.In addition to their environmental benefitd,. scopariumand K. robustacould provide
commercial benefits through the productiori essential oils and/or honey.. scopariumwas shown
to kill soitborne pathogengPrasser et al., 2016nd reduce N@leaching(Esperschuetz et al., 2017)
P.tenaxis used for fibre production, an. littoralis may be a nutritious grazing animal supplement

due to tannins and trace elemengBickinson et al., 2015)

To keep experimental variables consistent within and between species, seedlings of between 30 cm
and 35 cm were selected fofgmting. Seedlings were sourced from Motukarara Native Plant Nursery
(Waihora Park Motukarara, Christchurch 76 7R)oyearold seedlings were transplanted in May of

2015.Plant guards were installed to protect the plants from herbivores.

Plot trial designand treatment
Figure6.2 shows the plant species which comprised each of the three treatmé&aish 5 x 5 rplot
was planted with 50 plants from the treatment group, spaced at apprately 0.5 x 0.5 m intervals.

There were four replicates of each treatmte with a total of 12 plots irrigated with TMW and 12
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control plots, which received rainwater onkjigure 3 shows the site shortly after plantihg.January

2016, TMW was applied at the level of 200 kg N.ha

1IC113E||3C||1E||2C||2E||1C || SE

3C||2E||2C||2E||1C||3E||3€ || 2E

2C[|1E||1C||3E|[3C||1E||2C || 1E

C=control E=effluent 1,2,3=vegetation type

Vegetation type 1 =L scoparium and K. robusta
Vegetation type 2 = O. paniculata, C robusta, P. cunninghamii, and P. arboreus
Vegetation type 3 =G littoralis, P. tenax, P. cookianum, C australis, and P. eueugenioides

Figure 62 The experiment layout of Duvauchelle field trial, Akaroa, New Zealand

vt

t'y Nogy e

Plate 6.1 An initial view of plot trial few days after planting, Duvauchelle field trail, Robinsons Bay, Akaroa

Municipal wastewater irrigation system

TMW was obtained from the Akaroa Wastewater Treatmilsnt sited about 500m from the field

site. The wastewater received secondary treatment befbeing applied to the plotdt was pumped
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to the plots using an automated drigigation systemFrom Janary 2016 to April 2017, each plant in
the TMW treatment received wastewateat a rate of 500 mm, a rate similar to that used on an

irrigated dairy farm in CanterburZontrol plots received rainwater only.

Weed control and plant measurement

A lawnmower wa used to cut grass outside the pladts.March 2016, the inside part of the plots was
sprayed with herbicide to control weed growtn May 6, 20172(yearsafter planting), the survival

rate and canopy volume wenmecorded.Canopy volume components were measured by taking the
height and diameter reading at 50% of thlividualplants height(Mark et al, 2002) Plant height

was defined as the distance from the base of the main stem to the tallest extent of photosynthetically
active plant material. Diameter reading was defined at the widest extent of photosynthetically active
plant material that intesected a plane passing horizontally through the plant at 50% of the plant
height. Plant height and crown diameter were measured using a wooden flant canopy volume

was estimated by applying the height and diameter measurement to a derivative oate dlipsoid

volume formula as follows:

Canopy Volume = 0.5*3.14 qrh

6.2.3 Sample collection and analysis

In May 2017, above ground plant parts were harvested usingdestructive sampling methodgive

plants were chosen from each of the 11 spedeloth the control and TMW treatmentPlant parts

were cutoff from each plant andkept in labelled paper envelopes for biossaand total element
analysisThey were then dried at 70°C for at least a week, ground to powder and stored in 30 ml plastic
containes for further analysis of total elementBried leaves were then separated from branches
(Plate 6.2a and 6.2b), groundusing a Retch ZM200 grindétl@te 6.2c and 6.2d) and stored in sealed
plastic bagsf-or total N, 0.2g of fine samples were transferieth crucibles before running using Flow

Injection Analysis (FIA) method.
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Plate 6.2 Dried leaves separated from branches (a,b) and grinder Retch ZM200 for grinding the samples (c,d)

Rhizosphere soil was sampled from botmtrol and TMW plots (total 24 plots). Five soil samples were
taken from each plotHigure 6.2) up to 15cm deep and 5 cm in diameter of soil cor€sil samples

weresieved using a 2mm nylon siethen kept in the fridge for further analysis.

SoilpHs I & RSGSNX¥YAYSR dzaAy3d wmn 3 2F az2iAt IyR Hp Y]
Force® SMART Series, SPW {glire Water systemModel-PWUV) at a sodnd water ratio of

1:2.5. The mixture was then shaken for an hour and left to equilibrate Zéi before
measurementEach mixture was shaken before measuring soil pH using a pH meter (Mettler Toledo
Seven EasyBlakemore et al., 1987)

Total C and N were detected by Flow Injection Analysis (FIA) method usigg@Ddvendried soil
samplesAn Elementar VariMax CN Elementar analyser (Elementar ®, Germany) was used to analyse
the total C and N content ithe soil and plant samplesh@& analysis was conducted by adding 40 mL

of a 2M KClI reagent to 4d)of fresh soil, the solution was then shaken on an-enei-end shaker for

1h, centrifuged at 2000 rpm for 10 min and subsequently filtered through Whatman 41 filter paper
(Blakemore et al., 1987[xtracted solutions were kept a@0°C until analysed. Ammoniubkh (NH*-

N) andnitrate-N (NQ -N) were determined using a flow injection analyderA(FS3000 twin channel
analyser, Alpkem, USA).

Soils were digested using a microwave digestexr CEM MARS XpresSEM CorporatioriMatthew,
PO Box 200 North Carolir281060200,USA), using 0@ of sample in 8 mL of AristarTM nitric acid (=
cq@z0 YyR FAfGSNBR o0& YStya 2F 2KFAdYFyYy puH FAEGSN
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water to a volume of 10 mL. Certified Reference Materials (CRMs) for soil (International Soil analytical
Exchage - ISE 921) and plant samples (International Plant analytical Exchange IPE 100) from
Wageningen University, The tiierlands, were digestedConcentrations of Cd, B, Ca, Cr, Cu, Fe, K,
Mg, Mn, Mo, Na, P, S and Zn of both plants and soil were determsing lnductively Coupled Plasma
Optical Emission Spectrometry (FOES Varian 720 EBhe Varian 720 IGPES Varian Australia Pty

Ltd, 679 Springvale Road, Melbouinesoils (Kovacs et al., 2000; Simmler et al., 2013; Valentinuzzi et
al., 2015).Extradion and digestion solution and method blanks were analysed in triplicate as part of

standard quality control procedure for the analysis and were below thenlIGR Qa RSUSOUA2Yy f

all metals. Recoverable concentrations of the CRMs were within-93@% of the certified values.

6.2.4 Data analysis

Significant differencesh (I' n Ybbepveen control and TMW treatments of each species were
determined by IndependentSample itest. Percentage data were transformed using Arcsin

Transformation prior to the-test. The analyses was performed using SPSS(Magers, 2013)

6.3 Results

6.3.1 TMW characteristics

Table 6.3 shows thecharacteristics of TMW used in the experimeAs shown in Tablé.3, TMW
possessesonsiderable amounts of N, P, K, Ca, Mg, and S, which are considered essential nutrients for
improving plant growth andoilfertility and productivity levels. However, over a longer pergeleral
elements such NQ P, and S could poteatly stimulatethe mass proliferation of algae, including
cyanobacteria, which may be toxic to humans and animals, ttamaging fieeries and tourism
industries.Table 2 shows that the Sodium Adsorption Ratio (SAR) of TMW was above the threshold
for cropirrigation purposegFAO, 2018)This indicates that long term application of TMW may result

in aggregate instability (dispersion of clay colloids) in soil, resulting in a breakdown in soil structure
and consequent problems with infiltration, aeration, and drainfiga0, 2018)Amending soil with a

high alkaline material such as gypsum, dolomite, or lime could be an alternative option for maintaining

soil quality(FAO, 2018)
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Table 62 Characteristics of TMW anghass plant macro and mro-nutrients added through irrigating treated
municipal wastewater at a rate of 500 mm per yeavalues in brackets represent standard deviation of mean
(n=54).

Properties Concentration Mass added (kg hayr?)
N (mg LY) 18 (7.5) 90
P (mg &) 11 (5) 55
K (mg ) 22 (5) 110
S (mg B) 25 (11) 125
Mg (mg L) 19 (5.5) 95
Ca(mg®) 59 (12) 295
Al (mg 1) 0.43 (0.11) 2.15
B (mg B 0.1 (0.04) 0.5
Na (mg ) 95 (21) 475
Pb (mg L) <0.01 (0.00) 0.05
Cr (mg L) <0.01 (0.00) 0.05
Cu (md-?) 0.04 (0.03) 0.2
Zn (mg &) 0.17 (0.11) 0.85
Mn (mg L) 0.06 (0.03) 0.3
Fe (mg &) 0.96 (0.25) 4.8
Cd (mg &) <0.01 (0.00) 0.05
pH 7.5 (0.6) -
EC (dS/m) 423 (40) -
NG -N (mg 1) 18 (7.5) -
Sodium Accumulation Ratio (SAR) 15 (2.6) -

Table6.3 shows that the concentrations of trace elements in the TMW were relatively low and meet
the standards for wastewater reuse in irrigati@®AQO, 2018)Given the fact that these metals could
accumulate in soil and plants with continuous use of TMW &gation, monitoring should be an
important component of wastewater management. In additiohe tannual mass of N added per
hectare is approximately almost half of the maximum rate permitted in most agriculture threshold of
200 kg hat yr'. Phosphorus and& are within the ranges that these nutrients would be added to
maintain an intensively grazed pastuiairyNZ, 2018However, TMW contains more than double
the amount (20g 50 kg hat yr?) of S, which is likely to leach as S is poorly retained by most NZ soils,

including the Banks Peninsula loess.

6.3.2 Growth parameter

Plant survival

Figure 63 shows thatthere were no significanpe0.05 differences between the TMWrigated and
norvirrigated plots.With the exception ofP. arboreusall indicator plants hadnore than a 60%
survival rate Over all, the survival rate of plants watered with TMW was apparently higher than that
of the plantsin the control The results show that seven species, nan@zlyobustaG. littoralis C.

australis P.cunninghamii andP. eugenoidebad more than a 90% survival rate inefimonths after
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receiving TMWOn the other handP. arboreushad less than a 50% survival rgtéigure 6.3). L.

scopariumandK. robusta had fair survival rates of more than 70%.

100
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Survival rate (%)

©O oo o o
N

Figure 6.3 Survival rate (%) of each species in response to Treated Municipal Wastewater (TMW) treatment
18 months after treatment application (End of May, 2017). Error bars represent the standard error of the
mean (n=4). There were no significant differences betwetie controls (striped bars) and treatments (solid
bars) atLD>Kn .®n p

Crown volume
In general, plantgrowing in the TM\Afreated plots were visibly larger than the control ploRigte

6.3). Thiswasconfirmed by crown volume measurementghich showedhat of the 11 species, crown

volume was significantly increased in 8, compared to the castrol

wll -
‘ % . - - [ _,\' ./
field trial, Akaroa (June 2017)

Plate 6.3 Plént condition of Duvauchelle
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Figure 64 Crownvolume (m®) of each species in response to Treated Municipal Wastewater (TMW) treatment
18 months after treatment application (End of May, 2017). Error bars represent the standard error of the
mean. Asterisks (*) signify significant differences between tffluents (striped bars) and controls (solid bars)
atLhPKn onp

Application of TMW significantly increasgax0.05 the studied vegetative growth parameter (crown
volume) compared with control (receiving none). Generally, the crown volume of each species grown
in the TMW treatments was significantly higher than those found of the conikih the exception

of P. cunnnghamij G. littoralis and P. eugenoidesindependent itest analysis proved thathe
application of TMW significant. DK n )dnerpased the canopy volume of tested speckdgife 6.4).

The increased rates of canopy volume vary amongst species tested. Irrigating TMW in to soils
increased approximately fifteen times of above ground part (canopy volunte) arboreuswhereas

the percent increase of canopy volumeRxftenaxwas only 74%.

6.3.3 Nutrient uptake

Macronutrients

Results showed that, in general, most species tested responded pbsiiivthe application of TMW.

In generaljrrigation with TMW gave significantly higher concentrations of N, P, K, S, Mg, and Na in
the leavesof certain NZ native plants compared Wwithe nonirrigated treatment. Compared to
controls- with the exception oP. tenaxG. littoralis andP.cunninghamit most species accumulated

significantly higher N in theleaves(Figure 65). L. scopariunK. robustaandC. robustavere the top
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three species with the greatest concentration of foliarli.contrast,P. cunninghamiiaccumulated

the lowest concentration of foliar NF{gure 6.5).
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Figure 6.5 Total concentration of foliarN (mg/kg) of each species in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 2017). Error bars represent
the standard error of the mean. Asterisks (*) signify sigo#nt differences between the effluents (striped
bars) and controls (solid bars) &thKn ® n p

This study showed that adding 500 mm of TMW to soils ovet8&month experimental period
significantly increased the total concentration of foliar N of nine species tested fronfCL3astrali
to 24% P. tena). Species with greater canopwplumes(>1n¥), includingC. robustaC. australisand
P. tenax accumulatedhigher N in theirleaves Remarkably, two important New Zealand native
species,L. scopariumand K. robusta which were irrigated with TMW and have relatively smaller
canopy volume accumulated reasonably large amounts adf kheir leaf tissue, 22% and 17%,

respectively(Figure 6.5).

Figures 6.6 and 6.7 show that irrigating the plots with TMW resulted in significantly different
concentration levels of foliar P and K of certain species in this study. Irrig&thognmof TMW on to
the soils increased the accumulation of both foliar P and IK s€opariunby 16%. The application of
TMW significantly increased the accumulation of khanleavesof C. robustaand K. robustaby 48%
and 17% respectivelyfhe present studyndicates that compared tthe control, seven plants which
were irrigated with TMW accumulated significantly higltencentrations ofother macronutrients

including S in theiteaves(Figure 6.8). After 18 months of the experimental period, scoparium
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increased its foliar S concentration 82%(the largest increaseompared to the contrglwhereasC.

australisincreased foliar S ¥1%(the lowest increaséFigure 6.7).
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Figure 6.6 Total concentration of foliar P (mg/kg) of each species in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 20Etyor bars represent
the standard error of the meanAsterisks (*) signify signifant differences between the effluents (striped
bars) and controls (solid bars) &thKn .® n p
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Figure 6.7 Total concentration of foliar K (mg/kg) of each species in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 20HE#yor bars represent
the standard error of the meanAsterisks (*) signify signifant differences between the effluents (stripebar)

and controls (solid bars) dt>Kn .® n p
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Figure 6.8 Total concentration of foliar S (mg/kg) of each species in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 20Efyor bars represent
the standard error of the meanAsterisks (*) signify signifant differences between the effluents (striped
bars) and controls (solid bars) &thKn .® n p

Five TMWtreated speciespnamely L. scopariumK. robusta P. cookianumO. paniculata and P.
arboreusaccumulated significantly higher Na by 22%, 25%, 69%, H$291%, respectively than
that of the control Figure 6.9).

87



6500 *
6000

5500

5000

4500

4000

3500

3000

2500

2000 *
1500

1000
50

;o | ..

Foliar Na (mg/kg)
*

o

T T e, e

Figure 6.9 Total concentration of foliarNa (mg/kg) of each species in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 20Efyor bars represent
the standard error of the meanAsterisks (*) signify significant differences between theflaknts (striped
basg and controls (solid bars) dt)>Xn .® n p

Irrigating soil with TMW reduced the level of accumulation of certain matements in thdeavesof

the species testedAdding TMW to soils lowered the concentration level of both foliar P and®X of
paniculataby 26%.A similar trend can be seen on the concentration of foliar Mg of certain species
after 18monthsof experimental periodin the TMW treatment, the accumulan of Mg on thdeaves

of C. robustaK. robustaandP.cunninghamiivas significantly lower than those in the contrBldure

6.10).
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Figure 6.10 Total concentration of foliar Mg (mg/kg) of each species in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 20E#yor bars represent
the standard error of the meanAsterisks (*) signify signidant differences between the effluents (striped
bars) and controls (solid bars) &»>Kn.®n p

Micronutrients

The results indicated thahe application of TMW generally led to changes in the physicochemical
characteristics of soil and consequently signifida o0 LIKn ®np0 RAFFSNBYyOSa
micronutrientsby certain plants tested-igures6.11, 6.12, and6.13 show thatirrigation of soils with
TMW significantly altered theoncentration level of foliaFe Mn, and Cdn L. scopariumP. tenaxK.
robusta andP.cunninghamiilrrigation with TMW lowered the concentration level of foliar Fe and
Mn inL. scopariunby 40% and 29%, respectivefyyquress.11 and6.12). A similar trend was observed

by TMWireated K. robustaandP.cunninghamiiwhich accumulated significantly higher foliar Mn by
45% and 33%, respectively, than the contimlcontrast, the application of TMW significantly eleagt

the concentration of foliarFe inP. tenaxby 36% [igure 6.11). In addition, L. scopariumand P.

cunninghamisignificantly reduced the concentration of foliar Giggre 6.13).
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Figure 6.11 Total concentration of foliar Fe (mg/kg) of each species in response to Treated Municipal
Wastewater (TMW) treatment 18 months aftareatment application (End of May, 2017rror bars represent

the standard error of the meanAsterisks (*) signify significant differences between the effluents (striped
bars) and controls (solid bars) &thKn .® n p
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Figure 6.12 Total concentration of foliar Mn (mg/kg) of each species in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 20E#yor bars represent
the standard error of the mea. Asterisks (*) signify significant differences between the effluents (striped
bars) and controls (solid bars) &»>Kn.®n p
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Figure 6.13 Total concentration of foliar Cd (mg/kg) of each species in response to Treated Npalic
Wastewater (TMW) treatment 18 months after treatment application (End of May, 20Efyor bars represent
the standard error of the meanAsterisks (*) signify significant differences between the effluents (striped
basg and controls (solid bars) gKn @ n p

6.3.4 Total element concentrations isoil

Soil pH and EC

Theirrigation with TMW resulted in significant changes in soil chemical propeRigsre6.14 shows

that there was a significant increasé pH throughout the irrigated plots. Results indicated that the
application TMWincreasedsoil pH by 6.0%.A similar trendcan be seen on EC valuésigation of

soils with 500 mm of TMW resulted in higher EC tigtwout the experimental plotAfter 18 maths

of irrigation, the EC values of soil under three different vegetation types increased between 43% and

86% Figure6.14).
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Figure 6.14 Soil pH and EC of each vegetation type in response to Treated Municipal Wastewater (TMW)
treatment 18 months after treatment application (End of May, 2017). Error bars represent the standard error
of the mean (n=20). Asterisks (*) signify significant di#aces between the effluents (stripedbasy and
controls (black bars) at>Xn .® n p

Total N and C

Results indicated that the application of TMW to ssitmificantlyincreasedhe concentration of soil

C and NFKigures6.15and6.16). As shown irfrigure 6.15, after 18 months of regular irrigation of TMW,

the soil C concentration increased by 12% and 13% in vegetyipe 1 and 2 respectivebj similar

trend was observed by soil N, which increased by 13% and 15% in combination with vegetation type

2 and3, respectively.
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Figure 6.15 Total concentration of soil C (%) of each vegetation type in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 2017). Error bars represent
the standard error of the mean (n=4). Asterisks (*) signsgignificant differences between the effluents
(striped basg and controls (black bars) ath>Kn .® n p
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Figure 6.16 Total concentration of soil N (%) of each vegetation type in response to Treated Municipal
Wastewater (TMW) treament 18 months after treatment application (End of May, 2017). Error bars represent
the standard error of the mean (n=4). Asterisks (*) signify significant differences between the effluents
(striped bar) and controls (black bars) ath>Xn ® n p

Mineral Nitrogen
Figures6.17 and6.18 showthat TMWttreated soilincreased the amount of N N and N@ - N stored

in the soil profile.
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Figure 6.17 Concentration of NN (mg/kg) of each vegetation type in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 2017). Error bars represent
the standard error of the mean (n=20). Asterisks (*) signify significant differe@®tween the effluents
(striped bars) and controls (black bars) BIXKn @ n p
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Figure 6.18 Concentration of N@-N (mg/kg) of each vegetation type in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 2017). Error bars represent
the standard error of the mean (n=20). Asterisks (*) signify significant differenbesveen the effluents
(striped bars) and controls (black bars) BI>Kn @ n p
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Figures 6.1 and 6.18 show thatwith the exception of the concentration &fH;"-N under vegetation
type 1, irrigation with TMW over the #®onths of the experimental period s significantly increased

the amount ofNH*-N andNG;s -N in the top soil.

Other elements

Irrigating TMW on to soils significantly altered the concentrationsartain macre and micre
elements in the top soiFigures6.19,6.20, 621, 6.2, 6.23and6.24). The results show that the three
different types of vegetation (type 1, @nd 3) respond differently to the application of TMW in regard
to the concentration levieof macro and micro elementBepending on the vegetation type, this study
found that the concentration of certain soil elements which was irrigated with TMW carl)be (

significantly higher; (2) significantly lower; and (3) either significantly lower or higher than that of the

control.
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Figure 6.19 Total concentration of soil P (mg/kg) of each vegetation type in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 2017). Error bars represent
the standard error of the mean (n=20). Asterisks (*gsify significant differences between the effluents
(striped bars) and controls (solid bars) aBKn @ n p
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Figure 6.20 Total concentration of soil Na (mg/kg) of each species in response to Treated Municipal
Wastewater (TMW) treément 18 months after treatment application (End of May, 2017). Error bars represent
the standard error of the mean (n=20). Asterisks (*) signify significant differences between the effluents
(striped bars) and controls (solid bars) a>XXKn ® n p

Resultsshowed that irrigating soil with TMW significantly affected the concentratiorllef certain
macronutrients.Figures 6.19 and 6.20 show thatTMW significantly elevated the total soil P under
vegetation type 3, and Na in combinatiafith vegetation types 1 and it contrast, the concentration

of P in the soil significantly declined (by approximately 40%) under vegetation tffgue©.19). A
similar trend can be seen in the concentration of soil Na in combination with TMW treatwiech

was significantly lower than that of the control on vegetation type 3 plbigife 6.20). The study
found that adding TMW to soil significantly increased the concentration of the soil K on vegetation
type 2 plots, soil S on vegetation type 1 anglé@s, and soil Mg when combined with vegetation type

3 (Figures6.21, 6.22 and6.23).
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Figure 621 Total concentration of soil K (mg/kg) of each species in response to Treated Municipal Wastewater
(TMW) treatment 18 months after treatment application (End of May, 2017). Error bars represent the

standard error of the mean (n=20). Asterisks (*) signifgrificant differences between the effluents (striped
bars) and controls (solid bars) &thKn ® n p
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Figure 622 Total concentration of soil S (mg/kg) of each species in response to Treated Municipal Wastewater
(TMW) treatment 18 months after treatment application (End of May, 2017). Error bars represent the

standard error of the mean (n=20). Asterisks (*) signify significant differences between the effluents (striped
bars) and controls (solid bars) &>Kn ® n p
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Figure 6.23 Total concentration of soil Mg (mg/kg) of each species in response to Treated Municipal
Wastewater (TMW) treatment 18 months after treatment application (End of May, 2017). Error bars represent
the standard error of the mean (n=20). fesisks (*) signify significant differences between the effluents
(striped bars) and controls (solid bars) aBlKn .® n p

With the exception of B, the concentration of some trace elements including Cd, Cu, Fe, Ni,jiand Zn
the TMW treatment plots was significantly lower than that of contr@lable6.4). Results indicated

that the concentration of some trace elements including Cu, Fe, Ni, and Zn were significantly lower on
TMW treatment in combination with vegetation type 3 coampd to that of the control. The
concentrations of Ni, Zn, Fe, and Cu were significantly decreased/doyl®Bo 22% and 28%,
respectively, following irrigation with TMW compared ttte controls. This study indicates that in
combination with vegetation type® and 3, the application of TMW significantly decreased the
concentration of soil Cd compared to the contrdhble6.4). In combination with vegetation types 2

and 3, TMW application significantly reduced soil Cd @g&dd 49%, respectively, comparedtte

controls.
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Table 6.3 Total trace elements (mg/kg) of each vegetation type in response to Treated Municipal Wastewater
(TMW) treatment 18 months after treatment application (End of May, 2017). Values in brackets represent the
standard error of the mean (n=20). Treatments shaame letter do not significant at >Kn .®n p

Vegetation type

Treatment 1 5 3
Cu ™MW 11 (0.4} 10 (0.4y 9 (0.27
Control 11 (1p 11 (0.4y% 12.3 (0.4y
Cd ™MW 0.5 (0.17 0.45 (0.06% 0.33 (0.27
Control 0.5 (0.17 0.59 (0.02¥ 0.7 (0.01)
Fe ™MW 21954 (732} 21189 (7107 18799 (4267
Control 21434 (781} 22598 (7947 24152 (403p
Pb ™MW 23 (2y 23 (4p 21 (2.3¢
Control 23 (2r 28 (4y 22 (2r
Ni ™MW 8 (1p 7 (0.1¢ 6 (0.2F
Control 7 (0.1p 7 (0.1p 7 (0.1p
Mn ™MW 526 (25¢ 593 (197 591 (37)2
Control 584 (30} 531 (25¢ 568 (22)2
Zn T™MW 102 (21p 91 (6f 81 (59
Control 90 (57 90 (5p 99 (4y

6.4 Discussion

6.4.1 Characteristics of TMW

The TMW used in this experiment contains essential nutrients for improving plant growth and soll
fertility and productivity levelsTable6.5). The TMW pH is 7.5, which is within the acceptable interval
for agriculture irrigation, which ranges from 6.5 to 82escod et al., 1992, FAO, 2018)

The TMW used in this study contained low concentration of INQvhen compared to other studies
(Table 6.9 (Bedbabis et al., 2014, MohammaddRu et al., 2007, Parveen et al., 2013, Tarchouna et
al., 2010)In contrast, the value of NFHN was far lower than wastewater used in the previous studies
(Bedbabis et al., 2014, Parveen et al., 2013, Tarchouna et al.,.ZU0i®)concentrations of
micronutrients and heavy metals in the wastewater were relatively low and meet the standards for

wastewater reuse in irrigatio(Pescod et al., 1992)
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Table 64 Characteristics of TMW used in the experiment versus characteristics of other npadieiastewater
used in previous trials.

Properties TMW A B C D E F G H
pH 7.5 73 7.85 7.19 - 7.135 7.6 6.58.40
NG (mg Y) 18 30 20.7 - - 15 15.9 -

NH# (mg 1) 05 55.6 - - 74 37.9 -

Na (mg t) 95 131 14 - 3315 470 -

K(mg L) 22 333 39 0.3 - 3.28 235 38 -

Mg (mgt) 19 43 28 - 17.25 62 83.8 -
Ca(mgt) 59 324 3.1 - 1175 95.8 -

P (mg ) 11 155 - - - 443 6.1 10.3 -

Pb (mg £) <0.01 0.77 28 0.3 <0.01 - - <0.01 5.0

Cr (mg L) <0.01 - 0.16 0.02 - 0.02 - -

Cu (mg ) 0.04 0.01 6.1 0.2 0.06 - 0.01 - 0.2

Zn (mg &) 0.17 0.19 - - 0.07 - 0.06 0.4 2.0
Mn(mgt) 0.06 0.07 - - 0.12 - 0.03 0.5 0.2

Fe (mg B) 0.96 0.87 - - 0.37 - 0.13 - 5.0

Cd (mg &) <0.01 0.02 0.276 0.1 0.01 - <0.01 <0.01 0.01

A (Mohammad Rusan et al., 200B(Tarchouna et al., 2010 (Ali et al., 2011)D(Smith et al., 1996 E
(Selahvarzi and Hosseini, 2012)Parveen et al., 2013%5(Bedbabis et al., 2014H(Pescod et al., 1992)

Although the TMW in the present study contained essential nutrientripraving plant growth and
rebuilding low fertility soilNG;, P, and S could potentially stimulaa&al blooms, thus threatening
fisheries and tourism industrida the long run Since the SAR of TMW was above the threshold for
crop irrigationpurposes(FAO, 2018)use of TMW magnd up affecting soil aggregate instability
resulting in a breakdown in soil structure and consequent problems with infiltration, aeration, and
drainage(FAO, 2018)Therefore maintaining soil quality by adding high alkaline material, such as
gypsum, dolomite, or lime, is necess@AO, 2018)n addition, althoughrace elements in the TMW
were within the threshold for wastewater reuse in agriculture irrigatiFAO, 2018) periodic

monitoring of these elements is needed for long term used of TMW.

6.4.2 Survival rate

The survival rate of the plants was affected by TMW. The survival rate indicated that the 11
species tested in this research tolerated the application of TNk survival rate of speciteated
with TMW was between 60%90%, this was comparable wigirevious studieqStewart and Flinn,
1984, Stewart et al., 1990, Selahvarzi and Hosseini, 2@&t&yart and Flinn (1984pund that
southern mahoganyHucalyptus botryoid@sriver red gumE. camadulensjssouthern blue gumg.
globulug, flooded gum E. grandi} Sydney blue gunt( saligng swamp mahogany{E. robust,
yellow stringy bark €. muellerat®, spotted gum K. maculaty river she oak Gasuarina
cunninghamiang slash pineRinus elliottl and hoop pineAraucaria cunninghanjiitreated with

1130¢ 1150mm of TMW per year during a 1 year treatmgetiod, resulted in survival rates of

100



between59 ¢ 93%.Slahvarzi and Hosseini (20f2und that theseedlings oFraxinus excelsigrown
under irrigation of about 200 rhper day with TMW, resulted in a maximum survival rate of about
95%. In contrast, the survival rate of this study is lower than that reporteldamekar et al. (1993)
Their study had a 100% survival rate Aarasia niloticaand Casuarina equisetifoliwatered with 2 L
per week of treated wastewateKanekar et al. (1993pund that there was no significant difference
in the survival rate of these species irrigated with tezhwastewater compared to the control (tap
water). Stewart et al. (1990jeported that during a énonth experimental period, seven species
(namely river red gunBHucalyptus camadulen¥iglooded gum. grandiy blue gumiE. saligng river
sheoak Casuarina cunninghamiaharadiata pine Rinus radiaty, poplar clone 70/51 Ropulus
deltoideg, and poplar clone 70/51Ppplar deltoides P. nigrg received 11741792mm per annum of

secondanytreated municipal effluent resulting in a 830% survival rate, lower than this study.

6.4.3 Plant growth

Researchers posit that TMW has a stimulatory effect on the vegetative growth of trees through the
provision of water, plant nutents and organic matter, and improvement of the physical
characteristics of soil, by enhancing cell elongation and divi€satahvarzi and Hosseini, 2012,
Hopmans et al., 1990, Stewart et al., 1990, Ogbonnaya and Kinako, 1993, Gerhart et al., 2006, Guo et
al., 2aL2, Ostos et al., 2008, Guo and Sims, 2000, Kanekar et al., 1993, Bhati and Singh, 2003, Hassan,
1996, Singh and Bhati, 2005, Ali et al., 2012, Ali et al., 20hé&)authors stated that various species
had different responses to irrigation WmitTMW.The height of seven species that were irrigated with
municipal effluent for four years had significant differen¢epmans et al., 1990Yreatrent of
Eucalyptus grandisith municipal effluent resulted in doubled tree growth rate when comparef to
grandistrees grown in a rainfed site for four yed&tewart and Flinn, 1984)he study o©Ogbonnaya

and Kinako (1993uggested that the seedlings Blicalyptus globuleisrigated with sewage water

had a greater growth rate than neirrigated seedlings. Similar results were reported3srhart et al.
(2006)who inwestigated the effects of irrigating witimdustrial saline wastewater on the growth of
nine species (three desert legume trees, three xadapted shrubs and three groundcovers) this
study, municipal effluent irrigation resulted in stimulation of trgeowth and increased biomass
production.In addition,Ostos et al. (2008eported similar results witlPistacia lentiscudy results

are similar to that oKanekar et al. (1993Jheir study reported that there was a significant difference

in plant height ofCasuarina equisetifoliwatered with treated wastewater compared the control

(tap water) treatment during a &month trial. Kanekar et al. (1993pund that the application of 2
week! of treated wastewater ignificantly increased the plant height @asuarinaequisetifolia.
However, there was no significant difference in plant height betwAeasia niloticdrrigated with

treated wastewater compared to the contrflanekar et al., 1993)
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The greater growth production (canopy volume) of the plants irrigated with TMW may be due to
sufficient availability ofvater and essential elemen{&uoand Sims, 2000, Ostos et al., 200B)e
previous studies attributed growth increase to organic matter and maamd micronutrient
concentrations in the wastewater appli€®stos et al., 2008, Guo and Sims, 208#Juent contains
considerable amounts of NQPQ* and K, which are considered essential nutrients for improving
plant growth and soil fertilitf{Guo and Sims, 2000, Ostos et al., 2008, Selahvarzi and Hosseini, 2012)
Irrigation with TMW increased of the growth and productionFoéxcelsioSelahvarzi and Hosseini,
2012) A pot experiment conducted bAdi et al. (2011)o study the effect of primary and secondary
sewage effluent treatments and tap watemathe growth of seedlings of mahogan$witenia
mahogan) foundthat the effects of sewage effluent on growth parameters were more pronounced
as water treatments were used for lang period.In addition, bald cypressTéxodium distichuin
seedlings which we planted in effluent marsh experienced greater basal diameter growth compared

to those in the contro{Lundberg et al., 2011)

Although L. scopariunand K. robustaspecies are naturally adapted to low fertility soil, their growth
can beincreasedoy addingan N-source.Adding TMW to soil significantly increased Qs altering

the soil physical properties and stimulating soil microbial activity, particularly mycorrhiza, in soil and
stimulated the growth otf.. scopariunandK. robustapresumably due to higher porosity of the soil
compared to noreffluent treatment. Thisis in agreement wittfSmith et al. (2011Haynes and Goh
(1987 and Watson and Mardern (2004yvho found that applying Mource biowaste (biosolids)
resulted in higher porosity of the growth media, hence the increased biomass ofK. robusta
Moyersoen and Fitter (1999Weijtmans et al. (2007)and Walbert et al. (2010)ound that
ectomycorrhizalwere associated with the growth df. scopariumand K. robusta.Arbuscular
mycorrhiza played an important role in promoting growth following the application of biosolids and
sawdust mixturgWhiteside et al., 2012, Smith et al., 201lt)s supported byMoyersoen and Fitter
(1999)and Weijtmans et al. (200A4vho found that bothectomycorrhizabnd arbuscular mycorrhiza

colonisation were observed K. robustandL. scoparium

6.4.4 Nutrient accumulation

The nutrientconcentrationsof the eleven species tested reflect differences in biomass accumulation
and, to a greater degree, differences in nutrient centcations in theleaves Differences between
irrigated and norrrigated plots in accumulation of R, K, S, Mg, and Na in the above ground biomass

of certain NZ native species were significant. The data showed that high rates of canopy volume are
not necessarily associated with d¢gr accumulations of nutrientd.. scopariunand K robustg for

example, ranked eighth and fourth out of eleven species for canopy volume, yet accumulated more
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N, K and Ca than any of the other species, presumably because of their extensive root system.
Utilization of TMW increased foliar N, P K, and S and asdhee time decreased foliar Mg and Mn
concentrationof some spe@s tested in the present studyhis study found that different species had
different responses to the application of TMWaiocumulating specific elementbhe results showed

that some spee@is irrigated with TMW, took up significantly higher amounts of macronutrients but
accumulated significantlpWer amounts of micronutrientg-or instancel.. scopariunandK robusta
irrigated with TMW, accumulated significantly higher S thanséhgrown @ norirrigated plots
However, these species accumulated significantly lower Fe and Mn respectively compared to those of

the control.

The increase of N, P, K, S, Mg, Na, Fe and Mn in plant parts might be attributed to an increase in the
occupancy root zone by applying TMW that reflected on their uptake by roots. The results of this study
agree with previous findingSingh and Bhati, 2005, Balkhair and Ashraf, 2016, Alghobar and Suresha,
2017, Minogue et al., 2012, Parveen et al., 2014, Parveen et al., 2013, Walia and Goyal, 2010, Singh
and Agrawal, 2010, Ali et al., 2011, Mohammad Agddi, 2004)Singh and Bhati (200a8nhdAli et al.
(2011)found that concentrations of N, P, K, Mg, Cu, Fe, Mn, and Zn were greater in seedlings of
Dalbergia sissoand Swietenia mahoganwhich were irrigated with municipal effluent than the non
irrigated treatnent. Similar results were reported finogue et al. (2012)vho found that the twe

year application ofertiary treated wastewater containing 2.73mbt NOs - N and 0.30 mgLtotal P
increased the total foliage N and P B¥% and 36%, respectivaly Populus deltoidsThe nutrient
concentrationsof the aboveground biomass of the 11 NZ species which were irrigated with TMW,
was comparable to other species irrigated with similar kinds of efflidintogue et al., 2012, Varkey

et al., 2015, Parveen et al., 201F)or L. scopariumand K. robustain particular, adding TMW
significantly increased the accumulation of foliar N, P, K, and_SscopariumwhereasK. robusta

uptake foliar N, K, S, and Mghis was presumably due to the variation in exudate composition
between species which influencetthie capability to transform nutrients into biavailable form
(Walker et al., 2003, Esperschuetz et al., 20A%)exudate composition vias greatly between plant
species(Walker et al., 2003)this can lead to contrasting plant responses in terms of nutrient and
contaminant uptake, and may explain the differences in nutrient concentration increases observed

between plant species in this study.

6.4.5 Effects on soils

Soil pH increased by at least 0.5 units from around 5.2 to 5.7 as a result of irrigation with TMW.
Alteration of soil pH under irrigation with TMW was previously reported by several auitiarkey et

al., 2015, Mancino and Pepper, 1992, Singh et al., 2012, Ghosh et al., [d@h2)no and Pepper
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(1992)found, for instance, that compared with irrigation with drinking water, irrigation with TMW
raised the soil pH undeBermuda gras¢Cynodon dactyloh.) by 0.1 to 0.2 units over the-gear
experimental periodThey attributed such a pH rise to (i), the high content of basic cations such as
Na', C&*and Mg of the TMW, which raised the alkaline reserve of the soil, and (iijpaeasedate

of denitrification that produced hydroxyl ions. Where@mgh et al. (20129nd (Varkey et al., 2015)
reported that the soil pH under vegetablestton, maize, sugarcane, pulses vegetation decreased by
one to half unit after the application of domestic sewage wateer four decadesSingh et al. (2012)
reported that soil pH decreased from 7.9 to the range of /@3 under several wheat plants
irrigated with domestic wastewaterlrrigating the soils with 500 mm of TMW resulted in higher EC
throughout the experimental plotsThis finding was in agreement with previous work($gffari and
Saffari, 2013, MorugaiCoronado et al., 2011that the application of sewage water would be
expected to increase soil EKloruganCoronado et al. (2011pund that the applicabn of treated

waste waterto grapes Yitis labruscy increased the EC afteny2ars.

The results in this present study show a highly significant increase in the concentration of C and N in
soils treated with TMW, compared to noiffMW. This is due to the TMW containing high
concentrations of total N and C. This finding, especially total C, agre&/aiikiey et al. (2015)ho
reported thatthere was an increase of orend-a-half to two times in organic C content, available N,

P, Kand S, in the sewaiggated soils compared to soils not irrigatwith sewageln contrast Azouzi

et al. (2015¥ound that the average percentage of total organic C in isohumic soil which was idigate
by TMW (1.07%) was lower than in control soil (1.348%pther study found no changes to total C

and N after 2 years of application of treated wastewater to $b#é (Mohammad Rusan et al., 2007)

Irrigating the soils with TMW sidiwantly affected the concentratia of both macro and
micronutrients in soils In combination with flasdominant species (vegetation type 3) arnd
scopariumK. robustavegetation type 1)adding TMW significantly elevated the total soil P and Ca,
respedively. In combination with_. scopariuniK. robusta(vegetation type 1) an®leariadominant
species (vegetation type 2), TMW application increased Na concentrations in rhizospheda sod.

other hand, the concentration of P in the soil significantly declined, by approximately 4@teamea
dominant species (vegetation type 2) plots. A similar trend can be seen on the concentration of sail
Ca under the combination of TMW treatmentdaftaxdominart species (vegetation type 3)he study

found that adding TMW to soil significantly increased the concentration of soil K on vegetation type 2
plots, soil S on vegetation type 1 and 2 plots, and\dgibn vegetation type 3 plot§he presenhstudy
suggested that fladominant species (vegetation type 3) successfully reduced the concentration level

of Cd, Cu, Fe, Ni, and Zn in the dedrticularly related to soil salinity, although in combination with
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all vegetation types, the applicatiorf 800 mm of TMW increased the level of EC of soil, ranging
between 0.23 and 0.27 dS/m, still within the range of permissible limit for crops and trees (<0.7 dS/m)

(FAO, 2018)

Table 6.5 Summary of the concentrations of macro and micro elements of each vegetation type in response
to Treated Municipal Wastewater (TMW) treatment 18 months aftéreatment application (End of May,
2017).

Element Veg type 1 Veg type 2 Veg type 3
P NS decreased increased
K NS increased NS

Mg NS NS increased
S increased increased NS

Ca increased NS decreased
Na increased increased decreased
B NS increased increased
Cd NS decreased decreased
Cu NS NS decreased
Fe NS NS decreased
Ni NS NS decreased
Zn NS NS decreased

NS = not significant differentPKn)d n p

6.5 Conclusions

The results of this Honth study showed thakt. scopariunK. robustaO. paniculataC. robustaP.
cunninghamii G. littoralis P. arboreusP. tenax P. cookianumC. australis and P. eugenoides
responded positively tahe application of TMW. Here were positive effects of the irrigation with
TMW on plant growth parameter$lantsurvival and canopy volume were significantly affected by
TMW treatmentPlant survival rate wasore than 60% after 18 mains of TMW irrigationin numbet

the survival rate of plantsrigated with TMW wadigher than that of the planté the control, but
there wasstatistically norsignificancebetween each of the species testethe application of TMW
significantly increased the canopy volume of eight species, buPnoanninghamii G. littoralis P.
eugenoidesAlso, alding TMW to soil increasddliar N, P K, Na, 8nd Fe, whereas foliar Mg and Mn
of certain species decreasethis study found that different species had different responses to the

application of TMW in accumulating specific elements.

Soil parameters weraignificantlyaffected ty TMW irrigaion. TMW irrigation improved chemical
properties and fertility status of soils by elevating the concentrations of total C and N, EC, and pH.
Total P and Na were highender flaxdominant species (vegetation type 3), scopariumand K.

robustaspecies (vegetation type 1), and under battscopariunandK. robustaand Oleariadominant
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species (vegetatn type 1 and 2) respectivehpamending soil with TMW significantly increased the
concentration of soil KKoncentrationon Oleariadominart species (vegetation type 2) plots, soil S
concentrationon L. scopariufK. robustaand Oleariadominant species (vegetation type 1 and 2)
plots, and soil Mgoncentrationon flax-dominant speies (vegetation type 3) plotfn contrast, the
concentrationof these macro elements in the soil was lower@leariadominant species (vegetation
type 2) plots as well as the concentration of soil Ca anddeentrationon flax-dominant species
(vegetation type 3) plotsThis study indicates thaflax dominant speies (vegetation type 3)

successfully reduced the concentrat&grvel of soil Cd, Cu, Fe, Ni, and Zn.
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Chapter 7
The response ofeptospermum scopariurand Kunzea serotindo
compost and mixed of sawdust and dairy shed effluent (Eyrewell

field trial)

7.1 Introduction

7.1.1 Background

The brmer Eyrewell forest comprised a large area of land (6,764 ha) which was planted as production
LAYS F2NBad Ay Pk&liatd(Wikdng20IM)th @00TpaTn AY | ¢Al yKE g SouthP LIS NI &

Islandpurchased the Eyrewell Forg3te Whenua Hownd have converted the land fwredominately
irrigated dary pasture(Wilson, 2014)A collaboration between Lincoln University, New Zealand and
Ngai Tahu was established to reduce the environrakmmnpact of dairy conversiorTherefore,
approximately 150 hectares is already-sstde for Biodiversity and Restoration Program, which was
aimed to protect and expand vegetation remnants within the farms and enhance the future trajectory
of the ecological restoratioriDollery, 2017) This project provides a template for establishment,
monitoring and enhancement of native habitats, focusing on the ecological and environmental
benefits of restoration plantingGiven the existing low feri soil of the site, witla varying mixture of
gravels with finer stones (685%), sands, and silts intimately mixed and low&b(e 6.2 and organic

C ranged from 2.¢ 3.4%on 0¢ 20 cm depth(Cameron et al., 1994}his particularbiodiversity
restoration program requires judicious species selectieactor such as the ability of species to adapt
the existing site condition including poor soil quality, must be carefully considered. Hence, using
indigenous species of New Zealand, which were previgusiyn in this region is highly recommended
F2N) GKA A &LISOA T A OatikédaatIBpacsbsudn BscoparfitandiK ysR@idao

deal with this specific issue not only beneficial to the environmental but could add economic value to

the land through the production of honey or essential enghua et al., 1984, Stephens et al., 2005)

7.1.2 Rationale of study

Historically, before converted intproduction pine forest,former Eyrewell forest waselatively
unproductive due to the dry soils and mainly used for sheep farmirigey are contained
approximately 64 pi2 b Sg %St f I yR yI Kdnges robus O Setotin® With | n y dz] |
additional +p’s 2 F  dzLJ (2 o sadpidbspainhuin scopriinspecieddeurk et al., 1995,
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McGlone et al., 2001, Wendelken, 1966hese species were found associated with an understory of

prickly mingmingil(eptecophylla juniperingyardle, 1991)

Plate 7. 1 L. scoparium (left)y and K. serotina (right) with flowers (Photographs taken from:
http://www.bushmansfriend.co.nz/xurl/PagelD/9165/ArticlelDF1407 3/function/moreinfo/content.html).
Both speciesre known asfast growing speci& preferring drier, free draining sagiland commonly

found in degraded environments and low fertility soil in New Zea(&uotrows, 1973, Stephens et al.,

2005) In particularKunzea serotite. NBEFSNNBR (2 & LXFAYya {nydzal 3 F
soils that are frosprone from 362000 m a.s.l. North and South Islands, from the central volcanic

plateau in the north to central Otago in the south are the main habitat of this spa@kery, 2017)

Hence, these two New Zealand native species had been the appropriate species to be planted in this

specific restoration areas.

t NBOA 2dza 9 KIIENIDWRWEG & fsohdithail e8parlurdandK. robustagave positive
response in combination with biowastes on low fertility sdhe resultsshowedthat amending low
fertility soil with biosolids and dairy shed effluent improved the growth and increased the uptake of
certain essential nutrients and contaminants associated with biowastes (NCAB) below threshold
concentration level of both.. scopariumand K. robusta Several authors found that adding fresh
sawdust only into the soil did not significantly affect plant groy@lgbee, 1999a, Dania et al., 2012,
Shaheen et al.,, 2017) Dania et al. (2012jeported that amending sawdust into soils did not
significantlyaffect the plant height of maizeZga mays Similar finding were reported by who
discovered that the application of fresh sawdust (contains equal to 100 kg)Nlthnot significantly
affect the growth parameters (plant height and shoot dry weight) of soybé&agc{ne mak This
suggests that the sawdust reduced the availabditgome nutriens (Bugbee, 1999a)

Sawdust and compost armexpensive and readily available in then@rbury region, New Zealand.

The timber industry produces large volumes of wood waste, including sawdust, which is often
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inappropriately disposed of in wood waste pilgobinson et al., 2007, Tao et al., 200%wever,
adding such biowastes to soil mhgve negative consequenceSawdustfor instance,may inhibit
plant growth by immobilising plardvailable nitroger{Brady, 2008and releasing phytotoxic tannins
(Davey, 1953)

Therefore, | hypothes&d that althoughL. scopariumand K. serotineare pioneer species and can
tolerate poor environments condition such as low fertility soil, adding sawdust and DSE mixture
(SD+DSE) and compost will enhance the soil quality and nutrierstkaygthereby incrased growthl

also hypothesized that amendirgpil with such biowastes wikad to increased concentrations of

nutrients and contaminants associated with biowastes (NCAB) in both the aerial portions and soil.

7.1.3 Aims

The aim of this research was to investigate the growth, nutrients uptake, and soil quality following the
application of SD+DSE and compost ofote fertility soil in combination with.. scopariunand K.

serotina

7.2 Methods

7.2.1 Site description

The experimenthplots Figure 71) are in former Eyrewell State Forest, Canterbury Plains, which are
the largest alluvial plains in New Zealand, consisting of a series of gently sloping fans built up by four
major rivers(Molloy, 1988) They are approximately 60 km north of Christchurcl® @2 QH Mm®n n €
17200 Qo dpPnc € 9> I 0 2 dedl). Thegimalé oflthe gos is dndwith d pEevalence of
strong northwesterly fohn winds, warm summers, cool winters and low rainfall (800 rmrigading

to low humidity and high evapotranspiration ratBsllery (2017)
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Figure 71 The map ofEyrewellfield trials (Image from Google Earth, Imaga@2018DigitalGlobe

The soil is a Lismore soil (Pallic Firm Brown Soils, Hewitt dé98loped from alluvium which e
of the most fertile, agriculturally important soils in the Canterbury region, covering 10% of the
intermediate terraces on the plair{®olloy, 1988) The soils are yellowrey earths, mostly classified

as Lismore stony silbam derived from Greywacke gravels and thin loess deposits.

7.2.2 Experimental set up

Experimental design

The field trial consisted of small and largstoration plot Figure 72). The mall restoration contained

six 6 X 9 m experimental plots, whereas the large restoration plot consistedaive 6 x 9 m
experimental plots.The treatments were assigned to give a randomized block design with three
replications of each compost and mixture @ SE treatmenEach experimental plot contained 54

plants with 1m distance between plants.
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Figure 72 Plots design of Eyrewell field trial

Species and the timing of the planting
Oneyearold seedlings were transplanted in August 201d protect from herbivores, plant guards
were installed on each single plaiigure 7.3. Seedlings of. scopariumandK. serotinaand plant

guardswere sourced from Native Solution Lt&.0. Box 631, Rangiora North Canterbury 7400.
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Plate 7.2 Plant guards to protect plants from herbivores at Eyrewell field trial

Treatment and treatment application

The trial involved the application of SD+DSE and contpestments. The SD+DSE application rate

was the equivalent of 138 t Hadry weight, providing 1200 kg N hand the equivalent of 120 t ha

dry weight, whichcontains 2400 kg N Heequivalent of compost. DSE was mixed with sawdust by
simply sprayingd NJ 0 KS LA S 2F &l gTRued lishovihe geil of tieatrneBtn A ¢ |
applied on Eyrewell field trial.

Table 7.1 Treatment application details of Eyrewell trial

Date Treatment

Plant Reserve Treatment Rep added
L.scoparium/K. serotina Small Control 2 NA

L. scoparium/K. serotina Small SD+DSE 2 24.03.16
L. scoparium/K. serotina Small Compost 2 24.03.16
L. scoparium/K. serotina Large Control 4 NA

L. scoparium/K. serotina Large SD+DSE 4 17.07.16
L.scoparium/K. serotina Large Compost 4 03.06.16

In the small reserve, three plots bf scopariunand three plots oK. serotingFigure7.3). While the
large reserve containsixL. scopariunand sixK. serotingplots. FourL. scopariunplots and fourk.

serotinaplots received SD+DSE and compost treatment respectively, whereds sgopariunplots
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and two K. serotingplots received neither a mixture of SD+DSE nor compost (control). In Ibeef, t

design therefore provided three replicates of each treant (Table7.1).

Table 72 shows nass plant macro and mictautrients added throughcompost and SD+DSE

treatments.

Table 7.2 Mass plant macrenutrients added throughcompost and SD+DSE treatments
Mass added (kg h

Compost SD+DSE
N 3,200 1,200
P 480 270
K 810 820
S 320 130
Ca 3,000 690
Mg 640 270

Compost and sawdust were applied by spreading on entire plot with approximately 10 cm in thick

(Plat 7.3.

Plate 7.3 SD-DSE (agind compost (b) application of Eyrewell field trial

Sawdust was sourced @mlg sheds of Ngai Tahu Fartsvasbrought in as untreated wood chips by
Ngai Tahu Farms. Compost was collected from Selwyn District Council municipal green waste compost.
There was no additional watering of the plants throughout the growth peiibeé.chemical properties

of soil, SD+DSE, and compost used in this fieldangalisted inTable 7.3.
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Table 7.3 Concentration of nutrients, traceslements and contaminants in soils, S+DSE, and compost used in
the present study Values represent the meam( 5). Values in parentheses are the standard error.

Properties Soil S+DSE compost
CIN ratio 25.3 (0.3) 40.4 (1.2) 11.9 (0.6)
C [%] 4.3 (0.4) 38.1 (0.8) 235 (1.8)
N [%] 0.17 (0.02) 0.9 (0.0) 2.0 (0.1)
P [%] 0.05 (0.00) 0.2 0.01 0.3 (0.0)
K [%] 0.2 (0.01) 0.6 (0.2) 0.5 (0.1)
S [%] 0.03 (0.00) 0.1 (0.0) 0.2 (0.0)
Ca [%] 0.2 (0.01) 0.5 (0.0) 1.9 (0.1)
Mg [%] 0.3 (0.00) 0.2 (0.0) 0.4 (0.0)
B [mg kd] 5.0 (0.3) 7.9 (0.3) 36.5 (3.8)
Cu [mg kg] 41 (0.2) 6.9 (0.4) 25.3 (0.6)
Zn [mg kd] 72 (1.5) 515 (1.7) 134.6 (5.9)
Mn [mg kg'] 265 (15) 151.1 (15.5) 347.6 (10.1)
Fe [mg kd] 21121 (291) 3083 (215) 7315 (2474)
Cd [mg kgd] 0.2 (0.01) 0.02 (0.0) 0.6 (1.6)

Plant measurement, sample collection/preparation, and analysis

After 12 months of treatment application (end of summer, in March 2017), five pleotsdvery plot
were harvestedThe aboveground portions were excised &apt in labelled paper envelopes for
biomass and total element analysiSresh weight was recorded before oven drying at ¥C7fdr at
least one week or until a constant weight was achiewbe dry weight was measure®ried leaves
of L. scopariunand K. serotinewere then separated from branches, grounding a Retch ZM200
grinder(Plate 74), and stored in the sealed plastic bag for further analy=is total N, 0.192®220¢g
of ground sample was weighed into crucibles before running N total analysig Bsipid MaN

ExceedEAS REGAINER® technology)

Rhizosphere soil samples from each selected plant were collected, sieved using 2 mm nylon sieve,
stored in seal plastic ba@late 75), and then kept in the fridge for further analysis of soil pH, EC and

mineral N and total elements.
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Plate 7.4 Dried leaves of L. scoparium (a) and K. serotine (b) separated from branches and grinder Retch
ZM200 for grinding the samples (d)

10 g of soil and 25 mL of deionised water (I8.8% NBaAAAGAQBAGET | St G2NOSH
pure Water systemModelPWUV)Soil pH was determined usiagja soil and water ratio of 1:2.5.

The mixture was then shaken for an hour and left to equilibrate2fr before measuremengach
mixture was shaken before detecting soil pH using a pH meter (Mettler Toledo Seve(BEd®ore

et al.,, 1987) Total C and N wereletected by an Elementar Varldax CN Elementar analyser
(Elementar ®, Germany) using 0.5g of esigad soil samplesvas used to analyse the total carbon
and nitrogen content in the soil and plant sampléghereas mineral N (NHN and N@ -N) were
determined using 2M KCL extraction method using 4.0g fresh(Blaikkemore et al., 1987)The
analysis was carried out by mixing 4.0g of freshasadl 40mL of a 2M KCI reagerithe solution was
then shaken on an endver-end shaker for 1h, centrifuged at 2000 rpm for 10 min and subsequently
filtered through Whatman 41 filter papeiExtracted solutions were kept aR0°C until analysed.
AmmoniumN (NH*N) and nitrate-N (NQ -N) were determined using a flow injection analyser (FIA

FS3000 twin channel analyser, Alpkem, USA).

For total element, soil and plant samples were digested using a microwave digés¢e€EM MARS
Xpress CEM Corporatioriyiatthew, PO Box 200 North Carolir281060200,USA) of 0.2 of sample

in 8 mL of AristarTM nitric acid (+ 69%) and filtered by means of Whatman no. 52 filter paper (pore
AATS 1 >YO I FUGSNIRAfdAziAZ2Y S6AGK YAff AV ISCRMENI G 2
for soil (International Soil analytical ExchangéSE 921) and plant samples (International Plant

analytical Exchange IPE 100) from Wageningen University, The Netherlands, were digested.
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Total foliar and soil P, K, S, Mg, Ca, &hd Cd were tn determined using Inductively Coupled Plasma
Optical Emission Spectrometry (FOES Varian 720 EBhe Varian 720 IGBES Varian Australia Pty

Ltd, 679 Springvale Road, Melbourire soils (Kovacs et al., 2000) and (Simmler et al., 2013;
Valentinuzzi e al., 2015).Extraction and digestion solution and method blanks were analysed in
triplicate as part of standard quality control procedure for the analysis and were as below the ICP
ho{ Qa

Plate 7.5 Harvesting rhizosphere soil from each selected plant sampleEyrfewellfield trial

7.2.3 Statistical analysis

An analysis of variance (ANOVA) was cawoigdo determine the treatment effects on the measured
parameters. Duncanpoét2 O (Sad Fd tXndnp o1 a SawisdindtB oKSY
be significant.Statistical analysis of the data was conducted using standard analysis of variance
procedues using SPIBM SPSS 22 (International Business Machines Corp., New Orchard Road,
Armonk, New York 10504 9499-1900).

7.3 Results

7.3.1 Plant survival

Table 74 shows the &ect of application of SO3SE and composin wurvival rate (%) of plants after

12-month trial period.
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Table 7.4 Effect of application of SCBSE and composgin aurvival rate of plants (%)Values in parentheses
represent the stamlard error of the average survival rate @ach species throughout the experiment & 4).
Values with the same letter are not significantly different.

Treatment
Species
Compost SD+DSE Control
L. scoparium 97 (10) 88 (12)* 88 (2)?
K. serotina 88 (12)2 90 (5)2 87 (2)2

U S5ATFSNBYG ft26SNOIFI&AS ftSUGSNBE AYRAQOKISOApIYME AYVHEYEY &
ANOVA followed by Duncan Post Hoc Tests

Table 7.4 showsthat adding mixture of SD+DSE and compost on to the soils did not significantly
(p>0.09) affect the survival rate dditherL. scopariunor K. serotinaluring the 2-month experimental

period. Table 7.4 indicates that the highest mortality rateccurred forK. serotinain the compost

treatment plots (12%) which is similar to thattbé& control plots (13%)Similarly, 12% df. scoparium

in the SDr DSE died after X&honth of experimental periodThe same mortality rate (12%) bf
scopariumoccurred in control plotslust 3% ofL. scopariunon compost treatment plots died after

12-month of treatment application.

7.3.2 Vegetative growth

The application of SD+DSE and compost did not positively affect the plant heligrgcopariunand
K. serotinacompared to the controlFigure 74 shows thatunlike L. scopariunkK. serotinaesponded
positively to the application of SD+DSE by producing significartl®.05) higheaboveground dried
biomass.Compared tothe control, in combination withK. serotinethe application of SD+DSE
increased the dried biomass by 820p to 187.5 per plant, equivalent to 38 t Hx Adding compost

did not significantlyg > 0.05) affect the shoot development iéf serotina

117



250

b

200
©

= 150
<
(@]
E

5 a

‘= 100
a

50

0

Compost SD+DSE Control

Figure 7.3 Above ground dried weight (g) oK. serotinain response to Sawdust plus Dairy Shed Effluent
(SD+DSE) and Compost treatment. Error bars represent the standard error of the mean, (15d&d 10). Bars
with the same letters are not significantly different.>Xn > n p

7.3.3 Effect of treatments o the nutrient uptake

Macronutrients

Figure7.4 showsthe total concentrations of the foliar macronutrients bf scopariunandK. serotina
measured at the end of experimental perioBoth L. scopariumand K. serotinaaccumulated
significantly LK n )digher concentrations of foliar N than the contrBidure7.4A). However Figure
7.4A) indicates that there was no significami>0.05 differerce infoliar N concentration between
SD-BSE and compost treatmenforboth speciesin the @mpost treatment, the concentration of N

in the leavesof both L. scopariunand K. serotinancreased by 22% and 47%, respectively, whereas
amendingSD-BSE increased the concentration of foliar N.ogcopariunand K. serotinaspecies by
25% and 37% respavely Figure7.4A).
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Figure 74 Total concentration of foliar N, P, K, and S (%)KokerotinaandL. scopariunin response to SD+DSE
and Compost treatment. Error bars represent the standard error of the meanl@20, and 14). Bars with the
same letters are not significantly differenfLI>Xn P n p

The results indicate that the addition of mixtuB&*DSE and compost significantlyX<n Ydncrpased
the concentration of foliar P, K, and Slofscopariuntompared to thatof in the control treatment
(Figures7.4B - 7.4D). On the other hand, compared tthe control, K. serotinaaccumulated
significantly (K n Ydigher foliar concentrations of only on K and S in response of ®ibt#DSEnd
composttreatment (Figures7.4Cand7.4D). L.scopariumtook up significantly more P in th8DrDSE
treatments In contrast, amending compost did not significaniy@.09 alter the concentration of
foliar P of this speciesigure7.4B). AddingSD+DS&nd compost on to the soils significanthyd¥kn ) n p
increased the concentration of foliar K & serotina Compared tahe control, the application of
SD+DSEnd compost increased the concentration of foliar K Kof serotinaby 8% and 19%,
respectivelyIn contrastL. scopariumesponded differently to the application of biowastes in related
to the uptake oK.serotina The amending of botBD+DSE and compasggnificantly (K n )dowered
the concentration of foliar K of. scopariunby 18% Figure7.4C). Compared tothe control, the
applicationSD+DSEesulted in significantlyLd>K n )dhigheer accumulation of foliar S bf scoparium
but notin the compost treatment Figure7.4D). In contrast compared tathe control, K. serotingook

up significantlyLDK n )dthigiper Sin the compost treatment, but notin the SD+DSE plot&dding
SD+DSHcreased the concentration of foliar Slafscopariunby 13%whereas, amending compost

elevated the level concentration of foliar SKfserotineby 15%.
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1.1.1.1 Micronutrients

Figure 6.55hows the total concentration of foliar Mn and Zn (mg/kgKoerotinaandL. scoparium

in response to SD+DSE and Compost treatment.
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Figure 7.5 Total concentration of foliar Mn and Zn (mg/kg) df. serotinaand L. scopariumin response to
SD+DSE and Compost treatment. Error bars represent the standard error of the mean,(héabd 14). Bars
with the same letters are not significantly differenL>Kn > n p

Inboth SD+DS&nd compostreatments,L. scopariunaccumulated significantly-g>Kn )digher foliar
concentrations of Mn and Zn than in the contrBldure7.5). The additiorSD+DSEnd compost has
elevated the concentration of foliar Mn &f scopariunty 80% and 106%espectivelyln contrast, K.
serotinaaccumulated significanth XK n Ydhigher concentration of Mn onlyF{gure7.5A). Similar to
L. scopariumK. serotinauptake significantly higher foliar Mim both the SD+DSEnd compost
treatmentsby 108% and 74%espectively.

7.3.4 Element concentrations in rhizosphesil

Total C, pH, and EC

The application oSD+DSENnd compostdid not significantly (P > 0.05) increase total soil C in the
underlying soil compared to theontrol in both the L. scopariunmand K. serotingplots (Table7.5).
Results indicate that in combination with. scopariumand K. serotina,SD+DSEnd compost
application did not give significant effect to the concentration level of C in the rhizosphere sail
(underlying soil). Adding botBD+DSEBnd compost sigificantly reduced the EC of rhizosphere soil
underL. scopariunandK. serotingTable7.5). In combination with_ scopariumgcompost application
significantly increased the pH of rhizosphere soil, where the pH was significantly reduced in

combination wih K. serotingollowing the application of botlsD+DS&nd compost treatment.
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Table 7.5 Total C, pH, and E@f soil) of L. scoparium and. serotinain response to SD+DSE and Compost
treatment. Values in bracket represerstandarderror of mean.

L. scoparium K. serotina
SD+DSE  Compost Control SD+DSE Compost Control
C [%] 4.7(0.5% 5.9(0.7¢ 4.6(0.5 4.9(0.47 4.0(0.27 4.1(0.27
pH 4.6(0.1y 4.3(0.17 4.3(0.17 4.5(0.0y° 4.3(0.0p 4.6(0.1y
EC [dS/cm] 159(12p 173(17}¢ 234(20p 123(7p 127(6)¢ 164(25)

U SATFSNEBYG f26SNOIFasS tSGOGSNE AYRAQKIS AP IyMzE A YA Y Y & A
ANOVA followed by Duncan Post Hoc Tests

1.1.1.2 Ammonium and nitrate

Results show that after 181onths of treatment applicationthe NH;*- N concentrationsexhibited
significant P<0.05) differences on both L. scopariumand K. serotinaplots. After 18month
experimental period, the highest amount of NHN was found in the compost treated sodempared
to the control Figure7.6A). Adding SD+DSHid not signify P>0.05) the concentration of NFAN in

underlying soil of both.. scopariunandK. serotingFigure7.6A).
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K. serotina L. scoparium K. serotina L. scoparium

Figure 7.6 Concentration of NH-N and of N@ -N (mg/kg) of (A)L. scopariumand (B)K. serotinein response
to SD+DSE and Compost treatment. Error bars represent the standard error of the mean (h&Bhd 15).
Bars with the same letters are not significantly differefit>Xn Yp n p

The esults indtate that in combination with.. scopariumthe application of bothSD+DSEnd
compost significantlyR<0.05) decreased the NN concentration Figure7.6B). BothSD+DSEnd
compost reduced the concentration bO; by 14% and 5% respectivelly.contrast, adding these two
biowastes on the&. serotingplots did not significantlyR>0.05) alter the concentration of NN in

the underlying soil

Macronutrients

Figure7.7 showstotal concentration of soil macronutrients bf scopariunandK.serotinain response

to SD+DSE amdmpost treatmens during thel8months experimental period.
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Figure 7.7 Concentration of soil macronutrients (mg/kg) &f. scopariunandK. serotinein response to SD+DSE
and Compostreatment. Error bars represent the standard error of the mean (h=18,and 15)Bars with the
same letters are not significantly differenfL>Xn )Yd n p

In combination withL. scopariumSD+DSENnd compost treatmerg decreased the soil P and Mg
(Figure?7.7A, 7.7D). Soil P was decreased by%and 4% following the apigation of compost and
SD+DSE, respectively combindion with L. scopariumMg was significantly decreased after the
application of compost and SD+DSE and Bgdid 34%, respectively, in cdination withK. serotina
Compared tothe control, there was no significant differea between theMg concentrationsin
combination withK. serotinefollowing the application ofompost.There was no significant differea

in the concentration of soil P and Mg between SD+DSE and compost treatments in combination with
both L. scopariumand K. serotina In contrast, the application of botliSD+DSEnd compost
significantlyincreasedhe concentration of soil K and Ca underkofseroina. Figure7.7Band7.7C
show thatin combination withK. serotinathere was a significant differerin the concentration of K
following the application of compostompared tothe control. In combination withK. serotirg, the
application of SD+DSE aodmpost increased the concentration of K % 8nd 31%, respectively
(Figure7.7B). However, there was no significant differenioek concentrations between compost and
SD+DS#eatment in combination withK. serotinaln combination withK. seroti@, theapplication of

compost increased the concentration of Ca by 2E#ure7.7C)
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1.1.1.3 Trace Elements

Figure7.8 showstotal concentration of soil trace elementslofscopariunandK. serotinan response

to the SD+DSE and compost treatmeduring thel8month experimental period.

400 A 5

3 Compost
= SD+DSE
D Control

350

300

250

200

150

Mn (mg/kg)
Cu(mg/kg)

100

50

400 a C 0.3 D

350 C
300

o
N
|

250

200

150

Mn (mg/kg)
Cd(mg/kg)

o
[

100

50

0.0

90
80
70
60
50

25,000

20,000

15,000

40

Zn(mg/kg)
Fe(mg/kg)

10,000
30

20
10

5,000

K. serotina L. scoparium K. serotina L. scoparium

Figure 7.8 Concentration of soil trace elements (mg/kg) bf scopariumandK. serotinen response to SD+DSE
and Compost treatment. Error bars represent the standard error of the meBars with the same letters are
not significantly different(LI>Xn)Yd n p

The esults indicate that in combination with. scopariumboth SD+DSE and compatatments
significantly decreased the concentrations of B, Cu, Cd, Zn, andheeliizosphere soil compared to
the control Figure7.8A,7.9B,7.8D, 7.8E,7.8F). ForL. scopariumthe SD+DSE treatment significantly
reduced the concentration of rhizospheseil B, Cu, Zn, and Eencentrationsdy 294 168% 24 and
9%, respectivelyThe esults indicate that in combination witk. serotinethe application of SD+DSE
significantly reduced the concentratiaf rhizospheresoil Cuconcentrationby 21%(Figure7.8B). In
contrast, in combination withK. serotinacompost application significantly elevated the concentration

of soil B and Mn by 32 and 25%, respectivelyrigure7.8A and 7.80). Both L. scopariunand K.
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serotinaresponded positively to the applicatioof SD+DSE and compost treatment by significantly
reducing the concentration of Cd in rhizosphere sbigre 7.8D). In combination with compost
treatment, K. serotim andL. scopariungieclined the concentration of Cd in underlying soil by 27 and

38%, respectively.

7.4 Discussion

7.4.1 Effect on plant growth parameters

The present study found that mixing sawdusth N-rich material includinddSEncreased the growth

of K.serotinaby 82% (from 118 to 187 per plant équto from 21 to 38 t h&). Presumably, blending
sawdust with other Nich biowastes can undgo its decomposition proces8pplying high Gource
material including sawdust and compost into soil or blending them with other biowastes, for example
biosolids, may reduce plant growth as thegh C/N ratio of sawdust would have resulted in the
immobilization of available fHaynes and Goh, 1987, Smith et al., 20 Hgperschuetz et al. (2017)
reported that blending biosolids with sawdust did nmgatively affecthe above ground biomass
production ofK. robusta PresumablyK. serotinabenefitted from other macre and micronutrients
aside from N, which are applied with SD+D&Honiadis et al., 2008a, Anderson et al., 2012)

7.4.2 Nutrient accumulation

This study is in agreement wifltevious studieswhich have shown that the application of biowastes
increasedhe uptake of certain macro and micronutrier®layinka and Adebayo, 1989, Haynes and
Swift, 1986, Olayinka and Adebayo, 1985, Nishanth and Biswas, 2008, Bugbee, 1999a, Schmidt et al.,
2014, Shaheen et al., 2017, Esperschitz et al., 2016, Esperschuetz et al.E&8p&mchuetz et al.

(201 7)reported that in combination witlh.. scopariumbiosolids application increased plant N and Zn,
whereasK. robusa accumulated significantly higher plant Zn only when combining with biosolids
application. Biosolids application B radiatasignificantly increased plant N, Zn, and Cu concentration
compared to contro(Esperschuetz et al., 201 Bhahen et al. (2017jound that the application of
poultry manure nitrogen increased the stalk N of soybe@ty¢ine mak from 626to 82%. Root
exudates may have played an important role in creating and supporting the accumulatioriaifi cer
macro and micro element§his in agreement witiKoo et al. (2013xnd Bertin et al. (2003hwho
reported that applying biowastes including biosolids could have stimulated root exudation, such as
organics acids, which in turn are responsible for nutrientalstisation and mobilizationSimilarly,
Hinsinger (2001apnd Keller and Romer (2001Hpund that organics acids can increas#dw
availability of P ath Zn.Olayinka and Adebayo (198@ported that blending sawdust witbow dung
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(incubated for 0, 2 and 4 weeks before application) in the ratio of 1:3 significantly increased the uptake

of N and P. of maiz&éa maysduring 6week experimental period.

L. scopariunmesponded positivelyo the application of SD+DSE by accumulating significantly higher
concentration of almost all essential elements fsrgrowth compared to controDn the other hand,

in combination withK. serotinaSD+DSE application inased the foliar N and Mn onlZompared to
control, bothL. scopariunandK. serotinagave almost similar response by accumulating significantly
higher concentratin of macro and neroelements.Presumably, due different type of root exudates
with plant speciegWalker et al., 2003which can lead to differg plant responses with regard to the
accumulation of nutrients and contaminants associated with biowastes (NE&Bgrschuetz et al.
(201 7)reported thatmyrtaceaefamily specie«. robustamay have mobilized Zn only and Zn and N
in L. scopariunafter application of biosolid€On the other handP. radiataaccumulated significantly
higher foliar N, P, Cu, and Zl|sperschuetz et al., 2017)n combination withL. scopariumboth
SD+DSE and compost application decreased of plargi@ze plants uptake Ca mainly through root
tips (White and Broadley, 2003}he application of these biowastes have may altered the of root
growth and or chemical composition of available nutrients in rhizosphere part, thus creating

unfavourable conditiondr uptake this particular essential element into plant parts.

In addition, mixing the biowastes including DSE with fresh sawdust may have limited the effect of
SD+DSE application in combination whithserotina This is in agreement witksperschuetz et al.
(2017)who reported trat with the exception of Zn, in combination with both scopariumand K.
robustg mixing biosolids with fresh sawduslid not result in significantly different element
concentations compared to biosolid®layinka and Adebayo (198@ported that blending sawdust

with cow dung (incubated for 0,2 and 4 weeks before application) in the ratio of 1:3 significantly
increased the uptake of N andoBt did not affect the uptake of K, Ca, Mg, and Na of maiea (hays

during 6week experimental periodThe high C/N ratio of sawdust would have resulted in the
immobilization of available nutrients in biowastes including biosofidiayres and Goh, 1987)n
addition, potential NCAB such as Cd, Cr, Ni, and Plasimetre detected in plant leaves only in low
concentrations, and were not significantly increased by either SD+DSE or compost application

compared tathe controls.

7.4.3 Effect onsoil quality

In combination with bothL. scopariumand K. serotina the application of SD+DSE and compost
significantly reduced the Electrical Conduityi (EC) of rhizosphere soithe condition may have

resulted in less available plant nutrients to bptake into plant part§Samarakoon et al., 2006, De
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Kreijand Van Den Berg, 1990, Bernstein, 19%amarakoon et al. (2006ported that uptake N, P,

K and Ca significantly increased with the increasing EC.

The present study found that scopariunandK. serotinanot only responded positively by enhancing
their growth parameters but also effectively reducad2 A £ Q at sderhs! that®D-DSE not only
improved plant growth but also reduceértain trace elements in soilhis result is in agreement with
previous inestigator who found that the application of mixture sawdust with otheridth biowaste
(biosolids) improved plant growth and reduced concentration of NCAB i{Bagjbee, 1999a, Ajmal

et al., 1998, Marchetti et al., 2000, Yu et al., 20@0addition to reducing N£eaching, wood waste,
which can be expensive and environmentally damaging to dispdgobinson et al., 200/¢an effee

tively immobilizednetals such as Cd, Cr, Cu, Ni, Pb and Zn from industrial eff(démtzl et al., 1998,
Marchetti et al., 2000, Yu et al., 2000he level of sorption of individual metals can be vary depending
on the affinity of each element to the ptwins, carbohydrates, and phenolic compounds in the
sawdust (Bulut and Tez, 2007Blending Nrich with sawdust can stimulate the decomposition
processes which increase the cation exchange capacity of the sawdust, as more functional groups form
on the surface of the sawdust particlglokova et al., 1997y hus, it is likely that the sorption of metals

by sawdust will increase, at least temporarily, as it decomp@8sperschitz et al., 201&revious
studies have reported that mixing sawdust with other biowastes has altered the availability of certain
soil nutrients such as P and S by exerting effect of micre@w@ity due to leaching of organic
compound including phenols, tannins, lignin, and terpefiésdmark and Scholz, 2008, Keeling and
Bohlmann, 2006, Sanati, 2005, Hall, 200Rg lower concentrations of certain trace elements such
as Cu, Zn, Fe, and Cd indicate that the application of SD+DSE and compost in combination with
scopariumand K. serotinais still an ideal rateThe present study shows that scopariumand K.
seroinautilised different way in exerting the macrand micronutrients in soil probably due the root
exudation and growtliDo Nascimento and Xing, 200Bpr example, the concentrations of available

P, S, Mg, Mn, Cu, and Zn rhizosphere soil weraerotinahigher than that of inL scoparium
Presumably due to root exudates, which played an important role for metal complexation and uptake
into plants or immobilization in sdiBais et al., 2006)n the SD+DS&eatment, the concentration of
available nutriens wasno different betweenL. scopariunand K. serotina Since sawduss agood
source of available (Cébron et al., 2015plending them with other biowastes could have attracted
heterotrophic bacteria which consumed root exudates and available nutrients in soil as well as

stimulated the rhizosphere iorobial biomass.
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7.5 Conclusion

L. scopariunandK. serotinaesponded positively to the application 88 t ha! dry weight of SD+DSE
providing 1200 kg N hiaand 120 t ha dry weight, whiclcontains 2400 kg N Haquivalent of compost

in low-fertility soil. In addition to the improvement of plant growth, in combination withscoparium

and K. serotinathe amendment of these two biowastes has some benefits in terms of enhancing
nutrients uptake, stimulating N mineralization potential, as well as reduanutrients and
contaminants associated with biowaste (NCAB) in soils, therefore proper use of these biowastes may
be an important management strategy for sustainable forest and or agriculture production systems.
Considering their chemical compositionetie biowastes constitutes an excellent source of major and

minor nutrient elements and is therefore of interest in correcting certain nutrient deficiencies in soils.
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Chapter 8

Generaldiscussion and conclusions

The broad aim of this thesis was to determine #ffect of biowastes on the growth of the plants and

to investigate how New Zealand native and exotic vegetation play role in reducing the negative effect
of (NCAB)Chapters 4¢ 7 have demonstrated that a range of contrasting biowastes, including
biosolids TMW, municipal compost and Q3ficrease the growth of most, but not all, NZ native
species and all exotic speci#8ood waste which does not contain significant concentrations of plant
nutrients, tended to offset the growth benefits of the biosolidsemhapplied in combinatioriThese
effects were measured on distinct soil types, nam@tghic Bown, Pawson Silt Loanand Lismore

Stony Silt bam.

A single large application of biosolids or compost to afiestlity soil, dramatically improved plant
growth while maintaining soil and foliar contaminant concentrations within acceptable limits.
Similarly, continual application of DSE (Chapter 4) and TMW (Chapter 6) improved growth without
causing nutrient imbalances or unacceptable uptake of contaminantseXjeriments in this theses

used young seedlingd tree speciesl(. scoparium, K. robusta, K. serai@mdP. radiatg, which would
represent the field situation when biowastes would be used testablish vegetation on loviertility

or degraded soilThese results cannot be extrapolated to mature vegetation, which may also receive

biowastes due to morphological and physiological changes in the plant as it pgvelo

The thesis shows that there is a significant economic and environmental opportunityuse

biowastes that may otherwise be disposed of into water bodies or landfill at a significantrcdiw

Zealandthe cost isapproximately NZ$20@50 per tonne, excluding transport costs, with an average

annual cost of NZ$ 33x4(@er year (WCC, 2008)Discharge of TMW into waterwayand the

F LILX AOFGAZ2Yy 2F SEOS&&a 5{9 2yi(2 LI &addNBa I NB LI NI
freshwater resources. Instead, the biowastes could produce valuable native or exotic crops. Recent

media reports [ittps://www.tvnz.co.nz/onenews/newzealand/lotblood-sweatandtears

eastcoastcompanycutting-beesmakemostmanukaplantation) have showrthat manuka oil

productioncan produce grossreturn of ($100k hal yr1) compared toand beef($4k htl yr1).
Biosolids, DSE, TMW, and compost increased the growthsafopariunby 30%c 60%, which could
significantly improveprofits. However, furthe research is needed to demonstrate the quality of the

oil or honey is not adversely affected by the biowastes. Oil quality may be detrimentally affected by
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contaminates if they are concentrated in the oil fraction (not measured in this study) or whéther t

active ingredients in the oil are reduced when biowastes are added.

There were some indications (Chapter 5), thascopariunand K. robustareduce N mobility in soil.

This warrants further investigation, in particular, the effect of these speciesrange of nitrifying
bacteria and archaea under contrasting geochemical conditi®msilarly, the chemistry of the
rhizosphere could be further investigated relating to allochemicals that may be exuded by the roots

or even localised changes in pH that megluce nitrification.

Recent reportdy Drinnan and Carrucan (200&hd Stephens et al. (200%)ave shown that there is
considerable genetic diversity in members of the geheptospermunand Kunzea Therefore, my

findings may not be applicable to all ecotypes or subspecies.

The ecological effects of losigrm biowaste addition should be elucidated. It is well known that the
addition of high Ncontaining materials to soil can inhibit the growth ofidng mycorrhizal fungi
(Grant et al., 2005)f the biowastes are used for ecological restoration, then a full survey of the effects
of the biowastes on the invertebrate populations should be carried outnditiXe vegetatiorthat is
re-established using biowastes is likely to have different characteristics to vegetation that occurs
spontaneously on degraded or lefertility soils, since the biowastes may represent a shortcut tonear
climax vegetation. This research demonstrhtthat, in many cases, exotic species had a greater
growth response than N#ative species when biowastes were applied. This may result in excessive

competition from weeds in the field situation.

In 2002, theNew Zealand governmermimed to reuse 95% of ¢hbiosolids produced in this country
(MfE, 2010)As an alternative to landfilling and ocean disposal, applicatfdoiosolids to farmland
(both agricultural and forestry land) is becoming increasingly popBar2010, New Zealand dha
approximately 2.5 million ha of land @xotic forest in whichPinus radiataare the fastest growing
commercial plantationsSeveral housands of hectares of these lands are classified addaiity
soils, which contain low organic matter aack acidicand thus havelow nutrients contens. Hence,
these kind of lands can be an appropriate alternative for biowastes addition as thangimaints
associated with biowastes are less to enter the food chlie findings of the present research have
relevance to assessing the potential role of native species includisgopariunand K. robustato
mitigate negative environmentally impact kving the application of biowastednformation
regarding the performance of native plants in high N environments will facilitate the strategic
incorporation of these species into farming systems. Native speciek.l#é®opariunand K. robusta

species, dr instance, are shown to be tolerant to elevated soil N and are suitable for planting on N
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loaded soilsin above particular program, the application of this research can play an important role
in minimizing the negative impact of excessive nutrients emttaminants associated with biowaste
(NCAB).In addition, the findings of the present study could benefit and applicable to support the
valuable manuka honey and essential oils industry of New Zealtwedoresent study has proved that

the application ohigh rates of either single or mixing biowastes, for example, biosolids and biosolids
and sawdust mixture improved the growth bf scopariumand K. robustaimproved growth rate,
elevated macre and micronutrients uptake, and increased soil qualiiyhout reachingthreshold

levels for food crops for both human and animal health.
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Appendix A
Supplementary information to Chaptes
Table Al Total above ground dried biomass (gj L.scopariumand K. robustain the different macronutrient

treatment (n=5) Values in brackets represent the standard error of the average concentration per pot
throughout the experiment (n=5).

L. scoparium K robusta

Treatment os i on i

Dry biomass Y% increased Dry biomass Y% increased
N 34.8 (8.0) 34 48.9 (5.2) 33
P 26.4 (2.8) 2 28.5 (2.8) -22
S 31.4 (2.4) 21 39.2 (5.5) 7
K 245 (3.5) -6 36.8 (0.5) 0
Control 26.0 (3.5) - 36.8 (0.5) -

Table A.2 Total concentration (% d.w) of macronutrients in the leaveslofscopariunmeasured at the end
of the experiment. Values in brackets represent the standard error of the average concentration per pot
throughout the experiment (n=5)% inc. indicates the peentage increase relative to the control.

Treatment
N P S K Control
conc .% conc .% conc .% conc .% conc
inc. inc. inc. inc.

N 19 (0,1 19 15 (0.1) -6 15 (0.1) 6 15 (0,1) -6 16 (0.1)
P 01 (00 o0 0.1 (0.0) 0 0.1 (0.0) 0 01 (@©O0 O 0.1 (0.0
K 0.6 (0,00 -14 0.7 (0.0 0 0.7 (0.0) 0 07 (0 0 0.7 (0.0)
S 02 (00 0 0.2 (0.0 0 0.1 (0.0) 0O 01 (@0 O 0.2 (0.0)
Ca 1.5 (0,2 25 14 (01) 17 14 (01) 17 12 (1) O 1.2 (0.0
Mg 02 (00 0 0.2 (0.0 0 0.2 (0.0) 0 02 (0 o0 0.2 (0.0)

Table A3 Total concentration (% d.w) of macronutrients in kanuka leaves measured at the end of experiment.
Values in brackets represent the standard error of the averagencentration per pot throughout the
experiment (n=5).

Treatment

N P S K Control
% % % %

conc . conc . conc . conc . conc
Inc. Inc. Inc. Inc.

N 16 (01) 78 10 (01) 11 09 (0 0 09 (00 O 0.9 (0.1)
P 01 (000 O 02 (00) 100 01 (0 0 01 (000 O 0.1 (0.0)
S 01 (00) 0 01 (00) 0 01 (00) 0 01 (0,00 O 0.1 (0.0)
K 06 (0,00 50 06 (00 50 06 (0.0) 50 05 (0,1) 25 0.4 (0.0)
Ca 05 (000 -38 06 (0.1) -14 05 (0.0) 29 08 (0,00 14 0.7 (0.0)
Mg 01 (0,00 -50 0.2 (0.0) 100 01 (0 0 02 (0,00 100 0.1 (0.0)
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Table A.4 Total concentration (%) of macronutrients in thehizosphere soil of L. scopariumover the
experimental period. Values in brackets represent the standard error of the average concentration per pot
throughout the experiment (n=3).

Treatment
N P S K Control
conc % conc % conc % conc % conc
inc. inc. inc. inc.

P 0.06 (0.0) -2 0.07 (0.0) 15 0.06 (0.0) 3 0.06 (0.0) 1.6 0.06 (0.0)
S 0.04 (0.0) O 0.04 (0.0) O 0.05 (0.0) 23 0.04 (0.0) 25 0.04 (0.0)
K 024 (94) O 0.25 (0.0) 4 0.25 (0.0) 5 0.25 (0.0) 2.5 0.24 (0.0)
Ca 0.31 (0.0) 1 0.30 (0.0) -2 0.32 (0.0) 3 0.31 (0.0) 0.3 0.31 (0.0)
Mg 0.21 (0.0) 2 0.21 (0.0) 2 0.21 (0.0) 1 0.21 (0.0) 1.5 0.21 (0.0)

Table A5 Total concentration (%) of macronutrients iK. robustarhizosphere soil measured at the end of the
experiment. Values in brackets represent the standard error of the average concentration per pot throughout
the experiment (n=3).

Treatment
N P S K Control
conc .% conc .% conc .% conc .% conc
inc. inc. inc. inc.
P 0.06 (0,00 2 0.07 (0.0) 7 0.06 (0.0) O 0.06 (0.0) 2 0.06 (0.0)
S 0.04 (00) -1 004 (0O) -5 0.05 (0.0) 21 0.04 (0.0) 3 0.04 (0.0)
K 0.04 (0,00 O 0.04 (0.L0) -5 0.05 (0.0) 23 0.04 (0.0) 3 0.04 (0.0)
Ca 0.30 (0.0) 2 0.29 (0.0) -2 031 (0.0) 2 0.31 (0.0) 5 0.30 (0.0)

Mg 020 (0,00 21 020 (0.0) 20 0.20 (0.0) 23 0.19 (0.01) 17 0.16 (0.0)

Table A.6 Mineral N concentration (mg/L) irL.. scopariumand K. robustarhizosphere soil measured at the
end of the experiment. Values in brackets represent the standard error of the average concentration per pot
throughout the experiment (n=3).

L. scoparium K. robusta
NH¢*-N NGs -N NHs*-N NGs -N
% % % .
conc . conc : conc : conc % inc.
inc. inc. inc.
N 0.2 (0.0 0 35 (1.7) 1650 0.2 (02) 0 31 (15 1450
P 0.2 (0.0) 0O 02 (©1) O 02 (O 0 03 (02 50
S 0.2 (0.2) 0 02 @©1 O 02 (O O0 01 (0.0 -50
K 0.1 (0.0) -50 02 (00 O 02 (00O 0 0.2 (0.0 0
Control 0.2 (0.0) - 0.2 (0.0 - 02 (00 - 02 (0.0 -
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Appendix B
Supplementary information to Chapter 4
Table B.1 Cumulative above ground dried biomass (@f L. scopariumand K. robustain the DSE, biosolids,

andthe control treatment (n=4).Values in brackets represent the standard error of the average concentration
per pot throughout the experiment (n=4).

L. scoparium K. robusta
Treatment Dry % Dry %
Biomass increase biomass increase
DSE 179 (8.5) 24 135 (11.7) 29
Biosolids 207 (8.1) 44 210 (13.5) 100
Control 144  (11.7) - 105 (7.7) -

* after six weeks of experiment

Table B2 Total concentrationsof macronutrients of above ground of. scoparium(%) measured at the end
of experimental period. Values in bracket represeStandarderror of mean.

Element DSE Biosolids Control
N Mean 1.1 (0.0) 1.2 (0.9 1.1 (0.0)
% increased 1.8 7.1 -
Ca Mean 11 (0.0) 1.2 (0.1) 09 (01
% increased 20.9 28.7

K Mean 0.7 (0.0) 0.6 (0.0) 0.6 (0.1
% increased 11.6 -2.8 -

Mg Mean 0.3 (0.0) 0.3 (0.0) 0.3 (0.0)
% increased 9.5 15.6 -

P Mean 0.1 (0.0 0.1 (0.0 0.1 (0.0)
% increased 19.7 445 -

S Mean 0.1 (0.0 0.1 (0.0) 0.1 (0.0)
% increased -0.8 -3.5 -

Table B3 Total macronutrients concentration (%) of above ground kf robustain the Eyrewell soil medium

measured at the end of experimental period. Values in bracket repres8tandarderror of mean.

Element DSE Biosolids Control

N Mean 09 (01) 09 (0,1 0.8 (01
% increased 157 12.3 -

Ca Mean 0,6 (0.0 0,7 (0, 0.5 (0,0)
% increased 21.9 50.7 -

K Mean 0,6 (0.0 0.6 (0,0) 0.7 (0,0)
% increased -18.1 -179 -

Mg Mean 0.2 (0,02) 0.2 (0,0) 0.2 (0,0)
% increased 2.8 3.2 -

P Mean 0.2 (0.0 0.2 (0,0 0.2 (0,0
% increased 9.8 14.8 -

S Mean 01 (0.0 0,1 (0,0 0.1 (0,0
% increased -33 31.7 -
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Table B4 Total concentrations of micronutrients of above ground bf scopariunm{mg/kg) measured after 12
wk of the experimental period. Values in bracket represeBtandarderror of mean

Element DSE Biosolids Control
B Mean 50.3 (7.8) 545 (11.9) 39.0 (35)
% increased 29.0 39.7 -

Cd Mean 0.0 (0.0) 01 (0.0) 0.02 (0.0)
% increased -6.0 228.5 -

Cu Mean 33 (02 34 (03) 23 (02
% increased 41.6 46.0 -

Fe Mean 602 (12.4) 71.4 (193) 439 (1.9
%increased 37.0 62.7 -

Mn Mean 1797 (469) 315.3 (839) 167.9 (692
% increased 7.0 878 -

Zn Mean 11.2 (2.3) 68.2 (21.5) 1.2 (692
% increased 9.8 569.1 -

Table B5 Total concentrations of micronutrients of above ground &f robusta(mg/kg) measured after 12
wk of the experimental period. Values in bracket represeBtandarderror of mean

Element DSE Biosolids Control

B Mean 50.8 (56) 325 (4.2) 49.2 (72)
%increased 33 -34.0 -

Cd mean 0.02 (0.01) 0.3 (0.1 0.01 (0.0)
% increased 674 30789 -

Cu mean 15 (0.2) 2.3 (02 13 (03)
% increased 15.0 78.0 -

Fe mean 719 (15.9) 47.0 (5) 954 (416)
% increased -24.6 -50.7 -

Mn mean 5034 (64.3) 683 (102) 398.9 (49.2)
% increased 26.2 71.2 -

Zn mean 409 (8.5) 1188 (5.8) 298 (6.7)
% increased 372 2986 -
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Appendix C

Supplementary information to Chapte

Table C1 Total concentrationsof foliar N (%) of species tested which are significant differentth@ control
measured at the end of experimental period. Values in bracket repres8tandarderror of mean.

Treatment

Species TMW Control

C.australis Mean 13 (0.1 1.2 (0.0
%increased 13 -

C. robusta Mean 1.8 (0.1 1.5 (0.0
% increased 19 -

K. robusta Mean 21 (0.1 18 (0.1)
% increased 17 -

L. scoparium Mean 1.8 (0.0) 1.5 (0.0)
% increased 22 -

O. paniculata Mean 1.3 (0.1) 1.2 (0.0)
% increased 16 -

P. eugenoides Mean 1.6 (0.1) 1.4 (0.0)
% increased 16 -

P. tenax Mean 1.4 (0.1) 1.1 (0.0)
% increased 24 -

P.cunninghamii Mean 1.2 (0.0) 1.1 (0.1)
% increased 14 -

Table C2 Total concentrations of foliar P (mg/kg) of species tested which are significant differentht
control measured at the end of experimental period. Values in bracket represstandarderror of mean.

Treatment
Species TMW Control
L scoparium Mean 1524 (89y 1202 (69)a
% 16
increased )
O. paniculata Mean 1310 (106} 1581 (129
% -26
increased i

Table C.3 Total concentrationsof foliar K (mg/kg) of species tested which are significant different ttoe
control measured at the end of experimental period. Values in bracket repres8tandarderror of mean.

Treatment

Species T™MW Control

C. robusta Mean 7617 (700P 5131 (338}
% increased 48 -

K. robusta Mean 4093 (120% 3484 (76}
% increased 17 -

L.scoparium Mean 3858 (82F 3315 (58}
% increased 16 -

O. paniculata Mean 6380 (6097 8641 (839)
% increased -26 -

Table C4 Total concentrationsof foliar S (mg/kg) of species tested which are significant differenttte
control measured at the end of experimental period. Values in bracket represstandarderror of mean.
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Treatment

Species T™MW Control

C. australis Mean 1039 (36)° 859 (257
% increased 21 -

C. robusta Mean 2556 (149° 1679 (617
% increased 52 -

K. robusta Mean 2428 (53)° 1538 (32F
% increased 58 -

L. scoparium Mean 2042 (57y 1357 (32F
%increased 50 -

O. paniculata Mean 1261 (170y% 693 (21f
% increased 82 -

P. eugenoides Mean 1054 (58 824 (58y
% increased 28 -

P. tenax Mean 1296 (59f 1049 (49%
% increased 24 -

Table C5 Total concentrations of foliar Mg (mg/kg) of species tested which are significant differenthe
control measured at the end of experimental period. Values in bracket represstandarderror of mean.

Treatment
Species TMW Control
K. robusta Mean 1448 (51)2 2001 (72)
% increased -28 -
P.cunninghamii Mean 2141 (867 2430 (95)
% increased -12 -

Table C6 Total concentrationsof foliar Ca (mg/kg) of species tested which are significant differentthe
control measured at the end of experimental period. Values in bracket represstandarderror of mean.

Treatment
Species T™MW Control
C. robusta Mean 21043 (12092 22002 (643"
% increased -4 -
K. robusta Mean 4655 (1937 5869 (288)
% increased -21 -
P.cunninghamii Mean 9421 (454} 10329 (340%
% increased -9 -

Table C.7 Total concentrationsof foliar Fe (mg/kg) of species tested which are significant differenttte
control measured at the end of experimental period. Values in bracket represstandarderror of mean.

Treatment
Species T™MW Control
L scoparium Mean 249 (167 413 (69f
% increased -40 -
P.tenax Mean 93 (8 69 (57
% increased 36 -
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Table C8 Total concentrationsof foliar Mn (mg/kg) of species tested which are significant different tioe
control measured at the end of experimental period. Values in bracket represstandarderror of mean.

Treatment
Species TMW Control
L scoparium Mean 181 (142 254 (19)b
% increased -29 -
K robusta Mean 260 (27¢ 471 (43P
% increased -45 -
P.cunninghamii Mean 169 (212 251 (14f
% increased -33 -

Table C9 Total soil N (%df different vegetation type measured at the end of experimental periodalues in
bracket representStandarderror of mean.

Vegetation Treatment

type TMW Control

1 Mean 0.47 (0.0 0.44 (0.0
% increased 12 -

2 Mean 0.48 (0.0)° 0.43 (0.0
% increased 13 -

3 Mean 0.48 (0.0) 0.43 (0.0
% increased 12 -

Table C10Total soil C (%)f different vegetation type measured at the end of experimental periodalues
in bracket representStandarderror of mean.

. Treatment
Vegetation I
type ™MW Contro
1 Mean 4.9 (0.0p9 4.7 (0.2¢
% increased 14
2 Mean 5.1 (0.0 4.4 (0.1p
% increased 15
3 Mean 5.1 (0.0° 45 (0.1p
% increased 13
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Appendix D
Supplementary information to Chapter
Table D.1 Effect of the application ofmixture sawdust+DSE and composh plant height (cm).Values in

parentheses represent the statard error of the average survival rate of each species throughout the
experiment f = 3).

Treatment
Speies
Compost SD+DSE Control
L. scoparium 74.9 (7.2y 73.6 (8.17 84.0 (11.1y
K. serotina 61.3 (7.3¢ 57.4 (5.4% 84.2 (0.8%

U BAFFSNBYG f2SNOIFasS tSGUSNE AYRAQKISOPApIyWrE AYVHYIY & A
ANOVA followed by Duncan Post Hoc Tests
Table D2 Effect of the application omixed sawdust and DSE and compaostthe dried weight of above plant

part (g). Values in parentheses represerthe standard error of the average survival rate of each species
throughout the experiment ( = 3).

L. scoparium K. serotina
Treatment Dried % Dried %
weight increased weight increased
Control 141.7 (24.7y 103.0 (10.0% -
Compost 154.9 (11.1y 11.0 97.7 (12.8% -5.2
Sawdust+DSE 118.1 (23.2% -1.0 187.5 (30.8) 82.0

U SGAFFSNBY UG t2gSNOIFAS tSGGSNE AYRAPKIBSOARS ydedF MO
OneWay ANOVA followed by Duncan Post Hoc Tests.

Table D3 Totalconcentrations of foliar macronutrients of. scopariunmeasured at the end of experimental
period. Values in bracket represerfstandarderror of mean.

Treatment
Element
Compost SD+DSE Control
N (%) Mean 1.6 (0.0) 1.7 (0.1) 1.3 (0.1)
% increased 22 25 -
P (mg/kg) Mean 959 (24) 1127 (60) 847 (35)
% increased 13 33 -
K (mg/kg) Mean 4029 (112) 3336 (81) 4306 (122)
% increased -6 -25 -
S (mg/kg) Mean 1421 (30) 1477 (53) 1305 (69
% increased 9 13 -
Ca(mg/kg) Mean 6166 (366) 6701.5 (370) 7375 (345)
% increased -16 -9 -
Mg (mg/kg) Mean 1805 (68) 2141 (110) 1843 (66)
% increased -2 16 -
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Table D4 Total concentrationsof foliar macronutrients ofK. serotinameasured at the end of experimental
period. Values in bracket represerfstandarderror of mean.

Treatment
Element
Compost SD+DSE Control
N (%) Mean 1.9 (0.1 1.7 (0.1 1.3 (0.1
% increased 47 37 -
P (mg/kg) Mean 1083 (53) 1074 (53) 968 (52)
% increased 12 11 -
K (mg/kg) Mean 4165 (125) 3782 (76) 3487 (124)
% increased 19 8 -
S (mg/kg) Mean 1620 (62) 1423 (44) 1408 (51)
% increased 15.1 1 -
Ca (mg/kg) Mean 6264 (371) 7258 (436) 7421 (348)
% increased -16 -
Mg (mg/kg) Mean 1908 (87) 1863 (92) 2049 (109)
% increased -7 -9 -

Table D5 Total concentrationsof foliar micronutrients ofL scopariummeasured at the end of experimental
period. Values in bracket represerfstandarderror of mean.

Treatment
Element
Compost SD+DSE Control
Cu(mg/kg) Mean 2.6 (0.3) 29 (0.2 29 (0.2
% increased -12 -2 -
Fe(mg/kg) Mean 448.1 (96.4) 272.0 (48.9) 346.8 (76.3)
% increased 29 -22 -
Mn (mg/kg)  Mean 866.9 (56.3) 758.5 (70.4) 421.6 (34.3)
% increased 106 80 -
Ni (mg/kg) Mean 0.7 (0.2) 0.6 (0.1) 4.3 (2.4)
% increased -84 -86 -
Zn(mg/kg) Mean 19.3 (1.7) 219 (2.6) 155 (1.5)
%increased 24 41 -

Table D.6 Total concentrationsof foliar micronutrients ofK. serotinameasured at the end of experimental
period. Values in bracket represerfstandarderror of mean.

Treatment
Element
Compost SD+DSE Control
Cu(mg/kg) Mean 2.7 (0.2) 2.6 (0.3) 2.7 (0.2
% increased 0 -5 -
Fe(mg/kg) Mean 286.0 (25.6) 265.8 (28.8) 332.0 (34.5)
% increased -14 -20 -
Mn (mg/kg) Mean 1263.3 (116.5) 1517.3 (238.0) 727.8 (65.4)
% increased 74 108 -
Ni (mg/kg) Mean 2.3 (0.2) 2.1 (0.2) 3.2 (0.4)
% increased -29 -36 -
Zn(mg/kg) Mean 31.7 (1.9) 29.2 (3.1) 29.6 (2.7)
% increased 7 -1
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Table D.7 NHs*-N and NG-N concentrations ofL scopariumafter 18 months application®f the mixture
sawdust and DSE and compdshg/kg). Values in bracket represerstandarderror of mean.

Treatment
Element
Compost SD+DSE Control
NH:*-N Mean 47.7 (0.0 15.0 (0.0 0.2 (0.0
% increased 568 0.2 -
NG*-N Mean 44 (0.0 0.2 (0.0p 0.2 (0.0)¢
% increased -14 -5 -

Table D.8 NHs*-N and NG -N concentrations ofK. serotina after 18 months applicationsof the mixture
sawdust and DSE and compdshg/kg). Values in bracket represerstandarderror of mean.

Treatment
Element
Compost SD+DSE Control
NHs*-N Mean 28 (0.0 0.2 (0.0 0.2 (0.0
% increased 370 -2 -
NG -N Mean 49 (0.0 0.2 (0.0p 0.2 (0.0
% increased -3 -5 -
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Appendix E

Supplementary infemation to Chapter 5

My role in this study was helping Dr Juergen Esperschuetnd Dharini Paramashivam with the
experimentalmaintenance, data collection, final harvesting, soil and plant samples preparation for

analysis, and some data analysigich areparts of the following published paper
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