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Biowastes to Augment the Production of Essential Oils

by
Salome Seyedalikhani

Biowastes are unwanted materials biblogical origin. They includgiosolids(from sewage works)

Dairy Shed Effluent (DSE), sawdust am@fEd MunicipalWastewater(TMW) When applied to soil,
biowastes can provide plant nutrients, but also introduce heavy metals, pathogens, or xergbiotic
Biowastes could improve degraded or ldertility soils and generate revenue through the production

of nonfood products such as essential qiE0s) | grewNZy | G A @S LI I hégtasgermdfm y dz{ |
scopariumWoew® C2 NBR (G 3 DKeunzE€dbistae Larngy &RTodlkeny azvéll agdlavender
(Lavandula angustifolidill.), RosemaryRosmarinus officinalis) and ThymeThymus vulgarig) in

series of greenbuse experiments imediumto-low fertility soils. Soils useih the experiments were
Bideford clay loaniBCL)Lismore stony silt loaif. SL,)Pawson silt loartPSLand Craigieburrsilt loam

(CS), orderedfrom highest to lowest fertilitythat wereamended with either biosolids (up to 13500

kg N ha equiv.), biosolids + sawdust (1:0B50 kg N haequiv) andDSH200 kg N haequiv.) Two

types of biosolids from Kaikoura (KB) and Christchurch City Council (CB) were used in the experiments.
Moreover, biosolids were applied in different methods including incorporatiorthe soil, surface
application and using patches of the biosolids in $biad a field experimenb evaluate theeffect of

TMW (30 kg N ha equiv.)on the EOyield and compositionsf L. scopariumand K. robusta Field
surveyswere usedto evaluate theEOconcentration and composition natural ppulations ofL.

scopariumandK. robusta

In the greenhouse experiments theaximum biomass increase was relateddBapplication(3000kg

N hat equiv.)that enhancedhe biomass ok.. scopariunby up to29-fold in the lowest fertile soil (CSL).
Generally the optimum biosolids application rate was 1500 kg N leguiv. in the greenhouse
experimentghat increased thébiomassof L. scopaum, K. robusta, L. angutliaandR. officinalidby
up t0120%, 170%, 86% and 70 % in&®lLL Sllow fertile soils) while DSE only increadthe biomass
of L. scopariunandR. officinaliand not the other plant species. Adding sawdusk®increagd the
biomass otl.. scopariunandK. robustaalthough it offset thel.. scopariungrowth increase by th&B
only treatment.Applying TMW increased the canopy volumé ofcopariunandK. robustan the field

experiment. Biowastesincreased foliar concerdtions of some macronutrients (e.g. N, P and S).
i



Generally, he concentration of TEs including &as increased by biosolids and other biowastes
application. Maximum CB application rate increased the Zn concentratioh. afcopariumand L.
angustifolialeaves by 4 and 3 times (from 24 to 102 and 38 to 115 mglkgmatter), respectively
Cadmium concentration increaség up to 11fold and 3%fold (from 0.03 t00.22 and).01 t00.31 mg

kg! dry matter) in theL. scopariunand K. robustdeaveswhen bisolids were applied in high rates.
Concentration of the TEs in all treatments and all experiments stayed in the safe range of the food
safety standardsGenerally, the treatments had a negligible effect on oil concentration except for DSE
(200 kg N hdequiv.)and biosolids application at rates higher than 1500 kg Nelgaiv. that decreased

the R. officinalis and L. angustifoleO concentrations, respectively. This would offset the effect of
biomass increase in terms of oil productid@@ontrasting methds ofbiosolids application had similar
effects on the EO concentration df. scopariumM2 & G 2 F ( K S evaldatedofmpdnénts 2 A f 2
were unaffectedor slightly affectedy biowaste additionTheincorporation of biosolids with sdilad
agreatereffect on the EO composition compared to surface applicaffoe.field survey showed that

the EOconcentration ofL. scopariunandK. robustavas significantly higher than the plants grown in

the greenhouse. Thisould be the result of environmental conditienthat would induce the EO

productionof the plants.

This study indicates thatitwastesthat are disposednto landfills or waterways may be beneficially
used to restore native ecosystems on kwvtility or degraded soils to produce essential oils. Apn
biosolids (up to 1500 kg N h@quiv.) could establishative ecosystems dominated Hy.scoparium
and K. robustathat annuallywould produceup to 103kg ha! and 98 kg ha! of essential oils worth
NZ$3840@ndNZ$34300respectivelyFurtherfieldtrials are warranted to elucidate critical ecological
variables and production economics in biowaste managemimparticular, the effect of adding

biowastes to established standslafscopariunandK. robustashould be determined.
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Note on the thesis structure and my contribution

This thesis comprises six greenhouse experiments, a field survey and a fiel&dmnad. of these
experiments were my sole responsibilitwhile other were conducted with fellow students and
postdocs. In all cases, | analysed the essential oils, which required the adaptation of published
analytical procedures for greenhouse and field sampled plants. Belownhylisbntribution to the
individual experiments

Exp. 120132014).1 conducted the analyses of the essential oils from plant tissue from an experiment
that was conducted before | arrived at Lincoln University.

Exp. 220142015. | conducted the experiment with two fellow studentsvas solely responsible for

the analyses of the essential oils.

Exp. 320152016). | was solely responsible for the whole experiment.

Exp. 420152016). | was solely responsible for the whole experiment.

Exp. 520152016). | conducted the experiment with postdoctoral fellow. | was solely responsible for
the analyses of the essential oils.

Exp. 620152016). | conducted the experiment with a postdoctoral fellow. | was solely responsible for
the analyses of the essential oils.

Exp. 7 (2018 ongoing as ©2018). The field trial was set up by a team from Lincoln University and the
Christchurch City Council. | collected soil samples, and plant samples from the field trial. | helped with
the chemical analyses of the soils and plants. | was solely respofwsilthe analyses of the essential
oils.

Exp. 8. Field surveg2@14-2015. | was solely responsible for the whole experiment.

Exp. 1- 7 investigated the effect of biowastes on the biomass, elemental composition, as well as the
concentration and compositio of essential oils.Leptospermum scopariumvas grown in all
experiments with other specieK(nzea robusta_awandula angustifoliaRosmarinus officinalignd
Thymusvulgarig occurring in some experiment&xp. 8 investigated the elemental composition,
essential oil concentration and composition of natural populations. gfcopariumand K. robusta
Given the commonalities between the experiments, it was useful to consider the results together, so
that the effect of biowastes added under contrasting citioths could be compared. This structure
also avoids redundancy that would occur if each experiment had its own introduction and methods

section.
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Introduction andBackground



Chapter 1

Introduction
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1.1 General introduction

Biowastes comprise unwanted material of biological oriGiommon biowastes include the products of
sewage treatmen{Sanchez et al., 2009, Guo et al., 20 imal effluentgColeran, 2000)as well as
crop and silvicultural residu€kim et al., 2015Pisposal of biowastes can be expensive, such as disposal
to landfill (Glereca et al., 2006)or environmentally damaging e.g., disposal in waterways or
incineration(McLaughlin andrilmer, 2008)Potentially, biowastes could be beneficially applietared

to improve soil fertility (Esperschuetz et al., 2016Mowever,injudiciousapplication can result in

environmental degradation and increased risks to human hd&lthchard etal., 2010)

Countries with sewage treatment facilities produce, on average, 52 k@fybiosolids per person,
resulting in the global output of >10 Mty(Bradley, 2008)NzQa LINB RdzOlG A2y 2F o0A 24
t (fresh weightyr?, of which ca68% goes to landfi{CIBR, 2014Biosolids contain high concentrations

of essential plant nutrients and organic mattégth of which can improve soil fertilitfObi and Ebo,

1995) However, biosolids can also contain pathogens and contamirfimigmanret al., 1999, Singh

and Agrawal, 2008)which is why they are not typically appliedNaQ & -¥ahedsils. Nonetheless,
improved treatment technology fsaresulted in a reduced concentration O6FEsand organic
contaminantg(Chaney, 1990)n 2008 thecaost of disposing of biosolids in landfills (excluding transport
costs) inNZ wasca. $33 M yt (WCC, 2008)Such costs may be avoided by using biosolids to rebuild
soils that have become degraded due to forestry, mining and intensive crofipargels etl., 2003,

Novak et al., 2009)Additionally, biosolids can be applied 4oilscontaminatedwith Trace Elements
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(TEs}o reducetheir bioavailability to plants and soil bio{®lack et al., 2010Jn NZ biosolids applied

to the Stockton mine site resultein improved foliage growth and reduced erosion and drainage
(Christchurch City Council, 2018ome 60% of the annual biosolids produced in the United States is
land-applied (Suppan, 2013)Similarly, other countriesncluding Australia, Canada, Chinazech
Republic, England, Hong Kong, Japan, Italy, Korea and Spain apply biosolids to restore degraded lands
(Navas et al., 1999, Lu et al., 2012, He, 2015, Kim and Owens, 2010, LeBlanc et al., 2009)

In agricultural countries, animal effluents can causeiemmentalharm (BPDNZ, 20115uch aghe
degradation of waterquality and increasinggreenhouse gagmissions(Baskaran et al., 2009})-or
example, Dairy Shed Effluent (DSE) which comprises bovine urine and faeces collected during the
milking of dairy ceile (Zaman et al., 2002an contaminate ground and surface wat@®ulbrooke et

al., 2004)Between 1994 and 201 e number ofdairy cattle in NZ increased b9%, from 3.84 to 6.47
million (StatsNZ, 2018aPSE contains elevated concentrations oKINP, and S, as well as pathogens
and xenobiotic§Roach et al., 2001).andapplication of DSE reduces the need for chemical fertilizers
(Cameron et al., 1995, Bolan et al., 200@%E is rich in organic matter acahimprove the water
holding capacityaeration, and drainagef soilas well as make the soils less vulnerable to compaction
and loss through erosiofRahmani and Taba#ighdaei, 2014)However, DSBorne pathogens can
cause human illneggiang, 2008)As with any Montaining fertilizer, ger-application of DSE results in

excessive leaching oitrates into receiving waters.

NZproduces ca. 900,000yt of silvicultural residues, including sawd@BFNZ, 2007which is often
disposed of in pileRobinson et al., 2007) hese residuesften occur on or near harvested pine forests,
where the soil has become degraded due to the logging (timber harvestggation (Paramashivam
et al., 2017) These soils are low in both organic matter and concentrations of plant nuti(€hisino
et al, 2010) In 2001 the disposal of logging residues costaNZ$42 t, including storage,
transportation, and processingdall et al., 2001)Using sawdust caite could significantly reduce the

delivery costs

Potentially, sawdustauld be mixed with bosolids as theyeduce plant uptake of contaminants from
biosolidsamended soil§Esperschuetz et al., 201 Bawdust has been demonstrated to reduce nitrate
leaching from biosolid@Paramashivam et al., 201@herefore, mixing biowastes such as biosadidd
sawdust may lead to improved environmental and economic outco(Resamashivam et al., 2017)

when they are applied to degraded lands.



Treated Municipal Wastewater (TMW) comes fromhousehold, small companies and occasionally
storm waterrun-off (UNER2015) which would balischargednto the waterwaygKolpin et al., 2002)
TMW contains high concentrations gflant essential nutrient§Gupta et al., 1998)although even
advanced treatment systems are not able to eliminate all pollutants and chenfiicaighis material
(EC, 2007)Continuous soil irrigation witfMW improves soils nutrient level§Ramirez-uentes et al.,
2002, Rattan et al., 2005yMW could be used in industry, agriculture, artificial recharge of aquifers,

rehabilitation of natural eosystemsandto irrigate forestqPalaniappan et al., 2016) degraded lands

Gibbs and Salmon (201&3%timated that there are some six milligva of degraded land worldwide.
These lands could be improved physically, chemically and biologiRallynanand TabaeAghdaei,
2014, Zebarth et al., 1999, Singh and Agrawal, 2@98lsing the advantages of biowastes for
cultivation. Currently, some 5% diZis covered byPinus radiata1.3 million ha) (NZGEO, 2018hat
would be degraded after harveéturne and Lambert, 1988Yhere is less incentive to replant areas in

pine due toreduced prices fotimber (MPI, 2018)

Potentially, biowastes could hesed on lowfertility landsto produce norfood crops such as essential
oils (EOs) This limits human expsure to pathogens and other biowadbt®rne contaminants
(McLaughlin et al., 2007EOproduction may enable profit generation from degraded land and divert
biowastes from expensive or environmentidmaging disposalhere is international interest iNZ

mn y dfleptospermunscopariuml.R. Forst & G. For&PDR dzS (i 2 -kikietane KveldBouglas

et al., 2004) Some 80% dZgrownL. scopariuniEOis exported G Porter, 2003b)TheEQQ &triketone
significantly contributes to antimicrobial propezs inL. scopariunproducts(MaddocksJennings et al.,
Hnnpl > [ A&m. [, dndsoraiyly f@uid i $capariunfromvthe East Cape regid Porter,
2003a) L. scopariuntOcurrently sells for NZB0 kg (LO, 2018a)Likewise] n Yy dKurizeaobusta

de Lange & ToelkerBOO2 y (i | Ay & K Agih&ne @) Portar amd Fwilkins, 1999)This
component has an inhibitory effect on the growth of potential infectious endocarditis causing gram
positive bacteriad [ SAGS SG | f @3l 2000andiE sold foriNZS76kd* D&, RG18bFtie
increasing number of studies on the health benefits and medical uses of the BOesult in the
development ofa L. scopariunand K. robustaEO industry in a similar way to tthe scopariunhoney
industry(Sunders, 2017)

L. scopariumand K.robustaform pioneer to midsuccessional plant communities prior to the longer
term establishment of podocarps and other large indigenous-tteminated forests.L. scopariumand

K.robusta dominated vegetatin support a large assemblage of native floral and faunal biodiversity.



They are resilient to fire that is a significant disturbance to vegetation, particularly since Polynesian
settlement of New Zealand. They also have an important role in landscapeergdollowing harvest
of exotic forest{Sunders, 2017, Reid et al., 2009)

Lavender l(avandula angustifoliaMill.) EOis widely used because dfs antibacterial and anti
inflammatory propertiegHajiali et al., 2016)ThisEQis sotl for NZ$187g* (EOD, 2018)It is believed
that rosemary Rosmarinus officinalis) EOimprovesmemory(Moss et al., 2003)TheEOof this plant
is sold for NZ$22kg* (IM, 2018) Thyme Thymus vulgarik.)EQalso has antibacterial activiffporman
and Deans, 200@hat is widely used.

LY HamnI LINPRdzOAY3I yI GdzNF £ LINE RdzO( & NZToe@eKandl & 9 |
Enterprise(NZTE, 2014Besides EOs medicinal advantages they could also be used in the perfume
industry.The global perfume sales revenue®il7 was US$37.4 billion, which had a compound annual
growth rate increase of 3.7% from 20{R&M, 2018) Perfume is made from 2 to 30% of HBgbus

and Sell, 2007)

Using biowastes to restablish plants ofow-fertility lands wouldmprove the aesthdt and ecological

value of the NZandscap& @ KA OK A a O2y aA a lntgethat BZAwisKes id fo&rayOf S|
overseas marketfAteljevic and Doorne, 2002, Bell, 1998YA & A Yy (i N2 RdzOSRZE | tiey & m n ¥
O 2 dzy GiauiEs®) websitg ToursmNZ, 2018)Thisshows the importance of beautiful image of clean

water andplants. Both native vegetation that are new for the tourists and the familiar plants, which are
grown worldwide could help illustrating this imageurism plays an important rola the NZeconomy

by creating goods and services also increasing the chance of employment. In 2017, tourism expenditure
increased by 1.9% compared to the previous year, resultedZ886 billion. In this year, domestic

tourism outcome increased by 4%4$820 million) toNZ$21.4 billion. In 2017, visitors from overseas

to NZincreased by 8.9% and tourists mal&53.3 billion in goods and services tax (GST). Moreover,

F NPdzy R yodm: 2F GKS OAMaplANIBE) 22064 Aa FNRBY 2 dzNR

1.2 Current knowledge onlte effect of biowastes on essential oil production

and quality

EOs increase plant survival by attracting pollinators or inhibiting herbivores and plant pathogens
(Abdelmajeed et al., 2013The concentrations of EO depend on both the environment and lduet p
genotype. PlanEOQyields are affected by salinity, sddrtility, soil moisture and contaminants such as

TEqAbdelmajeed et al., 20130s improve plant survival in adverse conditions and some plants react
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to environmental stress by increasing pretion of EO® { ( S @2 @A & . e applidatid of H 1 M M

nutrient-rich biowaste may, therefore, detrimentally affect EO production because they generally
increase soil fertility, diminish the stress on and increase the growth of plants. However, thé&edlev
concentrations offEdn biosolids may increase environmental stress and corresponditigiylate the

production ofEGs.

There are fewer than ten studies investigating the use of biowasteE@production. Somemembers

of the Lamiaceae familfRpsnarinus spandMentha piperitd have been investigated hysing biowaste
applications onto agricultural soils. There are no studies investigating the use of biowastes to rebuild
degraded soils foEOproduction. Nor is there any information on using bi®tes to augmentEO
production of L. scopariumor K. robusta Hypotheses on the likely effects of biowastes on EO
production can be developed based on studies of the effects of nutrients and contaminants on the yield

and quality of Eproducing plants.

The development and EO production of aromatic plants may be affettetth positively and
deleterioushyby the ratio and amount of nutrienis biowastegChrysargyris et al., 2016Junnu (2013)
showed that organic mulch and N fertilization did not affea thajorEOcomponentsof R. officinalis
(alphapinene, 1:8 cineole, camphor and verbenone) and all the components stayed in acceptable
international trade standard level$n a greenhouse experiment ddentha piperitalL. (Lamiaceag
grown in red Latosdbontainingrelatively high iron and aluminium oxide#)e effect of different levels
(unreported N contentpf treated biosolids (0, 28, 56, and 112 tHaon theEOquantity and chemical
composition was evaluated. Results of hydistilled EOassessmenby CGMS showed that biosolids

do not change thé&eOquality but increase the yiel@Scavroni et al., 2005These authorsuggested
using 28 t ha of biosolids and harvesting at 90 days after planting to have the best result with no
decrease of mentholopie of the two mainEO componens of M. piperita that are menthol and
menthone). Rahmani and Taba&ghdaei (2014) reported th&osa damascenilill. EO production
was increased by cow manure (unreported N concentration) application at the rate of 15 Ottzer
research showed that EO production@€imum basilicursignificantly increasiby applying 10 t h&a
farmyard manure (1.28% N, 2.14% P, and 0.95% K) (Anwar et al., 2005).

There are some studies dhe effect of stress on EO productidrima et al (2017)reported that long
pepper Piper hispidinervuinproduces more EO under the full sun compared to 50% and 30% shade.
Several studies reported the EO production of the plants Galtyia officinaliand Cymbopogon nardiys

increases by water stre§s SG G F AS6 S Ff ®X wnndpX t SOENRLI2dA 2 a

é
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Even though this stress would cause changes in Sleeondary metabolitesSM) composition
(Gershenzon, 1984Porter and Lammerink (1994¢ported that high temperatures may dexase the

EO concentrations

Biosolids, DSE and TMW can change the microbial biofdasgan et al., 2002, Zaman et al., 1999b,
Sanchema 2 Y SRSNR S [|-Gil @tl., BOAQMwhiZh inDurrNaeRtithe EO quality aryikld
(Wicaksono et al., 2017High levels of nutrients and C sources from biosolids are beneficial for
microbial respiration(Kao et al., 2006)Some microbes present in the rhizosphere appear to increase
EO productionBanchio et al., 2008)here is a significant correlation betweB©® composition and
bacterial and fungal community in the s¢iicaksono, 2016)Increased concentrations of TEs in
biowastes, can change the microbial population from bacteria to fungi, which is more tolerant to TEs
(Kao et al., 200&nd affect theEOproduction. It is unclear what role individual species of bacteria and

fungi have orEOproduction.

The concentration of EOs field-grown plantswould likely be different from greenhouselants This
can be a consequence of more extreme environmental @@ in the fieldthat inducesplantsto
produce more E® which have adaptive benefits under stressful conditigdselmajeed et al., 2013)
Field grown plants in different locales are likely to have distinct genotypesetic variation plays an
important role in the quality and chemistry of EOs irfatiént plants includind. scopariumK robusta

T. vulgarisand other plants e.g. beach viteXifex rotundifolig (Perry et al., 1997a, McGimpsey et al.,
1994, Perry et al., 1997b, Hu et al., 2007)

1.3 Hypotheses and aims

The overarching aim of thithesiswasto determine whether biowastesould be beneficially used to
establish EO producing plants on ldevtility soils. While there is @aucity of information on the
interactions of biowastes with ERearing plants, particularly the NZ native plahtsscopariunandK.
robusta hypotheses can be developed based on the aforementioned literature. The hypotheses in this
thesis are:

1) The addition of biowastes will increase the biomass production epfe@ucng plants and

that these increases will be greatest on lbavtility soils.

2) The addition of biowastes will increase the macronutrient uptake by the plants and the
addition of biosolids will increase the uptake of some TEs, especially Cd, Cutanévs that reduce

the value of the EOs.



3) The elevated N in many biowastes will reduce the EO concentration in the plants, thereby
offsetting any increase in biomass.
4) The biowastes will change the composition of EOs, which may affect their value either

positivdy or deleteriously.

The thesis sought to test these hypotheses through the following spebigctives

a) To evaluatdghe growth respaseof L. scopariunK. robustal. angustifoliaR. officinaliand

T. vulgariggrowing in four contrastingnediumto low-fertility soilto addition oftwo types of biosolids

and sawdustr biosolidsmixtures, dairy shed effluent, and treated municipal wastew§@rapter4].

b) To evaluatéehow the biowastes affected the accumulationtbé nutrients and contaminats

by the gants[Chapter5].

c) To determine how the biowastes affected the concentration and therefore the yield of EOs in
the plants[Chapterg].

d) To determinethe extent to whichbiowastes affe@d the quality of theEGs [Chapter7].

e) To evaluatequality ofEGs in naural populations otf.. scopariunandK. robustaand compare

this to the greenhouse trial&hapter7].

Appendces are providedo support information ofmethod development irChapter 3 (Appendix A),
expanded data of thautrient uptake by theplantsin Chapter5 (Appendix B)the plant EOcomponents
in Chapter 7 (Appendix Cand theEOcomposition



Chapter 2

Background

hands(GLP, 2017)

2.1 Biosolids

Biosolidsare organierich material that result from sewage treatment. Biosolids differ freewage
sludgein that they havébeentreated to meet theregulabry necessitiegor land applicatior{Figure2.1)
(NRC, 2002Biosolids contain high concentrations of essential plant nutrisnish as nitrogen (N),
phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg) and sul@madi@janic matter50-
70%) (Banegas et al., 2007, NAWWA, 200Bhey alsocan comprise high concentrations ofTES
specificallyzinc (Zn), lead (Pb), cadmium (Cd) copper (Cu), iron (Fe), nickel (Ni), boron (B), molybdenum
(Mo) and manganese (Mi(esteller etal., 2009). TheseTEscanbe either beneficial oharmful @t high
concentrations}o the plants and soil. Biosoliddsomay contairunwantedcompounds and pathogens
(Garrec et al., 2003, Jonkspp and Stevens, 2007, Bibby et al., 20Ibere aremanyphysiochemical
differences between fresh and aged biosoliflairing aging, the labile fraction ofganic matter is
progressively broken dow(Samaras et al., 2008Foncentrations of organic matter, N, are normally

higher in freshly digested biosolids. \Mever, other elements Table2-1) are usually higher in aged



biosolids because of the degradation of the surrounding organic m@&dgger et al., 1998pne of the

main differences idl speciationfresh biosolids contain higtoncentrationsof ammoniumN (NH:*-N),

whereasmature biosolids contain a higher proportion of nitrate(NQ-N) (Bernal et al., 1998)

Table2-1 Physiochemical properties of fresh and aged biosolids. Units are mbukdess otherwise indicated(Bernal et al.,
1998, Esteller eal., 2009, Knowles et al., 2011, Rigby and Smith, 2013)

Fresh biosolids Aged Biosolids

Moisture content (%) 83 53
EC (mSchH 5.2 8.3
pH 6.4 4.1
Total N (%) 4.3 2.7
Total C (%) 45 28
Organic matter (%) 62 60
NHs*-N 3400 182
NGs-N 51 4192
C:Nratio 8.4 6.9
CEC (cmol kg 39 41
Olsen P 5192 4683
Na" 460 713
K+ 5183 4984
ca* 4268 9818
Mg2* 3949 2204
Cuwt 352 561
C 32 2.8
Zre* 809 878
PR 79 112

The pesence oklevated TEf biosolidsis cited as a factor limitig their reuse Table2-2 shows the

range of TE concentratiomgpicallyfound inbiosolids

Table2-2 Trace Elementoncentratiors (mg kg') in biosolids(Haynes et al., 2009)

TEB Concentration in dry weight
Arsenic (As) 1-20
Cadmium (Cd) 1-70
Chromium (Cr) 50-500
Cobalt (Co) 5-20
Copper (Cu) 100-800
Lead (Pb) 100600
Mercury (Hg) 1-10
Nickel (Ni) 10-200
Selenium (Se) 5-10

Zinc (Zn) 10003000
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2.2 TreatedMunicipal Wastevater (TMW)

£

Figure2.2 Municipal waste water treatment plant (IeftXGT, 2016and waste water (rightAII, 2018)

TMW (Figure2.2) is the liquid fraction following sewage treatment, and advanced treatment systems

can reduce high levels of pathogens dritk present in the raw sewa@@ai et al., 2013)

Theproperties of TMWary depending on the sourd&hraddha, 2018)Generally, TMW cancontain
high levels of organic materiéKarunanithi et al., 201)lant nutrients including N, FEssuch as Fe
and Mn, salts (e.g. N&), bicarbonates (HGDin some sampleiNiazi et al., 201&s well aCu and Zn
(Nicholson et al., 2003)t also can contain pathogeiiShannon et al., 2007JMW has less N and P
compared to animal wastewaterthe concentration ranges of the total Wnd P inTMW are
approximately(15-90) x 103 g * and (520) x 102 g L* while in the dairy waste water af@85-2636) x
102 g Lt and(30-727) x 10° g L, respectively(Cai et al., 2013)

Approximately 70% of the water used by humanitysedfor agricultue (Pedrero et al., 201050me

of this water may be supplemented by TMW whi®h 9% water with plant nutrients areomprising

most of the remaining 0.01%. The use of TMW for agricultural activities reduces the need for consuming
both fresh waer and fertilisers as well as reducing the discharge of TMW into surface wWRinsero

et al., 2010) Nevertheless, excessive application of TMW can cause eutrophication in surface waters
(Cai et al., 2013pesides surface water pollutiofPescod, 1992)if it is not applied based on the

guidelines.
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2.3 Dairy Shed Effluent (DSE)

Figure2.3 Dairy farm effluent pond(Tikkisetty, 2016)

DSHefersto wastes frommilkingshedsand associated yardgigure2.3). It includesthe manure and
urine as well asthe water used towashdown the waste. Therefore it comprisesdissolved and
suspended nutrients, salts and organic matsrwell agracesof spilt milk(DAF, 2018)DSEcontains
plart essential elementcludingN, P, K, S, Mg anbEgshat can be used to increase crop production
(BPDNZz, 2018nd decrease irrigation water requiremen®AF, 2018)The concentrations of these
components vary depending on the diet and aijehe animalbesidesthe season and period ahe
storage(EnvironmentCanterbury, 2007, DaiMZ, 2015)For examplghe N contentvaries from 0.036

to 1.8%(Di et al., 1998, Zaman et al., 1999a, Zaman et al., 20@PP concentrationanges(21-125) x
103(g kg') (Di et al., 1998, Longhurst et al., 200)e detergents and other chemicals used for cleaning

the milking equipment can be found in the DSE.

If the land application of DSE is not managed appropriately, it may be damaging to the gfalit
underground and surface water resources (due to-aff). The nutrients in DSEan exacerbate the
growth of aquatic weeds and algae resulting in water quality degradation, including a reduction in
dissolved oxygefBPDNZ, 2011The proposed land apiphtion rateof dairy effluent is 15200 kg N

ha! yr! (Roach et al., 2001Applying the DSE in the proposed lifmits economic benefits due ta
reduced need fochemical fertilizers whilenaintaining the quality othe streams and ground water
(VICGOM2009)

12



2.4 Sawdust(wood-waste)

Figure2.4 Sawdust from wood after cutting trees in the fore¢Kobzev, 2018)

Sawdust is a bproduct of the timber industryRigure 2.4. Timber processingncludesremovingthe

bark and branches resulting in considerable amowotsn-site waste as sawduge.g. 0.69 million cubic
meter of Pinus radiathaccumulating over tim¢Paramashivam, 2015, Yao et al., 20B3wdust has
been widely used in mushroom cultivation andddéng in horse stables, cattle pens, and chicken barns
(Poppe, 2000, VC, 2018pawdust can improve structure and aeration of the heavy goilerholser,
1955) Sawdust also can help to enrich soil, reduce dehydration (keeps the moisture) and improve

overall growth of the plants.

Sawdust is clean to handle, easy to apply and long lastingntains total carbon in the range of 45%
51%, N(0.06:0.1) x 102 g kg* and CEC of ca. 10.6 cmoftkBaramashivam et al., 2016, Bugbee, 1999)
To balance the higconcentration of carbonaceous matter a nitrogenous fertilizer is needed tdaadd
meeting the requirements of microorganisms that decompose the woody maté@aerholser, 1955)

It can be mixed with biosolids to reduce N@aching.Paramashivam et a(2016)and Daniels et al.

(2001)showed that adding wooevaste to biosolidsamendedsoil reducesNOs leaching.

Sawdusttanadsorbsomeinorganic and organic contaminants frasuoil porewater (Paramashivam et
al., 2017) Dried P. radiata(pine) sawdustanadsorb NH*-N, NO;-N and NG@-N from storm water
(Harmayani, 2012 ombining sawdust with biosolids is reported as a good strategyctease plant
growth and soil aggregate stabilifgugbee, 1999, Schmidt et al., 2001, Sandoval et al., 28a&)dist
reducesTEuptake by plants in biowastamended soi{Daniels et al., 2001, Fiset et al., 2000)
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2.5 Biowaste application rates

Nitrogenis the nutrientthat ishighlylikely to be losthrough surfaceor ground water ifit is applied at

the highrates.Moreover,N is the element that is needed for the plants in higher quantity than rsthe
Therefore,jf the agronomic N rate is applieshdthe N need of the plant is met, mosf other nutrients
would be in adequate concentration for the plar(&vanylo, 208). The author also pointed out that
aging biowastes can change both the total and mineral N content, which can potentially lead to
increased Nosses. It is therefore prudent to minimise the time between analysis of the biowastes and

their application toand.

2.5.1 Effect of biowastes on soil fertility

Most biowastes contain significant quantities of organic matter that can improve soil structure, water
holding capacity, aeration, and drainage as well as reducing soil compaction and é@isiamd Ebo,
1995, Rahmani and Taba#ighdaei, 2014)Biowastes havealso been shown to improvecation
exchange capacitgKabirinejad and Hoodaji, 2012, Hina, 2018any biowastes including biosolids,
Dairy Shed Effluent (DSE) and Treated Municipal Wastewater (TWW) cbigiainoncentrations of
essentialplant nutrients including N, P, K, S afs (Antoniadis, 2008, Bai et al., 2013, Sarkar et al.,
2005, Gottschall et al., 2007, Wang et al., 2010)

Sil C and N, which are the two most important factors affecting saiilifg (Schmidt et al., 2001,
Evanylo, 2009, Haynes et al., 20@ipwastes can be a source of both available and -silease N,
which can provide both short and lotgrm profits for the soi(Robinson and Polglase, 2000, Zaman et
al., 1999a, Sedlak991) Biowastesalsoalter the soil microbiotawhich can result in increased plant

growth (Hossain et al., 2017, Oliveira and Ferreira, 2014)

Theland-application of biosolids, DSE afifiW onto Pinus radiataRosemarinus officinaligZea mays

and Hordeum vulgare generally results inncreased biomass production without excessive levels of
contaminant uptakg€Zaman et al., 2002, Singh and Agrawal, 2008, Wang and Jia, 2010, Kimberley et al.,
2004, Cala et al., 2005a, Krey et al., 2011, Rusan et al.,. Z03plids have been used for restoration

of TEcontaminated mine sitegBrown et al., 2003bas this material have the potential to immobilize

the Pb, Zn and @asta et al., 2001Biosolids have been used as fertilizer to either improve or maintain
the soil fertility for sustainable plantatiofiFresquez et al., 1990Biosolids application to low organic
matter and clay content soils increases the soil organic carbon and nutrients retd@imaniadis,

2008) Blending sawdust with-Nch biosolids cameduce nitrate leachingParamashivam et al., 2016)
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Hawke and Summers (200@)ported that the application of DSE increased the total N, P and plant

available nutrients and improved losigrm fertility of the soil that can increase the plants biomass.

Biowastes can change the bioavailability of nutrients and contaminants i(Ssogh and Agrawal, 2008,

Antolin et al., 2005, Brown et al., 2003Bjoavailability could be altered through:

9 Change in total concentratiofiHouba et al., 1996)

1 Change in pHAn increased pH reduces the bioavailability of cations and generally increases the
availability of anions. Howeven highly alkaline soil, P becomes less avail@ttgiba, 2015)

fChange in CEC and also specific adsorption sites (related to CE€sddcCEC reduces cation
solubility(McLaren and Cameron, 1996)

9 Change in dissolved organic carbphinds dissolved metals and renders them unavailable for plant
uptake(Robinson et al., 2009)

fChange in salinitg salts can increase the solubility ofnse elements. It can change (increase or
decrease) their uptake by plants. Salts affect soil structure (e.g. clay dispéiairgren and Cameron,
1996)

1 Other competing ions, for example, Taompetes for binding sites with Edlthough C# can also
increase pHPlette et al., 1996, Ikebuchi et al., 1991)

1 Changes in microbial activity, which thence alter the bioavailability of elenfRatshid et al., 2016)

The initial soil pH and fertility play important roles in the nutrient availability and efitgieof the
biowastes addition. For examplat, low pH Al and Mn can become more available and morec ttxi

the most plants whereas Gand Mg are less available acidic gbibriba, 2015)To increase nutrient
uptake in acidic soils, lim@mended biosolidsire used to neutralise the ptPritchard et al., 2007)
Lense (2018)eported a 610% increase of the pH following the application of treated TMW (500 mm)

for 18 months. This shows that this treatment would not be suitable for the high pH soils.
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2.6 Degradedor low-fertility lands

Standard deviation
(Percent area degraded) _ —

0 10 20 30 40 50
Figure2.5 World degraded land majjGibbs and Salmon, 2015)

Gibbs and Salmon (20163timated thatt p:'z 2 F (G KS ¢ B NdgrRdadi(cadiximylliBnhd) NB |
(Figue 2.5) andthis environmental damagaffects thelivesof 3.2 billion peopléNationatGeographic,
2018)

In NZ soil can become degraded due to forestry. In 204RBhad 250,000ha of land in Radiata pine
(Pinus radiataD. Don) with soils that are ofta severely degraded after loggilAF, 201Q)where
topsoil is scraped off or erodedoi® underP. radiataforests can be acidic and depleted in plant
nutrients (Brockerhoff et al., 200550me192 million t yr* of NZ soil are lost from erosiqiStatsN,

2018b) This sil degradation has negative impact on the land, water and clir(fatgure2.6).
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Land Fresh water Marine Atmosphere & climate Air
Soil quality changes can Water quality and the A reduction in Soil is a major carbon sink. Land use  Dry, bare soil can
put added pressure on ecological health of survival rates of many change can cause the soil carbon be eroded by

indigenous plant species
and raise opportunities
for invasive species.

rivers, streams, and
lakes can be degraded
when eroded sediment,
contaminants,

and nutrients enter
waterways.

species and the loss
of important marine
habitats occurs when
eroded sediment
reaches estuarine
and coastal areas.

stock to increase or decrease,
especially if there is a disturbance

of the topsoil as in agriculture and
production forestry. When a land use
change decreases the soil carbon
stock, carbon dioxide, a greenhouse
gas, is emitted to the atmosphere.
When a land use change increases
the soil carbon stock, carbon is
removed from the atmosphere.

wind, suspending
particlesin the

air and causing
respiratory issues,
dust nuisance, and
loss of fertile soil.

Erosion damages
infrastructure such as
fencing and roads on farms,
and when it occurs, can
cause significant impacts
to roads, housing, and
infrastructure (such as
water pipelines).

Compacted soils are often
slow draining, which

can lead to more
sediment and nutrients
moving off the land and
affecting waterways.

Soil carbon is an indicator of soil
organic matter, which is important
in supplying and retaining nutrients
for plants and farm production and
reducing the amount of nutrients
leached to water.

Erosion reduces the amount

and quality of soil, leading
to reductionsin plant and
animal productivity.

Sediment that enters
waterways can build up
in river channels leading
to an increased flooding
hazard and risk to
infrastructure such

as bridges.

We have limited understanding of
the relationship between erosion
and the storage/release of carbon.

Reductions in soil quality
can limit plant growth
leading to reductionsin
animal productivity.

Soils that are wet or compacted are
likely to have increased emissions
of nitrous oxide, a greenhouse gas.

Figure2.6 Environmental impact of the soil degradatio(StatsNZ, 2018c)
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2.7 Essential oils

2.7.1 What are essential oils?

Essential o are concentrated hydrophobic liquidomprisingvolatile aroma compounds from plants
(EBI, 2017)EOs a& combination of activevolatile molecules(Peters and Ebrary, 20163ome EO
componentsattract pollinators deter herbivory or inhibit pathogen#&bdelmajeed et al., 2013, Peters
and Ebrary, 2016EOQOs differ from other oils in that they have a significant volatile fraction and often
contain a high proportion of aromatic as osal to aliphatic compoundéeters and Ebrary, 2016)
The aromatic EOs in thdyrtaceaeand other¥ | Y AléakeS ia i@leased if they are crushed by fingers
(ANPSA, 2018)

EOsre Secondary Btabolites(SMs)Dhifi et al., 2016)SMsare products that a biosynthesized from
one or more primary metabolites through a broader range of pathways, varieavailable for primary
metabolismand are not essential to growth and life of the producing orgarg¢erpoorte, 200Q)The

purpose of manysMsproduction and their profits to the plants arenknown, while some are known

for specific reasons. For examplexinsprotect plants against the predato(®ohnert et al., 2007)

Macro and micronutrients affect thEMsproduction that iscontrolled by the environmetal condition
and plants specie@assan, 2012Nitrogencanaffect EO production, both positively and deleteriously
(Hamisi et al., 2012, Biesiada et al., 2008, Scavroni et al.,.ZaB)s allocate the C and N to produce
SMs only afterprimary needsand growth requirements are met. Therefore, if the N fertilisation
increases to excess levels of growth requirements, productionlodsé¢dSMs(e.g. alkaloidsinay be
increased. In the same way, increasing the carbohydratees the Cbased SMs (e.g. ph&olics)

production(Hassan, 2012)

The nain constituents of the plants EOs are terpenes and oxygenated comp@Bakisali et al., 2008)
These are normally extracted from the plant usstegam distillation, solvent extraction as well as carbon
dioxide egraction and expression, which based on tE®properties and the final product are used

(Chemat et al., 2006, Toma et al., 2001, Guan et al., 2007)

L A natural oil typically obtained by distillation and having the characteristic fragrance of the plant or other
source from which it is extractedXFORD 2018. essential Giford Dictionaries.
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2.7.2 Distribution of essential oils in plant tissues
Plantsstore EGs in either external or internal secongestructures that are on the surface or inside the
plant. If theEOQis stored in the external structure, the aroma can be noticed by just a touch, while to
reach theEOstored in the internal secretory structures, we need to break the @approducing ogan.
External structures are called glandular trichom@agure 2.7). Ocimum basilicum Lavandula
angustifolig Origanum majoranaOriganum vulgareMentha piperitaand Rosmarinus officinaliare

keeping theEOby this structure.

Internal structureconsiss of secretory cavities and dudfSigure2.7) that occur as spherical spaces and

are most commonly found in the Myrtaceae and Rutaceae fan{bstes, 2015)

Figure2.7 External (two left) and internal (right) structures of kgeping éssentialso(glandular trichomes and secretory
cavities and ductsfShutes, 2015)

2.7.3 Theglobaland NZessential oil market

The supply oEGs was estimated between US$8 billion and $illlon in 2013 NgaiTahu, 2014)Other
than the use of théGs in food and besrage industry,lte increased use &G inmedicationsaffected
the developmentof the overall marketDue to theknowledgeabout therapeutic properties ofEOSs,
using them in medicineshas been increasedvioreover the use ofEOsin spa & relaxation and

aromatherapy industries is increasigigOM, 2018)

Perfume types are defined by the amountiE®sncluded; the higher the percentage BOghe costlier
the fragrancethat increases the revenudhe global alesprofits of the perfumebusinessvas US$29
billion in 2013 (NgaiTahu, 2014)Population growth andurbanizationhas increased demand for

perfumes(R&M, 2018)Figure2.8 shows theeconomic significance dfagrance industry in the world.
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Fragrance Industry by Geographical
Sectors

6%

Figure2.8 The fragrance industry in terms of economic sificance by
geographical sector@NgaiTahu, 2014)

N a f I (rTeeRi$ompanableto the North Africa to migFranceone. AsNZ isin the dynamic
boundaries ® the South Pacific and Australian platéshas various landforms, topographyand
contrasting climates between regionBecause othe wide range of soitlimate combination, the

conditionis appropriatefor growingsub-tropical to cool temperature spées(Porter, 2003)

There are some NZ natiEGs, e.g.L.scopariumthat are internationallyrecognised(Douglas et al.,
2004) TheNZ cosmetic industry is restricted mainly to blending and packing, while there is a possibility

of having a wide range giroducts manufactured in the count(§NgaiTahu, 2014)

2.8 Plantsusedthis researchand their essential oitharacterisation

In the experimentsof this studyfive EGproducingplant speciesare used Table 23 shows their

classification and growth habit.

Table2-3 List of the plants used in the stud§Akhondzadeh et al., 2003, PFAF, 2012, MuBwsch and Alegre, 2000, Stahl
Biskup and Venskuton®s HAMHY { dzyRSNES wnmtI [Aan. | f OKAYy SiG t®dI wnnn

Plant Binomial name Family Details

species

Mnnuka  Leptospermum scopariud.R. Forst & G Myrtaceae perennial woody shrub 1 3m high when

Forst mature, native toNZand Australia

Y n y dz] Kunzea robustdelLange & Toelken Myrtaceae perennial woody shrub 3 15m high when
mature, native toNZ

Lavender Lavandula angustifolis/ill. Lamiaceae evergreenshrub growing to 1.2 m by 1 m
native toMediterraneanregion

Rosemary Rosmarinus officinalis. Lamiaceae evergreenshrub growing to 1.5 m by 1.5 i
native toMediterraneanregion

Thyme Thymus vulgarit. Lamiaceae evergreenshrub growing to 0.2 m by 0.3 o

native to southern Europe
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2.8.1 a n Yy dzleptosgermumscopariumd.R. Forst & G. Forgtylyrtaceae)

TraditionalMnori lore states that.. scopariunplant is a femal¢dMaddocksJennings et al., 2005h).
scopariunhas different varietiethat exist inNZor Australiad [ A & 1. al.f2@D& Kijeen@tial., 2016)

L. scopariuntEOhas several benefits including inhibitiofbacterial and fung infections,diminishing

depression, anxiety, anger and stress, curing allergic reactions, fading skin scars, providing relief from

cough andcold and helping to treat body inflammatidiPatil, 2018)L. scopariuniEQis storedin olil
glands in the leavegFigure2.9).

Fgure 2.2 L.scopariumplant (left) (Inetgardens, 2018and dectron microscopy ofhe leaf (right)y o 0 Ol
showing oil gland (OG); (b) oil gland; (c) ventral surface with oil glafidéeen et al., 2015)

L. scopariunEOQis out of interestd S O dza S  2-fikenbnk riguikeR. A)Kevels (Douglas et al.,
2004) that enhances he antimicrobial properties(MaddocksJennings et al., 2005bThe chemical
composition ofL. scopariumis affected by both the geartype of the plant and the environment
(MaddocksJennings et al., 2005b, Perry et al., 1997a, Sunders, 2B08)from diffeant locations have
unique aromas, colour, clarity, and texture. Three dominanscopariunEO chemotypes have been

defined throughout NZC&FResearch, 2000)
a) Highpinene content (in the far north).

b) Hightriketone (in the East Cape and Marlborougbunds regions).
c) Complex of sesquiterpenes (over the rest of KZ&rry et al., 1997a)
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There are six major groups of volatile (steam distillable) camps are irL. scopariuntO that are

illustrated in Tabl@-4 and Figure 2.1{Senanayake, 2006a)

Table2-4 The steam distillable compounds &f. scopariunessential oil.

Group Name Example compound Name Example compound
A monoterpenes Me D eudesmols | oH
a-pinene B-eudesmol
B sesquiterpenes E triketones
a-ylangene

C oxygenated HO. F  nor-

sesquiterpenes = triketones

excluding |

eudesmols

B-nerolidol

Nor-leptospermone
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Figure2.11 Groups of vahtile (steam distillable) compounds ih. scopariunoil (Senanayake, 2006a)
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Figure2.12 K. robustaplant (ALCW, 2016

Mnori knowledge introduces th&. robustaasa male (Figure2.12) (MaddocksJennings et al., 2005b)

K. robust&Ohaslower antimicrobial properties compared to. scopariunEO(Harkenthal et al., 1999)

Of theK. robust&EOmajor properties is elevat levels of monoterpene hydrocarbomsainly" -pinene,

and the presence of moderate levels of some sesquiterpenes e.g. viridiflorene, calanfeanemematic
sesquiterpene)viridiflorol and ledo(Porter and Wilkins, 1999y he storage and physiology BOs irK.
robustaare presumably similar tb. scopariunalthough this has not been investigatadL. scoparium
The chemotype oK. robustaEQO is almost the same throughout NZ. The EO is usually Highinene
(higher (77%) in northern NZ and lowe2%b) in south). Nevertheless, two major chemotypes have been

recognised:

a) Lowin the pcymene (most common).

b) High inp-cymene levels (>5%L&FResearch, 2000)
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2.8.3 Lavender(Lavandulaangustifolia Mill.) (Lamiaceae)

0

Figure2.13 L. angustifoliaplant (left) (HdgesDirect, n.d.andthe oil glands(right) (Sahraoui et al., 2008)

L. angustifoliaEOis kept in the flowers oil glandé~igure 2.13 and has antibacterial and anti
inflammatory propertiegGiovanninkt al., 2016)L. angustifoliEEOcan make people more content by
decreasing the performance of working memory and reaction sirffee both memory and attention
based taskgMoss et al., 2003)

The most important components &f. angustifoliaEOare h -thujene, h -pinene, camphené, -pinene,
1.8 cineole, trans$ -ocimene,‘ -terpinene, terpinolene, linalool, camphor, borneol, lavandulol,
terpineol, linalyl acetate, bornyl acetate;caryophyllene(Hajhashemi et al., 2003, Ghelardini et al.,
1999)

2.8.4 RosemaryRosmarinus officinalid.) (Lamiaceae)

Figure2.14: R. officinalisplant (left) (.Jardinitis, n.d.)nd dectron micrographs of theleaves capitate trichomegright)
(Bousbia et al., 2009)
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R. officinali€€Qis stored in trichomesn the leavegFigure2.14) (Bousbia et al., 2009R. officinaliEO
improves memory, also can make people more alert and cont€dMoss et al., 2003)The major
components oR. officinali€Oare 1,80A Yy SAMRYSyiS s OF YLK 2 Nen§Wangdk Sy S
al., 2008)

2.8.5 Thyme(Thymus vulgarid.) (Lamiaceae)

Figure2.15T. vulgarisplant (left) (Ballseed, n.d.and sanning electron micrographs of thieaves(right) (Golmakani and
Rezaei2008)

T. vulgarisEQOis kept in the leaves oil glangBigure 2.1p(Golmakani and Rezaei, 2008he major
componentsof T. vulgarisEOF NB (G KeY2f = O tdifheoD bidel fl Linebld(hee étal2 f = N
2005) T. vulgariEEOcanhelp inreducirg pain, skin problems, fatigue, sleeping problems, nervousness

and anxiety. Moreover, it can work against some bacteria su@alasonellaspp, Enterococcuspp,

Escherichigolispp.and Pseudomonaspp.(Mercola, 2016)

2.9 Essential oil producing plantand the environment

Esperschuetz et al. (2018)K2 6 SR G KIF G G KSNB A& ftleduilffrém alowi NI G S
fertility soil amended with 1250 kg N fiaquiv. biosolids and planted with scopariunandK. robusta
compared toLolium perenng>30 kg ha' equiv.). Downward (2013)hypothessed that the SMs
produced by these myrtaceous species were inhibiting nitrifying microorganiBnosser (2011)
demonstrated thatlL. scopariumenhanced the die off oE. coliin biosolidsamended soilTherefore,

these species may mitigate some of the eammental risks associated with applying biosolids to land.
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Chapter 3

Greenhouse experiments

The thesis is comprised of sigparate greenhouse experiments (Exp; Exp. 6). All greenhouse
SELISNAYSyGa 6SNB LISNF2N¥SR i GKS [AyO2ty ! YA/l
from 2013 to 2016. The pots in all experiments were placed in a randomized block desiggalad r

irrigation as well as weeding were done for all the experiments.

3.1 Soil

Soils were collecteftom centraINZ(Figure3.1). Aclay loam soil was taken from BidefoNiZ(40°n p

p ¢S 175 p nn HE). The NZ soil classification is a Brown(klgilvit, 2010b) A Lismore Stoney Silt

Loam [S) classifiedas a Pallic Firm Brown Soil in th& Soil ClassificatiofHewitt, 2010b)was

02t f SOGSR FTNRBY 9&8NBgStft C2NBad 6noc Pious sadiatal = M1
cultivation. Thesoil hasa stone content of about 5% and a particle size distribution (<2 mm fraction)

in the A horizon (@80 mm) of 25% clay, 30% silt, 45% sand and in the B horizo#@Q03®m ) of

17% clay, 35% silt and 48% sdRchncis and Knight, 1992 PawsonSIt Loam (PSLjvas taken from

Banks peninsula (487'31.18"S, 17568'18.05"E) The PSLis a Pallic Firm Brown soil in NZ soail
classificatior(Hewitt, 2010b) Soil was collected from Coleridgeyndon Rd, CanterburidZ(S 43H n Q
opQQTo ®Q mp qlayielkn SitK &m (CSL)as allophanic Brown soiHewitt, 2010a) For

the latter experiments, approximately 100 kg of the soil was collected from different horizons {Ah: 0

15 cm, Bw; 2@ 40cm, and BC: 4070 cm), and packed separately. A 4:1 proportitirture of Ah and

Bw horizon samples was used for the Exp. 5 and separate horizons were used in Exp. 6. All soils were
taken after removing the surface vegetation. Soil samples were homogenised and passed from a 10

mm sieve to separate the stones while maining soil aggregates and structure. Subsamples were

taken for chemical analys¢$able2-1 and Table 32).
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Figure3.1 Map of the four soiland two biowastessamplingsites. Insert is a map showing the sites locations withiiz CCC and

LUDF repreent Christchurch City Council and Lincoln University Dairy Farm, respec{@ebgle mays).

Table3-1 Parameters of the soils used in the Exp.Bxp. 5. Concentrations are in mg-kdry matter unless otherwise
indicated. Standard errors are given in parenthesighere availabe. (T) and FW represent the total element
concentration and fresh weight, respectively.

Exp. 1 Exp.2&3 Exp. 4 Exp. 5
Soil type Bideford Clay Loan Lismore Stoney Sil Pawson Silt Loan Craigieburn Silt Loan
(BCL) Loam (LSL) (PSL) (CSL)
N.Z. Sdé Brown Soil Pallic Firm Brown soi Pallic Firm Brown soi Allophanic Brown Soi
Classification
pH 6.1 5.2 (0.01) 4.9 (0.01) 5.5(0.01)
CEC (me 100% 21 13 12.8 36
C (T) (%) 6.5 45 (0.2) 3.1 (0.07) 1.6
N (T) (%) 0.50 0.23 (0.01) 0.38 (0.05) 0.22(0.01)
C/N 14 20 (0.4) 10 (0.1) 7
NHs*- N (mg kgt FW) 2 3.5(0.11) 6.8 (0.2) <0.01
NGs;- N (mg kgt FW) 0.6 28 (1.6) 25 (1.26) <0.01
Olsen- P 11 13 15 18 (1.1)
P (T) 544 (5) 383 (7.3) 812 (14.7) 717 (5.2)
K (T) 1886 (46) 4468 (37) 2929 (39) 3510(51)
S (M 405 (2) 210 (5.5) 375(8.2) 380 (2.4)
Ca (T) 4063 (67) 2472 (41) 4448 (45) 4840 (58)
Mg (T) 1962 (22) 3768 (33) 2580 (11) 5620 (30)
Fe (T) 15461 (108) 22293 (270) 18876 (52) 27800 (50)
Mn (T) 133 (3) 288 (2.8) 577 (4) 510 (1.9)
Cu (T) 4.2(0.0) 3.4(0.3) 8.1 (0.43) 8.4 (0.1)
Na (T) 207 (5) 268 (4.1) 182 (1.4) 210 (8.4)
Ni (T) 4.1 (0.0) 7.3(0.1) 7.9 (0.1) 10 (0.07)
Zn (T) 29 (0.0) 75 (2.6) 51 (1) 94 (1.4)
Pb (T) 8.3(0.1) 14 (0.1) 11.7 (0.15) 26 (0.6)
Cd (T) 0.05 (0.00) 0.43 (0.01) X o-gmn 0.32 (0.03)
Cr (T) 14.0 (0.2) 22 (0.3) 14.2 (0.16) 35 (0.3)
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Table3-2 Parameters of theCraigieburnSilt Loam (CSlspilused in the Exp. 6. Concentrations are in mgtklyy matter
unless otherwse indicated. (T,)(E)and FWrepresent the total exchangeable elementand the fresh weight

respectively

Parameter Horizon Ah Horizon Bw Horizon BC
pH 5.57(0) 5.77(0.04 5.89(0.06)
EC (uS cr 36(1.0 17(0.7) 7.9(0.3

C (T) (%) 1.46(0.18 1.03(0.07) 0.70(0.05
N (T) (%) 0.24(0) 0.12(0) 0.07(0.00)
NHs* -N (mg kg FW) 0(0) 0(0) 0(0)

NOs -N (mg kgt FW) 0.04(0.02 0.29(0.04 0.17(0.03
Olsen P 15(0.37) 15(0.37) 6.2(0.23
P(T) 755(13) 654(15) 449(3.5)
S (M 380(8.5) 270(3.5 230(3.3
S (E) 0(0) 0(0) 0(0)

K (T) 3430(88) 3750(112 4200(85)
K (E) 87(12) 36(9) 23(6)

Ca (T) 4980(96) 3730(98) 4220(36)
Mg (T) 5570(60) 5650(109) 6040(52)
Mg (E) 134(14) 57(12) 9.1(1.8
Na (T) 210(7) 220(8.4) 210(3.7)
Na (E) 13(2) 18(4.2) 8.2(1.9
Mn (T) 520(2) 440(6.3) 340(6.2)
Mn (E) 4.8(0.6) 1.2(0.5 0.4(0)

Cu (T) 8.5(0.29 8.5(0.26) 10.7(0.14
Cu (E) 0(0) 0(0) 0(0)

Zn (T) 90(1.3) 104(2.6) 79(0.7)
Zn (E) 0.13(0.05 0.02(0.03) 0.06(0.09
Cd (T) 0.3(0.03 0.29(0.03 0.15(0.04
Pb (T) 26(0.6) 25(0.6) 20(0.6)

3.2 Biowastes

This thesis used contrasting biowastes including biosolids, DSE and sealtdaseéd from central NZ
Biosolids were collected from Kaikouf&B)Regional Treatmentorks, Kaikoura, Canterburi}Z
nHcHM oT®d®nna { I NBladminimakimdgsoig infuthadd werk Sackpiled in the
oxidation pond andveathered.Similarly biosolids were collected from the Christchurch City Council
(CCC) Wastewater TreatntdPlant(CB) TheseCBhad moderate industrial input and had undergone
anaerobic digestionThe moisture content of the CB was <5% WBALZC, 2018hereas th&KBhad a

water content of 53% w/wRPinus radiatssawdust was collected from Kaikoura Wastewdteratment

Plant NZonHcHM oT1®dnn {¥X MTocnM HT®Pop 90 5{9 g1l a
0 y Figare3él shpws ther bionwvastesisampling sitep do€atiofisv @
.A2a2fAR& YR &al gRdzAdG 6SNB &aAiSDdDSEH wereKmixed and 0

0[ | 5C0 dénoc oy
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homogenized before application. Subsamples of all material have been taken to analyse the chemical

properties that is shown ifiable 33.

Table 3-3 Parameters of the biowastes used in the experiments. Concentrations are mygdkyg mater for biosolids and
sawdust and mg kd fresh material for DSE unless otherwise indicatestandard errors are given in parenthesis where
available.n.a. = not applicable. KB, CCC, LUDF and FW represent Kaikoura biosolids, Christchurch City Cawgleil, Lin
University Dairy Farm and fresh weight, respectively.

KB CCC Biosolids Kaikoura sawdust LUDF dairy

effluent

pH 4.5 (0.06) 6.8 (0.02) 5.7 7.5(0.01)

CEC [me 1004 17.1 36.5 (0.32) 8.0 n.a.

Total C [%] 27 (0.7) 30 (0.03) 48 0.11 (0.00)

Total N Po] 2.6 (0.1) 4 (0.0) 0.1 0.02 (0.00)

CIN 11 (0.1) 8(0.01) 908 5.9 (0.2)

NHs*- N (mg kg FW) 101 (6) 2375 (14) Xn dm 82 (2)

NOs- N (mg kg FW) 305 (9) 3.56 (0.23) Xn dwm 0.05 (0.01)

P 5941 (42) 16247(10) 42 (1) 17(0.4)

K 3653 (34) 2164(20) 455 (§ 143(2)

S 8681 (140) 14029 (90) 70 (1) 19(0.3)

Ca 6331 (91) 30493 (220) 838 (11) 65 (2)

Mg 3005 (34) 5022 (24) 212 (3) 15(0.4)

Fe 14534 (92) 22356(122) 116 (6) 3.2(0.1)

Mn 185 (5) 411 (2.2) 47 (1) 0.59 (0.01)

Cu 891 (19) 291 (2.4) 0.8 (00) 0.12(0.003)

Na 269(6.5) 648 (5.9) 40 27(0.5)

Ni 20.7 (0.4) 27.5(0.08) 0.6 (0.5) 0.01(0.004)

Zn 1073 (27) 993 (1.8) 8.4 (0.4) 0.28(0.01)

Pb 151 (3) 54 (0.6) X of mn X of mn

Cd 3.97 (0.07) 1.6 (0.01) X of mn X of mn

Cr 47.6 (0.8) 127(0.8) 0.2 (0.0) X nf mn

3.3 Plants

L. scopariumand K. robustaseedlings were obtained from Waiora Nursery Ltd, Christchuxzh,
(http://www.waioralandscapes.co.nz/pages/msery/) or seedlings were purchased from Motukarara

Native Plant Nursery, Department of Conservation, CanterbNg/(http://www.doc.govt.nz/our
work/motukararaconservationnursery/). All seedlings are sourced from Canterbury provindéZn

L. angustifdh (Lavender Grossdnglish lavender hybrid) aril. officinaligplants were purchased

from Oderings Nursery, ChristchurcRZ (https://www.oderings.co.nz). T. vulgarisseeds were
LIdZNDOKF 8SR 0aODNBI2ZNRE . N} YROT LI | yseeiiRgs wére [ Ay (
transferred to the pots aftefour weeksof growth. Before planting all the seedlings, roots were fully

washed with tap water to remove the potting mix.
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3.4 Experiment 1:

Figure3.2 The pots (small lysimiers) arrangement and automatic irrigation system in Exp. 1.

Pots (25 cm in diameter x 29 cm high) were filled with 2 kgeafgravelat the bottom (and a fleece
sheet on top)o facilitate drainage. SoiBC[. was filled into pots and packed to an avgeebulk density

of 1.3 g crt. The treatments comprised 245 g dry wei¢tg(1250 kg N hdequiv.) and the same rate

of biosolids combined with sawdust at a ratio of 1:0.5. The controls received no biosolids or sawdust.
scopariumandK. robustavere phnted in the pots. Each treatment was replicated four times. Planting
occurred in September 2013 and allowed plants to establish for six weeks before applying the
treatments on the soil surfac&xp. Icontinued for 18 weeks in the greenhouse. Averagetragid day
temperature during theExp. 1in the greenhouse were 14.5 °C and 21°C (minimum 9°C and maximum
28°C). An automatic irrigation system was insta(leigure3-2), and supplementary manual irrigation

occurred as required.
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3.5 Experiment 2:

L - - e 7
— e b e’ TR 2 vl

Figure3.3 The small lysimeters (top two) and pts (to belo) arran;ment and automatic irrigation system in Exp. 2.

Leptospermum scopariunand Kunzearobusta

Pots of the same dimensions as Exp. 1 were filled with 2 kg of gravel at the bottom ovetlain wi
EyrewellLSLsoil mixed with 1kg of KB (2800 kg N ha equiv.) (Figure3-3). The DSE treatment
comprised the soil and a total of 200 kg Nlegjuiv. The DSE was slowly poured on to the soil surface
(3 hours after irrigating the pots) in ten weeks (500 mL per week &0@ &L in total) from three

months after the plants werestablished. The plan for applying DSE was as below:

1) The first two weeks (from January1fb 26") weekdays DSE application of 100 mL to each
pot.

2) The next three weeks (from Jan'260 Feb 16) the DSE was applied three days a week
(Monday, Wednesdaand Friday) at rates of 150 mL for two days, and 200 mL for one day.

3) The next month (from Feb"2to March 3%), 250 mL of DSE was applied two days a week
(Monday and Friday).

4) In the last week 50enL of DSE was applied at once.

Control treatments dichot receive biowastes. There were four replicates of each treatmiexp. 2
was conducted for 24 weeks from September 2014. Average night and day temperatureEypiriy
in the greenhouse were 17°C and 21°C (minimum 9.6°C and maximum 33°C). An autogzdiin

system was used supplemented by manual watering when required.
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Lavandulaangustifolia, Rosmarinusofficinalis and Thymusvulgaris

Two litre pots of 15 cm diameter and 15 cm height were ueed.. angustifoliaR. officinalisand T.
vulgarisin Exp.2 Pots were filled with EyrewdliSLsoil (135kg) mixed with0.15 kg of KB(2800 kg N

ha' equiv.). For DSE and control treatment5 Bg of soil was used per pot. The equivalent of 1 % of
the soil weight lime was added to the po&@5kg for cantrol and DSE treatments a@d0135kg for

the biosolids treatments). Pots were irrigated manually once a day to field capacity. DSE application
started in January 201%\ total of 2 litres of DSE were applied to the pots in portions of 3Q(four

days aweek) for ten weekdNote that the average temperatures in the grémuse for Exp. 2 usirlg
angustifolia, R. officinalisand T. vulgarisare different because the experimental periods were

different. Details are given below.

L. angustifoligolants weregrown for 4 months from November 2014 to February 2015. The data used
in the analysis is related to clusters of four weeks (started 10 days after application of S&YyeA
night and day temperatureduringthis experimenin the greenhouse were 17.2a0d 22°C (minimum

9.6°C and maximum 33°C).

R. officinaliplants were grown for 30 weeks from September 2014 to April 2015 and have been cut
one time before final harvest. DSE was applied 17 weeks after plantdtienarerage night and day
temperature duing this experimentin the greenhouse were 17.2°C and 21.5°C (minimum 9.6°C and

maximum 33°C).

T. vulgarigplants were grown for 27 weeks from October 2014 to April 2015. Plants were trimmed one
time before final harvest. DSE were applied 14 weeks afterts were cultivated. Average night and
day temperature duringhis experimentin the greenhouse were 17.2°C and 21.5°C (minimum 9.6°C

and maximum 33°C).

There were four replications of each treatment for all the plants.
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3.6 Experiment 3:

Figure3.4 Pots arrangemnt and plants used in Exp. 3.

Exp. 3Figure3-4) comprised four plants. scopariumK robusta L angustifoliaandR officinalisand

five biosolids treatments. Pots (22.5 cm diameter x 17 cm high) were filled with Eytesisdil. CB
were mixed in with the soil at rates ¢, 50, 150, 450 ah1350*10° kg pot?, equivalent to 0, 500,
1500, 4500 and 13500 kg N‘ha here were five replicates of each treatment. Lime was added to the
pots related toL. angustifoliaand R officinalisat the rate equivalent of 1 % of the soil weight for

increasng the soil pH and make the optimum element uptake by the plants.

ForL. scopariunand K. robustaExp. 3was conducted for 16 weeks from October 2015 to February
2016. Average night and day temperature during the experiment in the greenhouse wererk¥°C a

22.3°C (minimum 9.5°C and maximum 32°C).

ForL angustifoliaand R officinalis Exp. 3was continued from November 2015 to February 2016 for

11 weeks and 15 weeks, respectively. Average night and day temperature during the experiment in
the greenhousdor L. angustifoliavere 17.3°C and 21.7°C (minimum 8.7°C and maximum 43°C) and
for R. officinalisvere 17.4°C and 22.1°C (minimum 8.7°C and maximum 43°C). Pots were irrigated once

per day to field capacity.
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3.7 Experiment4:

Figure3.5 Pots arrangement and plants used in Exp. 4.

Pots with the same dimensions as Exp. 3 were filled R8Isoil and theCBwere mixed in at rates of

0 and0.15kg, equivalent to 0 and 1500 kg N'hé&. scopariunandK.robustawere planted in the pots.
There were five replicates of each treatmeBkp. 4vas conducted from November 2015 to February
2016 (12 weeks). Average night and day temperature duExm 4in the greenhouse were 17°C and

22°C (minimum 8.7°C and wmianum 43°C). Pots were irrigated once per day to the field capacity.
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3.8 Experiment 5:

Figure3.6 Pots arrangement and plants used in Exp. 5.

Exp. 5Figure3-6) used35, four litre pots (1% cm diameter * 195 cm height) were usedexp. 5 had
seven treatments stated below replicated five times. Treatments comprised the control, three

quantities ofCB(ca. 16, 48 and 145 t Rathat were applied either on top or mixed with the soil.

1

Control (o biosolids addedj 0 ®| (g N habiosolids of soil only

2- 1.4% biosolids mixed with the sgjl f 0.045kg biosolids+ A55kg
630 kg N hdbiosolids soil

3- 1.4% biosolids applied on soil t

1900 kg N hébiosolids | £ 0.138kg biosolids+ 62 kg

4- 4.3% biosolids mixed with the s}

5- 4.3% biosolids applied on soil t soil

6- 12.8% bisolids mixed with the sgjl £ 0.41kg biosolids+ Z9kg soll
5700 kg N hébiosolids

7- 12.8% biosolids applied on soil tgp|

In Exp. only, L. scopariunseedlings were planted in the poxp. Svas conducted for four months
and was irrigated daily to field capacity. The ageréeemperature duringexp. Swas 20.2 °C (maximum
32 °C and minimum 9.8 °C).
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3.9 Experiment6:

Fiaure3.1 Rhizoboxes andl.. scopariunroot arowth in Exp. 6.

Rhizoboxes were made with a wooden frame and two glass fidgsre3-7). The inside dimensions
were 80 x 80 x 2.5 cm. These dimensions were saleitt have a soil profile with different horizons,
which let the plants grow for 4 months (December 2015 to March 2016) period. Three 25 cm horizons
were considered on top of a 2 cm gravel (to facilitate the drainage) to fill the rhizoboxes. The
rhizoboxeswere filled in a horizontal position to maintain a similar bulk density in the whole profile
(approximately 0.88 g crifor Ah horizon, 1.12 g cfor Bw horizon and 1.30 g chfior BC horizon).

To force the plant roots for growing along one of the tpaauent sides, rhizoboxes were placed on a

30° angle.

Exp. 6 comprisetbur treatments stated below replicated three times. In all the biosolids treatments
0.15kg of CB(4% of the Ah horizon weight) were used.

1- Control no biosolids added (C)
2- Biosolids pplied on top (T)
3 Biosolids mixed homogeneously mixed with the Ah horizon (M)

4- Patch of biosolids concentrated in one third section of the Ah horizon (P)
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Table3-4 shows a summary of the all greenhouse experiments and the treatments applied.

Table3-4 Summary table of the greenhouse experiments and treatmeri®, DSE and CB represent the Kaikoura Biosolids,
Dairy Shed Effluent and Christchurch City Council Biosolids, respectively.

Experiment Soll Treatments (kg N hd)

Exp. 1 Bideford Clay Loam KB (1250), KB+Sawdust (1250)
Exp. 2 Lismore Stony Silt Loam KB (2800), DSE (200)

Exp. 3 Lismore Stony Silt Loam CB (0500, 1500, 4500 and 13500)
Exp. 4 Pawson Silt Loam CB (0 and 1500)

Exp. 5 Craigieburrsilt Loam CB (0, 630, 1900 and 5700)

Exp. 6 CragieburnSilt Loam CB (3000)

3.10 Plant harvest

Fresh samples dOproducing organs (leaves or flowers) from each plant was taken randomly over

the plant from young and old parts. Samples were placed in plastic vials and plunged in liquid nitrogen

immediately after harvesting and kept a80 until solvent extraction oEQ

For all experimentshe aerial parts of thelants were harvested and analysed for biomass Bd

quality and quantity at the end of the experimen(jseriods of the Exp. 1Exp. 6 a@ explained in

sections 3.43.9). The $ioot biomass of the plantwasweighted immediately after harvest and washed

with deionized water and air dried. Aboveground portions of the plants were oven dried {&Lirdil

a constant weight was obtaingdo cdculate the moisture content and oven dried equivalent of the

plants.Oven dried leaves were used to study the nutrient dtatus.
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Field experiment and fieldurvey

3.11 Duvauchelle field study

The field experiment (Exp. 7) was installed on ca. 1006f fand in July (2015) at Pipers Valley Road,

Duvauchelle, NZA~{gure3.8 and Figure3.10). The number of 1350 native plants in 27 blogkg 5 m)

of three different vegetation types were planted in nine rofable3-5 and Figure3.9).

Figure3.8¢ KS F¥A St R

QNRFE Ay

t ALISNDA

Table3-5 Three different vegetation types used in the field study at Pipers Valley Roag.(Bx

grttsSe

N2 I R

Vegetation type 1

Vegetation type 2

Vegetation type 3

Y n y dz| Leptospermum Akiraho Olearia Kapuka Griselinia littoralis
scoparium paniculata
Puahou Pseudopanax Tarata Pittosporum
arboreus eugenioides
1 n Yy dz]l Kunzea robusta Karamu Coprosma ¢ o 1 I d Cordyline australis
robusta
Hall's Podocarpus Harakeke = Phormium tenax
G 1 41 NI cunninghamii Wharariki  Phormium colensoi

1IC||3E||3C||1E||2C||2E||1C||3E||C |
@
o]0]
3C||2E||2C||2E||1C||3E||3C||2E||C
2C||1E||1C||3E||3C||1E||2C||1E||C
C=control E=effluent 1,2,3=vegetation type
Figure3.2¢ KS FTASEt R GNAIf afEkdan Ay t ALISNRE
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Figure3.10 Map of the field trial location. Insert is a map showing the site situation witHitZ (Google maps).

Note that this thesis only considers the oil producing pldntscopariunand K. robusta Growth and
chemical results from the other species can be found in the report of Appendix D (A lysimeter
experiment and field trial to determine options fohe beneficial reuse of wastewater from

Duvauchelle and Akaroa, Banks Peninsula, 2017).

During the growing season (OctoleApril), four rows (12 blocks) received TMW at a rate of 500 mm

(30 kg N ha equiv.) a similar amount to what is used on an irtiga dairy farm in Canterbury
(Robinson et al., 2017JMW was obtained from the Akaroa Wastewater Treatment Plant, sited about
500m from the field site. The wastewater received secondary treatment before being applied to the
plots. It was pumped to the pts using an automated drip irrigation systetna 2 | Yy R G KS . I NJ
properties are inmable3-6. The TMW irrigation started in January 2016. The site was keeping tidy using

a lawnmower during the experiment.
Soil and plant samples was taken for chemical analysis. In June 2017, all areas within the plot that were

not under native vegetation werglanted with silver tussockPpa citd to prevent weeds growth. The

plants were monitored and recorded for existence in May 2017.
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Table 3-6 Characteristics of the Treated Municipal Wastewater and soil used in Exp. 7. Values in brackets represent the
standard deviation of the mean (*geometric mean and standard deviation range). n=54 except trace elements n=9.

Treated Municipal . I NNE Qa az2Af
Wastewater
pH 7.5 5.2
EC (usm?) 423 (40)
Total suspended solids (@31) 32 -
NH*-N (mgL?) 0.49 (0.1% 0.80)* 10.1 (7.5)
NG5 -N (mgL?) 18 (7.5) 17.1 (13.2)
NOy-N (mgL?) 0.86 (0.09) -
Total C (%) - 4.4 (0.6)
Total N (%) <25 0.38 (0.05)
Al (mgL?) 0.43 (0.11¢ 1.7)* 32731 (1418)
B (mgLY) 0.10 (0.04) -
Ca (mg-?h) 59 (12) 6770 (33)
Cd (mg-?h) <0.001 -
Cu (mgL?) 0.04 (0.03) 7.7 (0.2)
Fe (mg-?) 0.96 (0.2%; 3.6)* 20155 (2852)
K (mgL?) 22 (5.0) 4491 (346)
Mg (mgL?) 19 (5.5) 4251 (76)
Mn (mgL?) 0.06 (0.03) 624 (9)
Na (mgL?) 95 (21) 290 (10)
P (mgL?) 11 (5.0) 1046 (30)
S (nglLy) 25 (11) 490 (21)
Zn (mgL?) 0.17 (0.11)

Sodium Accumulation Ratio (SAF 15 (2.6)

68 (3)

In February2017, L. scopariumi y R

lnydzl

LWere tkién frdrh WheJplSe of the

ovegetation type £ blocks.Plantswere labelled and kept in paper envelopes and carried to the

laboratory. Subsamplewere ovendried for at 70°C until a constant weight was obtaineda( six

days). The remaindepnf the samples wersavedin the sealed polythene sacks to prevent absorption

of moisture from the aiand transferred ta-80°C freezer until the solvent extraction of ti

3.12 Field survey

For the field survey, naturally occurribgscopariumandK. robustglants and underlyingoil samples

were taken from contrasting natural habitats during the summer time (growing seaSoyuré3.11).

Plant samples (leaves on the stems) were collected from the young and old parts of the plants an
stored in the paper bags for transport to the laboratory. Soil samples were taken from the top 15 cm
under the plants, after removing the surface foliage. Upon returning to the laboratory (a maximum 6
hours after plants were sampled), they were washethvidl water, then kept frozen in plastic bags in
a-80C freezer until the solvent extraction of the EO. Subsamples were oven dried for the elemental
analysis. Subsamples of the soils were kept frozen to evaluate the plant available elehadeS-7

shows the results of chemical analysis of soils fromstrapling sites.
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AR S5 e B ¢
Figure.ll Samplingnatural populations ofL. scopariunand K. robusta Nikau Palm Gully (the top two) and uail Island
(the two below).

The sampling site$-{gure3.12) were as below:
T bAlldz tlfY DdzZfé o6nmnocpm on { MTHcpT nn 9
1 Quail Island (43°37'48.00" S 172°41'24.00" E),
1 Bridle P#h at Lyttleton (43° 36' 11.7216" S, 172° 43' 9.5880" E)
9 _FNNE CfltiGs 2FF D22RNAO1 Q&4 NRIR dénocnmUmddp

c-
™M

Lyttleton

Quail Island

Yarrs Rd

Nikau Palm Gully

New
Zealand

Figure3.3 Map of the sampling sites df. scopariumand K. rdbustanatural
populationsin South Island. Insert is a map showing the site location wi
NZ (google map).
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Table3-7 Soil properties offield sampledL. scopariumand K. robusta Urits are mg kg unless otherwise indicated. Values in

brackets represent the starakd error of the mean 5>n<7). FW represents théreshWeight.

Specie L. scoparium K. robusta

Nikau Gully Quail Island Yarrs Flat Nikau Gully  Quail Island Bridle Path
N (%) 0.25(0.03) 0.5(0.03) 2.1(0.1) 0.25 (0.03) 0.37 (0.01) 0.28 (0.04)
C (%) 4.1(0.7) 6.6 (0.4) 40(1.0) 4.1(0.7) 4.4(0.16) 3.6(0.54)
NHs-N (mg kgt FW)  1.35 (0.24) 153 (0.13) 1.2(0.11) 1.3(0.2) 1.2(0.1) 1.0(0.2)
NO3-N (mg kg FW)  0.05 (0.00) 0.36 (0.1) 0.08 (0.02) 0.1(0.0) 0.4(0.1) 0.3(0.1)
Olsen P 6.9(2.5) 21.7(1.6) 50.2(12) 6.9(2.5) 10.5(0.5) 26.7(6.4)
P 481(41) 873 (66) 873(66) 481(41) 741(23) 907(131)
Al 22087(719) 22302(1583) 2577(461) 22087(719) 20359(246) 18476(1765)
As 2.0(0.16) 1.8(0.18) 1.8(0.14) 2.0(0.2) 2.1(0.1) 2.7(0.4)
B 2.5(1.6) 5.0 (0.7) 14.3(2.4) 1.1(0.8) 5.9(0.2) 9.0(0.9)
Ca 4830(354) 5187 (460) 19401(1187) 4830(354) 5311(159) 7726(129)
Cd <0.01 <0.01 <0.01 <0.01 0.01(0.0) 0.04(0.0)
Cr 14.0(0.6) 34.2 (3.3) 7.0(1.4) 14.0(0.6) 22.5(0.1) 13.5(1.1)
Cu 4.6(0.21) 15.8 (1.07) 3.2(0.25) 4.6(0.2) 16.6(0.9) 14.0(1.2)
Fe 17015(1148) 24436 (1933) 8503(1120) 17015(1148) 20155(564) 21410(2149)
K 2672(76) 2670(140) 889(77) 2672(76) 2556(54) 3230(328)
Mg 3235(146) 2621 (93) 1721(171) 3235(146) 2838(44) 3335(65)
Mn 486(59) 852 (75) 285(131) 486(59) 710(37) 497(95)
Na 319(44) 258(18) 780(123) 319(44) 301(10) 561(84)
Ni 13.6(5.5) 23 (1.3 2.6(0.94) 13.6(5.5) 19.4(1.1) 8.5(0.5)
Pb 8.5(0.4) 14.0(0.67) 15.1(4.8) 8.5(0.4) 12.5(1.0) 14.0(0.5)
S 344(52) 606 (29) 4326(577) 344(52) 446(16) 340(52)
Zn 39.3(1.8) 994 (3.0) 3.69 (0.45) 39.3(1.8) 92.2(2.3) 73.7(7.7)

44



Chemical analyses

3.13 Essential oil extraction and GRS analysis

Figure3.4 The procedure of essential oil solvent extraction and analysis by CG/MS.

Precisely0.1 g of fresh sample (leaves feptospermumscoparium Kunzearobusta Rosmarinus
officinalisand Thymusvulgaris flowers forLavandulaangustifolig was soaketh 2 mL of the solvent
in glass vials at room temperature. The solvent and soaking time used for different plants were as

below:

L scopariumandK robusta ethanol + dichloromethane (1:1) for -2® hours(Senanayake, 2006b)
L angustifolia hexane forl9 hours
R officinalis hexane+ ethanol (9:1) for three hours

T. vulgaris hexane+ ethanol (9:1) fd8 hours

After soaking the samples, one mL of the extracts was transferred to GC vials and 100 uL internal
standard (eicosaneC20 125 mg I2) was adled. The solvent extractere analysed using the GC/MS
(Figure3.13).

L. scopariumand K. robustasamples were analysed and interpreted according to commonly found
components detected in studies on the pldE@s throughoutNZ(Porter and Wilkins, 1998)addocks

Jennings et al., 2005b). angustifolia, Rs officinalisand T.s vulgarismain EO components were

1 Methods development is described in Appendix A.
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analysed using previous researches on the pl@&ghraoui et al., 2008, da Silva Bomfim et al., 2015,
I N} yIdza1ASyT SG [t ®dS HAanoo

The analysisfovolatile organic compounds (VOCs) fr&®plant extracts was performed by GC/MS

and followed the method described bBrophy et al., 1989Jor L. scopariumand K. robusta A
Shimadzu QP2010 Ultra (GC/MS) fitted with a ResteksRiExXcapillary column (30 x 0.25mm i.d x

0.25 um film thickness) was used to provide chromatographic separationtivéittarrier gas set to a
constant linear velocity of 44.3 cm sedA CT&Combipal autosampler was used to inject 0.5 pL of
sample extracts into the injection poperated in splitless higpressure injection mode (168 kPa) at

a temperature of 250 °C for 40 seconds. The GC column oven was set to an initial temperature of 45.0
°C and held for 1.33 minutes before being ramped to 65.0 °C at 10.0 “@ithira find ramp to 285.0

°C at 6.0 °C mirheld for 10 minutes to release high boiling point components such as flavonoids and

wax hydrocarbons.

The mass spectrometer was operated in electron impact mode (El) at an ionization energy of 70 eV
and a mass scanningmge of 33.0 to 500 m/z. The ion source ameérfacetemperatures were set to

200 °C and 280 °C respectively. Compounds were identified by comparing acquired mass spectral data
with those held in NIST11 and Wileyl0 mass spectral libraries and confirimgdpublished linear
retention indices and the retention times of purchased standards. Mass spectral datasimwparium

and K. robustaleaf extracts characterized by Porter and Wilkins (1999), was used to help identify
triketones and nottriketones. Comounds were tentatively quantified by comparing the amount of

each compound identified to that of the internal standard added to each sample extract.

Shimadzu software GCMS solution version 2.72 was used to both acquire and process the
chromatographic da. The chemotypes of thke. scopariumand K. robustaplants were identified
based orDouglas et al. (2004)Jhe total concentratiors of EOcomponentswere calculatedased on
retention times from a studgat Waikato UniversitySenanayake, 2006kthe compaents that eluted

before internal standard (eicosan€20)were considered as volatilEOconstituents.

! Rtx5ms is the code name for the GC colurRestekisthe company that make the GC columns and they have

two types labelled RX(standard) and RI(premium).

2 CTC Combi Pal auto sampler refers to an auto sampler known as the Combi Pal made by a company in
Switzerland called CTC Analytics AG.
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ForL. angustifoliaR. officinali@ndT. vulgarighe chromatography settings were as those used for the
L. scopariumand K. robustasamples. The dwn difference was the solvent used for extraction
(mentioned above) and the different injection volume, namelyllrather than 0.5uL. Appendix A

provides the complete GC/MS setting tarangustifoliaR. officinali@and T. vulgaris

To evaluatethe EGs of L. angustifoliaR. officinalisand T. vulgaris standardcommercialEGs were
analysed by GC/M$hechromatographsKigure3.14) showedthat the EOcomponents of these plants
elute early from the column. Therefore, samaculation of the.. scopatim andK. robustgplants has
been usedall components that were eluted before internal standard have been considered as the

volatile EO components).
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Figure3.5 Chromatograms of commercial. angustifolig R. officinalisand T. vulgaris
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3.14 Essential oil calculations

3.14.1 Essential d concentrations

The most important and commonly found compns of theEGs wereobtainedfrom the literature
(MaddocksJennings et al., 2005b, Douglas et al., 2004, Verma et al., 2010, Wang et al., 2008, Lee et
al., 2005) These compounds artermed & S @ £ 02 Vi ISRy S yExpa E & nolaff of these
componentsidentified from the literature were above detection limits (ca. ®r@g L* in the solvent

extract). For each component, | have only reported values that were above detection limits.

Thetotal concentrations of Bswere calculated ath stated on a fresmatter basidbecause the solvent
extraction required fresh material to be used. On average, dry matter content was 30%somith

variations.There were two units used fahe EOconcentrations

1- Total concentrations of th&Owere calculated based on theeight of EOproducing organ
(mg gh. This value can be used to calculate the total oil yield of the plant, but does not indicate the

quality of the oil.

2- Concentrations of the individu&8lOcomponents were calculated based on the concentration
in the sdvent extract (mg Lin the solvent extract)This value indicates how the biowastes treatments

changed the oil quality.

3- For the EO components that comprised a major fraction of the EO, their concentrations are
expressed as a percentage of the EO LFangustifolia, R. officinaliandT. vulgaristhe quality of the

EO is mostly dependent on these major components, rather than compounds present in trace
concentratonsdO [ Adm. I f OKAY FTYR | I NI mddpdp> WkhiougdheSa | €
minor componentsare critical tothe synergistic activity of the o{Burt, 2004) Given the limited
knowledge on factors affecting EO qualityLoscopariunandK. robustathis assumption may not be

valid. Before this information is available, it kes little sense to conduct axhaustive comparison of
components that occur at only trace concentrations. Nevertheless, | have included these

concentrations in Appendi&.

3.14.2  Oil production

The EOextraction was performed by using the fresh plant materidierefore,in EO production

calculatonsfresh weight of the plant material was used:
S AT ¢ A O
Qi | QEHAOOQO WOTER 06 ¢ &€ WwQe 08 meQﬁaﬁ

49



Where: FW is the fresh weight of the plda®producingorgan

Evaluation of thel. scopariumand K. robustaplants samples showed thdhe EGbearing leaves
comprisedca. 40% of the plant biomasEhis figure was used when calculatiE@production.Byusing
the pots or rhizoboxes surface area, further cédtions have been done that resulted the kg'teauiv.

of the EOproduction.

3.15 Soiland plantsanalyses

Soil samples were crushed by ceramic mortar and pestle and sieved using a 2 mm NyloSaisve.

were airdried for further analysis.

3.15.1 Moisture content

Soils were weighed and ovedried at 105°C in the metal containers, until reaching a constant weight.
After cooling down, the soils were-geighed. The gravimetric moisture content (g2#y dry material)

was calculated for further evaluations.

3.15.2 pH

The sdi pH was measured using the methodmyf Rayment and Lyons (2014hd Blackmore et al.
(1987) To evaluate the pH]10+0.05 x 10° kg of airdried samplesvasmixed with 25 mIDIW, stirred
and left to stabilisdor 24 his. The pHmeter (Mettler Toledo, Aambus, OH, USA), was calibrated by
buffers of pH 4 and pH 7, then the samples pH maasured

3.15.3 Electrical Conductivity (EC)

For reading the EC the method Rayment and Lyons (2014hd Blackmore et al. (198%yas used.

The quantity 0{10+0.05 x 10° kg of air-dried soilsamplesvasmixed with 50 mL DIW in the centrifuge

tube. The samples were mixed using an end over end shaker for half an hour. Samples were left for
half an hour to allow the soil settle. The conductivity meter was calibrated by i8&87* standard

and EC was recorded using the EC meter.

3.15.4 CationExchangeCapacity (CEC)

CEC were measured using the method describeBdyment and Lyons (2014)d Blackmore et al.
(1987) Silver thiourea (AgTU) 0.01 M reagent was prepared by diss@t0= kg thiourea inl.5L
of de-ionized water in &000 mL volumetric flask A magnetic stirrer used for mixingilver nitrate
(8.49x 10°kg) was dissolved @500mL of deionized water. The silver nitrate solution was then slowly

added to the thioura solution and made up to a final volumeS®o0mL.
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Standards were prepared in five 100 mL volumetric flasks as below:

1. 100 mL thiourea,

2. 25 mL AgTU and 75 mL thiourea,
3. 50 mL AgTU and 50 mL thiourea,
4. 75 mL AgTU and 25 mL thiourea,
5.100mL AgTU

These standards corresponded to 0, 0:2B)? M, 0.50x 102 M, 0.75x 102 M, and 1.0x 102 M AgTU.
Subsamples of soils were weighted to calculate the moisture content. Air dried soil sangrkes
weighed(0.7x 103 kg) into 50 mL centrifugtibes, 35 mL of 0.01 M AgTU was added and the samples
were shaken on an endver-end shaker for 16 hr. Samples were then centrifuge@0t0 rpmfor 10

min and filtered through Whatmado filter paper and collected in plastic vials. These samples were
andysed for Ag, Mg, Ca, KAl, Mnand Na on annductively Coupled Plasma Optical Emission
Spectrometry(ICRPOES Varian 720 £55A).

CalculatingCEC

Where:
[Ad] = the Agfrom the ICROES expressed in molarity

50= dilution factor

3.15.5 Elemental analysis

After harvesting, the plants were weighted and washed with Deionised Water. Baotithe plants
were dried at 70C until a constant weight was reached. To analyse the chemical elements in the plant,

the oven dried above ground parts were ground by a Retch ZM200 grinder.

Plants elements (Cd, B, Ca, Cr, Cu, Fe, K, Mg, Mn, Mo 3\mdPZn) concentrations were determined

in the acid digests using ICHES. A microwave digestion (MARSXPRESS, CEM Corporation, USA) of
0.5¢102 kg of sample in 8 mL of AristarTM nitric acid (+ 69%) were used and filtered by filter paper
(Whatman no. 52pore size 7 um) after dilution with milliQ water (double-idaised water) to a

volume of 10 mL. Extraction and digestion solution and method blanks were analysed in triplicate as

part of standard quality control procedure for the analysis and were asab#be detection limit
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(AppendixB) of the ICROES for allTEs. Wageningen (ISE 921, IPE 100) and NIST (1573a) Certified

Reference Materials weranalysedn the same sample sets. Recoveries ranged from Bll2%.

The C and N content of plant material wadetermined using an Elementar Vario MAX CN element
analyzer (Elementar GmbH, Hanau, Germany). The samples were ignited at 900°C in an oxygen
atmosphere. The ignition process transformed any elemental C and N intdNCahd NQ. The N@

was then reduceda N.. After that, these gases were passed through a thermal conductivity cell and
the concentrations of C{and N were evaluated. The percentage of C and N were calculated from the

initial sample weights ignited.

Elemental analysis of the swils condeted usingCROEVarian 720 E®SA) an@n Elementar Vario

MAX CN element analyzer (Elementar GmbH, Hanau, Germany)

3.15.6 Extractable inorganieN species NH:*-N and NGs-N) from the soil and
biosolids

Soil nitrate (N®@) and ammonium (NH), the mineral ntrogen concentrations, were determined using
a KCl extraction from frozen soil following the methodBiackmore et al., 1987/ArortymL of 2 M KCl
was added to 4 g of soil and the solution was shaken on aroeedend shaker fo60 min centrifuged
at 87 g forl0 minand subsequently filtered through pleached Whatman 41 filter paper. A flow
injection analyser (FIA FS3000 twin channel analyser, Alpkem, USA) was used to deterrame NO
NH,*. Oven dried samples were milled using a Cyclotech type &@88ne grinder with an aluminium
rotor. Plant material (0.5 g) was digested in 5 mL EINKDe digests were diluted with Milli Q
6. FNyaadSFRZ 9! {cmLta\Blume 6f25 miyadddilteedwith a Whatman 52 filter
LI LISNJ 6LI2NB &aATS 17 >Y00

3.15.7 Bicatbonate Olser) extractableP (plant available or soluble P)

The airdried, ground and sieve® £ cm) soil samples were used to analyse the plant available P Olsen

P method(Watanabe and Olsen, 1969he samplef10® kg)was shaken foBO min(using anend

over end shakenyith 20 mL 0.5 M sodium bicarbonate (NaHCO3). The extractant was centrifuged (10
min at 2000 rpm) and then filtered through Whatman No. 42 filter paper. Five mL of Murphy Riley
colour reagen{Murphy and Riley, 1962yas added to theiltrate (10 mL) and the sample was made

up to 50 mL withDIW. After half an hour the lasorbance was measured and read at 880 nm on a

Shimadzu UV mixli240 spectrophotometer.

Calculatingextractable P
a0 Sl bace
" oo T oomno
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3.16 Statistical analysis

Excel 2016 was used to tabulate the data and calculate basic statistics

Minitab® 1§Minitab Inc., State College, Pennsylvania, @SI\)A dza SR F2NJ ! bhx! | yI
LeastSignificantDifference (p €.05) as a poghoc test to compare mean&neway ANOVA was used

to investigate the effect of treatments on the plafisomass, EO production and quality, individual

EO components as well as the elements concentrati@@da were tested for normality and nen
normally dstributed data were logransformed to neet the assumption of normality Where
appropriate, the statistics of legormal data were reported as geometric means and standard

deviation ranges.

Correlation analyses

NSp>0.05not significant

S 0.05 > p > 0.Gignificant

S* 0.01 > p > 0.001 highly significant

S** p<0.001 very highly significant

! Thedata for essential oil components concentrations were transformed using Johnson transformation.
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Chapter 4

Effect of the biowastes on biomass of the plants

4.1 Introduction

Biowastes contairorganic matter andsaluable plant nutrientghat potentially could be applietb
degraded or lowfertility lands to enhance the physical, chemical and biological conditions of the soill
and increase the growth and biomass of the plgihtse and Sobieszczyk, 199Bjowastes have been
demonstrated toincrease the growth ofsome EO producing species includinhgptospermum
scoparium,Kunzearobusta Lavandulaangustifolia Rosemarinusofficinalis and Thymus vulgaris
(Esperschuetz et al., 2017, Agullé et al., 2011, Yadegari and Mosadeghzad, 201213akr, 2

In the greenhouse experimesi{ Exp 1¢ Exp.6) of this thesis the abovegroundcbiomass of the plants
(whole plant biomass fot. scoparium, Krobustg R officinalis T. vulgaris and clusters ofL
angustifolig at harvest ranged fron0.9 ¢ 205 g DM (Figure4.1- Figure4.7). In general, the N
containing biowastesGB, KBDSE and TMWsignificantlyincreased the growth of. scopariumK.
robusta L. angustifolia, R. officinal@dT. vulgaris Thegrowth increase was greatest in tiS1(380-
2765% increas®f the L. scopariungrowth), which was the lowest fertility sofrigure4.1, Figure4.2
andFigure4.6 show representative exanlps of the plants ifexp.1¢ Exp. 6 Note that all biomass data

is presented on a dry matter basis.

4.2 a n Y dtlebbspermum scopariunWdow® C2NEG 9 DO C2 NE
(Kunzea robustale Lange & Toelken.)

Applying biosolid¢KBor CB)to the BCL LSLand PSLsignificantly increased the dry biomass Lof
scopariumandK. robusteby up t0120% and 170%, respectiveRidire 4.3). In the CSL, which had the
lowest C and N conten@ble3-1 and Table3-2), the application of the Ciicreased the biomass of
L. scopariunty 2765%(Figure4.4 F). The relative biomass increase of each spegpm the addition
of biowastesvasinversely proportional tahe soilfertility. L. scopariunmadalarger biomass increase
in the CSLEXxp 6) K. robustahad greater biomass increasettme PSL(Exp.4). The CSL and PBad

lower fertility (in terms of C and N) than the other soils ie$k experiments

Up to a rate of 1500 kg N Haquiv., the biomass increase lof scopariumvas proportionate to the
CBapplication rate. Higheapplicationratesresulted in progressively lower biomass increases or even
decreases compared to the contrdhe applicationCB at13500 kg N hd equiv. hosolidskilled the
plants(Figure4.10).
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Figure4.3 shows the effect of contrasting biowastes and application rates on the biomass df.the
scopariumandK. robustglants in theBCL.LSL.andPSL(Exp.1- Exp. 4). In general, biosolids resulted
in a larger biomass increase compared to titkeer biowastes usedlending biosolids with sawdust
offset some of the biomass increaselinscopariunbut not K.robusta Figure4.3 A). In theLSL(Exp.
2), Daiy Shed Effluent (DSE) application increased the biomaks sifopariunbut not K. robusta
(Figure4.3 B).

Figure4.4 shows the effect of different rates and methods of CB applicatioh.@topariunbiomass
in Exp. 5 and Exp. 6. There was no growthem®e difference betweeh. scopariumwhen same rate

of CB was surfaeapplied, mixed or used as patches in these experiments.

In the field experiments (Exp. 7), the growth of TM3@Kg N ha equiv.) irrigated plants was the same
or greater than the umiigated trees(Figure4.5). The canopy volume df. scopariunincreased from
0.15 n¥to 0.25 n¥ by TMW application, whil. robustacanopy volume did not increas€here were

no signs of toxicityAs the field experiment is ongoing at the time of writing, the crown volume was

used as a proxy for biomass.

biosolids
(1250)

Figure4.1 Effect of different biowastes and application rates dn scopariumbiomass in Exp.-Exp. 4 (AD, respectively).The
numbers in the grey boxes show the concentration okiyha! equiv. of the treatments.
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dry biomass (@)

Figure4.2 Effect of different biosolids application rates obh. scopariunbiomass in Exp. 5 either surfaegpplied or
mixed with the soil. The numbers in the grey boxes show the concentration ok§lha? equiv. applied in the
treatments.
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Figure4.3: Aboveground biomass (g DW) bf scopariunand K. robustain A- Exp. 1 (n=4 + se)-BExp. 2 (n=3 * se),
GExp.3(n=5+se)andPELId n 6ylrp 5 aS0d {AIYATFTAOLY(l RAFFSNBYyOSa
by apital letters (A, B, C) fok. scopariumand lower-case letters (a, b, c) fdk. robustawithin the plant species.
Exp 1- Exp. 4continued for 18, 24, 1@&nd 12 weeks, respectivel\Numbers in the bars represent the percentage
of changes caused e treatments compared to the control.
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4.3 Lavender(Lavandula angustifoliaMill.), rosemary Rosmarinus
officinalisL.) and thyme Thymus vulgarid..)

BiosolidgCB)application ofup to rate 0f1500 kg N haequiv. significantly increased they biomass

of L. angustifolieandR. officinalidy 86% and/0%, respectivelyand applying KB at the rate of 2800 kg
N ha' equiv. increased the biomass Bf vulgaridy 62%n the LSIExp. 2and Exp 3) (Figure4.6 and
Figure4.7). The naximumbiomassncreasegor L. angustifolialustersoccurred when theCB(1500 kg

N ha® equiv) were added to theLSLAs with the other species, higher rates of application did not
significantly increase growth and the higheate of application (3500 kg N hd& equiv.) killed the
plants(Figure4.7). The KB application of 2800 kg N¥equiv. to the LSL significantly increased the dry
biomass otf.. angustifolidby 60% Figure4.7). Theapplication of 200 kg N Haequiv.of DSHo the LSL
increased the growth oR. officinalidoy 60% compared to the contrdHowever, DSE application did

not increase the biomass of the othevo species.

Figure4.6 Effect of different biosolids application rates on. argustifolia (left) and R. officinalis(right) biomass in Exp..3
The numbers in the grey boxes show the concentration okd\ha? equiv. biosolidsapplied in the treatments.
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4.4 Discussion

Biosolids additions of up to 1500 kg N'hacreased the growth df. scopariumi. robuga. L.
angustifoliaandR. officinalisThere was no benefit to higher rates of addition. While this rate
of application exceeds the regulatory threshold for the annual application(@ibbs, 2003)
most of the biosolids N is present as organic N ankeigefore less likely to result in excessive
N-leaching due to the slow release of N as the organatten in the biosolids oxidises

(Paramashivam, 2015)

DSE was applied at a lower rate (200 kg Ndwuiv.) because itommonlycontains a higher
percentaye of plantavailable inorganic N. However, DSE only produced a significant biomass
increase forL. scopariunand R. officinalis While higher rates may have resulted in greater
biomass increases, the land application of DSE is limited tok§08 ha equiv. in most
jurisdictions(BPDNZ, 2011)

Milne et al. (2015andTroeh and Thompson (200&ported thatsoil C and Mre of overriding
importancein soil fertility. The four soils used had C contents ranging from 16%86(Table
3-1). Soil N rangeddm 0.22% 0.5%. Based on these numbers the fertility of the soils would
be BCL>LSI>PSI> CSLTherefore, the addition of biowastes to tiESIshould have result in

a greater biomass increase than thther soils. This pattern occurred in the experirtgen

An increase in biomass bf scopariunandK. robustdollowing biosolids application has been
reported byReis et al. (2017), Lense (2018), Esperschuetz et al. (A0E/naximum increase

of L. scopariumbiomass in this study (28Id in 16 weeks by3000 kg N h&equiv. CB
application) was less than findingsRéis et al. (2017Although the plant availabld content

of biosolids applied in this study was almost two times higher tharRihis et al. (2017)they
reported a 46fold increase of. scopariumgrowth in 12 weeks in a lofertility sand by
applying 2070 kg N HH90 t ha' equiv.) of fresh biosolids. This difference may be attributed
to the substrate. The soil used IReis et al. (201Mad low organic matter conten0(13%

total O and lower concentrations of plamutrients (<0.05% total Nyompared to this study.
This supports the expectation that adding biowastes to higher fertility soil would cause less
biomass increase compared to the ldertility soils. The higher biomagreasein the sandy

soil could have resulted from the effect of organic matter in the biosolids that improves soil

structure and plant growth.

Other studieshavesimilarlyreportedbiomass increase by biowastes applicatiptonterumici

et al., 2015, Espersubtz et al., 2016a, Massa et al., 2016, Gutiéfdzés et al., 2017 he
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positive effect of biowastes on plant growth could be due to their available nutrients ingludi
N, P, Kand S. The biowastes, including biosdid$y and DSEontain organic mateal that
increases Cation Exchangeable Capacity (QBE®)in et al., 2005, Weber et al., 20Qfnat
results in retaining nutrients and makisgme ofthem available for the plant8Veber et al.,
2007, Kaur et al., 2008)

Theresultsshowed no significardifferences between surface applied biosolids and biosolids
that were mixed into the soih terms of biomass increas&iven that N and S are the only
major nutrients that are mobile in the soil systéMcLaren and Cameron, 1998)eseresults

are consstent with the hypothesis thathat these elements were limiting plant growth in our
soils. The limited mobility of the other plant nutrients would result in negligibie
accessibilitywhen the biosolids were surface appliethe greater effect of the BEon plant
growth could be related to the higher plant availaile(ca. 6 times) and S (ca. 2 times)
compared to the KBThe hypothesis that the plants arelisited is further supported by the
observation that mixing biosolids with sawdust offset the gitowenefits of adding biosolids
alone (Figure4.3): Sawdust reduces plasgtvailable N through immobilisatiofMcLaren and

Cameron, 1996)

BEven surface applied biosolids withprove the longterm soil fertility as the suite of plant
nutrients become incorporated into the sqiHawke and Summers, 260 Xue et al. (2018)
showed that biosolids affect the soil properties up to 50 cm below the level that they are
applied. Biomass increases may also result indirectly from the growth of beneficial
rhizobacteria and fungWang et al., 201 #esulting fromimproved soil nutrients and organic

matter (Hawke and Summers, 2006)

The increase in the biomass of tHeOproducingplants inthe current study was similar to

other research, which showed that various biowastes (biosolids, municipal solid waste and
farmyard manure) increased the abegeound biomass dR officinalis Ocimum basilicurL.
scopariumandK. robustgEsperschuetz et al., 2017, Cala et al., 2005b, Anwar et al., 2005, Piri
et al.,, 2017) Increagd biomass inL. angistifolia and R. officinak following biosolids
applicationis consistent withthe findings ofAgullo et al. (2011and Cala et al. (2005b)
Similarly,(Yadegari and Mosadeghzad, 20%Bpwed that manure application increased the
biomass and EO production®fvulgarisHowever, @ding biowastes to high fertility soils may
cause an adverse effect on plant biomg3abatabaie and Nazari, 200a&hd reduce EO

production (Rahmani and Tabadighdaei, 2014, Petropoulos et al., 2009, Tabatabaie and
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Nazari, 2007)Theresults show that hig levels of biosolids addition reduce plant growth,

presumably due to toxic agents within the biosolids.

Increasing the dry matter of plamhayincreaseEQyield (Scavroni et al., 200®roviding the
concentration and quality of the EOs is not adversélgcéed. The following Chapters,(6
and7) investigate the effect of the biowastes on levels of contaminating TEs ipldhésas

well as the concentrations of evaluatedmponents in the oils.

Given that these experiments investigated just a singlpliaation of biosolids, longerm
repeated applications may have different outcomes due to the increased availability of other

nutrients and the accumulation of potentially toxic TEs in the(8dck, 2010)

4.5 Conclusions

Lowfertility soils could be begficially rebuilt using a single biosolids application equivalent to
1500 kg N h& This would give the greatest growth response while likely remainingrwith
environmental constraints relating to nitrate leachiri@egulations may need to be adjusted

to alow this.Clearly, as the EO crops mature, further nutrients will need to be applied. The
results show that in the soils tested, N is the most limiting element. Nitrogen could be applied
through mineral fertilisers or alternatively through further apptioas of biowastes. While

the DSE and TMW could be safely applied, repeated applications of biosolids may result in the
accumulation of toxic TEs in the soil. Future work should comprisetéongexperiments

where biowastes are applied to larger plants.
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Chapter 5
Effects of the biowastes on thelemental concentrations in

the plants

5.1 Introduction

Changes in the soil elemental composition following the application ofdstes alters the
elemental concentrations in the plantutiérrezGinés et al., 2017[Esperschuetz et al. (2017)
showed thatLeptospermum scopariumnd Kunzea robustaccumulate more N, P and TEs
following the application of 1250 kg N haquiv. biosolis to a degraded soil. Similarly, the
application of macronutrients (N, P, S and Ca) can increase the foliar N and P concentrations
in AustralianEucalyptus regnangmyrtaceae) grown in loviertility lands (Ringrose and
Neilsen, 2005)Another study orEua@lyptustereticornisgrownin low P soil showed that the
application of 50 kg htyr? of P, increased the uptake of this essential nutrient by 2¥ous

et al., 2015)Eucalyptus grandiand Eucalyptus camaldulensiowed higher nutrient uptake
when they were grown with different rates of NPK fertiliz€kunter, 2001) Chrysargyris et
al. (2016)showed that the application of N and P (up to 250 and 70 mgdspectively) to
Lavandula angustifoligrowing in hydroponic conditions would increase tlimcentration of
these elements as well as K, Ca, Mg and P in the leaves. The P concent@éibraeasfficinalis
leaves was significantly increased (1.4 fold) following the application of P feriNietret al.,
2009)

The uptake of TEs by plantoging in biowasteamended and THEontaminated soils is well
studied (Lake et al., 1984, Sposito et al., 1982, McBride, 1995, Kidd et al., 2007, Zhu et al.,
2011) Chaiyarat et al. (2015howed thatOcimum gratissimungrown in the Cd and Zn
contaminated sd, would uptake lower Cd (compared to the acceptable level of 0.2 Mp kg
when cow manure was appliedheljazkov and Warman (200&)owed that growing basil in

the soil amend with 60% of higbu compost (1200 mkg?) increased the concentration of

this element in the plant tissue by ca:f@ld. Several studies show that aromatic plants can be
safely grown in TEontaminated soils with organic amendmer(Scora and Chang, 1997,
Zheljazkov and Nielsen, 1996Byen while TEs are accumulated in the shdb&se is minimal

transfer into the EO§Scora and Chang, 1997, Zheljazkov et al., 2006)

LydakisSimantiris et al. (20163howed that chamomileMatricaria recutitd, sage $alvia

officinalig, and thyme Thymus vulgar)scould be cultivated in soils ctaining elevated TEs
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(up to 30 mg kg Cd, 1800 mg khgPb and 600 mg KgNi) while still safely producing EOs. They
showed that although these plants accumulated high concentrations of TEs in the roots, the
concentration of these elements were low in taAboveground biomass and TE concentrations

in the EOs weremall.L. scopariuntan tolerate soil concentrations up to 3.6 x*13.8 and 1

g kg of As, Ni and C{Craw et al., 2007, Lee et al., 198Q)ltivation of this plant for EO
production could hag additional benefits such as producibhgscopariunhoney that is sold

up to NZ$1400 kg(Farmersweekly, 2018)Moreover, cultivation of aromatic plants has been

suggested for phytoremediation of T&ntaminated soil§Zheljazkov and Warman, 2003)

(0p))
(0p))
_<

52EfSOGa 2F GKS o0A2¢l aisSa 2y GKS
(Leptospermum scopariutm X 1 n Kuedehd robiusty lavender
(Lavandula angustifoliy, rosemary Rosmarinus officinallsand thyme
(Thymus vulgaris

In most of the experiments in this thesishe application of biosolids increased the
concentration of macronutrients in the scoparium K robusta L angustifolig R officinalis
andT. vulgarisleaves compared to the contr@Table5-1, Table5-2, Table5-5, Table5-6 and
Table5-7). At or around the rate for optimal biomass increase (1500 kg N dwguiv.), the
application ofCBsignificantly increased N (k0 ¢ 100%), PQ ¢ 40%), and S (§ 250%).
Changes in K, Ca, and Mg were inconsistent and usually not signifibase increases we
greatest in the low fertility soil (CSL) and lowest in the high fertility B&D( Interestingly,
although the CSL had the lowest fertility in terms of C and N contents, the N concentration in
L. scopariumgrown in this soil was nearly threefold higghthan the N concentration in the

highest fertility soil BCI.

Mixing sawdust with the KB (Exp. 1), offset the increase of N compared to adding Kibalone
L. scopariunandK. robustgTable5-1 and Table5-2). Concentrations of P, K and S were @ith
unchanged or further increased in the sawdtsBtreatments(Table5-1). Surprisingly, there
were no significant differences in the macronutrient concentrationk.iscopariunmeceiving
surface applied CB compared to plants where the CB had beepareted into the soi(Table
5-1).

The application of DSE had little effect on MnES concentrations but significantly increased

K and correspondingly decreased Ca and Mg in some si{@eaieie5-1, Table5-2, Table5-5,

Table5-6 and Table5-7). In general, the macronutrient increases correlated with the biomass

increases for each species (Chap#gr The application of TMW to the PSL significantly
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increased foliar N, P, K and Slfoscopariunbut only foliar P foK. robustgTable5-3). Itis to
be noted thatthe biomass otf. scopariunwas significantly increased by the TMW whereas

there was no such increase fidr robustaChapterd).

Theconcentrations of Cd and Cu were not significantly different from the conthein CB at

rates up t01500 kg N hidwas applied Table5-1, Table5-2, Table5-5 and Table5-6). There

were small but significant increases in foliar Zn concentrations. Higher rates of biosolids
addition (both CB and KB) significantly increased the concentrations of Cd, Cu and Zn in some,
but not all treatnents (Table 5-1, Table 5-2, Table 5-5, Table 5-6 and Table 5-7). The
concentration of Cd in the plants was compared to food safety standafdgFSC, 20183 a
conservative indicator of whether they increased TEs in the leaves may pose a riskaio hum
health. The maximum safe concentration of Cd in the fresh leaves is 0.1 tngnkthis
research, dried leaves were used for elements measurement that shows the concentrations
higher than the fresh weight.. scopariunand K. robustahad the water corgnt of ca. 70%.
Therefore, the Cd concentration up to 0.33 mg'kaf the dry leaves for these plants is
FOOSLIISR a atr¥S tS@Std / R O2yABgkd NI GA2y Ay 2i

Table5-4 shows the elemental concentrations bf scoparium and K. robusfi@m the field
survey. There were significant difeerces in both the macronutrient and TE concentrations at
the different sampling locations for both scopariunand K. robustaThe concentrations of

N, P, K, S in the field sampled plants were often greater thatopariunand K. robustan

Exp. 1Exp4 grown in unamendeBCL.LSL, PSL and similar to plants receiving DSE, CB at 500
kg N ha or KB at 2800 kg N Han Exp. 1Exp.4. L. scopariungrowing in the CSL (Exp. 5 and
Exp. 6) had significantly higher folimacronutrient concentrations than ghplant sampled in

the field(Table5-1 and Table5-4). These results indicate that adding biowaste8@l.LSL and

PSL resulted in foliar macronutrient and TE concentrations that were similar to the natural

populations that were sampled.

Table5-8 shows the concentrations of the elements in standard commercial EOs from the
plants used these experiments. ComipgrTable5-1- Table5-7 with Table5-8 shows thatthe
macronutrient and TE concentrations are significantly lonwehe essential oilsThs indicates

that contaminating TEs are excluded from the oils and therefore even if leaf TE concentrations
are at or close to threshold values, the TE concentrations in the EOlsadyddi be significantly
lower.
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Table5-1: Elemental concentrations df. scopariunieaves in Exp.-IExp.6. Numbers inn the treatmentsrepresent the concentration of N equiv. (kg Hof biowastesapplied to the soils. Different
letters (a, b, ¢, d) represent significant differences between the treatments of each exp8rimii 06 | & SR 2-FigniGchraCAf&rdhEratest[atSHKIEO0S). Standard errors are given in the
parenthesesT and M represent surface (togpplication and mixed with the soil, respectivelyn.d.=not determined) KB and CB represent Kaikoura Biosolids and Christchurch City Council bigsolids
respectively

Treatment (kg N hdequiv.) N P K S Ca Mg Zn Cu Cd

g kgt dry matter mg kgt dry matter

< Control (0) 7.3(0.1 783 (93) 3458(92) 1112 (67) 14359 (738) 1761(185) 13 (0.23) 2.3(03) X ot mMn
S KB(1250) 8.6 (0.43 915(7)b 3248 (42)  1171(30) 11746 (180) 1410 (28) 17 (1.2 2.5 (03) X ot mn
W Sawdust+KB(1250) 8.2 (0.33 1055 (44) 3528 (140) 1200 (67) 12427 (500) 1459 (57) 14 (1.4% 2.3(02) X ot mn
~  Control (0) 11 (04) 916 (46) 5875 (579) 1183 (69) 9039 (520) 2799 (223) 10 (1.2% 2.3 (02)p 0.02 (0.01)
S KB(2800) 12 (0.5) 1323 (125) 5713 (302) 1142 (51) 11636 (951 3236 (243) 68 (22} 3.4 (03) 0.07 (0.04)
W pairy shed effluent (200) 11 (04) 1096 (182) 6557 (414) 1173(82) 10929 (357  3065(307) 11 (2.3Y 3.3 (02 0.02 (0.01)
Control Q) 11 (06)¢ 1003 (186) 4146 (183) 913 (66} 11920 (909F 3042 (333) 24 (3.6) 2.5 (05)° 0.03 (0.013
™ CB(500) 16 ( 0.59 1194 (46)c 4535 (109) 1638 (129) 11782 (685) 3023 (1629 33 (3.2) 3.1 (02) Xn ®n M
g  CB(1500 20 (0.9Y 1476 7P 4588 (196) 2306 (106) 13929 (386F 3728 (199 43 (5.2 4.0 (02) 0.11 (0.D)
W cB4500 26 (0.8)2 2515 (109) 4165 (190) 3182 (194 15775 (657 3959 (348) 69 (6.0} 6.8 (0.6} 0.22 (0.16)
CB(13500 2% 2310 (84)  4432(391) 3200 (481) 18267 (998) 4295 (213 102 (453 4.2 (0.1) Xndnyf
< Control 0) 11 (0.3 1136 (84) 4836 (179) 1192 (54) 12687 (794) 3082 (171) 20 (1.4Y 3.0 (0.5) X of mn
X CB(1500 24 (1.2% 2898 (403) 5028 (149) 2995 (272 12630 (888) 3515 (253) 68 (9.2} 5.8 (02) X ot mn
Control (0) 20 (0.4Y 1360 (419 12400 (5309 3180 (663 14100 (9509 4080 (230) 61 (16¥° 6.3 (0.8} 0.02 (0.02
CBA1T (630) 24 (0.6%° 1490 (99)¢ 8950 (780) 3100 (150 8900 (3509 1900 (1209 36 (2.3} 5.3 (0.5% 0.01 (0.019
0 CB2T (1900) 26 (0. 3} 2040 (1309 9040 (900)  3040(120pc 11900 (630F 2450 (120 42 (3.7y¢ 4.3 (0.4) 0.13 (0.01°
g  CB3T (5700) 27 (1.7} 1810 (200%c 6140 (700 2910 (170¥ 10600 (500¥ 2650 (200) 41 (4.3y 3.7 (0.7 0.15 (0.013
W CB1M (630) 22 (1.0Y 1180 (93) 8520 (410 2540 (180) 9680 (650¥ 2080 (210¥ 40 (5.7} 3.2 (0.4 0.01 (0.019
CB2M (1900) 27 (0.5% 1890 (1809 9130 (1700) 3440 (140 14200 (670% 2610 (509 62 (9.4 5.5 (0.5% 0.12 (0.04%
CB3M (5700) 28 (2.6} 2110 (2209 6050 (4509 3480 (160) 17000 (2180) 3650 (380)  88.0 (9.3) 5.6 (0.63° 0.22 (0.03)
o  Control (0) n.d.** 2450 (1809 8230 (910) 3000 (390) 17800 (1300) 4690 (390) 41 (4.8} 7.1(0.9% 0.00 (0.00)
o Mixed (3000) 23 (0.6) 1380 (40) 8000 (1430) 2730 (110) 15300 (1400) 2590 (70h 42 (7.9% 5.2 (0.2 0.03 (0.03)
& Patch (3000) 23 (0.9) 2260 (1509 8000 (470) 2920 (110) 10500 (460) 2470 (200 29 (2f° 5.6 (0.3} 0.04 (0.00)
Top (3000 22 (0.9) 1030 (60) 6660 (1040) 2360 (60) 10400 (490) 2020 (1409 21 (0.7% 4.4 (0.3) 0.01 (0.019

*Only one sample was evaluated. Calculating the mean and statisticgdarison was not possible.

** There was insufficient biomass for the determination.
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Table5-2: Elemental concentrations d. robustaleaves in Exp.-lIExp. 4 Numbers in in the treatments represent the concentration of N equiv. (kgthaf biowastes applied to the soilDifferent
letters (a, b, c, d) represent significant differences betwge 1 KS (G NBIF GYSyida 2% St OK S-BigdfiddadDiférgnice testtat BKSTS). SRafidard kréos Srélgvan i teel & G
parenthesesKB and CB represent Kaikoura Biosolids and Christchurch City Council bigselgsctively.

Treatment (Ig N hatequiv.) N P K S Ca Mg Zn Cu Cd
g kgt dry matter mg kgt dry matter

Control (0) 8.7 (09) 2106 (348) 3290 (82) 2090 (298) 10465 (573 1913 (160) 23(2.1y 2.3 (08) 0.02 (0.02)
— KB(1250) 9.6 (0.5) 1563 (539) 2715 (929) 1457 (490) 5678 (1985) 1030 (349 37 (4)a 2.3(08) 0.02 (0.02)
u%- Sawdust+KB(1250) 8.4 (1.0 1123 (378) 2531 (870) 1279 (447) 6997 (2B1yb 1075 (360) 32 ()2 1.5 (07) 0.06 (0.06)

Control (0) 7.6 (05) 1523 (170) 7221 (389 995 (653P 4789 (369 1828 (176) 30(6.7y 1.3 (03)° 0.01(0.00}
N KB(2800) 8.6 (06) 1747 (101) 5927 (86) 1310 (117 7216 (685 1886 (239) 119(5.8p 2.3 (02)2 0.31 (0.09
L%- Dairy shed effluent (200) 8.8 (1.1) 1672 (371) 5915 (374) 962 (94% 5836(1543° 2226 (168) 41 (8.5y 1.5 (0.2Y 0.02 (0.019

Contol (0) 9.7 (0.9 1540 (298) 4944 (216) 1302 (126) 6714 05y 2979 ( 338) 76 (11} 1.7 (0.4Y X of mn

CB 500 15(0.9)¢ 2056 (2409 5087 (216) 1687 (8% 7813 (965 3073 (346) 84 (5.2 3.0 (0.53b X of mn
™  CB (500 21(0.7)° 1904 (120 4848 (75) 2350 (166) 9212 (819 3131 (288) 114 (163} 2.8 (0B)2 X of mn
L% CB 4500 25 (2.2 2729 (446) 6868 (574) 5113 (11019 9984 (668) 3644 (192) 114 (22) 4.7 (1.5 X of mn

CB 13500
< Control Q) 12 (04)° 1906 (196) 4727 (2909 1665 (1129 6710 (384 3183 (341) 52 (4.7% 3.3(04) XKnonyr
g CB1500 24 (1.0 2966 (226) 7106 (609 2853 (139 9191 (529 3177 (213) 139 (39} 3.9 (0.5) 0.03 (0.02)
i

*Only one sample was evaluated, and mean calculation and statisboaparison was not possible.

Table5-3 Elemental concentrations of. scopariumand K. robustaleaves in the Duvauchelle field experime(Exp. 7) Numbers in in the treatments represent the concentration of N equiv. (kg ha
1) of biowastes applied tadhe soils.5 A FFSNBy i f SGGSNB ol X 63 O3 RO NBLNBaSyid &A 3y rSohif@anDifferdvde T3t StIRIDYI). StandadS (1 6 SSy
errors are given in the parentheseSMW represents theTreatedMunicipal Wastevater.

Treatment (kg N hdequiv.) N P K S Ca Mg As Zn Cu Cd
§ Control (0) 12 (0.5% 1054 (1169 3644 (98) 1147 (48) 6532 (494) 1720 (78) 0.29 (0.06) 13.4(1.1) 4.1(0.4) 0.007 (0.003)
]
§ TMW (30) 15 (0.8% 1351 (69 4241(113 1351 (43) 7015 (548) 1641 (98) 0.35 (0.B) 16.6 (0.9) 4.3(0.2) 0.013 (0.00%
g Control (0) 15 (0.8) 1458 (66) 4210 (152) 1434 (47) 4991 (265) 1663 (103) 0.15(0.07) 28.2(2.0) 4.9 (0.5) 0.020 (0.007)
é_ TMW (30) 17 (0.9) 1761 (124 4112 (187) 1587 (66) 5075 (277) 1696 (70) 0.24 (0.08) 34.0(6.4) 5.4(0.6) 0.006 (0.002)
X
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Table5-4 Elemental concentrations (g k& dry matter for N and C and mg Rdor other elements) ofLeptospermum scopariurand Kunzea rbustaleaves in Exp. 8 (Field study). Standard errors of
FNB IAGBSY Ay LI NByiGKSaSaod { A3 yaptd letdrs (AB, @ foF SchatBnyrd Hiercass eteeS Gyb, dprk S

iKS YSIya 6p B

y £ TO

K. robustawithin the plant species.

N P K S Ca Mg Zn Cu Cd

g kgt dry matter mg kg' dry matter
E Nikau Gully 9.7 (0.3 761 (1033 2945 (96Y 934 (81% 6600 (6778 2603 (286) 10 (0.6} 22(01% Ko Fmn
8 Quail Island 15.2 (0.4) 1431 (232) 4427 (2B 1749 (75) 8548 (1440 2662 (317) 18 (3} 40(0.4% Ko pmn
3 Yarrs Flat 14.4 (0.4) 757 (66§ 3644 (304 1648 (68) 11218 (1199) 2902 (138) 12 (1.4} 15(0.5% o Fmn
i
© Nikau Gully 11.5 (0.8) 1413 (189 3958 (196) 1249 (108) 4518 (309 2740(104p 21 (2¥ 2.8 (0.3y YKo Fm n
é Quail Island 12.8 (1.4%° 1741 (234 3990 (182) 1364 (146) 6880 (913 2716 (223 51 (7% 2.7 (0.4% YKo Fm n
3 Bridle Path 14.2 (0.8) 2220 (283 3790 (105) 1395 (55) 7788 (267 3464 (202) 40 (4} 55(0.4) Ko FM N
N

Table5-5: Elemental concentrations df. angustifolialeaves in Exp. 2 (n=3) and Exp. 3 (nE)mbers in in the treatments represent the concentration of N equiv. (kgthaf biowastes applied to

the soils5 A FFSNBy (i

f SGaGdSNR

ol ozX

O RO NBLINBaSyi
are given in parentheseXB and CB represent Kaikoura Biosolasl Christchurch City Council biosolidespectively

G NB |

AA3YATAO y lLedRtSighiFicAnifgrénSeitestcaSA05) SSyandard Grorét NS | (Y

Treatment (kg N ha N P K S Ca Mg Zn Cu Cd
equiv.)
g kgt dry matter mg kgt dry matter
N Control (0) 15(0.3p 1646 (104 6341 (643) 2649 (300) 18663 (5219 5715 (172 58 (15.1) 4.9 (0.8) X of mrs
s KB(2800) 16 (0.7p 2738 (106) 6804 (317 4228 (405) 20890 (386) 6497 (539 58.9 (3.1) 14 (1.5% X of mrs
oy Dairy shed effluent (200) 18 (0.4% 2115 (509 9329 (319 3139 (2009 16647 (632 4747 (2619 47.2 (4.4) 8.6 (0.8y X ot mr
Control Q) 15(05) 1950 (769 12433 (539 3151 (89.3) 17145 (328 6383 (106) 38.1(2.2) 45 (0.4) X ot mr
CB 500 18(0.7)¢ 2742 (2529 8556 (247 4011(260¥ 18500 (862 6612 (301) 44.9 (1.5) 7.7 (0.6) X ot mr
« CB1500 20 (0.2y 2756 (93) 7636 (449 3930 (128) 21457 (403 6413 (238) 47 (1.5) 5.6 (0.3) AB*104
o CB4500 25(0.5y 3780 (192 9912 (102 4643 (172 21901 (1436) 6506 (447) 78.7 (3.6) 4.4 (0.2) X of mr
% CB 13500 26 4236 6404 4502 24622 5706 115.5 4.2 X of mr
*Only one sample thrived in this treatment. Therefore, mean calculation and statistical comparison was not possible.
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Table5-6: Elemental concentrations oR. officinalisleaves in Exp. 2 (n=3) and Exp. 3 (n¥)mbers in inthe treatments represent the concentration of N equiv. (kg Heof biowastes applied to
thesoils. 5AFTFSNBYld tSGESNAR o0l 060X OX RO NBLNBaSyid aiadayirTaioly lieaRighficarmifgrénbetest at £XDDD.StandérKedrorsi NB I G Y
are given in parentheseB and CB represent Kaikoura Biosolids and Christchurch City Council bigsebgsctively

Treatment (kg N ha N P K S Ca Mg Zn Cu Cd
equiv.)
g kgt dry matter mg kgt dry matter

Control (0) 11 (2.6) 1000 (2149 7412 (1061 1511 (259 13032 (803¥ 2225 (282) 56 (22) 2.8 (1.1 X ot M.
N KB(2800) 11 (0.8) 1969 (3519 7054 (80Y 2897 (256) 14095 (626) 2928 (535) 54 (9.6) 11 (0.92 X of m.
u%- Dairy shed effluent (20p 16 (0.8) 1444 (42%° 16980 (2159 2019 (163 10397 (1406) 1824 (76) 39 (4.1) 4.8 (0.2y X of m.

Control Q) 11 (0.2Y 2011 (112 10056 (471 2923 (188y 11747 (848) 2399 (169y 38(3.0) 2.0 (0.1) X ot M.
« CBB00 13 (0.7y 2601 (123 6577 (416) 2788 (168 10562 (578 2310 (123 33(2.2) 6.0 (0.4) X of m.
s CB 1500 16 (0.5% 2518 (131% 6300 (349 3369 (139 10962 (666) 2717 (86.8 39 (0.4) 7.6 (0.6) X of m.
5 CB 4500 23 (1.0% 3246 (331 11392 (1686) 3981 (125% 15658 (1275) 3465 (92) 80 (7.5) 6.2 (0.5) X ot m.

Table5-7: Elemental concemtitions of T. vulgarisleaves in Exp. 2 (n=3Numbers in in the treatments represent the concentration of N equiv. (kghaf biowastes applied to the soilsDifferent
letters (a, b, c, d) represent significant differences between the treatments (ba8eyi C A & K SiydliéantDiffelericeitest at PK).05). Standard errors are given in parenthesé&® represents
the Kaikoura Biosolids.

Treatment (kg N hda N P K S Ca Mg Zn Cu Cd
equiv.)
g kg* dry matter mg kg' dry matter
Control (0) 11 (0.9) 1167 (115) 7048 (323) 1162(96.2) 9768 (517 2012 (193) 63 (22) 2.3 (0.3Y X of mrs
N KB(2800) 11 (0.5) 1610 (52) 6926 (195) 1224 (85.5) 10562 (340% 2596 (422) 66 (13) 45 (0.13 X of M
L% Dairy shed effluent (200) 14 (2.4) 1580 @26) 11826 (3495) 1396 (123) 11889 (856) 2204 (85) 51 (6.6) 4.0 (0.9 X of M

Table5-8 Elemental oncentrations in the commercial essential oils of the scopariumK. robusta L. angustifolig R. officinalisand T. vulgaris(mg kg?).

Al As B Ca Cd Cr Cu Fe K Mg Mn Na Ni P S Zn
L. scoparium 0.20 0.0005 0.02 034 X ndns X ndn 00003 0.01 0.07 0.01 0.00008 0.22 X ndon. 0010 0.08 0.05
K. robusta 0.61 0.0003 > n®sy 003 X ndns>X ndna 0.0008 0.01 0.00 0.00 0.00003 0.01 X ndon. 0008 0.03 0.00
L. angustifolia 0.01 0.0004 0.02 0.08 XX ndns XK n dn 0.0002 0.01 0.07 0.01 0.00006 0.21 X ndn. 0008 0.11 0.03
R. officinalis 0.01 0.0003 0.02 0.06 XX ndns XK n dn 0.0006 0.01 0.08 0.01 0.00006 0.21 X ndn. 0.008 0.08 0.03
T. vulgaris 0.01 >Xn dn 0.02 0.05 XX ndns X n dn 0.0006 0.01 0.08 0.01 0.00004 0.23 0.001 0.008 0.07 0.03

Note: AppendiB provides supplementary data for concentrati@nd detection limitof the elements in all plant leaves.
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5.3 Discussion

An applicationrate of biosolids at or around 1500 kg Nhaesulted insignificant increases in the
concentrations of foliar N, P ar&lin most plants and most soils, while concentrations of K, Ca, and Mg
were largely unaffected. The mass (and hence uptake) of all the macronutrients is likely to have
increased because of the significant increase in biomass resulting from the applicaticsolids.
Based on these data alone, it is not possible to determine whether one or more of these elements
were limiting.l had hypothesisedChapterd) that the surface application of biosolids would result in
lower increases in the immobile nutrien(P, Ca, Mg, Zn, Cu), however, there were only small and
inconsistent differences between the surface applied biosolids and the biosolids incorporated into the
soil. One possible explanation is root foragiRgis et al. (2017emonstrated that the rootf L.
scopariunforage patches of biosolids in lefertility soil. | did not measure the distribution of roots in

the soil, however, it is possible that the roots laf scopariunproliferated into the surfacaapplied

biosolids.

When considering the effés of mixing biosolids with sawdust, thenasstrong evidence that N was
limiting in the BL. This is because sawdust offset the biomass increase resulting from biosolids
addition and also offset the increase in foliar N following biosolids addition. ientere were no
significant differences in theoncentrations of P, S, K, Ca and Mghe sawdustKBtreatment
compared to the KB alone treatment. This is inconsistent with these elements being limiting for plant

growth.

Unlike biosolids, the applican of D& and TMW significantly increased foliar K concentrations
some plantsElevated K in these effluents is likely responsible for reducing the plant uptake of Ca and
Mg (McLaren and Cameron, 199&)is unlikely that repeated applications of tleesffluents will cause
significantaccumulation of K because tkeil concentrations are at least one hundredfold greater than
the amount being adde(Table3-1). Nevertheless, Elevated concentrations of K andApg@éndixB)

in irrigation waters are conering because accumulation of sodium can lead to aggregate instability

and reduced permeability of sdiTanji, 1997)

Theincrease in foliar Zn and Cu was consistent with the findinf8akinson et al. (201%nd Gartler
et al. (2013) Theplant TE cocentrations were lowethan the limis that can pose a risk to human
health and animals, which was similar to the previous studiz.@atopariumK. robustgEsperschuetz

et al., 2017pandR officinalis(Cala et al., 2005b)

Scora and Chang (199howed that the TEconcentration inMentha piperitagrown in soil treated

with sewage sludge was same as confrdinfg [%). Zheljazkov et al. (2006) research showed that
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Mentha piperitaand Mentha arvensisvould grow in soils enriched with Cd, Pb, and Cu without risk
for excessive TE transfer into the EOs and without significant alternation of EO composition that may
invalidate marketabilityEven in some situations tHeOquality of the plants lik&/etiveria zizanoides

in the solil treated with moderate concentrations of Cr, Cd, Pb and Ni wocltdasebecause of the

increase in some important componerithe EO(e.g. khuzimol)(Prasad et al., 2014b)

Although there are some concerns about the accumulation of biowdstese TEs in sofNatalda-

Luz et al., 2012})here is less concern about the effects of biowastes contaminating TEs in the EOs. This
is because TEare less concentrated in the EOs compared to the lefhasle7-8).. | ERI G | YR
(2007) Street (2012andZheljazkov et al. (2008gmonstrated the safe cultivation of medicinal plants

to produce EOs in soils contaminated by TEs including Cu and Zn.

The application of biowastes to high fertilgpilis unlikely to increase nutrient uptake as much as in
low-fertility soils. It also could increase the concentration of some elements to the levels that are toxic
for the plants(Morgan and Connolly, 20L3Increasing the mobile nutrients like N, would cause N
leaching (Cogger et al., 2001, White et al., 201Bome elements such as P, Ca, Mg and TEs
micronutrients are relatively immobile in the soil may therefore accumulate upon repeated

applicationgdMU, 2018)

5.4 Conclusions

In most cases, the biowaste addition increased the concentrations of plant macronutrients in all
species. These increases were greatest in soils with the lowest fertility. There is limited evidence that
N was the most important limitig nutrient. None of the biowaste additions resulted in TE
concentrations in excess of guideline values, although for some TEs, particularly Zn, there were
significant increases in many of the biosolids treatments. This indicates that repeated additipns ma
eventually result in phytotoxic concentrations, or cause exceedances of threshold values for
contaminants. Unexpectedly, there was little difference in macronutrient or TE concentratidns in
scopariumreceiving surface applied biosolids compared tosbias that were incorporated into the

soil.
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Chapter 6

Effect of biowastes on essential oil concentrati@md yield

6.1 Introduction

The EO concentration, composition goduction of aromatic plants can be affected either positively
or negatively by biowastes application depending on the ratio and amount of nutrients added to soil
(Chrysargyris et al., 2016)adipour et al. (20133howed that applying 180 kg N haf urea would
increase the EO concentration bavandula angustifoliaThe EO content dRosmarinus officinalis
increased following the N and K (150 and 100 kg ¥e!) application(Puttanna et al., 2010).
Baranauskiene et al. (2008)ported that applying 25 kg N ha to Thymusvulgarisdid not affect the

EO yield. The N status of the soil prior to fertilisation was unclear. The addition of urea (68) kg ha
increased the Feverfewr @anacetum partheniulnEO production (Hamisi et al., 2018).Gendy et al.
(2015)showed that applying N and K fertilizers (up to 180 and 120 kgrhapectively) increased the

EO production oAnthriscus cerefolium

My experiments showed that biowastes application generally did not change the concentrations of
EOs in the plas. In most cases the biomass of the plants were increased following the biowastes
application (Chapter 4). Considering the EO concentration and plant biomass as the paramount factors
in the EO production yield, generally, biowastes application incredsetbtal EO production of the

plants.

6.2 a n Yy dfleptospermumscopariumJ.R. Forst & G. Forsdhd knnuka
(Kunzea robustale Lange & Toelken.)

The EO concentratioof L. scopariunfcontrols)in Exp. Ig 6 ranged from0.526- 0.94% F.Wthat is
equivalentto 5.2-9.4mgg* FW. (Figure6.1, Figue 6.3 andFigure6.5) in the greenhouse experiments
This concentration was 0.71¢%.1 mg ¢ FW)for the field experiment (Exp. 7Xhe highest EO
concentrations occurred in the LEExp. 2) however, a direct comparison of the soils is not possible

because the experiments were conducted at different times.

None of the biowastes treatmenia Exp. IExp. 7caused a significant reduction in EO concentration
of L. scopariunand K. robustaFigure6.1, Figure6.3 and Figure6.5). The sawdust+KB trea@mt not
only inceased the biomasg@-igure4.3 A) but also increased the EO concentratioriLirscopariunby

82%(Figure6.1 A).
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When considering the total EO yield (concentration x biomass), theltotsopariunEO extracted of

the greenhouseexperiments was either not significantly different from the control or significantly
increased Figure6.2 and Figure6.4). Among the first four experimentsé greatestincrease ofL.
scopariumeO production (164%) occurred in the BCL soil when sawidBatas applied on the soil
surface Figure6.2 A) followed by the PSL soil with 156% increase by application of 1500 k¢ N ha
equiv. CB Rigure6.2 D). Geneally, adding sawdust did not increasige effect of biosolidsonly

treatments in terms of EO productiofireating the soil with DSE did not increase the EO production.

Results of Exp. 5 showed a similar EO productidn lsgopariumwvhen biosolids were either surface
applied or mixed with the CSL soil at the rates of 630 and 5700 kg éghas. However1900 kg N ha

! equiv. ofCB surface applicatiaignificantly increased the EO production compared to same rate of
biosolids mixed with the sdihat resulted in the highest EO production (68.3 kg)ia Exp. 5Increase

of the EO production were for éhsurface application of 1900 > mixing 630> surface application of 630
kg N ha equiv. biosolids with the increase of-f@d, 10fold and 9fold, respectivelyFigure6.4 E).

Result of the rhizoboxeExp. 6) wasonsistent with findings of th&xp. 5which shows there is no
significant difference in EO production when the same rate of biosolids is applied either on top or
homogeneously mixed with the CSL. Increase of the EO production trend were relataging >
surface application of 300y N ha equiv.CB which increased the EO production by&l and 26

fold (P#D.006) Figure6.4 F).These experiments showed that either surface application or mixing the
CB (by maximum 3000 kg Nfequiv.) with theCSlwould increasehe EO production df. scoparium

TMW application in the Exp. 7 (field experiment) did obange thelL. scopariunEO concentration
(Figure6.5). EO analysis of the. scopariunfrom the field survey(Exp. 8showed that therewasa

large variation between sites. The EO concentration of samples taken from Nikau Palm Gully and Quail
Island weretwice higher tharthe concentration found at Yarrs flaigure6.6). Hence the collection

site had significant effect oh. scopariumEO concentration. The average EO concentratibmh.
scoparium(no treatment) in all greenhouse experimemss6.9 mg ¢ F.W.This concentration was
significantly lower than the Nikau Palm Gully and Quail Island and higher than the Yarrs Flat.
Calculation of thd.. scopariuniO yield for Exp. 7 and Exp. 8 was not possible as the plants biomass

was not available.

The EO ancentrationof K. robusta(controls) in Exp. & 4 (thatK. robustawas tested) ranged from
0.50¢ 1.02%F.W. that is equivalent to 5.010.2 mg ¢ F.W. (Figure6.1). The EO concentration &.
robustain the field experimen{Exp. 7Wwas 0.75%hat is equivalent to 7.5 mg'gF.W. (Figure6.5).

The highest EO concentrations occurred in the BCL, however, ds. witbpariuna direct comparison

74



of the soils is at possible because the experiments were conducted at different times. None of the
biowastes treatments caused a significant reduction in EO concentration. Unl&eopariumthe

sawdust#KBtreatment did nd increase the EO concentration I§f robusta

With respect to EO yield, the maximum increas& ofobustaEO production was observed in 1500 kg

N hat equiv. CB application (211%) in Eyrew&L(Figure6.2 C). Mixing biosolids with soil increased

the EO production oK. robusta(except when 4500 kg HaN equiv. ofCBwere applied to the soil)
(Figure6.2 B-D) while surface application did ndtigure6.6 shows that the EO concentration of wild

K. rolustaplants taken from Nikau Palm Gully, Quail Island and Bridle Path were similar and sampling

site did not have effect on the EO concentration.

The average concentration &f. robustaEO in all greenhouse experiments was 6.9 md.4V.This

concentraton was significantly lower than the EO concentration of the all the natural samples.
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6.3 Lavender (avandula angustifoliaMill.), rosemary Rosmarinus officinali.)
and thyme (Thymus vulgarid.)

In Exp. 2&nd Exp3, the EO concentration in the controlslofangustifolisandR. officinalisanged from
0.48%0.83%(4.8-8.3mgg* F.W) and 0.60%0.84%(6.0-8.4 mg ¢ F.W.), respectivelyFigure6.7). The
concentration ofT. vulgris EO was 0.34%3.4 mg ¢ FW.). The EO concentratisrof R. officinalis
significantly decreaselly ca. 29%whenDSE200 kg N haequiv.)was appliedo LSLMixing more than
1500 kg N h&dequiv. CBwith LSIA A Ay A T A Ol y (i f )&he R SrQwtiBlia ES ¢dncenttagivn
(Figure6.7 D). None of the other biowaste treatments changed the EO concentratibhere was a
significant negative correlation between tte angustifolisdEO concentration and the level bfin CB

applied to the soll

The E(production ofL. angustifoliaR. officinali@ndT. vulgarisvas increased by biosolids application

but not the DSE. Applying 2800 kg Nt kguiv. of KB and 1500 kg N'hequiv. of CBo LSlsignificantly
increased the EO production bf angustifolidby 74% and 69% in Expa@d Exp. 3iespectively [Figure
6.8 A and D) Theapplication of 1500 kg N Haequiv.CBto LSlLsignificantly increasethe R. officinalis
EO productior{by 60%)n Exp. 3Kigure6.8 E) while KB had no effect ¢ime EO productiorfFigure6.8
B). Note that although the dry biomass &. officinaliswas highest in the 500 kg N haquiv. CB
application(Figure4.7 E) considering the water conterdf the plantthe maximum oil production was

related to 1500 kg N hibiosolids application.

Biowastes application did not change the E©duction byT. vulgarisn Eyrewell LSL (Exp. BEjgure
6.8 C). Maximum EO production increase was relateld tangustifoliaThe EO production increased by
74% in Exp. 2 and 71% in Exmr@n 2800 kg N hequiv. of KB and 1500 kg Nhequiv. ofCB were
applied to LS[Figure6.8 AandD).

80



o))
=
o
SN

A) (ns) L. angustifolia 9 ' B) a a R. officinalis C) (nS) T. vulgaris
5 g |
3t
4t [ b
6 i N
- c
~ 3 5 : 2
9 2 4 r E’_
L 3 | :
E 3 |
c 1
S 1L
T 0 0 0 .
..Ea control biosolids dairy shed effluent control biosolids ~ dairy shed effluent control biosolids dairy shed effluent
@ N (kg hd) 0 2800 200 0 2800 200 0 2800 200
o
c 9 7
9 . d ab be L angustiolia (ns) R. officinalis
) C 6
— 7
[ s |
™
= 6 z
@ 5 At g
5]
$ 4 3 L %
3
2 L
2
1 1r
0 0
S S S S S S
N (kg h&) Q S 'i?b é’? S & 9 &

Figure6.7: Average essential oil concentration (mgtgW)of L. angustifolig R. officinalisand T. vulgarisin A, B and €Exp. 2 (n=3 * se) in addition to D andExp. 3 (n=5 + se)
respectively. Sigh FA Ol yi RAFFSNByOSa o6SG6SSy (GKS GNBFOGYSyda G LI X ndap FNBE AYyRAOLIG



essential oil productionk@ ha equiv.)

16 a L toia |20 R officnais] ~ o0
. angustifolia ns .
1 L A) J B) (ns) 160
200
12 + 140
10 ab 120
b 150 | 100
il 100 80
61 60
4 Lk
50 L 40
2 F 20
0 0 0
control biosolids dairy shed effluent control biosolids dairy shed effluent
N (kg ha) 0 2800 200 0 2800 200
140 300 —
D) L. angustifolia E) R. officinalis
120 250
100 | 200 | ®
o]
80 | £
150 5
o
60 | 3
100
40
o0 L 50
0 0
Q S S S
N (kg h&) ) .i?Q S ) &

i KS

ONBIdYSyia

R. officinalis

Figure6.8: Average EO production (kg pof L. angustifolig R. officinalisand T. vulgarisin A, B and €Exp. 2 (n=3 + 9and D and EExp. 3 (n=5 + seyignificant differences between
FG LI X ndnp

I NB AyRAOIGSR

oe

RATFSNBy

(ns)

t SGiSNa

ol

6z 00

C) T. vulgaris
i [V
- =
)
- E
@
Q
- <
()
control biosolids dairy shed effluent
0 2800 200

GAOGKAY
82

i KS



6.4 Discussion

The total EO concentrations bf scopariunand K. robustan the experiments wee similar to those
reported in other studiegMaddocksJennings et al., 2005b, Porter et al., 1998, ®&Bearch, 2000)
This indicates that the EO concentrations obtained in this stuehe similar to what may be found in
commercially grown EO crops. Ttaal EO concentratiomof L. angustifoliaR. officinalisand T.
vulgarisin the experiments were less than the average EO production of the commercially grown
plants that usually is obtained by distillation(EsoterieQils, 2014).Therefore, the commeral

production yield could be higher than the concentrations reported in this study.

For L. scopariumK. robustaand T. vulgaristhe increases in biomass resulting from biowaste
application were not offset by a reduction in the plant oil concentratidmer€fore, the addition of
biowastes is likely to increase the total yield of EOs.RE@fficinalisand L. angustifoliasome of the
biowaste treatments significantly reduceide oil concentration(Figure6.7 B & D) thereby offsetting

some of the gain resulting from increased groWfgure4.7 B &D)

The sawdust+KB treatment not only increased the biomass productioh.o$copariunbut also
significantly increased the oil concentration in the plangritby significantly increasing the oil yield.
Blending biosolids with sawdust has demonstrable environmental benefits in terms of N losses
(Paramashivam et al., 201@&nd such mixtures may be an effective means of establishing high EO

yielding crops oL.scopariumon former pine forest soils.

Various studies showed the plants biomass increase affected by the different biowastes application
(e.g. biosolids and DSEYlonterumici et al., 2015, Esperschuetz et al., 2016a, Massa et al., 2016,
GutiérrezGinéset al., 2017) It was expected that EO concentration would either decrease because of
the high concentration of plant essential nutrients that make an optimum condition for the plants
ANRGUK O6{0SP20A06 SiG FfdZ HAmMmIO5)odiRcEasytHi@ ®B S
presence of heavy metals in the biowastes, which increase the stress for the (fPaatad et al.,
2014b) For example N increases the photosynthesis rate, which promotes the growth and biomass,
but it would decline the EO comé (Shabahang et al., 2016), although some research show different

results.

Shabahang et al. (2016) showed that the applicatibap to 100 kg N haequiv.urea decreased the
EO content oNigella sativaand Foeniculum vulgareMilthorpe et al. (1994jound no change in the
EO concentration and yield @ucalyptus polybmctefollowing 30 kg ha application of N and P
fertilizers. Close et al. (2004) found higher EO leVEl globulusindE. nitengMyrtaceae family) when

fertilizer (N P: K20:2.2:66; solution concentration 1 g was applied twice a week than once a week.
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In general, the EO production hy scopariumK. robusta L. angustifolia and R. officinaliswas
increased by biosolids application as it was originally hypothesized. EQcficodof T. vulgarisdid

not change by biosolids and DSE applicafidre fndings ofScavroni et al. (200%re consistent with

the results of this experiment. They found no change inNtemtha piperitaEO quality but increase in
the EO quantity in presice of 28 t ha biosolids application. Other studies alsgported the EO
production increase by biowastes applicatidResults of an experiment ddosa damascenshowed

that EO production increases by 59% when cow manure was applied at the rate lofilERahmani
and TabaeAghdaei, 2014). Similarly, Anwar et al. (2005) showed that EO productiGairatim
basilicumsignificantly increased by applying 10 t'farmyard manure (1.28% N, 2.14% P, and 0.95%
K). Kumar and Patra (2012) showed that mixirgpoic wastes with fly ash and garden soil increases
the EO production d¥lentha piperita Darvishi et al. (2010) also showed a 17% EO production increase

by irrigating theOcimum basilicurwith treated domestic wastewater.

Applying up to 2800 kg N haquiv. of the biosolids in Exp. 2 and Exp. 3 significantly increased the EO
production ofL. angustifolisdby more than 70% in both experimentsigure6.8 A and D). Results of
Hadipour et al. (2013jupportsthe results gained from this study¥hey showed applying 180 kg N ha
lincreases EO content In angustifoliaThere are other cases of EO vyield increasing by N utilization.
For example, 60 kg Haapplication of urea increased the Feverfelafacetum partheniulnEO
production (Hamisi et al., 2012). SimilaRy officinali€O yield would significantly increase by applying
N and K (150 and 100 kgha™?) (Puttanna et al., 2010) that is paraléth the results of Exp. F{gure

6.8 E). In this experiment application of up to 1500 kg N éguiv. of CB increased the EO production
of R. officinalidoy 60% Other study showed that application of mutton manure besides phosphate
solubilizing bacterium and nitroxin increases the bé@m® and EO production &f vulgarigYadegari

and Mosadeghzad, 2012).

Time of the sampling for the EO production is also important in the quality and quantity of the
produced EOFigueiredo et al. (200&nd Hussain et al. (2008) demonstrated ttteg EOcomposition

and yieldof Achillea millefoliunrand Ocimum basilicursignificantly changeduringthe seasonDuring

the vegetative periodAchillea millefoliumEO had higher sesquiterpene hydrocarbons, while in the
flowering seasonthe monoterpenehydrocabons weredominant. Ocimum basilicunrshowed higher

EO content (0.8%) in winter than summer (0.5%).

Plant age affects both EO quantity and composition. The EO concentratimhgroductionof L.
scoparium and K. robustgrown in Exp. 2 (longest period extpment) were relatively higherin

unamended soitompared to the other experiments. The general higher concentration of the EO in
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the field survey (older plants) compared to the greenhouse (younger plants) is consistent with this
observation Differenceshetween the greenhouse and plants from the field may also arise from their

being more environmental stes (wind, temperature extremes amttought) in the field than in the
IAINBSYyK2dzaS 6. SiGFAS0 S fdX HnAanodI 19948 TeBohy? dz 2 &
natural L. scopariunsample that had lower concentration compared to the greenhouse plants was
related to the Yarrs FIgFigure6.6)® Ly GKAa LX FOS LIXlyGa gSN®) o Gl
b) grown in a swampy medium, highN, C and available Pable3-6). This resulted less radiation to

the lower parts of the plant that was possible to reach for the sampling and optimum growth situation

for the plants. Thereforetheseplantsmay have experienced less stress, which waekult in lower

EO concentrationfAbdelmajeed et al., 2013)

6.5 Conclusions

In most cases, the addition of biowastes did not reduce the EO concentrations in the plants. Therefore,
the increasedhiomassresulting from biowaste addition (Chaptdf would result in an increased EO
yield. As with the previous Chapters, the addition of biosolids at or around 1500 kgegtia. would

result in the largest increases in EO yield, while not resulting in exceskraeliNing or TE accumulation

in the abovegroundportions. The application of DSE significantly reduced the EO concentraion in
officinalisand should not be used on this species for EO produdfoture work is needed to compare

the application of same rates of elements (e.g. N, P, K, Ca anoyivtgheral fertilizers and biowastes

in terms of EOs. The effect of higher N concentration or other type of biosolids applicati®n on

vulgarisEO production has not been evaluated, whiolild be the subject offuture research
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Chapter 7

Effect of biowastes on essential oil composition

7.1 Introduction

The application of biowastes affect the concentration of macronutrients and TEs in the plants
(Chapter 5)Essential oilare made from secondary metabolitéSigueiredo et al., 2008\ny
change in the concentrations of macronutrients may alter the secondary metabflite et

al., 2011)Moreover,all metabolism activities in the plants are run by enzyifiesns et al.,
2003). As TEs act as-tactor for enzyme actiwt(Morgan and Connolly, 201,3ny change in

the TEs concentration would change the secondary metabalitdgding the EO components
Likewise TEs concentrations above the optimum level for the plavdsld cause metabolic

disorders and inducehangesn the essential oicomposition(Zheljazkov et al., 2006)

There are conflicting results about the effect of macronutrients and TEs on the EO content of
different plants.Biesiada et al. (2008howed that N pplication (>100 kg haammonium
nitrate) diminishes the quality and antioxidant activities lohvandula angustifoligEO.
Chrysargyris et al. (2016) reported that somneangustifoliaEO components (1-8ineole,
02Ny S2f x> Oterpihdkipvare affgtdd (No constant pattern of increase or decrease)
by increasing the N and P levels in a hydroponic experin@ttiter research showed that
applying 300 kg N hadid not affect the Thymus vulgaris EO quality (thymol content)
(Omidbaigi and Arjmandi, 200Brasad et al. (2014a) reported that application oitZ® mg

kg! Pb, Cr, Cd or Ni to the soil increased the EO concentration and khusimol content in
Vetiveria zizanioides However, Zheljazkov and Nielsen (1996a) reported that high
concentrations of TEgecreased the EO production Bfentha piperitaand Mentha arvensis,

but did not affect EO qualityZheljazkov and Nielsen (19960 showed that TEs did not
change the EO quality and quantitylobngustifolia Furthermore the authors reported that
althoughL. angustifolieclusters accumulated different amounts of heavy metals, the EO was

not contaminated.

In the experiments of this thesis, biowastes application affected the EO composition of
Y n Yy dzlLéptosgermum scopariumz 1 nKudzgd robdsta lavender (avandula
angustifolig, rosemary Rosmarinus officinalisand thyme Thymus vulgarjs Thechanges in
the EOs composition were generally smadlverthelesshe pattern of componentsalteration

was not consistentFurthermore as there is no interational standard for the concentration
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of individual components of the EOs, it is not possibleammouncethese minor changes

positive or negative.

7.2 a n Y dzl.eptospermum scopariurd.R. Forst & G. Forst) and
1 n Yy dKurzeadobustale Lange & Toelken.)

The addition of all biowastes except TMW resulted in significant chandesscopariuntEO
composition in some of the treatments. However, these chawvge® relatively small (<20%)
in most caseslable7-1 shows theall EO evaluatedomponentsof L. scopariunm Exp. K EXp.
5 (greenhousepot experiments). This table also shows teémber ofcomponents thatwvere
affected by biowastes applicatioGeneraly, Table7-1 shows that mixing biosolids with soil
would affect a greater number &f scopariuniEO components compared soirface application

of biosolids anather biowastes.

In Exp 1, five of 13 evaluated EO componentd ofcopariunshowed signifiant difference to

the control when biowastes were applied. This number was 4/18, 8/23 and 2/19 for the-Exp. 2
Exp. 4 Figure7.1). Results shows that applying 2800 kg N b&KB and up to 1500 kg N-ha

CB would affect a small number of thescopatim EO componentdrigure7.1 also showshat
generallythe effect of sawdusti&B onL. scopariuntcomponentswas positive, while this effect
was negative by DSE applicatibmboth Exp. 5 and Exp. 6, the application method (surface
applied or incorporateddf CB did not change the EO concentratioh.iscopariunfFigure6.3)
although the application had small but significant effect on some compon€gigarg7.2 and
Figure7.3).

Figure7.2 shows that in the Exp.,3he surface application and mixiagame rate of biosolids

with the soilmostly had similar effect on the EO componengdthough insomerates of CB

application the O2y OSY UGN A2y a 2F-086NNRYSINER LKAt SF3ES
farnesene, calamenene, spathulenol and ledol in thivestt extracts were higher when CB

were surfaceapplied compared to the same rate of CB incorporated into the Bigjure7.3

shows that in therhizoboxesexperiment (Exp. 6), the same rate@Bapplication in different

methods had similar effectonth®2 YLI2 y Sy i & 02 y OS yoiimNdneithawas S E O S LJi
K A 3 K S NfarteseRe, which was lower in the solvent extract wi@Bwere applied in

patchescompared to the surface application of CB

The Number of evaluated. scopariunEO components in the figk survey was 26, 22 and 21

for Nikau Palm Gully, Quail Island and Yarrs Flat, respectively. The common major components
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Ay GKS SEGNI-BGSRSPEE 0OISNBERUEHEHSY S blinehey R h
(Table7-2 and Appendix C). These compone(dgcept for caryophyllene) were more than
twice concentrated in Nikau Gully and Quail Island samples than the Yarrs Flat. Traces of nor
triketones have been detected in scopariunsamples, but as the chromatography peaks were

indistinct, the quantity calulation was not possible.

Table7-3 shows the five major EO componentsf L. scopariumexpressed as a percentage
contribution in the Exp. IExp.7. Results showed that none of the. scopariummajor
components were affected by KBp(to 2800 kg N hdequiv.) DSE (200 kg N haquiv,) and
TMW @0 kg N ha equiv.)application.L y 9 E LJ® Elemer ywasositively affected by
sawdust+KB and not with the KB treatment alora.Exp. 3i-9 f S Y S y SSelihefieRwere
affected by the treatments. These components contribute cal8% d the EQconcentration

i -elemene wassignificantlydecreased when 500 kg N-haquiv.CBwere applied to the soil,
0dzi GKS KAIKSNI LI AOIGA2Y NIGS&a RAR y2i OKI y:Z
selinene was significantlglecreasedoy 1500 kg N hat equiv. CBapplication and neither less,
nor higher application rates changed its concentrationExp. 4, calamenene was higher when
1500 kg N hidequiv. CB were applied to the soil. Hrp. 5 surface application of 630 and 1900
kg N ha equiv. CB and incorporation of 1900 kg N'temjuiv. CB decreaseate concentration

2 T -selinene andincorporation of 630 kg N haequiv. CB decreasethe calamenene
concentration. The remainder of the components did not change compared to the control in
this experimentin this experiment,hie highest biosolids appktion rate (5700 kg N Hamade

no change in the concentration ahajor components.The maximumL. scopariumeQO
component concentration in Exp. 6 waslated to -Elemene that was unaffected by the
biosolids application methoddncorporation of CBwith soil and applying patches @B

RS ONXB I a Sélinenk Kdhcentratioin Exp. 6 Moreover, all the treatments negatively

AAAAA
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Table7-1 All evaluated essential oil components range lof scopariumin the greenhouse pot experiments. Standard errors are given in parenthesis. Existence of the significant difference

atp>X nodnp

A & & A gdrcerratianS &e ndgdin the solventextract.

Rank  Component name Control range Biosolids range (mixed) Biosolids range (surface Dairy shed effluent sawdust+
applied) biosolids

1 h -pinene 0.3(0.1)0.4 (0.1) 0.18 (0.03)0.55 (0.22) 0.20 (0.03)0.40 (0.08) - -

2 i -pinene 0.16 (0.03) 5.1 (4.9) - 0.4 (0.3) -

3 i -myrcene 0.3 (0.1)0.6 (0.3) 0.13 (0.04R.4 (2.0) * 0.3 (0.1)0.7 (0.37) * - 0.8 (0.2) *

4 limonene 0.14 (0.04%0.79 (0.48) 0.04 (0.000.6 (0.3) * 0.12 (0.0291.2 (0.3) * 0.12 (0.09) 0.29 (0.05)

5 1,8cneole 0.21 (0.035.7 (2.8) 0.10 (0.09%.1 (2.2) 3.8 (2.0)11 (2.7) * 0.02 (0.01) * 0.18 (0.05)

6 i dtimene 0.05 (0.02)0.13 (0.05) 0.07 (0.04)1.7 (1.6) * 0.5(0.4) - -

7 1-terpinene 0.2 (0.1)0.6 (0.2) 0.2 (0.1)0.8 (0.4) * 0.2 (0.130.5 (0.3) - -

8 linalool 0.7 (0.4)6.2 (1.9) 0.5(0.35.4 (2.1) * 1.1(0.445(14)* 2.3(0.8) 3.1(1.9

9 h terpineol 0.7 (0.5)2.1 (L.1) 0.06 (0.0131.6 (0.6) * 1.1 (0.6)2.8 (0.8) - -

10 h -cubebene 10 (0.9)18 (5.2) 6.7 (4.9)15 (2.7) 14 (2.7)15 (2.2) 11 (3.7) 18 (4.3)

11 h -copaene 1.2 (0.5)10 (1.8) 1.6 (1.3)3.6 (1.4) * 3.4 (0.6)4.4 (0.8) 4.2(2.2)* -

12 i -elemene 30 (5.2)66(32.0) 23 (4.0)67 (11) 44 (18)54 (4) 39 (4.3) 87 (20) *

13 h-gurjunene 0.9 (0.2)4.1 (1.3) 1.7 (0.3)3(0.7) * 1.5 (0.3)4.9 (0.9) 1.5 (0.4) 1.9 (0.2) *

14 caryophyllene 6.3 (2.8)36 (12) 4.6 (3.2)29 (3.7) 17 (2.5) 31 (4.0) 24 (5.5) 45 (19)

15 aromadendrene 0.6 (0.2)5.0 (2.8) 1.1 (0.5)5.6 (1.4) 1.1 (0.6)13 (7.5) 1.8 (1.4) 2.6 (2.0)

16 delta-cadiene 6.7 (1.3)13 (4.6) 4.5 (4.0)11 (4.6) 9.2 (2.4)14 (2.3) - -

17 h -humulene 1.5 (0.3)34 (2.4) 1.6 (0.2)3.1 (0.3) 2.5 (0.6)40 (4.9) 1.7 (0.5) * 41(16)

18 alloaromadendrene 0.5 (0.1)2.7 (0.3) 1.4 (0.5)2.4 (0.4) 2.0 (0.4)4.0 (1.6) 1.0 (0.6) * 3.3(0.9)

19 i -selinene 19 (3.2)40 (19) 10 (1.0)29 (3.5) * 13 (3.1) 23 (10.8) 24 (13) 23 (5.8)

20 h-selinene 7.9 (2.1)52 (14) 22(3.5) 40 (8.5) * 14(3.1)50 (10) * 27 (13) 22 (7.2)

21 h-muurolene 1.0 (0.3) 0.2 (0.1)0.7 (0.4) * 0.5 (0.3)0.9 (0.3) 0.4 (0.1) -

22 h farnesene 6.7 (1.9)24 (3.5) 3.7 (1.5)27 (15) 6.4 (1.8)11(3.2) * 9.6 (2.1) 18 (2.5) *

23 calamenene 8.2 (1.9)25.2 (4.5) 11 (8.6)19 (2.3) * 24 (2.5)29 (3.3) 13 (3.6) 29 (5.9)

24 spathulenol 0.2 (0.1)1.3 (0.4) 0.2 (0.1)1.1 (0.4) * 0.17 (0.020.8 (0.3) * - -

25 caryophyllene epoxide 0.7 (0.2)4.7 (3.9) 0.7 (0.2) 1.2 (0.4) 1.3(1.2) 2.0(1.2)

26 ledol 0.7 (0.1) 0.4 (0.2)0.5 (0.3 * 0.6 (0.2)0.9 (0.3) - -
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Table 7-2 Essential oil components concentration tfie field sampledL. scopariumfrom Nikau Palm Gully,
Quail Island and Yarrs Flat. Concentrations are mgirL the solvent extract. Standard errors are given in
parenthesis.Different letters (a, b, ¢) indicate significant differences between teampling sited & LJ XX ndnp ®

Nikau Palm Gully Quail Island Yarrs Flat
h-thujene 1.1 (0.4) * *
h-pinene 4.1 (2.5) 4.1(1.9) *
I -myrcene 0.4 (0.2) 3.1(2.9) 2.0 (1.0)
h -terpinene 0.10 (0.03) * *
cymene 1.3 (0.6) 0.4 (0.1) 0.7 (0.2)
limonene 0.2 (0.1» 0.12 (0.0 0.08 (0.0
1,8-cineole 2.1 (2.0) 0.7 (0.6) 0.3(0.1)
i dcimene 0.6 (0.2) 0.18 (0.02) *
1-terpinene 3.8(1.5% 0.4 (0.3} 0.9 (0.4%
linalool 8.8 (4.7) 1.1 (07) 1.5 (0.6)
terpinen-4-ol 0.2 (0.1) * 0.11 (0.03)
h -terpineol 0.8 (0.68) * *
h -copaene 7.1(1.2 4.2 (0.9% 1.2 (0.4
i -elemene 32.1(7.7% 52.0 (10.3) 13.9 (4.7
h-gurjunene 6.7 (0.9% 3.8 (0.5Y 2.0 (0.3Y
caryophyllene 22.7 (2.5) 16.2 (3.0) 16.7 (4.0)
aromadendrene 3.6 (0.9% 4.5 (1.3} 1.4 (0.8Y
1 -cadiene 10.1 3.3 21.0 (3.4 3.0 (0.4
h -humulene 3.5(0.4% 2.7 (0.43° 1.8 (0.1y
alloaromadendrene 3.6 (0.2 3.5(0.8} 1.0(0.2y
i -selinene 222 (4.9 25.2 8.9p 8.0 (1.7%
h-selinene 31.5 (4.4 50.3 (7.09 11.3 (1.3)
h-farnesene 11.9 (2.7) 7.7 (2.7) *
calamenene 42 (2.0% 31 (2.5% 21.6 (3.5
spathulenol 1.9 (0.6) 6.2 (2.2) 1.7 (0.6)
caryophylleneepoxide * * 2.1(1.5)
ledol 1.6 (0.3 1.3 (0.3} 0.4 (0.1Y
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L. scopariunessential oil components legcale concentration (mg?)
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Figure7.1 Significantly differentL. scopariunessential oil componentgp XX n th Exp.0t Exp.4 (AD). For Exp. 3, five components out of the eight significantly different ones, that had
highest conentrations (>0.1 mg t) are illustrated (for clarity). The concentrations are mg in the solvent extract.
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L. scopariunessential oil components legcale concentration (mgty
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Figure7.2 Significantly differentL. scopariumessential oil componentgp X n ExpLS5. The concentrations are mg in the
solventextract.
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Figure7.3 Significantly differentL. scopariunmessential oil component$p>X n ¢ fExp.06. The concentrations are mgib the
solvent extract.
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Table7-3 L. scopariunfive major essential oil components, expressed as a percentam@ribution in Exp. 17 (n=4, 3, 5,

5, 4, 3 and 15, respectively). Standard errors are given in parentheses. Numbers below the treatments show the N equiv.

applied (kg ha). Different letters (a, b, ¢) indicate significant differences between the treatnied | G LI X ndnp® { G i
analysis is based on the concentrationsB, CB, DSE and TMW represent Kaikoura Biosolids, Christchurch City Council

Biosolids, Dairy Shed Effluent and Treated Municipal Wastewater, respectively.

Control KB SawdustKB
Component 0) (1250) (1250)
i -elemene 12 (1.6Y 13 (1.8 15 (3.5 - - - -
caryophyllene 85(1.2) 7.6(04) 7.7(2.5) - - - -
o h -humulene 11 (2.1) 9.8(0.6) 7.7(3.2 - - - -
g I -selinene 26(0.6) 3.6(0.6) 3.7(0.5) - - - -
n| calamenene 5.9 0.7) 6.2(0.2) 5.1(1.2) - - - -
Control KB DSE - - - -
(0) (2800) (200)
i -elemene 15 (7.6) 18 (0.9) 17 (3.3) - - - -
i -selinene 7931 6.2(1.1) 8.3(3.5) - - - -
h-selinene 11 (1.9) 11(1.2) 9.9 (3.9) - - - -
N h.farnesene 53(1.1) 6.3(24) 4.0(0.6) - - - -
£ calamenene 46 (15 4407 50(03) - - - -
Control CB CB CB CB - -
(0) (500) (1500) (4500) (13500)
i -elemene 9.0 (1.4 7.3(15Y 11(0.8y 13 (1.7% 13 (4.8 - -
i -selinene 5.8(1.03 55(0.7 3.7(0.3% 59(0.69 85(0.23 - -
h-selinene 9.0(0.2) 8.6(0.8) - 8.2(0.8) 12(1.7) - -
™ h-farnesene 20(0.4 1.8(0.3) 3.3(1.4 3417 6009 - -
u%- calamenene 5.7(0.6) 56(0.3) 5.2(04) 46(0.3) 34122 - -
Control - CB - - - -
(0) (1500)
i -elemene 18 (2.4) - 12 (1.4) - - - -
I -selinene 10 (2.1) - 9.8 (0.8) - - - -
h-selinene 12 (2.0) - 12 (0.7) - - - -
N h-farnesene 29(0.9 - 4.8 (1.9) - - - -
L% calamenene 3.3(1.0y - 5.0 (0.5% - - - -
Control CBM CBT CBM CBT CBM CBT
0) (630) (630) (1900) (1900) (5700) (5700)
i -elemene 12 (3.0) 18 (2.0) 14 (1.9) 13 (2.3) 9935 11(1.3) 10 (3.6)
i -caryophyllene 3.7 (0.8 6.0(1.73 5.7(0.8> 33(1.0) 6.2(1.4) 49(0.9°  3.6(0.4"°
i -selinene 82(2.2) 5.0(0.8) 3.1(0.9) 45(1.0) 24(0.8) 7.3(1.2) 4.6 (1.8)
¥ h.selinene 12(1.23 9.8(1L.2* 7.8(1.2%  75(1.4) 6.9(2.1¢ 11 (1.3 11 (1.4}
L% calamenene 6.1(0.6° 4.0(0.8) 55(1.4®  49(0.6) 6.8(0.6) 4.8(1.0}c 4.5 (1.3
Control CBTop CBMix CBPatch - - -
(0) (3000) (3000) (3000)
i -elemene 18(1.5) 19(2.8) 20 (4.4) 17 (35) - - -
caryophyllene 6.8(1.5) 43117 7.1(31) 46 (15) - - -
i -selinene 8.1(0.5% 35(1.6%° 3.9(0.2) 3107 - - -
©  h.gelinene 11 (1.0 4.2(0.9y * 5.4* - - -
£ “calamenene  59(0.7) 50(06) 56(06)  7.1(0.7) -
Control TMW - - - - -
_ © (30
i -elemene 6.1(14) 6409 - - - - -
caryophyllene 36(04) 44(0.7) - - - - -
I -selinene 43(0.6) 36(0.6) - - - - -
';L h_selinene 6.4(0.7) 63(07) - - - - -
3  calamenene 6.2(0.5) 6.1(0.4) - - - - -
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The addition of biosolids (KB and CB) sagldust+KB resulted in significant changeKimobustaEO
compostion in some of the treatments. Amonge first four experiments, only in Exp. 1 and Exp. 3 the
concentrations of the EO components significantly changed and adwé#topariumthese changes
were small (<20%). DSE and TMW application did not change the EO comp®daliler-4 compares

K. robusta EO components concentrations in the solvent extract of all pot experiments for all
treatments. This table shows mixibipsolids (KB and C®jth the soil had a greater effect on thé
robustaEO quality compared to other treatmentsadust+KB, wface application oKBand DSE).

The major component oK. robustaEOA a-pinene, which wasunaffected byall the biowaste
treatments This componentomprised31%47% of theEOin the greenhouse experiments. The
number ofK. robustaEOevaluatedcomponents in Exp.-Exp. 4, were 13, 14, 20 and 20, respectively
In Exp. Jonly pcymene whichhas ca.Z7/% contribution to theeOcomponentswasdecreased bKB
application andsawdust+KB decreased theterpineol (Figure7.4 A). Out of the eight components
that were significantly affected by the treatmeniis Exp. 3, only rialool, all@romadendrene and
spathulenol were affected whe@Bwere applied up to 1500 kg N haquiv. and all three were
increased by this treatmenf{gure7.4 B).CBapplication in higher rates negatively affected the other

components illustrated ifrigure7.4 B.

The number of evaluated EO components were 23 for Nikau Palm @udlyQuail Island and 24 for

Bridle Path. Analysis of theaturally grownK. robustaEO samples showed that as oth€r robusta

LX FyGad FNRBY RAFTHiMBey@d NEIADVE2NF 9h%O2W LRy Syido |7
terpinene, calamenene and ledol mainly contribute in #aerobustaEO and other componentgsere
negligible(Table7-5). The concentration df-pinene was not substantially different in the samples of

the three sites but some variations has been monitored in the minor components (generally lower in

Nikau Palm Gully compared to Bridle Path).

Table7-6 shows three major components of th&. robustaEO and their contribution percentage in
Exp. 2Exp. 4and Exp. 7In these experimentshie major componentsof K. robusteEOwereh -pinene,
p-cymene, 1,8cineole,’ -terpineneand ledol In Exp. 7 (field experiment), the application of TMW
affected neither the total concentration nor the composition of the EBigyre6.5, Table7-6 and

Appendix ¢
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Table7-4 All evaluated essential oil components range i¢f robustain the greenhouse experiments. Standard errors are given in parenthesis except for the numbers that have been detected once.

Existence of te significant difference atpk n®np A & & p §oRder@ratidnS &te ndgdin the solvent extract.

Rank  Component name Control range Biosolids range (mixed) Biosolids (surface applied, Dairy shed effluent Sawdust+KB
1 h-thujene 1.7 (0.793.8 (19) 1.9 (0.3)3.4 (0.9) - - -

2 h pinene 104 (731707 (29) 90 (7)110 (12) 161 (9) 93 (9.0) 124 (28)
3 h -terpinene 0.06 (0.01) 0.11 (0.02)0.20 (0.09) - - -

4 i -pinene 1.0 (0.1)1.6 (0.2) 0.8 (0.2) 2.2 (0.3) 0.8(0.2) 1.6 (0.7)
5 i -myrcene 0.6 (0.1) - 0.82 (0.04) - 0.5

6 cymene 9.3 (3.3)26 (6.6) 3.3(0.914 (7.5) 10 (2.0)* 13 (12) 23 (4.6)
7 limonene 1.8 (0.6)4.3 (0.6) 1.4 (0.2)2.6 (0.8)* 4.5 (0.7) 2.0 (0.7) 8.4 (4.1)
8 1,8-cineol 5.0 (2.7)28 (7.0) 4.0 (1.1)26.2 (3.6)* 14 (5.5) 26 (2.2) 6.4 (44)
9 i -ocimene 0.5(0.2)1.1 (0.3) 0.5(0.3)2.2 (1.8) - - -

10 1-terpinene 13 (4.6)28 (14) 15 (4.8)26 (6.7) - - -

11 h -terpinolene 2.1 (0.6)3 (1.5) 2.1(0.6)4.8 (1.4) - - -

12 linalool 2.7 (0.513 (3.7) 2.2(0.3)7.1 (1.2)* 8.1(1.2) 1.5(0.9) 9.0(24
13 terpinen-4-ol 0.8 (0.2)3.0 (1.0) 0.36 (0.03)1.3 (0.52) 1.8(0.3) 0.7 (0.6) 1.8 (0.4)
14 h terpineol 1.3 (0.6)7.6 (1.5) 1.0 (0.3)6.6 (1.5)* 2.6 (0.8) 5.5 (1.4) 1.4 (0.6)*
15 h-copaene 0.4 (0.1)0.8 (0.2) 0.26 (0.04)1.3 (0.6)* - 0.6 (0.1) -

16 h -gurjunene 0.8 (0.2)0.8 (0.1) 0.8 (0.1)1.2 (0.2) - - -

17 caryophyllene 0.3 (0.1)1.1 (0.7) 0.4 (0.1)0.6 (0.1) 0.8 (0.1) - 0.3(0.2)
18 alloaromadendrene 0.5 (0.1)0.7 (0.2) 0.4 (0.1)1.0 (0.2)* - 0.7 (0.2) -

19 delta-cadinene 0.6 (0.1)0.8 (0.2) 0.7 (0.1)0.8 (0.2) - - -

20 calamenene 3.2 (0.8)9.2 (0.8) 1.12 (0.039.4 (3.2)* 4.7 (0.8) 8.3 (1.5) 3.7 (0.8)
21 viridiflorol 11 (3.3) - 14 (4.5) - 14 (4.5)
22 spathulenol 0.7 (0.2)2.4 (1.0) 0.3 (0.1)2.5 (0.5)* - 4.1(0.8) -

23 caryophyllene, epoxi@ 0.3 (0.1)0.6 (0.1) 0.2 (0.1)0.4 (0.2) - 0.9 (0.4) -

24 globulol 1.8 (0.796.0 (2.4) 7.2(3.7) 2.1(0.6) 6.1(2.1) 0.7 (0.1)*
25 ledol 3.4 (0.9)4.6 (0.6) 5.2 (1.0)7.0 (1.9) - - -
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Table 7-5 Essential oil components concentration of the field sampl&d robustafrom Nikau Palm
Gully, Quail Island and Bridle Pass. Concentrations are #ig the solvent extract. Standard errors are
given in parenthesisDifferent letters (a, b, c) indica significant differences between theampling
sitesatp>X ndnp P

Nikau Palm Gully Quail Island Bridle Pdh
h-thujene 4.7 (1.5) 4.6 (1.7) 5.6 (1.2)
h-pinene 185 (4) 205 (16) 204 (30)
I -pinene 1.9 (0.4y 0.6 (0.1y 3.4 (0.5}
h-terpinene * 0.12(0.09) 0.14 (0.04)
cymene 17.3 (4.2) 38.9 (9.6) 25.5 (4.8)
limonene 3.9(0.5) 4.4 (0.4) 4.0(0.2)
1,8-Cineol 8.5 (2.3) 15.5 (4.0% 6.9 (2.8)
I -ocimene 1.4 (0.5) 0.6 (0.2) 1.8 (0.9)
I-terpinene 32.5(10.5) 20.6 (9.5) 38.3(9.1)
h-terpinolene 5.6 (1.9) 4.0 (2.1) 6.0 (1.4)
linalool 7.6 (2.4) 7.7 (1.7) 9.8 (2.4)
terpinen-4-ol 2.1 (0.5) 2.2(0.4) 2.4 (0.6)
h -terpineol 2.7 (0.67 3.9 (0.8 2.3 (0.5Y
h-cubebene 0.4 (0.1) * *
h-copaene 1.9(0.2Y 2.4 (0.3 2.8 (0.4
h-gurjunene 2.7 (0.6) 2.4 (0.7) 4.4 (0.3)
caryophyllene 1.4 (0.5Y 1.27 (0.4 3.3(0.5%
h-humulene 0.6 (0.1 0.87 (0.2 1.0(0.1%
alloaromadendrene 2.9 (0.5) 3.47 (0.6) 3.9 (0.6)
1 -cadinene 1.9 (0.3y 1.6 (0.1y 3.0 (0.3}
h -muurolene * * 1.4 (0.1)
calamenene 10.3 (1.2 19.5 (2.7 20.9 (2.4
spathulenol 5.5 (1.3 8.3 (1.4} 2.5 (1.2Y
caryophyllene, epoxide 1.2 (0.2Y 1.9 (0.49° 2.2 (0.3
ledol 21.5(2.6) 27.0 (4.09° 41.1 (5.2
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K. robustaessential oil components legcale concentration (mg4.
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Figure 7.4 Significantly differet K. robustaessential oil componentgp X
concentrations are mg-Lin the solvent extract.

n dnnBxm 1 (A) and Exp. 3 (Bhhe

Table7-6 K. robustathree major essential oil components, expressed as a percentage contribution in Exgxi4 and
Exp. 7 (n=4, 3, 5, 5 and 15, respectively). Standard errors are given in parentheses. Numbers below the treatments show
the N equiv. applied (kgh&) @ 5A FFSNByY i
Statistical analysis is based on the concentrationéB, CB, DSE and TMW represent Kaikoura Biosolids, Christchurch City
Council Biosolids, Dairy Shed Effluent and Treated Municipal Wastewater, respectively.

f SiiSNa

ol 8% OO

AYRAOLGS

Control KB Sawdust+ KB -
Component 0) (1250) (1250)
4 h -pinene 33 (2.8) 34 (0.5) 33 (3.5) -
s p-cymene 5.5 (1.6} 2.2 (0.5% 7.3 (2.4%° -
il 1,8cneole 2.8 (1.2) 2.9 (1.0) 1.5(1.2) -
Control KB DSE -
(0) (2800) (200)
h-pinene 33(2.2) 31(2.5) 35 (3.4) -
‘;! p-cymene 3.0(2.1) 2.7 (1.8) 3.5 (3.0) -
3 1,8-cineole 8.3 (2.6) 8.1 (0.6) 9.6 (1.2) -
CB CB CB CB
(0) (500) (1500) (4500)
h -pinene 44 (3.2) 34 (2.4) 35 (2.5) 47 (2.0)
‘;’i p-cymene 3.6 (1.3) 3.9 (0.9) 4.6 (2.4) 1.6 (0.4)
X 1 -terpinene 5.5 (2.0) 9.5 (2.6) 8.1(2.4) 8.0 (08)
CB (0) - CB (1500) -
h -pinene 40 (5.5) - 39 (2.1) -
Z p-cymene 6.1 (1.6) - 4.6 (1.6) -
5 1-terpinene 8.8 (4.1) - 6.5 (2.1) -
Control T™MW - -
) (30
h-pinene 32 (1.4) 32(1.1) - -
';_ calamenene 2.4 (0.2) 2.5(0.2) - -
i ledol 4.3(0.5) 4.2 (0.4) - -
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7.3 Lavender (avandula angustifoliaMill.), rosemary Rosmarinus officinalis
L.) and thyme Thymus vulgarig..)

Biosolids (KB and CB at rates up to 2800 and 1500 kg*Nahd DSE application affected small
number of the EO componenis L. angustifoliaR. officinali@nd T. vulgarigTable7-7-Table7-11).

Results inrable7-7 shows the concentration range af angustifoligEO components in the solvent
extract for biosolids (CB and KB) and DSE treatments in Exp. 2 and Exp. 3. The table shows that mixing
biosolids with the soil has greax impact on thelL. angustifoliZEO quality than the DSE application.
There were some significant differences at high application ratke.number of the evaluated EO
components folL. angustifoliavas 15 and 18 in Exp. 2 and Exp. 3, respectiFayre7.5 shows the

EO components that were affected by biowastes applicatiofexp. 2 and Exp. Fhe biosolids
application(KB and CB at rates up to 2800 di®0 kg N hd) did not change the concentration of
most of themajor EO components df. angustifah (Table7-7, Figure7.5 and Appendix Although

AY 9ELI o3 FTAGS -DANYEYHHedinalbo), GiaddRdl ghd bomeol were
decreased when biosolids were applied up to 1500 kg N éguiv. to the soil but nine more
components Bowed reduction in higher application rat&igure7.5 B). Table7-8 shows the five
major components of. angustifoligZEO in the experiments. This table showed tB&Eapplication

in Exp. 2(200 kg N ha equiv.)onlyR S O N5 lodinteRe, which conthutes to 24%-3.9% of theL.
angustifoliaEO omponents. In Exp. 3, linalool and borneol welecreased when 1500 kg N-ha
equiv. CB or more were applied to the sdthese components contributes in ca. 25% and 5.5% of the
EO.

Table7-9 compares theR.officinalisEO components concentration ranges of the solvent extract in
Exp. 2 and Exp. 3. This table shows that mixing biosolids (KB or CB) with the soil and DSE application
would affect some components of the officinali€€O. The number of the evated EO components

for R. officinalisvas 15 and 25 for Exp. 2 and Exp. 3, respectively.

Figure7.6 shows theR. officinaliE€Ocomponents that were affected by biowastes application in Exp.

2 and Exp. 3. The results showtbat KB application in Exp. 2 did not alter tB® compositiorR.
officinaliswhile DSE application reduced the concentratich aviyrcene, 1,80 A Y S 2erpfigol b
and verbenongFigure7.6 A). In Exp. 3, applying CB up to 4500 kg MNeoiiv. toR. officinaligither
increased or did not change tlwencentration oEOcomponentscompared to controlFigure7.6 B).
Table7-10 shows the five components that had highest concentratioR irofficinaliEEO and their
contribution percentage in Exp. 2 and Exp. 3. Results of both experiments show that the major

components of the EO were unaffected by the application of biowasterlligeduced component
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was verbenone. This component was affected by DSE application and contributes te6dsfly 8f

the R. officinali€O.

In Exp. 2, ten components were identified in the solvent extradt. afulgarisFigure?7.7 shows that

T. vulgari€€O was unaffected by KB application, while DSE decreased cymene content of the EO. This
component is one of the top five concentrated components of the EO with71% contribution to

the EO componentsTable7-11). Table7-11 alsoshows that thymol that is the major component of

T. vulgari€€EO, was unaffected by biowastes application. This component contributes t0-88%36

of the T. vulgari€EO.
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Table7-7 All evaluated essential oil components range bf angustifoliain the greenhouse experiments. Standard errors
are given in parenthesis except for the numbers that have been detected once. Existence of the significant difference at p
X0.05 is indicated byx f. €oncentrations are mgin the solvent extract. The only alevplant in the highest biosolids rate

application (13500 kg N h§ has not been considered in this table.

Rank Component name

Control range

Biosolids range (mixed)

Dairy shed effluent

L. angustifoliaessential oicomponentdog-scale concentratiorfmg L)

1 h -thujene 0.19 (0.01) 0.15 (0.0130.19 (0.01)* -
2 h-pinene 0.4 0.4)1.3(0.1) 0.4 (0.1)1.4 (0.1) 0.3(0.1)
3 camphene 1.26 (0.04) 1.1 (0.1)1.3 (0.1) -
4 i -pinene 0.7 (0.2) 0.8 (0.3) 0.5(0.1)
5 3-octanone 4.2 (0.8) 2.9(0.3) 4.9 (0.3)
6 i -myrcene 1.8 (0.3)2.2 (0.1) 1.7 (0.1)1.9 (0.2)* 1.5(0.4)
7 p-cymene 0.15 (0.02) 0.17 (0.01) 0.14 (0.01)
8 limonene 1.5(0.5)3.2 (0.2) 1.5(0.133.0 (0.2)* 1.6 (0.5)
9 1,8-cineole 1.2 (0.2)22 (0.4) 1.2 (0.2)26 (1.0)* 0.9 (0.1)
10 h-ocimene 6.7 (0.5)9.5 (0.9) 4.1 (0.4)7.8 (1.6)* 4.9 (1.1)*
11 i -ocimene 1.4 (0.1)11 @.0) 0.99 (0.0409.7 (1.5)* 6.7 (1.6)
12 linalool 73 (4.2Y109 (5.3) 71(4.5)98 (3.6)* 73 (4.9)
13 camphor 40 (0.7) 35 (8.6)50 (1.2) -
14 lavandulol 2.4 (0.3)2.8 (0.2) 0.9 (0.1)2.8 (0.4)* 2.7 (0.1)
15 borneol 25 (1.3) 19 (0.6)23 (0.7)* -
16 terpinen-4-ol 7.2 (0.1)20 (0.7) 6.6 (0.7)20 (1.3)* 7.7(0.2)
17 h -terpineol 2.0(0.1) 2.0 (0.1)2.3 (0.1) -
18 linalyl acetate 68 (6.2)95 (1.7) 58 (3.6)88 (2.3)* 48 (7.5)
19 lavandulyl acetate 9.9 (1.1)15 (1.1) 8.2 (0.9)15 (0.9)* 7.8 (2.1)
20 neryl acetate 0.42 (0.02) 0.38 (0.02)0.41 (0.03) -
21 caryophyllere 6.0 (0.4)6.7 (0.8) 4.5 (0.4%6.3 (0.7)* 3.7(1.2)
100
A biosolds
Odairy shed effluen
a
10 | ab a aIb b
b : f
LI
3-octanone h-ocimene
mo o500
1000 01500 ©O4500
100 2a(Abp
10
1
0.1
@6@& Q\(\é& \\,\&(& o&oz (}(\e\z {)&é\& O&Q ’ \&\0& fb(\b&O\ & Q’a z«vp\ z"é&&z é"éé@ \\*\\é\e
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Figure7.5 Significantly differentl. angustifoliaessential oil component§p XX 1 b Exp.® and 3 (A and Bjoncentrations
are mgL1in the solvent extract.
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Table7-8 L. angustifoliafive major essential oil components, expressed as a percentage contributivExp. 2 (n=3) and

Exp. 3 (n=5). Standard errors are given in parenthelismbers below the treatments show the N equiv. applied (kgha

Different letters (a, b, c) indicate sighiA O} yi RAFFSNByOSa 6SiG6SSy (KS (iNBlIGYSyila
the concentrations. KB, CB and DSE represent Kaikoura Biosolids, Christchurch City Council Biosolids and Dairy Shed
Effluent, respectively.

Control KB DSE - -
(0) (2800) (200)
i -ocimene 4.3 (0.5) 4.4 (0.6) 3.2 (0.5) - -
h-ocimene 3.9 (0.1% 3.5(0.7%° 2.4 (0.5Y - -
linalool 30 (1.3) 32 (1.7) 36 (2.6) - -
(:1! linalyl acetate 28 (0.6) 26 (0.7) 23 (1.5) - -
) lavandulyl acetate 4.1(0.2) 3.7 (0.4) 3.7 (0.6) - -
CB CB CB CB CB*
) (500) (1500) (4500) (13500)
1,8-Cineole 5.3 (0.2) 6.3 (0.3 6.5 (0.23 7.2 (0.3 7.6
linalool 26 (0.9} 25 (0.5Y 24 (0.7% 23 (0.4y 23
camphor 9.7 (0.3) 8.6 (2.1) 11 (0.3) 11 (0.3) 12
‘; borneol 6.0 (0.2} 5.8 (0.13 5.5 (0.2 5.3 (0.43 6.0
i linalyl acetate 23 (0.3% 22 (0.73° 23 (0.53° 24 (0.7% 23

*Result of one sample. This treatment has not been considered for the statistical analysis.

Table 7-9 All evaluated essential oil components range &. officinalisin the greenhouse experiments. Existence of
significant differences atpkn ®np A a A y RtanGdrdie$oRs ame giverdip parénthesiBoncentrations are mgtin
the solvent extact.

Rank Component name Control range Biosolids range (mixed) Dairy shed effluent
1 h-pinene 44 (1.8)48 (1.3) 43 (3.7)52 (4.3) 37 (3.0)
2 camphene 25 (3.2)31 (5.8) 21 (2.3)32 (5.4) 25 (3.5)
3 i -pinene 15 (2.1)17 (3.6) 12 (2.3)23 (4.0) 14 (2.0)
4 3- octanone 0.06 (0.029.9 (6.0) 0.09 (0.01314 (1.2)* 1.8 (1.5)
5 i -myrcene 16 (3.0)25 (6.0) 11 (1.3)18 (1.2) 9.1 (4.6)*
6 h -fellandrene 0.8 (0.1) 0.9 (0.1)1.07 (0.03)* -

7 cymene 1.2(0.3)2.2 (1.6) 0.8 (0.1)3.3 (1.4)* 1.5(0.3)
8 limonene 11(0.8) 11 (1.1)12 (0.7) -

9 1,8-cineole 33 (1.1)76 (2.7) 33 (4.4)87 (2.8) 46 (16)
10 1-terpinene 5.4 (0.9) 3.9 (0.5)5.6 (0.3) -

11 h -terpinolene 2.1(0.2) 2.2(0.3)2.5(0.2) -

12 linalool 5.4 (1.1)7.4 (1.6) 3.5(0.5)7.3 (1.6) 4.2 (0.2)
13 camphor 20 (4.7364 (19) 13 (4.7)60 (1.0) 53 (8.3)
14 borneol 13 (2.4)14 (2.1) 6.9 (0.8)21 (5.1) 13 (4.0)
15 h - terpineol 4.2 (0.2)9.3 (0.4) 4.2 (0.4)11 (0.3) 4.7 (1.1)*
16 verbenone 13 (0.9)27 (3.7) 12 (2.0)20 (0.6)* 8.3 (4.7)*
17 bornyl- acetae 8.2 (5.4)27 (2.6) 11 (6.9)30 (7.6) 13 (3.6)
18 eugenol 0.13 (0.01) 0.09 (0.0130.15 (0.01) -

19 h-copaene 1.0(0.2) 1.2 (0.2)1.4 (0.2) -

20 caryophyllene 12 (1.4)18 (2.1) 14 (3.4)18 (1.1) 17 (5.9)
21 h -humulene 1.9(0.2)7.3(2.2) 1.8 (0.1)5.3 (2.2) 3.7 (1.9)
22 h-muurolene 0.6 (0.1) 0.6 (0.2)0.7 (0.2) -

23 1 -cadinene 2.7(0.2) 3.2 (0.5)3.5 (0.4) -

24 h-cadinene 0.22 (0.02) 0.27 (0.04Y0.28 (0.05) -

25 caryophyllene oxide 3.8 (0.9) 2.1(0.2)3.4 (0.6) -
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Figure7.6 Significanty different R. officinalisessential oil componentgp XX n thExp..2 and 3 (A and B). Concentrations
are mg t in the solvent extract.

Table7-10 R. officinalisfive major essential oil components, expressed as a percentage contribuiioExp. 2 i§=3) and

Exp. 3 (n=5). Standard errors are given in parenthesdsmbers below the treatments show the N equiv. applied (kg ha

o S5ATFSNByYG fSGGSNE 61X 06X O0 AYRAOIFI(GS aATYATFAOlsAl RATFTFS
on the concentrations. KB, CB and DSE represent Kaikoura Biosolids, Christchurch City Council Biosolids and Dairy Shed
Effluent, respectively.

Control KB DSE -
(0) (2800) (200)
h pinene 12 (1.0) 11 (1.4) 12 (0.81) -
camphene 7.2 (0.96) 7.2(0.86) 8.3 (1.0) -
1,8-cineole 18 (2.13° 20 (1.6} 16 (5.3) -
~ camphor 15 (3.9) 14 (0.64) 18 (2.5) -
£ verbenone 6.5 (1.0} 4.5 (0.28p 2.8 (1.6Y -
CB CB CB CB
(0) (500) (1500) (4500)
h_pinene 15 (1.3) 17 (0.60) 15 (0.32) 15 (0.89)
camphene 8.2 (0.79) 7.3(0.84) 8.7 (0.25) 7.2 (0.90)
1,8-cineole 11 (0.71) 12 (0.37) 11 (0.44) 11 (0.56)
™ camphor 6.5 (1.6) 5.9 (2.1) 8.3 (0.18) 5.1 (1.8)
2 bornyl- acetate 8.8 (0.63) 75(1.2) 7.5 (0.50) 9.7 (L.4)
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Figure7.7 Significantlydifferent T. vulgarisessential oil componen{p XX n @ Exp02. Concentrations are mg In the
solvent extract.

Table7-11T. vulgarisfive major essential oil components, expressed as a percentage contributidexp. 2 (n=3). Standard
errors ae given in parenthesesNumbers below the treatments show the N equiv. applied (kg‘#)aDﬁferent letters (a, b,
OO0 AYRAOIFIGS aA3IyATAOFIYylG RAFTTFSNByOSa oSitpgSSy GKS GNBFGYSyl

treatments
Number Compound name Control Biosolids Dairy shed effluent

(0) (2800) (200)

1 cymene 17 (2.0% 17 (1.2% 11 (2.6%

2 1-terpinene 15 (1.5) 16 (2.5) 18 (1.7)

3 linalool 2.8 (0.31) 3.1 (0.46) 2.7 (0.23)

4 thymol 36 (2.1) 36 (2.4) 39 (2.1)

5 carvacrol 3.8 (0.21) 4.3 (0.25) 3.6 (0.19)

Table7-12shows the correlation between the elementslofscoparium, K. robusta, L. angustifaimal
R.officinalisleaves and EO components. This table shows that higher uptake of some elements
including N, P, K, i@ Cd would either negatively or positively affect some of the components in the

EO that play valuable role in the EO properties.
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