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Abstract

Acorus calamuss an important medicinal plant in mangultures aroundtheworld@ hi s pl ant 0 s
recordechistory reaches as far back28&/ BCE, where its main uses wevater purification

and as a medicin@itureallo. In part one, | examined the historyAfcalamus its applications

in the modern world angropagation method3he two main propagation methods | tested were

via rhizomes and seeds. Rhizome growth trials were more successful in overall plant yield than
the seeds. Rhizomes planted in peat had 57% plant yield, while-freahtreatment had 40%

plant yield.Part tvo of the studyexaminedA. calamusability and efficiency in extracting

vanadium and nickétom experimentallyreatedwaters. Vanadium and nickel were chosen for

their importance in the environment and their enrichment in bitumen, specifically taitngds.

Nickel is an important nutrient for plant survival and vanadium isAairus calamuglants

were grown in a hydroponic systemith 188 plantggrown inside alean airgrowthchamber for
threemonths Every day the plantseretreatedwith nickelenriched solutions at three
concentration$0.0, 0.01, 0.1@ng/lL) and vanadium (0.0, 0.025, 0.2 ). At the end of three
months, plant tissues were harvested and analyzed for metal concentrations. The results showed
A. calamusextraced both vanadium amdckel from the contaminated waters with maximum

values of 0.6ng/kgand 16.3ng/kg, respectively. Results indicate calamuswould be an

excellent candidate for phytoremediation at contamination levels well above what is found

naturally occurring in Al bertads water source
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Glossary of Terms and Definitions

Acoruscalamusi a perenniaimonocot planthat grows in wet soils or wateasdregeneratedy
rhizome or seed dispersal

Bitumeni ageneric term applied to natural inflammable substances of variable color, hardness,
and volatility, composed principally of a mixture of hydrocarbons substantially free from
oxygenated bodie®itumenis sometimes associated with mineral matter, the noeral
constituents being fusible and largely soluble in carbon disulfide, yielding-wat#uble

sulfonation productd?etroleumasphalts, natural mineral waxes, and asphaltites are all
considereditumen (Jackson, Julia Aet a] 2011)

Nickel T a chemical elenm@ used to makstainlesssteelsnickelis found in thee a r trimstise
average abundanceinttear t hds Up p e r isCppni(Tiaylog h964aNickeCis u s t
the 24th met abundant element in the earttrgst,and the 5th most abundant element in the

e a r bidsghergChau and KulikovskyCordeiro, 1995)

Phytoextractioni asubprocessf phytoremediationexplicitly usingplants to remove
undesirable metals ambntaminant$rom soil or watefPowter, 2002)

Phytoremediation the use of living plants fan situremoval ofcontaminats found in soils,
surface water, angroundwatefPowter, 2002)

Propagation thegrowth and spreadf plants by naturadr humanrassistegrocesses

Remediatiori the removal, reduction, or neutralization of substances, wastes or hazardous
material from a site so as to preventronimze any adverse effects on the environment now or
in the future(Powter, 2002)

Reclamatiori the process atonverting disturbedahd to its former or other productive uses
(Powter, 2002)

Restoratiori theprocess of restoring site conditions as theyawmafore the land sturbance
(Powter, 2002)

Stratificationi the breaking of seed dormancy by exposing the seed to prolonged or repeated
freezing under moist conditions. However, alternating warm and cold stratification methods are
also frequently used. These methods are used to improve germination fre@Remtr, 2002)

Vanadiumi a transition metalsed to make allogteels andound naturally occurring in the
earths crustAverage abundance inteear t hés Up p e r is@6ppm(Huaegretah, | Cr u:
2015)

Inductively coupled plasma mass spectrometry {MF) i a type of mass spectrometry that uses
an inductively coupled plasma to ionize the samples.

Xi



Inductively coupled plasma optical emission spectroméB-OES i ananalytical technique
that uses optimal emission spectrophotometer.
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1.0General introduction and thesis overview

1.1 Water in Alberta

Al most 80 % sarfacenatkeris mundiratiée ;iorthern part of therovince flowing

north towards thérctic (Government of Alberta, 201.0Dne of thdargestnorthward-flowing
rivers is the Athabasca River, which flows throughAltigertabituminoussandregion ABSR).
The Athabasca River is the longest and most studied river in Alfotaner et al., 2017; Kelly
et al., 2010; Shotyk et al., 201 ¥Yater qualityof the Athabasces vital as it subsequently feeds
into the Peace Athabasca DeliadSlave Riverwhich then joinghe MackenzidRiver system
eventually draimg into the Arctic OceafGovernment of Alberta, 2010\ 168 kmsectionof

the Athabasca Rives designagdasa Canadian Heritage Rivea riverreachthat coincidesvith
Jasper National Park, and empties into Lake Athabd$mAthabasca River basin has a mean
annual dischargef 45,900 x 10 m? (University of Alberta, 1990)The discharge from the
Athabasca Riveforms a portion ofthe Peace Athabasca Delta whiishone of the largest
freshwatedeltas in the worldformedat its junction with thé>eace River. This delta holds
Ramsarsite designation du® thesizeof the wetlandApproximately390,000 hectaress
important heritage land of the Indigenous people, and a resting place for many species of

migratory birds (Government of Alberta, 2010)

The Peace Athabasca Delta contains undisturbed grass and sedge meadows that provide valuable

habitat for muskrat@ndatrazibethicu$, beaver Castor canadensisyaterfowl, and wood



bison Bison bisorathabascag(Government of Alberta, 2010)he Athabasca River contributes
to a much larger ecosysteithe path of the Athabas®&aver coincides with the bitumen deposits
in the ABSRand has the potentitd become contaminated by vanadium and nickel because of
the metalenrichment in bitumefDechaine and Gray, 2010; Lewan and Maynard, 1982;

Schlesinger et al., 2017)

Tailings pondsare typicallylocatedalongthe Athabasc&iver andhave elevated levelof nickel

and vanadiunfrom residual bitumefBakeret al.2012; Zubot et al. 2012The CanadiaiVater
Quality Guidelines for theérotection ofAquaticLife (CCME) do not have reported guidelines

for vanadium quantitiefhhowever nickel guidelines are estimedaround25ug/L (CCME,

2015) Canadian Soil Quality Guidelines for the Protection of Environmental and Human Health
(CCME) only allows for45 mgkg of nickel, andl30mgkg of vanadiumin soil (CCME, 2015)

It isimportantto determine notintrusive methods of remedian, such as phytoremediatigio

treat wastewaters amalotectecosystemske the Peace Athabasca Delta and the Athabasca

River.

1.2 Phytoremediation

Phytoremediatioms a form of remediatiothat employglanted vegetatioto removeorganic and
inorganic pollutants from water and soilgJeelani et al. 2017)Phytoremediatiorhas been
underutilizedfor remediating disturbed seiland water sowes despé studies showing its
effectivenessand low costgJeelani et al. 2017; Salt et al. 199k) this study | examinel the
ability of A. calamusto sequestevanadium andhickel. These metals were chosen for their

enrichment in bitumen and their potentieleasento the environment through tailingShotyk et



al., 2017) Theresultsfrom this study willgive insightinto plant survival and potentiahpacton

humans and local wildlifencluding waterfowl and agatic mammals.

Phytoremediation is a successful and economical optiahdosemoval of heavy metals from
wastewatergJeelani et al. 2017; Noor et al. 2017; Williams 20&&veral studies involving
wetlandsusedspecific plantdo removemetalsfrom wastewaterTheyhave been shown tme
successfl in removing 50 t®9% of arseniccadmium, polycyclic hydrocarbonsnd vanadium
(Jeelani et al., 2017b; Noor et al., 2017; Sahu, 2013; Vachirapataaha2011)In addition to
regularphytoremediationthere are over 400 plant specitsssifiedashyperaccumulatoré&Sun
et al., 2013; Zhang et al., 200AHyperaccumulators aggdants that extraaxtrodinarily high
amounts ofmetalsin the shoots ofhe plant, these concentrations being far in excess when
comared to the majority of the species (Rascio and Né&m&yj 2011) Three basic
distinguishers of hyperaccumulators are, enchanced rate of metal uptake, fast root to shoot
allocation of metals, anah ability to store the metals in the shoots (Rascio and Nenzax;i
2011).Most hyperaccumulatorsxist in theAlyssumgenus, yet, thAcorusgenus has several
hyperaccumulators as welcaruscalamusjn particular, is a promisinghytoremediation
candidate and potential hyperaccumulator due to its robust root system, high adg@adility

extensive biomags$Sunet al. 2013; Zhang et &007)

1.3Acorus calamus
ThespeciedA. calamusoccurs across &ide range, overlapping countries and human cultures,
therebyearningseverainterchangeablaames throughout its historgweet flag, Rat root,

Vachaand many morédepending orthe country, languageanduse(Motley, 1994) This plantis



a herbaceous perennigith threevarieties diploid (A. calamusvar.americanu triploid (A.
calamusvar. vulgaris), and tetraploidA. calamusvar. angustatus(Balakumbaharet al.2010;
Motley 1994) A. calamusis native to Albertavith the potential formodernwetlandremediation
becaus®f its ability to toleratepolluted watergLansdown, 2014)This species grows in
standing or slowmoving water sources, typically on the shorelinesiafshes, mineral wetlands,
lakes, pondsand slow rivergLansdown, 2014)eelani et ali2017)suggested thak. calamus
could be useful fothe extractionof pollutantsfrom solswith multiple contaminats. The nature

and rats of specific metabnd nutrienuptakeby theA. calamusarepoorly known

This planthas awide rangeextendingnto 26 countries and has been introduced in 27 more
(Figurel), indicating its tolerance to a wide variety of growing conditioAsorus calamubas
notyet beengrowncommercially for reclamation procesgeansdown, 2014)A. calamusis a
robustspecieslabdledin North America as a zone 3 plant, indicating a high resistance to frost,
cold temperaturegndfluctuatingclimates(Government of Alberta, 2017Also, this plant

grows in many types of soils andater, which makes it an excldnt candidate for growth trials

(Smreciu et al., 2015)



Figurel. The rative range oA. calamuss shown on the map ied The map iprovided by the
University of Connecticut (University of Connecticut,22p

2.0 Thesis objective

This studyprovides a detailed examination @he growth potentialof A. calamusin cultivated
conditionsand its response when introducedetgerimentalwater sourcegontamirated with
nickel and vanadiunMy two study objectives areéo examinethe viability of the two primary
method of propagatiorand cultivation (seeds vs. rhizomesandto clarify the capability of A.

calamugto extractdissolvedvanadium and nickétom experimenally treatedwaters



Part One: Plant popagation

3.0Acorus calamugpropagation potential

3.1 Introduction

In thisportion of the studyl examineA. calamuspropagationmethoddo testviable optionsn a
commercial setting to support wetland reclamation proceksedudeal both A. calamusseeds
and rhizome@ wetVS. dry stratificationtrials. This species has two methodsspfeadthe
first, sexual reproductioby seed froma seed head low on thektof the plantThe second
(most commonlybservegithroughvegetative spread via rhizom@alakumbahaet al.2010;
Vojt 2 gkov §Rhzdmesaatalsoth2 ddndmedicinal attractiqiFrigure 2). Rhizomes
havea whitépink interior whichsmellsnutty andsweet when first opengtheyalso dy and

store well butcanlose potencyfterdrying (Smreciuet al.2015)

3.2 History

Acoruscalamusrhizomes wereused in medicinas arly ashistorical Greek and Roman cultise
(Balakumbaharet al.2010; Rajputet al.2014) It has a wide range of usdblroughouthistory,
includingtheuse ofits citrus-scented leaves on the floors of institutions to wadfdinfavaurable
smells and pes{#otley, 1994) The rhizomevas latercandiedfor European and early American

delicaciegMotley, 1994)



Medicinally, A. calamughizomes weralsoused extensively by tHadigenous North Americans
Asian and Indian culture@Rajpu et al.2014) Rhizome oil, raw rogand dry powdered root were
and still are the@rimary delivery methoddor this type ofmedicine(Rajputet al.2014) A study
on oil extractedrom A. calamusshowedhatits main ingredientb-asaronghas a calming effect

which could account for thplants many medicinal traitéZanoli et al., 1998)

The earliest written documentation Af calamusoil was in the Biblewhich describes iasan
essential oil in the making of HoYil (Exodus 30:23, 24, 34Motley (1984)also mentionethat
A. calamugrew in the famous gardens of Solonamd was a comonly traded itenn the gaden
markets of Tyre(Solomon 4:14; Ezekiel 27:)9The remains oA. calamushavebeea found
buried in tombshroughout historythe most notable beirtgat ofKing TutankhameriManniche,
2009) In Indian marketsaround371-287 BCE, A. calamuswasreportedlyused inthe treatment

of chil dr en 0 stonmachlaches artd so(iBartorc amd Gastle, 187.7)

Acorus calamusvastransported fronindiato Russia and Poland during tbenquests from237

to 1242 as t was believed to purify drinking water and was carried to new civilizations by the
conquering peoplknown as thd atars(Motley, 1994) The plant became the foreboding symbol

of conquest and became r e(Maleyr189) During tleeBlack Mo n g o |
Plague in EuropeA. calamuswas reportedly usemh a mixtureal | ed t he AVi negar
thieve® Distilled with other herbs and spicahieves would drink and douse themselves in the
concoction andemain unaffected as thgyoceeed to robthe houses of the diseas¢ilotley

1994. An earlyrecord of cultivation appeared in Vienna in 153&ddin 1588 it was recorded in

Germany then intduced to France and Belgium by wayegthanges betwediotanical gardens



(Motley, 1994, Elliott, 1976)Throughouthistory, this plant was a valuable commodityhether
for its health benefits, its sweet flawgits prolific yields, or itsfiltering qualities.Today t remains

one of the most widelglistributedmedicinalplantspecien Earth (Balakumbahamt al.2010)

3.3 Islamic Gardens

Over 2500 years ago in ancient Persia, gardens were plagesvtiogd, flowersandmedicinal
plants they were places for gathering, peaamgdmindfulness as well as a place of spirituafity
Jonathan, 20Q3With the formation of Islam in thg" century, Islamie¢hemed gardensere
similar to those built in anan Persa in that they werbuilt as a place for spirituality, food,
mindfulnessandassymbols of statuglonathan, 2003)slamic gardenwere designeds a way
to awe their visitorgprovide food and medicingHarun et al., 2017)Gardens contained
dynamicand geometric designs, succulent fruit, aromatic perfuameitsongbird§Ruggles,
2008) Acorus @alamuswas introduced intéslamic gardensafter the ages of congststo purify
thewater, the focal element of the gardéiotley, 1994) Soon afterhieintroductionof A.
calamus it wasmadea stapleplant in thegardens due to its many medicinal benefits and its

sweef nutty aromgRajputet al.2014)

Acoruscalamushadds significanceto the culture and medicine dlorth Amerian Indigenous
Peoplesand the plant was usedpractices predaig the 12" century(Motley 1994; Zanolet
al. 1998) North American Indigenous Peoples ésealamusn many formsincluding raw,
smoked, andor flavouring (Smreciuet al.2015) Chewing or smokingheraw rootsare helpful
whenstavng off hunger and fatiguéMotley, 1994) Acoruscalamushasanextensive historyn

Alberta and around the world. Due to its widespread growth patterns and importance as a



filtering plant, itis an excellenttandidate for phytoremediatio(Balakumbahaset al.2010;

Jeelani et al. 2037

4.0 Methods

To examinethe propagatiorgrowth patterns angrowth requirementsf A. calamusl harvested
approximately20 plantsat two sitesalong the south shore @hip Lake AB, on 10 September
2016,at 53 U366 35 0and760mDflelevatidT e plavits bore mature seeds and were
entering early seasonal senesceridees collection sitesverel km apart| cuttheroot massesut

of thelakeshoreusing a shovel to disconnect the established masbash were then storeit
separatglasticbuckets | added10L of lakewaterper bucketo protectexcavated plantandto
preserve thdine roots during transport. brought he callectedroot ballsto the University of
Alberta Botanical Garderand left themoutside for a montin the fall until the leaves turned
brown showingthatthe plant hacntereda state ofull dormancy After dormancyhad set inl
washedhe plantswith reverse osmosis watérarvested the mature seeaglstoredall rhizomes

in typical wet overwinteringconditions

4.1 Stratification
| removel the seedérom thebract and groupdtheminto 100seedsetsbefore wrappingeeds
in individual paper towel packst| seakd each packetwith paper clips on each end aeither

briefly so&ked the packetin wateror storedit dry, depending on the treatmemtll seeds (300



damp, 40@iry) werestoredin two separate black garbage bagsacedin arefrigeratorto simulate

overwinteringconditions andwereleft for six months

Rhizomeswvereseparatedto two groups those with emergeribliage andthose withroots only
The rhizomesverewashed thoroughly witheverse osmosis watghenseparatec&nd cut into
smaller manageable segmen®Since rhizomes are the easiest way to propafjatalamus |
appled two different treatments tthe groupsEighty rhizomeswereviable, based orextensive
foliage extending over 1 foot in length 880% of the rhizome sectiobeing coveredin roots
(roughly 20 or moréndividual roots) | divided the eightysegmentsandomly into two groupsf

forty rhizomeswith each grougontainingtwenty with foliage and twentyithout foliage

| placed thefirst groupof seedsnto seed trays, 54 cm28.5 cmx 5 cm coveredthe traysin peat
moss thoroughly soak&dthemwith reverse osmosigater, andsetthemoutsidefor six monthsin
aprotectedarea(to prevent grazing)rhe rhizomesverecoveredwith snowto insulate and mimic
winter wetlandconditions The second groulpad each of thdorty rhizomesegments individually
wrapped inwet paper towed, set into seedling trayand setbutside to freeze without any peat

mosscovering The rhizome treatmentwereleft to overwinter foisix months

4.2 Propagation

Propagatiomesumedn 30 March2017 six months after the initiadtratification | transferredhe
seeddgrom their packet$o seedling traysl filled thetrayswith 5 cm of potting soilmixture, well-
packedI created fiveows in each bothenplantedthe seedsdividually ineach rowusing plastic

tweezers anditrile gloves. Each row contained 33 sesdslmmapart | coveredeach rowwith

10



2.5cm of topsoil Therewerefour trays with the damp seed treatmanttwo with the drystored
seedsThereweresix trayswith 165 seeds pdray for a total 0f990 seeddor this portion of the
experiment. Each of theayswaspunctured with holes in the base to allow water to flow through
mimicking the naturasubrirrigatedebb and flowcycle of a wetlandPlantedtrayswereheld at

the greenhousevith temperature fluctuatingfrom 10 to 12degree<Celsius following outdoor
conditions to best simulatespring season foA. calamusseedlinggMotley 1994; Smreciet al.

2015)

| moved the surviving plantisito larger pots with more potting soil mix, put them outside, and
thoroughly soaked them with reverse osmaosis water. This process produced 158 . yalsigus

plants

After removing rhizomes from their respective boxes in thepeattreatment most rhizomes
appeared thvave not survived, appearing dried out and having no emergent fdtlagever 33

out of 40 survived and were successfully planted out.

5.0Results

The seedlingbegan emergingn 28 April 2017 approximately onenonth after plantingOn 18
May 2017, all damptreated seeddour trayg had successfully sproutedndsproutsvereroughly

2.5 antall while the dry seed treatmearftwo trayg showedno signs of life. Out of a totaif 990

11



seeds, 15@8amp treated seedsrvived, andnone of thedry treatment seedgproutedSeeds from
the damp contaars ha a plant yield of 23.8% (Figure 2), indicating thisseeihg method of

propagatiorwas relatively inefficentfor propagatnon a large scale

Out of a possible 8éhizomes 56 survivel. Rhizomesremainedin their separatéreatments of
peat mossV/S. no-peat moss treatmentstil this point Peatcovered rhizomes initiallyvere
thriving, yet,only 23 out of 40 plants survive@lhe rhizomes from the rped moss treatment still
appeaeddormant(theylaterrecoveedfully), while the peat moss treatmegpeaedto be highly
successful as most rhizomesdhaew green growthSimilar to the seed treatmenhizome
treatmentsvereeachrepottedinto individual potsthat Ifilled with potting soil mix soaked, and
placed outsideThe rhizomes brought thetal number ofA. calamusplantsto 212 The plants
wereleft outsidefor the remainder of the summer to grasaerethey werewateredevery day.
The results shoed thatrhizome trials without peatvere the most successfuB2.5% yield

compared t®d7.3% in the withpeat treatments shown irFigure?2.

Plantyield, the ratio of plants that sprouted vs the entire population that could have sprotted,

wascalculatedo determine the rate eéed and rhizomsurvivat the following formulawasused

% yield = actual yield  x 100
theoretical yield
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6.0Discussion

Propagationof A. calamususing rhizomess a moredependablgrowth techniqueomparedo
seedplanting(Figure?2). Thisresultwaspredicteddue to thdargermassof nutrients and starches
containedn the bulky rhizomethatis neededo support newgrowth; this finding is consistent
with earlierstudies(Smreciuet al.2015) Moist conditionsprovided the best storage method for
growth in both seedandrhizometreatmentsNatural A. calamusseedand rhizome propagation
conditionsaretypically damp and dark environmentvhich was indicated in the experiments
(Smreciuet al.2015) Once mature and ripseeddrom wild plantsfall from thebract land in the
water wherehey float, slowly absorb moisturéeforesinking to the muddy bottom othe host

wetland or water sourcevheretheyoveminter until spring(Smreciuet al.2015)

The regeneration niche is a bottleneck in the life history of many wetlandsgplacieg Grubb,
1977) It is also anmportantoperational limitation should seeds fail to germinate or plant matter

fail to surviveduring attempts at reclamation

Rhizome cutting may mimic the relationship with rgoazers, such amuskrats Ondatra
zibethicuy thatexcavate and feed wastefullyhis processesulsin un-consumed root fragments
beingscatteredindwashing into new environmentgere they becomsew stands oA. calamus.

In the laboratory drge roots cahe cutinto several viable rhizome portions, each containing viable
buds and>5 rootson each segment, meaningultiplication of this speciess relativdy easyand

straightforward

The storage conditiorigeforeplanting yielded unanticipated resulfghen the rhizomewerecold

stratified outside without the added insulation of peahey yielded higher success ratesder

14



subsequenpropagation A higher proportion (82%) gfeatlesstreatment survive compared to
their insulated counterparts. The reasons for the higher mortality bbasedl storage is unclear,
butthere may be a lif@istory aspect iA. calamusappens to grow Iséin mineral soil conditions
or if peat pH presents unseen complicatignsalamusis typically found in alluvial, loamy and

loamy clay soils due to their porous nature and ability to retain {Badakumbahaet al.2010)

7.0Conclusiors

| compare two propagation methafor this specieso assesis reclamation potentiand bund
that the most predictablgropayation techniquefor A. calamuswas via rhizomatic vegetative

spread

Recommendations fdargescalevegetative propagation @&. calamusincludesoverwintering
rhizomesburied in mineral soil and snowl/iceutting rhizomesinto 15cm portions containing
evident budsaaindhealthy rootsthenplanting outin early spring afterthe rhizomes havbroken

dormancy
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Part Two: Nickel and vanadiumuptake from hydroponic solution®y

Acoruscalamus

8.0Acorus calamus and its usettre environment

A. calamusacts asa natural filterthat has been used historicaity53 countriesto date(Motley,
1994) In severalstudies A. calamusextractedpolycyclic aromatic hydrocarbons, ammonia, and
a suite of metalsom wastavater sourcefleelani et al., 2017; Noor et al., 2017; Sun et al., 2013)
Although uptake ofnickel and vanadiunby A. calamushas not yet beenevaluated both are
promising candidatenetalsfor phytoextractionMetals play an important role in physiology
nickel is anessential trace nutné for animals and plants/hile vanadium onlyappearsssential

for animals(French and Jones, 1993; Welch and Cary, 1975; Welch and Shuman, TI#S%®
metals playasignificantrole in the ecosystem ahdve beemaccumulatingn humans and animals
due totheir increased use amatcurencein commonly usedteelproducts(Schlesinger et al.,

2017)and bitumen produci{#uang et al., 2015)

Kelly et al. (2010)ndicated that 13 element&Sb, As, Be, Cd, Cr, Cu, Pb, Hg, Ni, Se, Ag, Ti, and
Zn) listed a priority pollutants(according to the US EPAyere found in high concentrations close
to theregion of bituminous sandslining disturbance due tatuminoussands excavationasthe
maincontributor ofthesepollutants to the Athabas&aver (Kelly et al., 2010)In contrast, Shotyk

et al. (2017) found onlthreeabundant trace elemenisthe Athabasc®&iver (V, Ni, andMo).
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8.1 Metals in thebituminoussands

Bituminous sand is a mixture of hydrocarbons, watand,and clay. Bitumems enrichedn four
metals molybdenum, nickelrheniumand vanadiun(Bicalho et al., 2017)Molybdenumand
nickelare essential to plant and animal Iifesmall quantitiegFrench and Jones, 1993; Welch and

Cary, 1975)

8.2Vanadium

Vanadiumhas two stablésotopes®% (0.25%) and®V (99.75%)(Huang et al., 2015; Rudnick
and Gao, 2003; Schlesinger et al., 20IMis study uses®V for vanadium concentration
measuremenisn nature vanadiumis not found in its elementaitate buccurs in65 minerals
(Lewan and Maynard, 1982} is more abundant than niekn theUpper Continental Crush a
2:1 ratioof 135:75 ppmand is typically used to strengthen and reduce camasdisteelandused
as a specialty metal in batteries and electropi¢sipper and Kroneck2007; Schlesinger et al.,
2017; Taylor, 1964)As referencedn the firstchapter tailings waterhas proven challenging to
remediatehoughseveral methods habeen testedver the yeargcluding artificial membranes,
precipitation, iorexchange residual cokeand centrifugal processeBrewster and Passmore,
1994; Galil and Rebhun, 1990; Geckeler and Volchek, 1996; Zubot et al., 2012Xhe ever
increasing demand fdreavy, light,andunconventional crude oilshere has been a significant
increase in vanadium mobilizatidischlesinger et al., 2017Qil production in Alberta alom
reached an annual production of 2.3 million barrels per day in @Badernment of Alberta,

2014)
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8.3 Nickel

Nickel occursinthe&r t hés Upper Continental Crust as
nickel and metal sulphide@aylor, 1964) It is a silvery, whitemetal that has many applications

in the modern worldincluding componestof stainless steetustresistantalloys and its use in
batteries(Krupper and Kroneck2007; Rezania et al., 20163imilady to vanadium, nickel is
abundanin bitumen, butit is dso anessential nutrient for planed animalgVatanseveet al.

2017; Welch and Shuman 1995)ickel is becoming more abundaim the food system,
agricultural soils, and tailings pondse to anthwpogenic activities(Sal et al. 2000; Shahzad et

al. 2018) Currently, there is more concern about nickel toxicity than nickel deficietiGrapper

and Kroneck 2007) Most anthropogenic nickel enters into the environment via heavy oil
combustion, smelting, burning of coal, and wastewafrsipper and Kroneck2007) The
examination of trapped material in peat and ice cores wasaisiade and determine trace metal
pollution trends. It was determined that trace metal pollution started to increase during the Second
Industrial Revolution (1852900); however, since the 1980s, atmospheric metal deposition has

been decreasing.

9.0 Methods

9.1 Transplants

In the second study phasaeitilized the successfully propagated plants from the first podion
the study. | grew the planits a metalfree, laminar flowcleanair cabinettherebyensumg

minimal exposure t@erosolghat could contaimickel andvanadium | usel thebaseline values
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of theoriginal plantgo contrastagainst theexperimentally tread plans. Some of he plants

from the first study were growoutside of the cleaair cabinetand not treated \th metal

solutionsto determine the effectiveness of the cabinédte s e ar e | arbadditbned as fi\
control plants were grown inside of the clesncabinet and labelled ¢ o n theseplandswere

alsonottreated

| washed thesectionsof A. calamusin a plastic bucket filled with reverse osmosis wafce
rinsed | used a ceramic knife to separtdterhizomes into several viablpars, depending on the
size of the original plant.trimmedroots and sbotsback to give way for newgrowth andto fit
into the new rinsed,5 x 5 cmcontainers.The plantswere grown in acidwashed quartz sand
(washed with 1% nitric acidp provideaninert and contaminatiefreemedium After | moved
the new rhizome segments inteetpots | covered them withapproximately5-cm of the inert
guartz sand that acted as the growth medilime rhizome segmentseretransferrednto larger
(15.7x 12.7 cn) polyethylenecontaines to create a composi@nd redundansampleof three
plants ithin one sample unitjo ensure redundancy in the eveaitmortality of some roots
(Figure9). | moved # sample unitsnto the clearair cabinet and filleéachunit to a depth 08.5
cmof water from the reverse osmosis system at the University of Alberta Botanical G&udens.
spectrum growights werehung on three sides of the cleain cabinetbeforeplacingthe plants
insideandaddng aluminumfoil to the fourth sidéo ensure equdistribution of heaand reflected

light.
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Figure3. Sample design includeone sample unffpicture A)containing a threplant design to
accommodatelant mortality.
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10.0Plant material and growth conditions

10.1Growth chamber

The remainder of the studlyvolved growingandtreatingthe plants insidéhe cleanair metal
freelaminarflow cabinet The cabinet as built at the University of Alberta and brought out to the
University of Alberta Botanical Gardens for this portion of the stldhe clearair cabinethad
acrylic wallsthat allowed optimal light saturatiofrom the surroundinggrowthlights (Figure

10). Thesewalls weresetin an aluminum frame to house the plants while thewgifhetop
wasretrofittedpolypropylene plastic that house High-Efficiency ParticulateAir (HEPA) filter
rated to remove 99.97% of air particke®.2 microns in sizeThe clearair cabinet dimensions
were96.5cmtall and152.4 cmwide which significartly limitedtheworkspaceandthus wasthe
limiting factor for the5 x 5 cmpotsin this study Cabinet dimensionsnly allowed for &otal of
60 samplaunits arrangedn 12 rows of fiveunits Three full spectrum grow lights were placed
around the exterior of the cabinet to help the growing process. The cabinet was allowed to
fluctuate temperature with the greenhouse however during the day it ranged fBfiC23nd

droppng to 1923°C during the night.
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Figure4. Clean air growth chamber, with HEPA filters on top and laminar air flow through front
panel.

10.2Nutrientsolutions

Hoaglands basalt #2 solutiof\Welch and Caryl975)wasthe nutrientadditionl usedto fertilize
theplants This solutionwasused in similar studies due itaccontaining the essentialtrients for
plant survival( Si | va and Uchi da, 2000; Singh.T@ead Wor
Hoag !l an d avasolgaméddrom Gaisson Lalisc. in February2018.Thenutrient mixture
wastestedin the Natural Resources Analyticldboratory (NRAL) at theUniversity of Alberta
using ainductively coupled plasma optical emissgpectrphotomete(ICP-OES)to determinea

suite of terelementsia, K, Ca, Mg, Zn, Fe, Mn, Cu, S) fFigurell).
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10.3Nickel and vanadiunireatments

In this portion of thestudy, | examinel plant shoots exposed tockel and vanadium, at three
concentrationso measurehe quantitytaken up by the plant and stored e tshootsVanadium
treatmentoncentratioawere low (no added vanadiuminid (0.025mg/1), and high @.25mg/L).
The mid and highconcentrationsvere significantly higher than valuef.23 ug/L) found in the
AthabascaRiver (Shotyk et al., 2017However vanadiumand nickelhave beenfoundin high
concentrationgn dry sourcesa typical petroleum coke (a byproduct of bitumen upgraging)
example contains 1,680 ppm vanadium and 500 ppm ni¢ielsselin et al., 2010hey have
been found in very loweoncentrationsn water sourceslue tothe chemicalnteraction with the
carbon matrixThis interaction renders the elemeimaccessible by wateaveragingonly 0.26
ppm vanadium and 0.04 ppm nickel in leacl{Bi&ker et al., 2011; Gosselin et al., 202Bys by
using these valuesompared to values in the wetlankis experimentesuledin up to10x the

amount found in similar studies using dry mater{Blaker et al., 204; Simhayov, 2017)

| pre-mixedsolutions of nickebxideand vanadiunoxidein 2% nitric acidfor this experimento
improve solubilityof the metals in solutiorAll dilutions were preparedn the Soil, Water, Air,
Manure, and PlantS{VAMP) clean lab at the hlversity of Alberta Dilutions weremadeusing
Eppendorf pipettes anplipettedinto sterile volumetric containershen sealed with itls, and
parafilm. Vanadiunsolutions hd to be wrappedh light impenetrable cloth due to tkelution®
sensitivity to lightandsignificantdegidationwith exposureNickel hal no special requirements
for transportation. All tubewere transportedn upright tube racg heldin sealed plastic bag

placed into a clottined box, andransporédto theUniversity of AlbertaBotanicalGardens
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At the greenhousd rinsedfive, 20 L containersto useas vessel$or mixing the nickel and
vanadium solutions. Thmediumvalue of [001mgAL] nickel was mixed into one of the20L
containes, andcontaines wererinsedthree times with reverse osmosis water to ensure the entire
solutionwasadded | filled the containethalfwaywith reverseosmosis water before mixing ithe

Ho a g | sohtibdts fully incorporate themixture into the nickel/water mixandto ensure a
homogenous solutioh.repeatedhese stepkor thefive treatmentsthe controlalso follonedthe
same method without any methking added labdledeach containeappropriatelyandl created

an opaque container withbdéack garbagéag to protecthe integrity of thevanadiumsolution.

10.4Treatmenstrategy

| removed d the potsfrom theirsample unit&nd rinsedeachwith reverse osmosis watso they
would havdessrisk of contamiration. | rinsedall samplecontainerghoroughly let themdry, and

created tags for thelantpotswith individual numberghat| randonized with a randomnumber

generatorThe same randomization occurred for the sample unitgreaitnentso restrict sample

bias.Lastly, | colourcodedand markeall contairers by metaltreatment

| placedall labeled samplesn the clean air cabineEach plant was planted in the inquartz

sand growth mediunktvery dayadditional watewasadded t@ach treatment unitith designated
watering cansandeach unit wasnovedone spot forward to allow each plant to adjust &y
variation of illumination or air movemenmtithin the clearair cabinetEachweek| removed all

plants rinseal them individually in reverse osmosis watelearedthe containersandplacel the
sample unitdack with new solutions to prevent any accumulation of metals due to evaporation

(Welch and Cary, 1975)
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10.5Sampling procedure

| sampledplants after 30 days othe treatmentsl removed all samples from thespective
containers using eeramic knife anahitrile gloves toprevent contaminatiomAfter removing all
shootmateria) | individually rinsel the piecesvith reverse osmosiwater and plaaktheminto
labdled sterile bagsl baggedall the materialandput it into a freezer to preserve the pléssue
beforeweighing and dryingl stored the amges in thefreezerfor two daysand individually
weighedeach samplat theSWAMP preparation labl placed all saplesin an overat 105°C for
48 hours, onceall samplesverethoroughy dried and cooledthey wereremovedand weidned
once more taleterminewater contentl usel a centrifugal ball millwith agate jars to mill all the
samplesthe mill groundfour samples ah timeworking in alternating directions for 10 minutes
at 2 min interval$o achievauniform homogeeousmixtures The mill was cleaedthoroughly in
between each sample to prevenbsscontamination.After milling, | sent allsamplesto the
University of AlbertaSWAMP lab for acid digestiousing3ml HNO3z and 0.1mIHBF4 to create

afinal volume of 10 ml per sample.

10.6Chemicalanalysis ofplant material

Samples weranalyzedn anlCP-MS (at the SWAMRaboraory), which providel the necessary
analytical sensitivity for vanadium and nickel in plant materfiisipper and Kroneck2007;
Vachirapatama et al., 201Ihe samplesvere runat two levels of dilution to extract the ntos
representative values possibfBamplesvererun twice, at 16fold dilution and 10€fold dilution
to minimizethe matrix effects ando doublecheck values near thienit of detection (LOD)The

LOD, wasdeterminedusingfive blanksof 2% HNGp.
31



The standard reference materfal this experimentwas NIST SRM 1547 (Peacheaves).
Standhrds were run four times at three different dilutions (100, 1000x), spacedevenly
throughout testing to ensure that the recovergs accurate over the range of sample
concentrationsAll samplesanalyzedwerein quaity control blocks, which reducese risk of

inaccuracy due to the concentration range of these samples.

11.0Results

Results from thevell waters at th&niversity of Alberta Botanical GardesRowedelevated levels
of calcium, magnesiunrsodium, potassiunsulphur andiron (Figure 11). However after being
run through a reverse osmosis treatment systieenhose watein the greenhousenly showed

elevatedevels ofsodium | determinedhis watersuitable for the study parameters.

| testedtwo nutrient solutios o determinghe appropriateconcentrationgor this experiment|
chosebothdue to theireportedability to function well in hydroponic conditiorfkee et al., 2008)
Thenutrient solutions weranalyzed usingan ICP-OES which showed that 0 a g | solitohrd s
contaired elevated level$Cu, Ca, Fe, K, Mg, Mn, Zn, Na, S, P) compared to Pro Grow (Figure
11)., After choosi ng ,iHwasa gnhlyzeddudher using larul®FS t© determine

the concenations of vanadium and nickel contamination in the nutrient solution (Figure 12).
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11.1 Dataanalysis

| analyzeltheresultand cr eated ANOVAOGs with the dRt a
studio Version 1.0153usinglsmeans, cowplot, multicompview, plyr, tidyr, dplyr, and ggplot2.
All data was analyzed using normal distributioAl data was compared against vanadium and
nickelbasevalues found ocaung astrace elements the Hoaglands solution.The result®f the
ANOVA showedthe nickelmid treatment level to bsatistically significant, whereas the high
treatment level was n¢table 2) The ANOVA performed on the vanadium data showed the high

treatment levels statistically significant anche other treatment levels were idable 3)

Treatment Group
Ni Wild (not inside cabinet, 0 mg/L) d
Ni Control (0 mg/L) a
Ni Mid (0.01mg/L) b
Ni High (0.1mg/L a

Table 2. Statistical significance of nickel in plant shpptising a one way ANOVAL etters that

are the same are of no statistical significance, letters that are different are statistically significant.

Treatment Group
V Wild (not inside cabinet, 0 mg/L) b

V Control (0 ml/L) ab

V Mid (0.025mg/L) a

V High (0.25mg/L) c

Table 3. Statistical significance of vanadium in plant shasimg a one way ANOVA_etters
that are the same are of no statistical significance, letters that are different are statistically
significant.
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11.2 Nickel

Phytoaccumulation ofiokel showed similar results betweetine high and midevel treatments
the nickel concentration in the plant shogtshown inFigure 13. At the highestreatmentevel
(0.1mg/L) A. calamusaccumulateda mean of12.2 mg/kg in the shootswith the highest
concentratiorbeingfrom the midlevel treatment0.01mg/L)at 16.3mg/kg (Table 1) The mid
level treatment shoad an meanconcentration in shootsf 6.8 mg/kg (Table 1. Nickel shoot
concentrabns in both high andnid-level treatmentgroupedaround the @0 mg/kg range
However both high (0.10mg/L)and mid(0.01mg/L)concentratioa in shootexceedhe control
andwild sampleqFigure B). Nickel in this study was in much hightreatmenteves (10-fold
increasg¢ compared tomatural amourstfound in the Athabasdaiver, tailings pondsand wetland
studies(Figure B). Nickel distribution coefficierd for each level of treatment showed the lower

the level of concentratigthe more efficient the plant becamugextractingthe nickel(Figure T7).

11.3 Vanadium

Vanadium showed significanifferencesdbetween controls and the high treatnsehbwever not
at midtlevel treatmentsThe vanadium concentration data is showFigure 14. Vanadiumwas
removedby A. calamusup to 0.60 mg/kgin the shootst the highestreatmentevel andhada
meanof 0.32mg/kgfound in the phnt shootgFigure14). At themid-treatmentevel, A. calamus
accumulateca mean 00.07 mg/kg Vanadium high tretmnentis visibly groupedaround 0.40.8
mg/kg surpassingmid (0.025mg/L)vanadium,wild (0.mg/L), and control(Omg/L) treatments
shown in Figure14. Vanadiumconcentratiorat all treatmentevels,whencompared to tailings
ponds, the Athabasca Rivand wetlandswas found to be of elevated leveishis study Figure

16).
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Concentration (mg/kg)

Samples Highest Lowest Mean SD

Ni Wild 0.5 0.1 0.3 0.1

Ni Control 16.4 0.4 4.7 0.62
Ni Mid* 16.3 0.9 6.8 5.80
Ni High 12.2 1.1 5.7 3.37
V Wild 0.0 0.0 0.0 0.005
V Control 0.5 0.0 0.1 0.15
V Mid 0.4 0.0 0.3 0.11
V High* 0.6 0.1 0.1 0.14

Tablel. Concentrationsf nickel and vanadium in plant shoots. Values reprdbenmnearof 12
samples analyzed using IRS. Statistically significant treatmen(B<0.05) from a one way
ANOVA are shown with *.
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Figure7. Display of nickel accumulation iA. calamusshoots. Pattern codes abdue = wild
plants red= control treatmentggreen= nickel mid treatmentspurple= nickel high treatments
Statistically significant treatments (P<0.@Bg shown with *.
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Wetland Study . 0.00616

Wetland Studys 0.0045

Tailings Pond? 0.0051

Athabasca River!’ 0.001

Mid Treatment - 0.01

Low Treatment | 0O

Concentration of Nickel (mg/L)

Figure9. Concentrations of nickéh the treatmentsompared tavater sources in AlbertéShotyk et al., 2017%)
(Baker 201233, (Pourret et al., 2014%)
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Wetland Study | 0.00042

Wetland Study3 | 0.00151

Tailings Pond?2 | 0.001

Athabasca River! 0.00023

Mid Treatment - 0.025

Low Treatment 0
Concentration of Vanadium (mg/L)

Figure10. Concentrations ofanadiumin the treatmentsompared tavater sources in Albert§Shotyk et
al., 20173, (Zubot et al., 2012) (Pourret et al., 2013)(Schiffer and Liber, 2017)
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Figurell Distribution coefficient ratio of solid phase to aqueous phase concentrations of nickel
at low(0Omg/L), mid (0.01mg/L) and high(0.10mg/L)treatment levels.
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vanadium at lowfOmg/L), mid (0.025mg/l) and high(0.25mg/L)treatment levels.
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12.0 Discussion

12.1 Plant growth

After 30 days ofjrowth the plants shoedyellowing of leavesn all treatmentswhich couldhave
beendue to sunlight overexposure, nutrient overlogdor natural senesce@patternsThe plants
also had anaturalcycle in which leaves wouldgrow, becomeyellow, andthenthe plant would
producenew shoots to replace the ptdis occurredregularlybeforeany treatmentvasaddedto
the samplesThere was observable algal growth intedlatmentsvith no apparent preference for
any specific treatmenthough not directly measurelddid not observe a detectalulégference in
root to shoot biomass betweesny of thetreatments Another study showed contaminants
(cadmium, and polycycli@romatichydrocarbonsyffecied the plantbiomass suggesting that
whencontaminats are in combination witimutrients they can provide many different response

(Jeelani et al., 2017)

12.2Metal uptake

Acorus calamusas shown it i& promising candidate for remediating vanadium rzickel. It is
effective in the extraction of contaminant levels belawd above.25mg/L and 0.10mg/L from
water sources (Figures 17 and 18). Due to thicalamuswould be useful as a precursor
management techniqbefore chemical treatment or as initial treatmenuofege water in tailing
ponds Levels of nickel and vanadiuganrangein tailings pondsrom 0.0051mg/Land0.001

mg/L in thedissolved fractior{Bake et al., 2012; Rezania et al., 2016; Zubot et al., 2012)
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| found thatA. calamusextractedup both vanadium and nickel in all treatmenfbewild plants
had small concentrationsf vanadium and nickel levelskely due to thegrowing conditions
outside of theclean aircabinet(Figures 13 and 14Yhe controlplants showed elevated levels of
both vanadium and nickel when comparediid plants unlike thewild plants, this contamination
is unlikely to be due to aerial contaminatiorh€lonlyobvioussource ohickel and vanadium in
the controlds due tosmall concentrationsf vanadium anahickel present itHoaglandés sdution

(Figure 12).

Theresults of this studwere comparetb naturally occurring nickel and vanadium concentrations

in the Athabasca River downstream of &iBSR excavation site§Shotyk et al., 2017(Figures

14 and 15). Treatment levels used in this experiment were well above the naturally occurring metal
concentrations found in Albedasvaters(Figures 14 and 15Baker et al., 2012; Pourret et al.,

2011; Schiffer and Liber, 2017; Shotyk et al., 2017; Zubot et al., 2012)

After determining tha#\. calamus when exposed to the vanadium rireatmentshad tke highest
shoot concentration®fficiency of A. calamuswas examined andhowed that the plant was
extremelyinefficient at accumulating vanadiufRigurel18). Similarly, with nickel concentrations,
as the conadration of the metalreamentincreasegdthe efficiency ofA. calamusaccumulation
decreased (FigurEy).

Vanadium concentration in the shoots, when compared to the assedldteég@atmentshowed
both mid (0.025mg/)and high(0.25mg/L) treatmentshaving elevatedmetal values. However
vanadium high(0.25mg/L)wasthe only treatmensignificantly different from théow (Omg/L)

and mid(0.025mg/L)treatmets, despite beingnefficient at accumulatiofFigure18). Themass
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of uptake may be due t@nadiumn solution in the form of vanadate, which is chemically similar
to phosphat@and necessary for plant nutritiofCrans et al., 2004)t is likely the plants were
mistakingthe similar ions and were taking vanadium in lieu of phosphafeeSueur and Puckett,
1980) If the plants were phosphdimited, the uptake of vanadiumvould accumulate in greater

amounts(Crans et al., 2004)

Acorus calamusextracted nickelduring the treatmentdhowever,the plant appeared to have
extractedthe nickel as a means of elementecessity rather than acting as an accumuylator
therefore accumulating it in smajluantitiesrather than rapidly accumulating it in an abnormal
amount.Thenickelmid and highteatments did not differ significantly from each othdéowever

in both mid ad high-leveltreatmentsA. calamusappeared to hawextractechickelfrom the water
sourceup to 1 mg/kg Nickel uptake byA. calamusin high treatment levelshoweda meanof

6.3 mg/kg, representing smallincreaseoverthe mid-level treatmenplant. Similar studies have
found varying results showing that the nickel quantity inglantis directly correlatedo the

guantityin thenutrient solution(Figure13) (Welch and Cary, 1975)

This study shows th&. calamuscan effectively remove a large range of vanadium2&MhgL)

and nickel (£.10mgL) concentrations fromontaminatedvater.
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13.0Conclusion

Acorus calamusas been found to take up both nickel and vanadium $ation While nickel

is essentiato plants, vanadium is not. Given the chemical similarity of vanadium and phosphate,
uptake of vanadium in this study is likely passive sequestration by the fdlhatabilitiesof A.
calamusto operate eéctively to removethese metalérom water at lav concentrations could
indicatethat ths plant an extract higherconcentration®f vanadium and nickedhanwereever

found in thewaterin which they grow(Shotyk et al., 2017)A. calamuswould be effective irthe
removal of vanadium and nickel #ll other conditions are suited to the plantatural living

conditions

14.0Synthesis

Phytoremediatiordescribs the technique ofising planted vegetatioio remove organic and
inorganic pollutantsfrom water and soils.Phytoremediationhas been underutilizedfor
remediating disturbed soil and water sources despitlies showing its effectimess(Jeelani et

al., 2017; Sk et al., 1995)Acoruscalamushas promisingextractionabilities
Due to theactive exchange anghturalization of this plant globally and gstensivehistaical

value asa filtering plant it is an excellent candidate for remediation and growth triais. an

easily transplanted and propagated pl@tiagper 1 results showedhizomes stored inool, damp
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conditionsachievedsuccessful propagation rathe following springThismethod oforopagation

couldbe utilizedon a much larger scale for remediation purposes

In Chapter 2 results showdtketuptake of vanadium and nickiebm water sourceby A. calamus

was highlysuccessfutlepending on exposure concentratiohscalamusaccumulation of nickel

and vanadium in thehoots exceeded the metal concentrations fouAdlinb e wateas@igures

15 and ¥) (Baker et al., 2012; Pourret et al., 2011; Schiffer and Liber, 2017; Shotyk et al., 2017;
Zubot et al., 2012)Accumulation was more pronounced in theh (0.25mg/L)treatment levels

of vanadiumand the mid (0.010mg/L) levels ohickel. A. calamuswould be successfuin
extracting these metails contaminated areas that exceeddkgerimentatreatmentevelsin this

study. Shootconcentrationsf both metalsvereelevatedn comparison to natural valu@sigures

15and B).

Recommendatian for next stepswould involve field trials with A. calamusin known
contamination sites with quantified concentrations of metafget a better understandingtbé
plans relationship withvanadium and nickeh the environmentConstructed wetlands with
controlled water soursecould beplanted withA. calamus have addedcontamnation sources
(vanadium and nickelandbe measuredver time This experimentmight help corroborate the
pattern®bserved intte laboratory and greenhou$ée fate of metals taken up remains uncertain.
If the aboveground foliage is clipped and removedmemetalswill be takerwith the clippings

The bioavailability of vanadium amdckelin plant tissues is unde. If the metalenriched leaves
are allowed to senesce and decompmssite, the metals may become available in the water

column againor they maybecomedeeply buriedvithin theorganic matter.
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Figurel2. Initial seed packets ~100 per package stored either damp or dry.

54



Figurel3. Damp seed packets after storage inrgiggeratorin a black plastic bag.
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Figurel4. First growth of damp seeds recorded two months-plasiting.
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Figurel5. Dividing A. calamusinto individual root segments, root washing and cold storage.

57



e AN S
Figurel6. Acorus calamusvith peat treatment, stored outside to replicate the weather condition
similar to that of their natural counterparts.
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Figurel?. Transplanting of all successful seedlings from rhizomes and salsd
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Figure21l. Chemical analysis of the two nutrient solutions selected for study.
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Figure22. Algal growth on plants during experiment. Plant containers were rinsed weekly to
deter continued algal growth.
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Figurel18. Potential signs of stress seen on high level vanadium treatment (0.10mg/L), shown by
the yellowing of shots.
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Figure24. Ceramic knife used to cut material during harvest. Pink interiér chlamus
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