An Assessment of Floating Treatment Wetlands for Reducing Nutrient
Loads from Agricultural Runoff in Coastal Virginia

Jonathan Travis Spangler

Thesis submitted to the faculty of the Virginia Polytechnic Institute and
State University in partial fulfillrant of the requirements for the degree of

Master of Science
In
Biological Systems Engineering

David J. Sample
Laurie J. Fox
W. Cully Hession
Sarah A. White

May 17, 2017
Virginia Beach, Virginia

Keywords: floating treatment wetlands (FTW), best agement practices
( BMPGs) , retenti on premediasian, ryndffystormmwateme d i a



An Assessment of Floating Treatment Wetlands for Reducing Nutrient Loads from Agricultural
Runoff in Coastal Virginia

Jonathan Travis Spangler

ABSTRACT

Floating treatment wetlands (FTWSs) are an innovative best management practice that can
enhance the performance of traditional retention ponds by increasnoyal of the nutrients
nitrogen(N) and phosphorou®). FTWSs consist of floating rafts onhich wetand plantsare
planted allowing the roots to be submerged belinw water surfacevhile the shoots remain
above A growing body of researchals documented FTW performance with regardrban
runoff treatmenthoweverevaluaton of FTW effedivenesdor treatment ofagricultural runoff
has received less attentiddue to high fertilization and irrigation rates, commercial nursery
runoff contains much higher concentrationdNadndP than runofffrom urbanareasWe
conductedtis study over two growing seans(2015 and 2016&p assess the effectiveness of
FTWs for use in commercial nursery retention pohdshe first studywe used two differat
nutrient concentrationsne to simulate nursery rungff1 7 . 1*Trig Aln d 2'.TB)and mg AL
one to simulateoncentrations that fall between urban and nursery rgnéff. 2 21 Tikhand L
0 . 52 1WR).Rolr treatments were usek):Pontederia cordat@lanted in cups supported by
a Beemat?) Juncus effusuglanted in cups supported by a BeerBag Beemat wh no phants,
and4) no treatment (opewatel). Performance was evaluated based orday’hydraulic
retention timgHRT). Pontederia cordataemovedbetween 90.3% and 92.4%total
phosphorusTP) and 84.3% and 88.9%tal nitrogen TN), depending on inital loads. These
reductionswveresignificantly more thather treatments at both high and low nutrieating

rates.Juncus effusugerformed better than the control treatmentsi#éremoval at lav nutrient



concentrations, but didot perform any bettéhan the control at higher nutrient loatisthe
second studygonductedn 2016,we evaluated different plant species over twavéek trials

using simulated nursery runoffWe used five monoulture FTWswith the following species:
Agrostis albaCannaxgeneralis Carex stricta Iris ensata andPanicum virgatumAdditionally,
two treatments were created from mixed species plantings and the final treatment consisted of an
open water control mesocoshutrient removal performance was evaluated oveday’HRT.

P removalphosphaté?) by FTW treatments ranged from 26.1% to 84.%r trial 1 and 26.8%
to 63.24 for trial 2. Trial 1 N remova (sum of ammoniunN, nitrateN, and nitriteN)

efficiencies ranged from 38.9% to 8%4and trial 2 ranged from 12.9% 59.6/%. Panicum
virgatumremoved significantly more N and P than the control and any other FTW treatment
the second studyBoth studies indicated, depending upon plant species, that FTWs can
effectively remove nitrogen and phosphorous from urbarcandnercial nursery retention

ponds.
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GENERAL AUDIENCEABSTRACT

Floating treatment wetland$TWs)are used to enhance the nutrient removal
performance of stormwater retention porfelBWs consist of duoyantraft on which wetland
plants are plantedllowing the shoots to extend above the water surface while the roots stay
submergedThe purpose of this research was to evalkaM nutrient renoval performacein a
commercial nursery environment whewmoff has much higher concentrationsmtrogen and
phosphorous than urban stormwaf€he study spared across two growing seasons (2015 and
2016) during which different plant species and nutrient cemtrations where evaluatedhe
first study evaluate®ontederia cordatandJuncuseffuses as well as two control treatments at a
high nutrient concentraticeind a low nutrient concentratiofihe Pontederia cordatgerformed
better than the other treatments at kbthhigh and lovinitial nutrient cacentrations.In the
second studythe following speciesvere evaluatedsing a combination of mixed and
monoculture plantingsAgrostis albaCannaxgeneralis Carex stricta lris ensata andPanicum
virgatum Panicum virgatumiemoved significantly more nitrogemd phosphoroukanany
other FTW treatmerih the second studBoth studiesndicatedthatFTWs can be effective

technologes for nutrient rermval fromurban and commeial nurseryretention ponds
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Chapter 1. Introduction and literature review

1.1 Stormwater pollution

As the worl dbdés popul ation has izatiorrhasas ed,
increasedClean water is important for a variety of reasons, but tlegeusechanges have
implications on the natural hydrologic cycle and create a range of water pollution $dases.
development results in increases in impervious suwsfagkich reduce infiltration and result in
higher runoff volumegDietz and Clausen 2008hcreasing erosiofCianfrani et al. 2006)
contaminant load€Carey et al. 2013and thermal loads in waterwalfderb et al. 2008)Iin
addition to urbanization, population increases also create demand for agricultural
production Excess fertilization and sediment Idssm agriculture and urban runoff can degrade
water quality andtancause eutrophicatiaio surface waters downstreg@arpenter et atl998,

Qin 2009)

According to thdJSEPA(2013) agriculture is the leading contributor of impairments to
streams and riverggriculture crop production systems and animal grazing can cateré
significant amount of nonpoint source pollution (NPS) through erosion from tillage, application
of fertilizers and manures, and poor irrigation pract{d&s/otny 2003) High concentrations of
nutrierts, such as nitrogen (N) and phosphorous (P), resulting from chemical and manure
fertilizer application can enter nearby water bodies through overland flow or groundwater

leaching, thus posing a risk to water quality and aquati¢Aimelerson et al. 2002)

Similar to conventional row crop agriculture, nurseries and greenhouses use significant
amounts of feilizer and water tgroducefi ¢ o n tceoponBue to plant density, substrates,

and species diversity, nurges can use more agrichemicals than row crop opergighie et



al. 2010) Majsztrik(2011)reported average yearly container nursery N and P application rates
of 680 kgha'and 129 kdal, respectivelyWell-drained substrates are typically chosen for
container operations to hghpevent disease, but the limited amount of wagddin those
substrates leads to more frequent irrigafidiajsztrik et al. 2011)The combination ovell -
drainedsubstrates and frequent irrigation can cause water and nutrient le&thitigs

conducted in the southeastern US have shown average concentrations of N and P in nursery
runoff to range from 8.27 to 21.7 vy and 1.41 to 8.27 nlg, respectiely (Taylor et al.

2006, White et al. 2010, White et al. 201This contrasts with concentrations of N and P in

urban runoff of 1.19 mig* and 0.15 m4 1, respectivelfWang and Sample 2014)
1.2 Regulations on nutrient pllutants

To addresshe environmental damages and human health concerns cause@éby wat
pollution, the Clean Water Act (CWA) was creafedS. Code 1972)hrough Section 303d of
the CWA,the USEPA requires each state to develop a list of impaired waters, ksdhe
A 3 0 3 d The USEPAaml states who have been delegated authority under the National
Pollutant Discharge Elimination Syste(MPDES program) are then required to conductistud
to determine the appropriate maximgontaminantoading from each source that the water can
receive and still meet its designated Ud#@s program is known as the total maximum daily load,
or TMDL program, wusing da idihgjisnoreaNy¢he critertoro u g h
used In the case of N and PMDLs need to be met to reduce the ratewtrophication in lakes,
rivers, and estuarieBerhaps the mosgtell-knownexample of a nwient related TMDL is the

Chesapeake Bay TMDL.

The Chesapé@ Bay TMDL is the largest TMDL imposed by the EPA and is specifically

aimed at reducing the N, P, and sediment loads entering the bay through upstream waterways
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(U.S. EPA 201Q)The Chesapke Bay TMDL limits yearly N loads by 25% 84,323 metric
tonsand P loads by 24% 670 metric tonsAfter determining what loading can be allowed to
the waterway, the next step of a TMDL is to devedopatershed implementation plan (WIP)
The WIPoutlinesthe steps and methods to be tgkeoluding dentification ofload reduction
strategiedy each sourcandselection ofappropriatdbest management practices (B#)ito treat
runoff prior to dischargeSince agriculture makes up 24% of the land aréhe Chesapeake
Bay watershed, identifying suitable BMPs and putting them into plac®evikcessary to

address the BayMDL requirementgMajsztrik and LeeCox 2013)

1.3 Best management pactices and treatment ptions

In the Commonwealth of Virginiajrbanstormwateiis managd using thei Ru n o f f
Reducti on Me(Hirschohan etalr 2008, AMta et al. 2010)TheRRM uses a
variety ofpostconstruction BMP$o reduce, manage and treat rurofbr toits leaving a
developed siteRRM favors infiltrative practices such as rooftop disconnection, bioretention,
infiltrative basins, but also pvides credit for larger treatment BMPs such as wet pond and
constructed wetlands complete list of BMPs approved for use in Virginia can be found at
Virginia Department of Environmental Quality (201@)hile some agriculture BMPs focus on
some of the same technologies, like riparian butieds vegetated filter strips, they also include
source control efforts such as strip cropping, terracing, conservation tillage, nutrient management

planning, and livestock exclusigiirginia Department of Conservation and Recreation 2016)

Container nursery and greenhouse production systems are agricbliii@berate quite
differently than traditional row crop or livestock operations dubtédargenumbers oplants
producedtheincreasedrariety ofplant speciesand thehigherdemand for nutrients and

irrigation. Yeager et al. (201@nd Majsztrik et al(2011)identified some BMPs used by the
3



container nursery industry. Most of the BMPs identified focus on water and fertilizer application
in efforts to increase the efficiency of the plant production operation while simultaneously
improving runoffwater qualityVegetative buffer strips and containmaystems, like retention
ponds, were identified as BMPs appropriate for nutrient and sediment rerfR®tahtion ponds

are commonly used for runoff collection at nurseries, and while adequate foesedemoval,
theyare inefficient in regards tosBolved pollutant remové&Yeager et al. 2010, Tanner and
Headley 2011)To further improve water quality and nutrient removal, a relatively new
technology, floatg treatment wetlands (FTWSs), has emerged that may be suitable for the

nursery industry.

With regardto nutrient removal, FTWs are similar in function to constructed wetlands,
but float on the surface of the water. This trait makes them independenthgtitbégy of the
pond excepthere must be a minimum water level to keep FTW plants from sinking roots into
the pond sedimentSince the surface of the pond is unused and available at no cost, FTWs could
be an ideal and cost effective retrofit for cortv@mal retention pond@Vinston etal. 2012,
White 2013) Studies on FTWs have demonstrated their ability to remove N and P nutrients from
stormwateHubbard et al. 2004, Chang et al. 2012, Borne et al. 2013, Borne 2014, Wang and
Sample 2014)N and P reduction credits of 12% are allocated for FTWs by the Florida
Department of Environmental Protectififanielista et al. 2012Yhe Chesapeake Baydgram
Water Quality Goal Implementation Team recently approved FTW removal rates of 0.8% to
4.1% and 1.6% to 8.0% for N and P, respectivadypending on raft coverage as a percentage of
the retention pond aréhane et al. 2016)This latter estimate is intended as a conservative credit
based upon th&0" percentile of removal rates from available research on specific FTW trials,

and using a first ordedinetics in conjunction with a watershed mofi&lang and Sample 2013)



1.4 Overview of FTW technology

Floating treatment wethds are a relatively new technology that can be implemented into
existing stormwater retention ponds to aid in pollutant rem@aling et al. 2014, Borne et al.
2015, Lynch et al. 2015A FTW consists of a buoyanaft with emergent plants, whereby the
raft floats on the surface of the water and the plant roots extend below the @deadkey and
Tanner 2006, White 2013)nlike a traditional constructed wetland, the floating nature of the
design allows FTW# resist submersion and adapt to water level fluctuafideadley and
Tanner 2007, Lane et al. 2016)oating raftsand mats are commercially available, but
homemade rafts can function adequately as (M¢dingand Sample 2014Representation of a
generic FTW setup is shown kigurel.1, wheread-igure1.2 shows implementation of FTWs
in an actual pondRecent research suggesitat FTWs provide the following benefits in regards
to water quality: nutrient reduction, reductiommetal concentrations, filtraticemd

sedimentation, reduction shoreline erosion, and provisiofhwildlife habitat.

Palluted Runoff

Figure 1.1. Floating treatment wetland cressction diagram.



Figure 1.2. Newly planted and installed an@ge courtes of Laurie Fox, Virginia Tgch

1.5 FTW benefits

One of the most sigficant benefits in regards to the application of FTWSs is nutrient
removal.N andP occur naturally in the environment; however, excess of one or both of these
nutrients in surface water or groundwater can have detrimental impacts to human health and
aqgudic life. While typical stormwater retention ponds are adequate for removing fangiete
sizesedimerd from runoff, they are less efficient at removing fine suspended patrticles and
dissolved pollutantéTanner and Headley 201 BTW retrofits in existing or newly constructed
retention ponds can remove nutrients usimeghanisms similao traditional constructed
wetlandg(White 2013) Assimilation and denitrification play a major roleNmremoval
(Jayawem and Kasturiarachchi 2004, Borne et al. 20A3tudy in New Zealand by Borne et
al. (2013)concluded that denitrification contributed more significantly to N removal than plant
uptake, and that sizingRT'W relatve to the retention pond surface area is important for
sustaining the low dissolved oxygen (DO) environment needed for nutrient rei@iavad; for
FTW systems/aries based on nutrient loads, pond size, and project budget, but geneleslst at

50 nt in sizeor 10% to 50%pond surface area coverage is recommeimedder to achieve



appropriateanoxic conditiongor denitrification(Borne et al. 2015, Lane et al. 201&)ccording
to research by Born@014) P removal occurs via sorption, particle entrapment, flocculation and

sedimentation.

In addition to removing excess nutrients, FTWs have the ability to remediate waters
polluted with netals. Headley and Tann@007)found that FTWs were capable of Cu and Zn
removal at 3.86.4 mgh? d* and 2588 mghn? d!, respectivelyThey also concluded that
FTWs can reduce turbidity, thus removing fine sediments with greater efficiency than retention
ponds aloneVan de Moortel et a2010)concluded that Cu and Zmereremoved faster with
FTWs.In order to capitalize on the accumulated pollutant removal achieved by FTWs, it has
been recommended that harvesting be conducted at the end of each growing season by removing

either whole plants or the plant sho@@hang et al. 2012, Wang et al. 2014)

If established appropriately, FTWs can create amthl habitat and thriving wetland
ecosystems. Wang et §2014)observed aquatic macroinvertebrates, birds, and waterfowl
utilizing the floating islands for foragingestingor resting spots. Fish seeking cower
spawning areawere found adjacent to the islands as well. Nakamura and M(&0i@8)also
mention benefits to fish, birds, and other wildlN&ith appropriate plant species selection,

pollinators will be attracted to the FTVilglcAndrew et al. 2016)
1.6 Recent FTW research

FTWs have been used and evaluated for treatment of urban storr{iveatieer and
Headley 2011, Borne et al. 2013, White and Cousins 2013, Winston et al. 2013, Wang and

Sanple 2014, Lynch et al. 20153ombined sewage overflofvan de Moortel 2008)acid mine



drainaggSmith and Kalin 2000)and agricultural runoff and wiagswater(Hubbard et al. 2004,

Stewart et al. 2008, Yang et al. 2008, White and Cousins 2013)

Headley and Tann¢R007)conducted a batch mesocosm study with simulated urban
stormwater runoff to evaluate the effects of FTWs on fine particles, copper, and zinc. They used
four plant species grown on BioHaven® floating islands. The selection of sedges and rushes
includedCarex virgata, Cyperus ustulatus, Juncus edgardeelSchoenoplectus
tabernaemontaniThe targeted concentrations for the simulated runoff consisted ofgA3t
ammoniumN, 3.0mg A hitrateN, and 0.1Im g A total dissolvedP. After a 7-dayhydraulic
retention time (HRT), they observed greater removal of Cu from the planted islands than the
unplanted; however, Zn removal was more significant in the unplasitndsIn regards to
ammoniumN removal, the planted island treatments achieved significant removal, up to 96%,
over the course of theday HRT. Reductions between 26 and 51% were observed for dissolved
reactiveP for the planted islands, which wagsificantly better performance than observed in

the nonplanted islands.

Wang and Samplg014) setup a similar study comparirfgpontederia cordatand
Schoenoplectus tabernaemontparformance against control treatments in simulated urban
retention pond water. The average initial total nitrogen (TN) and total phosphorous (TP)
recorded were 1.18nd 0.15 m4. 2, respectively. Nutrient removal was calculated as a removal
efficiency using initial and final nutrient concentrations from water sam@iath plant species
improved nutrient removal in comparison to the control treatment aftelagt FART. The
Pontederia cordat& TW and mesocosm removed significantly more TP thastheenoplectus

tabernaemontanbut showed no statistical differenceSohoenoplectu®r TN removal.



Lynch et al.(2015)observed similar results to Wang and San(pd4)in a ~day HRT
batch mesocosm stud®nly one plant specieduncus effususyas observedResults indicated
that TN and TP mesocosm and FTW combined removals of 25% and 4% were achieved,
respectively, for BioHaven® floatingnats; and 40% and 48%, respectively, for Beemat floating
mats.These results indicate that floating island material may affect nutrient removal
performancelt is worth noting that the performance numbers mentioned above represent the
entire experiment,ral the data suggests that after an initiation period, the BioHaven® mats

matched the rate of nutrient removal of the Beemats when planted with the same species.

To evaluate nutrient removal from swine lagoon wastewater, Hubbard 20@4.)setup
a FTW study in tanks containirtigree nutrientoncentration treatments. They evaludtede
wetland plant species includingypha latifolig Juncus effusus, and Panicum hematordon.
two-weekHRT was used, after which half of the tamés drained anthenrefilled. Initial
concentrations for TN were 160, 50, andng A,land TP influent concentrations were 30, 15,
and 8mg A.ITheTypha latifoliaresulted in the best net nutrient removal performance, which
was indicated by plant tise sampling. Although th&uncus effususemoved nutrients early in
the trial, ultimately the plants did not grow well and in some cases did not survive at all. In
contrast to other studies, this led to the conclusionjiinatus effususas not suitabledr FTW

applications.

Chang et al(2012)usedCanna flaccideandJuncus effusur a FTW mesocosm
experiment in Florida. Nutrient input of nitrate was 3Anand input of phosphate wasrig A L
to simulate surface water runoff. Over the®nth study, nitrogen removal was calculated to be

36.39 mgn? dlandP uptake was 1.48 ndg2 d*. They concluded that a retention pond with



FTW surface area coveragei® was able to remove 61% TN and 53% PRt nutrient

content analysis concluded that tanna flaccidgperformed better than tRleincus effusus.

White and Cousing2013)studiedN andP removal from simulated runoff. Their study
examinedCanna flaccideandJuncus effusugver two growing seass. Using troughs and a3
day HRT, they were able to simulate an averddead of 0.85 mé."* during year one and 1.88
mg Allfor year two.P influent concentrationgere 0.08 mg.tand 0.22ng Afor years one
and two, respectivelyhe N and P concentrations for year one were reduced by 83.5% and 75%,
respectivelyThe increased inflw concentrations in year two resultedamN and P
concentration reductions of 58% and 45.5%, respectively. These removal efficiencies were
determined by measuring inflow andtibow water concentrationdissue samples suggest that
theJuncus effusuemoved rore nutrients than théannaflaccida, which conflicts withthe

results of the&Canna flaccideandJuncus effususxperiment by Chang et §2012)

Iris pseudacoruandTypha angustifoliavere used in a study by ker-Viek (2014)and
were found to remove more TN and TP thantadrreatmentsThe study was conducted over
91 days during which the nutrient levels were maintained at approximatelf 2 g and 0.25
mgA "1 TP. Thelris pseudacorusreatments had a total removal efficiency of 98% and 92% for
TN and TP, respectivelwhile theTypha angustifoliaesulted in 57% and 23% total removal

efficiency for TN and TP, respectively.

Yang et al(2008)studied FTW systems for purification of nitrateh agricultural runoff
in Yixing City, China. With initial concentrations of 7.94 gand 1.54ng ALOTN and TP,
respectively, they observed removal of 64% TN and 13% TP by the FTW and mesocosm for a 1

day HRT. Only one specie®enanthe javanicayas used in this study
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In addition to mesocosm or batch tank studies, FTW research érasdmently
conducted offull-scaleretention pondsTwo ponds in Durham, NC, USA were evaluated prior
to and after FTW installatiofwinston et al. 2013)The ponds had 9% and 18% of surface area
covered after FTW installation$hey used mixed species plantings consistinguottus effusus,
Carex stricta, Andropogon gerardii, Hibiscus mosdbsuand Pontederia cordatdhe nutrient
reductions between the pr@nd postretrofits were not significantly different in most castse
pond with 18% coverage, however, did statistically outperform itsatrefit results for TP
reduction.Overall,they concluded that the pond with 18% coverage outperformed the pond with
only 9% coverageBorne et al(2013)evaluatedN removal for a pond with FTWs in comparison
to a control pondThey concluded that hFTW treatment resulted in higher N removal. Using
the same experimental site, TP reductions of 27% were obd@wate 2014)To realize the
full potential of FTWs for TP removal, they concludedttiense root networks needed to be
establishedBased on extensiviell-scalestudies, Borne et al2015)established a set of design

and maintenance guidelines for FTW implementation.

The results presented in the Headley and Taf2@€7)study are encouraging, but
nutrient concentrations used in the simulated runoff are much lower thandbasgeir
commercial nursgrenvironmentsAdditionally, three of the fouplant species evaluated were
not native to th&).S, thus making them a less desiraplant selection for FTWs located in the
Chesapeake Bay watershed. The Wang and Sdgid)and Lynch et al(2015)studies ao
usednutrient concentrationtypical of urban runoff, not that of the strongemmercial nursery
runoff; however they do identify additional native plant species that show promise foenutri
removal.The swine lagoon wastewater treatment siitiypbbard et al. 2004)sed higher

nutrient concentrationtan those found at commercial nurseries thetowest concentration
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used wa close to the typical range observédwaseriesWhite and Cousin@2013)repored
successful results withuncus effusy$put concluded that more data collection was needed to
define nutrient removal rates by plant species at various influent concentrahess.
recommendations are further confirmed through the results presen@thby et al(2012)
Yang et al(2008)usednutrientconcentrations that fall within the typical nurgend
greenhouse runoffinge, but they only used one plapgcies whichis nonnative to the

Chesapeake Bay watershed.

Assigningappropriatecredits and removal rates for FTWs is important so that BMP
designs function properignd efficientlywhile meetng regulatory standard#.is clear from
reviewing the literaturéhat continued data collection and analysis on FTWs is needed in order to
strengthen the reliability of expected FTW performance reAipgrticular need is to identify

suitable plants and methods for nursery runoff applicable to the Chesapeake Bay regi

1.7 Research poblem and purpose

Maintaininghealthy water quality and quantity is imperative for many aspects offfe.
demand for water resources continues to increase, efficient use and tredtwesetwill also
need to increas@his is especiallymportant for the agriculture industryhich includes
nurseries and greenhousBkationally, approximately 29% of surface water and 65% of fresh
groundwater withdrawals in 2010 were used for agricultural crops and other irrigation needs
(Maupin et al. 2014)Commercial container nurseries and greenhouses use large quantities of
fertilizer ard irrigation water thatnay result in edvated nutrients and datent in discharges
from thesesites.Significant effort should be focused on making certain that ghelbgtantsare

reduced to the maximum extent feasible to emsompliance with the Chesapeake Bay TMDL.
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The goal of this reseeln wes to evaluate the efficacy of FTWs for nutrient remediation at
commercial container nursery and greenhouse opera@omsent literature and research
suggests that FTWs are capable of removing nutrients, but more research is needed to better
guantifythe performance of different plant species when exposealymngnutrient
concentrations and the overall practicality of each FTW plant species in a commercial

environment.

This studyevaluate the suitability of different plant species for potentiatrient
removal in existing retention ponds with nutrient camtcations representative of commercial
nursery runoff and concentrations between urban and nuts@&fy. In addition, the study
assessdthe potential commercial opportunity for growers toveat FTW plants and sell them
for wetland restoration, buffers, and other habitat restoratigagisol hese objectives were
acomplished using mesocosm studoe®ertwo separate growing seasoAsmesocosm study
was chosen in order to better control ithf@uent nutrient concentrations. This approach
facilitates focusing upon key treatment factors (such as species), while also limiting extraneous

variables that could be introduced inagtual retention pond setting.

The content in this report is foed on two separataibsimilar FTW studiesThe section
titled Study site and experimental equipmeattainsto both studiesEach studyhas its own
section outliningnaterials and methodas well as separatesults and conclusions. A

comprehensive cohgsionsection will address the overall key learnings from both studies
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Chapter 2.  Study dte and experimental equipment
2.1 Study site

The study was conducted in Virginia Beach, VA at the Virginia Tech Hampton Roads
Agriculture Researchnd Extension Center (HRAREB;6 A5 3 NjN, 76 A10NW) . The
located on the north central portion of the property andtsned in red irFigure2.1. Rainfall

and temperature data at the HRAREC for the study peai@shown imTable2.1.
Legend
- | Property

D Study Sit

/. g -

Figure 2.1. Floating treatment wetlands study site at the HRAREC.

Table 2.1. Rainfall and temperature @ator thestudy site.

Total Mean Air Max Air Min Air
Rainfall Temperature Temperature Temperature
Study Period Date Range (mm) (°C) (°C) (°C)
June 8, 2015 October 19, 2015 559 24.7 36.3 7.50
June 1, 2016 July 27, 2016 255 25.5 36.1 13.7
July 27, 205 - September 21, 2016 659 26.1 35.9 17.4
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2.2 Experimental equipment

The experiments were conducted using a designed and built systetkspflamps, and
piping. Two 5867 L(1550 gal)plastic storage tankK®orwesco, St. Bonifacius, MN, USAjlso
referral to as the mix tanks, were used for the batch process makeup of the water and fertilizer
solutions.One tank was capable of supplying water to half of the experimental mesoEasims.
tank drain was connected to the intakeroékectric water pumpModel FH40-550Q Little
Giant, Oklahoma City, OK, USAYhe discharge of each pump consisted of a main supply line
and a recirculation line. The recirculation line allowed water to be circulated from the mix tank
drains back to the top of the mix tarlhis wasbeneficial for mixing when initially adding the

soluble fertilizerto ensurea uniform concentratiomas delivered

The main supply line for each mix tank had four headers, one for each of the four rows of
mesocosmslhe headers were tied into the maipgly line on both ends of the piping layout,
creating a loop to aid in equalizing the flow in each fill likach of those four branches had

eight fill lines,two fill lines per mesocosm.

Thirty-two gructural foam stock tank®Rubbermaid Commercial Prodts, Winchester,
VA, USA) were used as mesocosrasach 378.5 L mesocosm was retrofitted with an overflow
hole that allowed a maximum water volume of 302.&\¥erymesocosnhada drain at the
bottom thaiconnected into a main drain systeéfhe reason focreating a drain system was to
move the draining water to an appropriatesite water conveying systeamd to awid flooding
the experiment aredhe main drain line was connected to the intake of a Honda WX15 gas
powered water pumf@Honda Power EquipmenAlpharetta, GA, USA)The discharge of the

drain punp was connected to a series of 15.24 m (50 ft) sections of Goodyear 3.81 cm (1.5 in)
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Spiraflex hoseThehose conveyed the water to a ditch on. Jitee experimental equipmejoist

after construction ishown inFigure2.2.

—

Figure 2.2. Constructed system chrT meco:osm eperimentat the HRAREC
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Chapter 3.  Effects of nutrient loads onFTW performance for two native speces
3.1 Study overview

The experiment for the 2015 growing seas@s conducted from June 8, 2015 to
October 19, 2018619 experimental weekdpontederia cordatdpickerelweed), anduncus
effusuqsoft rush), two commonly usethtiveplants in floating treatrm# wetland technology,
were evaluatedgainst a set afontrol studies that consestof open water or maanly
mesocosms. The plantgereplanted on commercially available floating treatment wetland
systemgBeematshand implemented in mesocosms usedreastment evaluatiod.wo nutrient
concentrationsvereused b represent runaffa low concentration for stormwateetween urban
and nursery conditiorsnd a higher concentratiéor commercial nursery runofA HRT of 7
dayswasused for the study. Aftef days, each mesocosmasdrained and refilled with new
water and fertilizer solutiorN andTP removalwerequantified using water sampdadplant

tissue sample result§he hypotheseof the study we:
1) Nutrient removal is affected lifie presencef FTWs in a mesocosm study.
2) Nutrientremovalis affected byFTW plant species selection
3) Nutrient removahis affected bynfluentconcentration

3.2 Materials and methods

3.2.1 Designand operation of experiment

The experimentvas set up in a randomized cdete block design that includéalur
replications okighttreatment typeslable3.1 shows the treatment combinations for the study.

For each nutrient concentration, highL. 7 . 11 TNg Alnd 2'.TB)andlamg( AL 2 2! mg AL
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TN and 0LTB)2hersgeldbur replications that incided the following: one treatment

with Pontederia cordataone treatmentvith Juncus effusy®ne treatmenwith a matand no

plants, and one treatmenith no mat and no plan{epen water)The mesocosms were blocked

by row with the northern most row being block 1 and each subsequent row being blocks 2, 3 and
4. The sole purpose for blocking by row wasi in organization duringample collectioand

data measuremerkigure3.1 belowshows theexperimental design.

Table 3.1. Treatment combinations for the FTW wetland study

Treatment Mat Plants Species Concentration Reps
1 Yes Yes Pontecbria cordata Low 4
2 Yes Yes Pontederia cordata High 4
3 Yes Yes Juncus effusus Low 4
4 Yes Yes Juncus effusus High 4
5 Yes No n/a Low 4
6 Yes No n/a High 4
7 No No n/a Low 4
8 No No n/a High 4
™ ™ I ™ ™ ™y ™ ™
8 7 6 5 4 3 2 1
B | o Ck 1 Treatmznt & Treatmznt3 Treatmant 1 Treatment 5 Treatment & Treatment 7 Trestment 4 Treatment 2
High Low Low Low High Low High High
o i i
MNe Plant JAN Juncus JAS FPonteder JAN JAR JAN JAN JAN ¥ ) M ix Ta nk
™ ™ ™ R R ™ ™ B! Low
16 15 14 13 12 11 10 9 [TN =5.22 mg-L“]
[TP=0.52 mg-LY]
B | o Ck 2 Treatment 2 Treatment 7 Treatment 5 Treatment 1 Treatment 4 Treatment & Treatment 3 Treatment 8
\ Pontederia -/ k Mo Plant -/ k Mo Plant J \- Pantederia _/ \- Juneus _/ \ Nao Plant j \ Juncus -/ k Mo Plant -/ North
™ ™ ™ ™ ™ ™ ™ ™
24 23 22 21 20 19 18 17
B | 0 ck 3 Treatment 7 Treatment 8 Treatment 1 Treatment S Treatment & Treatment4 Treatment 2 Treatment 3
Low High Low Low High High High Low Mix Tank
No Mat No Mat Mat Mat Mat Mat Mat Mat .
No Plant j Ne Plant \ Pontederia \- No Plant J‘ Ne Plant J‘ \- Juncus j \ FPantederia \ Juncus j H Ig h
[TN=17.1 mg-L?]
~N ~N ~ N > ~ ~N ~N [TP=2.61 mg:L7]
32 31 30 29 28 27 26 25
B | o Ck 4 Treatment 5 Treatment 7 Treatment 4 Treatment 2 Treatment & Treatment 8 Treatment 3 Treatment 1
e e il s N e
Mo Plant j \- Mo Plant j \- Juncus ) \ Pontederia / \ Na Plant / \- Nao Plant / \ Juncus j \- Pontederia j

Figure 3.1. Experimental design for the 2015 growing season.
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At a depth of 423 cm (full), each mesocosm held a voluof@02.8 L, and had a water
surface area of 0.79nThe 1.3 cm thick closed cell foaftoating rafts used were commercially
available FTWsystems maufactured by Beemats (Beemats LLC, New Smyrna Beach, FL,
USA). The mats cae with puzzlepiece edges for custom raft sizing and-gué holes that can
be used witlaerator pots, also distributbg BeematsThe ends oéach matvere trimmed to
allow for a proper fitin the mesocosms leavingatal mat surface area 6£64m? (0.55 nt if
subtracting out the precut holeagshown inFigure3.2. At operational depth, the FTW covered

80.3%o0f the water sdace area.

Figure 3.2. Beemat sized to fit mesocosm surface area at operational water levels.

Prior to planting, the roots of each plant were rinsed thoroughly in effort to remove as
much of the original pinting media as possibl€he rinsing process proved effective for the
Pontederia cordataoots but ineffective for the tightly bound root balls of fli@cus effusus
The difference in root balls after rinsiagd an example of planting with the aeratotrip shown

in Figure3.3.
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Figure 3.3. Roots after rinsing?ontederia cordatdleft), Juncus effusugniddle),Juncus effusuglanted
in an aerator pot (right

Immediately after rinsing, the roots were wrapped in fiber coir, placed in ttecpla
aerator potsand taken to the study site where theyewvplanted according to the design of
experimentEach mesocostfitted mat contained 20 planting hol&uring thisstudy, 50 % of
the planting holes were usdtve plants were randomly planted on each half of thefonat
total of tenplants per mesocos(approximate density of 15 plantS)mA representation of this

planting scheme is shown Figure3.4.

Figure 3.4. Repesentation of the planting scheme for the 2015 experiment.

After each 7day HRT, the mesocosms were drained and refilled with a new batch of

simulated rundf The simulated runoff was created dydingwater and24-8-16 soluble
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fertilizer (Southern Agriculture Insecticides Inc., Hendersonville, NC, USA&ach mix tank.

After allowing the solution to recirculate for 1 hour, it was pumjeeshch mesocosnio

represent the urban stormwater nutrient concentration, 66.24 g of fertilizer was added to the low
mixtankwhi ch resulted in meahTN oanncde nOLTBa2 i nognsL of !
Similarly, the simulated commercial nursery runoff was created by adding 368.03 g of fertilizer

to the highmixtankvhi ch resulted in meahTNawrRElk nmgAlt i ons
TP. A lower nutrient concerdtion wasused for the first fivaveeks of the simulated nursery

runoff treatments to help with plant acclimati@uring that period, only 220.82 g of fertilizer

was added to the high concentration mix tank.
3.2.2 Water sampling and analysis

The start of each experimental we@lday retention timejvasdesignated asay 0.0n
day 0,125 mL widemouth Nalgene bottles were used to collect grab sarfrpieseach mix
tankat a depth of 30.5 cm (12 in) below the water surféies the fertilizer was addeahd
mixed for one hourThe day 0 samples representiad initial nutrient concentratidior the 7
day retention periodVater temperature, pH, D@nd ECmeasurementseretaken insitu for
both mix tanks using YSI Professbnal Plus multiprobe meter (Yellow Springs International

Inc. Ohio, USA) at a depth of 60.96 cm (24 in) from the water surface.

The start of eachxperimental weelvas alsaday 7of the prior Zday retention timeOn
day 7, 125 mlgrabsamplesverecolleded from each of the 32 mesocospn®r to draining.
Additionally, water temperature, pH, D@nNdEC measurementgeretakenin situ at a depth of
30.48 cm (12 in). These samples regekthe final(post treatmentutrient concenation for the
retentionperiod.Grab samples anid situ measurementsere takerfor each mesocosevery

other week on ays 3 and as well
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After collection, all water samples were kept on ice in a cooler athigr necessary
fieldwork was completeSubsamplesvere acidifiedo a pH of 2 in preparation for shipping and
metals analysisThe remaining samples wefr@ezen untilTN and TP analysis could be
performedAll collected water samplegere analyzed for TN and TP using automated flow
injection analysis after persulfategdstion (persulfate digestion methods QuickChem® Method
10-107-04-4B and 10115-01-4B; Lachat Instruments, Loveland, CO, USK)addition, water
samples were analyzéor metal content usingpductively coupled plasma optical emission

spectrometry (ICROES 7400 Duo, Thermo Fisher Scientific, PA, USA).

Oneissue with thelescribedvater samplingnethodss the potential impaaif
evapotranspiration and precipitation effects on nutrient concentralidn® A openo desi gn
experiment allows rain to faflirectly into the mesocosms, which could potentially dilute
nutrient concentrations and overstate nutrient removal performanoentrast,
evapotranspiration effects could result in more nutrient concentrated water sarhplesiited
project budget dieshot allow for method$o reduce this errgisuch aghe installation of a rain
shelter or morérequent sample collection. Hower, a simple water balantelped estimate the
effects and more accurately quantify therient removal performanc&he watetalancemodel
wasdeveloped to estimate the effects of precipitation and evapotranspiration using W@atthe
collected at the experiment sifhis process is described in more detail in the data analysis

section.

3.2.3 Plant tissue ampling and analysis

Three dant tissue samples were collecfesin each mesocosm at the end of the study.
Immediately following the harvest, the roots and shoots were separated and stored in paper bags.

The roots and shoots froRontederia cordat@amples were separated at theagr of the plant
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as shown irFigure3.5. The roots and shoots froduncus effususamples were separated at the
bottom of the planting cup and the crown on the plant, respectively as shbignie3.6. The
different procedure foduncus effususzas necessary because the portibroots in the planting

cups wagoo entangled with the planting coir for proper separation.

Figure 3.6. Juncus effususots separated from the planting cup after harvest.

The samples were driéa a forced air oveat 58 °C until all moisture was released and
consistent sample weights were maintained for two consecutiveTdssse samples were then
groundto 0.5 mm particle sizesing a 337435 Variable Speed Digital E5 Wiley Mill set to

900 RPM(Thomas Scienti€, Swedesboro, NJ, USADue to budget constraintd| three
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samples of shoots from one mesocosm were ground into one composite sample and mixed
thoroughly.The same procedure was used for the rdossue samples were analyzed for TN in
a nitrogen comirstion analyzer (LECO FP528 Nitrogen Combustion Analyzer, Leco Corp., St.
Joseph, MI, USA)Samples were also analyzed Poon an inductively coupled plasragtical
emission spectrometer (Spectro Arcos4CBS, Spectro Analytical Instrumerdsdivision of

Ametek, Kleve, Germany).
3.2.4 Data analysis

Water sample data was repaftwith concentration units (img?) and was converted to
mass using mesocosm volunsénce mesocosmvapotranspiratiowas not measured directly in
the field, it wasestimated agpotental evapotranspiration usinige FAO 56 PenmaMonteith

reference crop methpdhown in equation 1 below:

0"Y . (1)

where ED is the reference crop evapotranspiration (mmilai, is the net radiation at the crop

surface (MJ n? day?), G is the soil heat flux (MJ ¥day?), T is the air temperature at 2 m

height (°C), uis the wind speed at 2 m height (1) sa is the saturation vapor pressure (kPa), e

is the actual vapor pressure (kPaeg s t he vapor pressure deficit
pressurecurve fa°C) , and o is the ps y)cAwatenbudgetinodelc onst ar
that utilized daily rainfall and potential evapotranspirati@s created to estimateater volume

at each sampling occurren&nce the mesocosms had a maximum fixed capagpiis were

taken into account as weWeekly rutrient removal efficiency was calculated usetgiation 2

below
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YQa ¢ REXQQOQE&Gdp T T 2)

where Nis the initial nutrient load and:Ns the nutrient loadfter a specified retention time.

Cumulative removal efficiency was calculated using equation 3:

YQa ¢ RI006 QS E-He zp T 3)

where the sum dfl; was taken across all weeks and gum of Nwas taken across all weeks.

Weekly curves were fit by nonlinear regression to show removal duringdbg ART.

The mechanistic growth model shown in equation 4 was used for the fit.
0601 NORHBIE LI P O2Q ° 4

wherea is the Asymptoten mass units (g or mgp is the scale, and c is the growth iate

dayst.

All values are reported as mean * the standard error of the mean unless otherwise noted.
SAS JMP® Pro 13.0.0 (SAS Institutec. Cary, NC, USA) was used to perform statistical
analyses. Normality assumptions were tested both visually using the histogram and residuals as
well as the ShapirdVilk goodnessof-fit test and suggested guidelines for skew and kurtosis.
Where appropri@, analysis of variance (ANOVA) was used to identify statistical significance.
Student6s t was used for pairwise compari sons
comparisonsf<0.05). For nomormal data, Wicoxon/Kruskaallis tests (rank sums) were

usel for nonparametric each pair comparisqmed(05).
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3.3 Resultsand discussion
3.3.1 Agqueous ritrogen and phosphorous removal

The average concentration for TP and ilthe high concentration treatmeatsthe start
of the Zday HRT was 2.640.04mg A (0.79 gmasdoad and 17.130.24mg A (5.19 gmass
load), respectivelyThe high concentration treatment was meant to simulate nursery; rilnesk
concentration levels fall within the typidsdland Prangesof nursery runoffTaylor et al.2006
White et al.201Q White et al.2011). Low concentration treatmenigereintendedo simulatea
rangebetween nursery angtban runoff Theyaveraged 0.580.01mg A (0.16 gmass loajl
and 5.220.03mg A (1.58 gmass loajifor TP and TN, respectively, which asethhigher than
the urban runoffoads observeth a northerrvirginia retention pondy Wang and Sample

(2014)

Cumulative TNand TP removal for the study aleown inTable3.2. The mean removal
efficiency for TP after 19 weeks ranged from 38.9% to 92.4% for the low concentration nutrient
treatments and 15.3% to 90.3% for the high concentration treatrmbetsemoval efficiencies
for TP by week over the study period are showhRigureA.1 andFigureA.2in Appendix A
Pontederia cordataemoved an average of 2.77+0.0ZRjover the experimental peridbm
the low nutrientoncentration treatmemwhich wasmore(p=0.0027)than theJuncus effusus
(2.20£0.06 @ At low concentration,ite FTWsperformed better than both the open water
control treatment and threatonly control treatmentThe TP removal results suggésere isno
advantage to mat coverage without plantsomparison tmo coverage at alor the evaluated

treatments
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The TN removal efficiency ranged from 34.7% to 88.9% and 25.3% to 84.3% for the low
and high concentration trea¢émts, respectively éeFigureA.1 andFigureA.2 in Appendix A).
Pontederia cordataemoved araverage of 2640.28g TN for the low concetnation treatment
and 83.@1.90 g TNfor the higher concentration, both significantly higher than all other
treatments given the same nutrient concentratibNgemoval performanc®r thelow
concentratiorsolutionby theJuncus effusyd9.%0.73 g,wasno better than teopen water
control treatment] 8.4:0.71 g.Both theJuncus effusuand open water contraleatments
removedmore(p<0.0001 ,p<0.0001)thanthe matonly control treatmerdt low concentration
which suggests that the addition of a mat without pladtslittle value in regards tdl removal.
At high concentration, theerformance ofuncus effususzaslower (p=0.0178)on average than
the open water control treatmeihe high concentratioduncus effususeatments were infected
by a rust disease of thadmyces genubalfway through the studromyces is the most
reported disease fduncus effusuim theU.S. (Farr and Rossman 20171he presence of the
rust could be one contributor to the poor nutrient removal performance relative to the control

treatmrents.

Figure3.7 shows the cumulative TP and TN removal as a function of experimental week
for both the high and low concentration treatments. An evident change in slope occurred four
weeks after initiation. Thiscreased slope represents a faster nutrient removal rate, and indicates
that the FTWSs require an establishment phase before they reach their full nutrient removal
potential. Lynch et al2015)cited similar observations in regards to plant establishment, but
selected a period of eight weeks as the establishment phase in contrast to the shorter period
observed in this study. The coderable difference in establishment time is likely related to the

much higher nutrient loads used in this study, more than 7 times higher for TN and 4 times
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higher for TP at the low nutrient concentration. Weeks one through four were designated as the
estdlishment phase. Mean removal rate was found usingfibésear regression for weeks five
though nineteenTable3.3 shows the removal rates for each treatment combinaghort ¢*)

and the associated? Ralues. Thé?ontederia cordatdad higher removal rates than all other

treatments at both high and low concentrations, while theomigtcontrol performed the worst.

Table 3.2. Mean cumulative removal for TN and TP by nutrient concentratier4(ifor each treatment)
in the FTW experiment conducted from June 20Tkctober 2015.

Cumulative removalafter 19 weeks

Treatment TP (g)t TP (%) TN (g)! TN (%)
High nutrient concenttin

Controli no cover 3.67b 24.4 49.12b 49.8
ControlT mat cover 2.30c 15.3 24.91c 25.3
Juncus effusus 4.08b 27.1 34.96¢ 355
Pontederia cordata 13.56a 90.3 83.03a 84.3
ANOVA F Ratio, pvalue 434.95,<0.0001 81.45,<0.0001

Low nutrient concenation

ControlT no cover 1.52¢c 50.5 18.37b 61.2
Controli mat cover 1.17c 38.9 10.42c 34.7
Juncus effusus 2.20b 73.4 19.93b 66.3
Pontederia cordata 2.77a 92.4 26.71a 88.9
ANOVA F Ratio, pvalue 68.18,<0.0001 97.90,<0.0001

IMeans with differentetter differ significantly from other means with the same concentration at p<0.0!
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Figure 3.7. Mean cumulative TN and TP removal by treatment type as a function of experimental week
for the FTW study coducted from June 20150ctober 2015Linear regression lines fitted for weeks 5
through 19 represent removal rate after plant establishment phase.

Table 3.3. Mean TN and TP removal rates ifg? d) and asstiated rsquare values after plant
establishment (weeks®) (n =4)for the FTW study.

Treatment TP (gm2d?Y) TP (R? TN (g-m2d?) TN (R?
High nutrient concentration

Controli no cover 0.041 0.972 0.69 0.998
Controlt mat cover 0.027 0.973 0370 0.991
Juncus effusus 0.057 0.983 0.505 0.994
Pontederia cordata 0.2 0.998 1.2 0.999
Low nutrient concentration

Controli no cover 0.016 0.994 0.219 0.992
Controlt mat cover 0.014 0.986 0.13% 0.983
Juncus effusus 0.031 0.996 0.290 0.998
Pontederia cordata 0.036 0.998 0.351 0.999
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Common units for reportingTW performance are g™, With regardto mesoscosm
studies, lhese average values assume a linear nutrient removaveata study periodzigure
3.8 shows the TNemoval rate within the-day HRT for the high concentratidtontederia
cordatatreatment foevery other week from weeks three to ninetd@ér lines were fitted using

average removal (n = 4) for 2, 4, and 7 days after initialitmp

Table3.4 and3.5show the summary of fit for the mechanistic growth model as well as
the nonlinear regression paramet&hile cumulative nutrient removal rates reediin a linear
fit acrossthe growingseason, results from sampling throughout Huay HRT indicate that
nutrient uptake as a function of days after load actually fits an exporgpeaimechanistic
growth)model.This is important to note because it suggests that by varying MRiTent
removalperformance may be affectédore specifically, maximum potential nutrient removal
could be reached with shorter HRTt is alsoworth pointing out that week three and five both
have a much lower rate th#re remainder of the weeks, whicbuld ke attributed to plant
establishment and total bioma$ée uptake ras peaked during week 11 and TBe figures in

Appendix Bshow the naolinear regression fits for oth&eatmentnd runoff typecombinatiors.

In a FTW mesocosm study using synthetic greywdtieed et al. (2017pbserved no
significant differences in ammoniuhd between the inflow and ¢iow for two-day and seven
day contactimes but cited greater removal nitrateN by increasing contact time. The study
concluded thatRTs should be optimized when ugiRTWs for pollution removal.
Additionally, in a 1:10 scale retention pond repli€aan et al. (2013jletermined that hydraulic
performance of the pond depended heavily on the size and position of the FTW in regards to the

pond surface and inlet.
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Figure 3.8. Weekly fitted TN removaturves forhigh concentratiorPontederia cordatareatments
during the FTW study conducted from June 2013ctober 2015.

Table 3.4. Summary of fit fothe FTW studyTN removal by day foPontederia cordatdigh
concentration treatments

Model AlCc BIC SSE MSE RMSE RSquare
Mechanistic Growth 211.308 23.647  0.250 0.028 0.167 0.998

Table 3.5. Nonlinear regression parametersttoe FTW studyTN removal byPontederia cordatahigh

concentration treatments.

Experiment Growth
Week Asymptote Scale Rate
3 3.074 1.015 0.164
5 2.866 0.991 0.255
7 5.807 1.003 0.286
9 5.416 0.999 0.554
11 5.025 0.998 0.775
13 6.667 0.999 0.596
15 5.753 0.998 0.519
17 5.554 0.999 0.500
19 3.984 1.000 0.548
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3.3.2 Plant growth

Figure3.9 visually displays the root and shoot growth throughout the study for two low
concentration treatmentRoot and shoot dry weights for harvested plants are shoRigure
3.10. Pontederia cordatahoots from high concentration treatments had a mean dry ve¢ight
260£28 g, whiclwas largerthanPontederia cordatéow concentration shootd 77+14 g,
p=0.016§, Juncus effusuligh concentration shoot94.9+8.8g, p<0.000), andJuncus effusus
low concentration shoot§9.0+5.8g, p<0.000). TheJuncus effusushootdry weights did not
differ for high and low concentratisrfp=0.0885) The root dry weight oPontederia cordata
high and low concentration treatmeadtd not differ from each othgp=0.8389)but werelarger
than bothJuncus effususeatmentsThe low concentratioduncus effusuootshad a mean dry
weight of 14.2+1.9, which is large(p=0.001)thanthe high conentrationJuncus effusus
treatmentThis result could be attributed to root morphologa#nges under conditions with
lower P availabilityMengel et al. 2001Since nutrient availability is i@, the rootshouldgrow
longer in search of more nutrienksitial nutrient loadnfluenced theplant shoot biomass of
Pontederia cordatawhere higher initial concentrations enabled larger biomass production, but
this was not observed fduncus effusug he opposite is true for plant root biomass, whewne

initial nutrient loadsncreasedoot growth inJuncus effusysut notPontederia cordata
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Figure 3.9. Plant growth over time fdPontederia cordatgtop) andJuncus effusuéottom)during the
FTW study conducted from June 201®&ctober 2015
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Figure 3.10. Rootand shoot dry weights (mean * standard grbgrnurient treatment and specifes the
FTW study conducted from June 20l®ctober 2015n=12.

Figure3.11 shows theN andP for each treatment combination accumulation afted ke
weekstudy.Pontederia cordatdigh concentration shooé&cumulated 4.8:0.49 g ofN, more
than all other combinations of species and nutrient treatr{ar@0304).The low concentration
Pontederia cordatahoots(1.84+0.05 yand the high concentrati@duncus effusushods
(2.05+0.07 ¢, bothaccumulateanoreN (p=0.0304)than the low concentratialuncus effusus
shoots(1.37+0.04 ¢ Pontederia cordataootsat the high concentrations accumulafed2+0.06
g, more than the other three treatment combamatiPontederia cordat§0.26+0.02 gand
Juncus effusu®.18+0.03 groots absorbethoreN (p=0.0304)Xhan the high concentration
Juncus effususots(0.11+0.01 ¢ Chang et al. (201Zpund thatluncus effususollected 0.036
gM2 d! TN after an operational period of 3 months with influent nutrient concentrations of

approximately 4 m L. C h a nresdlts are about 5 times lower than the TN upfeke 1 8 2 g A m
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d?1) observed byluncus effusugiven low concentration treatmertsring the FTW study
conducted from June 20150ctober 2015 One reason for the additional nutrient accumulation
is the extended time covered by this stullyditionally, surface area coverage and planting

density could be contribung factors

TheP sequesteredn the shoots of each treatment combinatidfered (=0.0027).The
shoots ofPontederia cordat&xposed to the high treatmextcumulated 0.90+0.06 g Bf The
shoots ofluncus effususxposed to the high treatmextcumulateanly 0.27+0.01 gThe
shoots ofPontederia cordat&xposed to the low treatmemtcumulated 0.192+0.01 §he shoots
of Juncus effususxposed to the low treatmestcumulated 0.14+0.01 Boot accumulation of
P was greater foPontederiacordataat the high treatment |§=0.0304),but there was no
differenceamongall other treatment combinatioriBhe roots oPontederia cordatan the high
treatment absorbe@04+0.01 d°, while in the low treatmenbnly 0.02+0.01 g° was absorbed.
The roots ofluncus effusuabsorbed).0210.00 gP at the high treatmerdnd the same amount
of P was absorbed by the roots in lin treatmentThese results contrast those reported by
Chang et al. (2012yhere there was not a determinable conclusion for which species

(Pontederia cordatar Juncus effusygerformed better for nutrient removal.
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Figure 3.11. TheN andP (mean + standard errogccumulated in roots and shootslahcuseffususand
Pontederiacordata f t er 19 weeks of exposure TN 2nadu2r6éknmg,
TP; | ow ='TH. 282 dmg§AB) haRYstudy.

The mass balance for TP and TN, showmaile3.6, indicates that plant uptake of
nutrients does not account for all nutrient removak ratio of plant uptake to total nutrient load
reductionwas similarfor both plant speciegt a given concentratioihe ratio of uptake to total
load reduction for TN was highésr Pontederia cordatgp=0.0284) andluncus effusus
(p=0.021)atlow concentration in comparison to the same plant species atdmgientrationlf
DO levels are loywunaccounted for removal of likely results from énitrificationprocesses
Unaccounted foP removal can be attributed to sediment binding and setgimgegrab
samples were taken the middle of the water columB,representation in the sampleould be
low. White and Cousins (2018¢ported similar mass balance results, which confirmed that

additional removal processes oaaat. For example, in a mixed planting usidgncus effusus
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they found that 32.9% d? was removed by processes othert plant uptake, which compares

with unaccounted foP removal of 30.0% in the low concentratidmncus effusugeatment.

Table 3.6. Mass balancafter the 19 week FTW study = 4 for each treatment).

High Nutrient Concentration Low Nutrient Concentration

TP (9) TN (9) TP (9) TN (9)
Total initial load 15.02 98.55 3.00 30.04
Pontederia cordata
Total load after tlay HRT 1.46 15.5 0.23 3.33
Load reduction 13.6 83.0 2.77 26.7
Plant uptaké 9.43(69.5) 52.9(63.7) 2.08(75.1) 21.1(78.8
Other removal processes 4.13 30.1 0.69 5.65
Juncus effusus
Total load after tlay HRT 10.9 63.6 0.80 10.1
Load reduction 4.08 35.0 2.20 199
Plant uptaké 2.94(72.1) 21.6(61.7) 1.54(70.0) 15.5(77.7)
Other removal processes 1.14 13.4 0.66 4.44

In = 1 for initial load dateéMean uptake (% of total load reduction)

3.3.3 Physicochemical responses

Table3.7 shows the mean physicochemical properties aftay’HRTsfor the entire
study.The FTWs had significantly lower DGn comparison teéhe treatments without plants.
Tanner and Headley (201alpserved similar results whereatments containing higher biomass
experienced lower DO level§he shade produced by FTWs can reduce photosynthetic activity,
thus reducing DO productigiBorne et al. 2015)f DO is lowered enough to create anoxic
conditions,N removal will occur through denitrification in addition to plant uptak&s concept
supports the results shownTiable3.6 where plant uptake is nebldy responsible folf N
reduction. 9, the surfacecoveragereaand DO relationships an important factor to consider
when implementing FTWs as BMHAg.addition to DO, pH was significantly lower for the
FTWs in comparison to the control treatmelt&ng and Sample (2014)so reported
significantly lower pH levels for FTWs planted wigtontederia cadata, buttheir results were
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still closer to neutrahan thosebserved in this studyn a pond scale studigorne et al. (2014)
observed lower pH for FTWs in comparisiorthe control, but they concluded that the water
treated with FTW$ada near neutral pH.ower pH could occur becauskpt roots have the

potential toreleaseacidic exudate@Varschner 1995, Coleman et al. 20@iurnal fluctuations
in DO and pH can be attributed to photosynthesis and respiration pro@essdsr 2011)Since
physicochemical properties were consistently recorded during morning hrespisation effects
from the previous night could be the reason for lower pH and DO in the FTW treatiffesres.

was no difference between treatments for water temperature on day 7.

Table 3.7. Meanphysicoctemical propertieafter Zday HRTfor the 19 weekFTW study (n = 7%.

Treatment DO (mg-LH?t pH?! Temperature (°C)> EC (cev$'L
Low, ControlT no cover 11.18a 9.05a 23.2 205¢c
High, Controli nocover 7.66b 7.29b 23.3 253
Low, Controli matcover 8.75b 7.19b 24.5 201c
High, Controli mat cover 5.74c 6.02c 24.3 268
Low, Juncus effusus 4.24d 5.91c 24.3 194cd
High, Juncus effusus 3.35de 4.90d 24.1 264a

Low, Pontederia cordata 2.61e 4.71d 23.9 18
High, Pontederia cordata 2.40e 4.16e 23.8 22%
ANOVA F Ratio, p-value 15.74, <0.0001 8.64, <0.0001 10.89 0.1437 6.18, 0.0004

Means with different letter differ significantly from other meanp<f.05.
2Data did not meet normality assumption. Wilcoxon tests used. Reported statistical valBgsa@hp-value.

3.4 Conclusion

This mesocosm studgvaluatedhe nutrient removaperformance of FTWat two
nutrient loading rateone similar to nursery runofind theother to urban runoffNutrient load
and species selection both had an effeatudnentremovalover the growing periacAn
establishment phase of 4 weeks was observed, after which the removal rates inthessed.
rates should be considered when estimating the operational performance of the particular species
at a given nutrient loadingte.Pontederia cordataemoved 90.3 to 92.4% a1 and84.3 to
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88.9% ofTN athigh and low nutrienibading ratesrespectivelyThose cumulative removal
results were significantly highénanthe observationfor Juncus effusysnaking it the

preferabé plant choice for urban or nursery treatment applicatimecus effusuis a suitable
species if the goal is to remove TP from urbamoff, but the results suggest that it performs no
better tran control treatmentsith respect ta'N removal.More resarch is needetb determine
the suitability ofJuncus effusuatthe higher loading rates introduced omamercial nursergnd

other agriculturenvironments.

While species selection had an impact on overall nutrient removal, plant uptake was not
the onlycontributor to that removaDther removal processes accounted for up to 30% and 38%
removal for TP and TN, respectiveAdthough FTWs with higher loading rates removed more
nutrients overall, plant uptake at lower loading rates accounted for a largentage of the
overall nutrient removaDenitrification likely played a role in removing the unaccounted\for

in the mass balance and settling could explain the ooated forP removal.

This study used a large surface area coverage ratio (80.3%) edhitd be cost
prohibitive for implementation in a retention pofithe alingup of these result®r field
applicationscould over estimate performandeclose attention is not given to surface area
coverage and planting densifdditionally, the nutient removal within the-HRT was shown
to be nonlinear, which should be considered when selecting species for given loading rates and
HRTs.The growing volume of research generally agrees that FTW performmandewve
significant benefitat lower nutriehloading ratesHowever, further researchiiscommendetb
identify additionalplant species that can handle the high nutrient concentrations presented in

nursery environments as well as the scalability of these systems.
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Chapter 4. FTW nutrient removal effectiveness for simulated nursery runoff

4.1 Overview of study

Theexperiment for the 2016 growing season consisfado trials. The first triatook
place from June 1, 2016 to July 27, 2016 (8 weaksd)the second trigbok placefrom July 27,
2016 to September 22016 (8 weeks)The methods used to conduct each tkiate identical
Each trialevaluatd Agrostis albaredtop),Carex stricta(tussock sedgeanicum virgatum
(switchgrass)lris ensata(iris), andCannaxgeneralis6 Fi r ebi r d6 ( fitmbethi rd ca
species plantings and a control study that coedcftan open water mesocosm. The plamse
installed on a commercially available floating raft system and a HRT of 7 dayssedts
evaluate FTW performancafter which the mesocosms were deai and refilled with new
simulated runoffN and P removalerequantfied using water sampland plant tissue sample
results.Thehypothesis for this experiment is that FT®gosed to high nutrient logdill
increase N and P removal in comparison todbntrol treatmest After each trial, plantsvere
transplanted into containers and intfiedd setting to evaluate the survivability when being

moved from a FTW environment to a soil media planting.

4.2 Materials and methods

4.2.1 Design and operation of gperiment

The experimental design was set up in a randomized etenplock design that included
four replications of eightreatment typeslable4.1 shows the treatment combination used in this
study.The treatmets weae as follows: one treatmewith Agrostis alba one treatmenwith
Carex stricta one treatmenwith Panicum virgatumone treatmenwith Iris ensata one

treatmentvith Cannax generalis one treatmenwith a uniform mixture of the first three
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treatmentdisted (grass and sedge mixture), one treatwéhta uniform mixture of the first five

treatments listedgnd a control treatment with no plant$e control in this studgid not include

amat.The mesocosms were blocked by row with the northern masbemg block 1 and each

subsequent row being blocks 2, 3 an&idgure4.1 below shows the proposed experimental

design.A block design was implemented for organizational purposes when conducting

fieldwork. This entire study was replicated

Table 4.1. Treatment combinations for the FTW study conducted from Junei2B&ptember 2016.

Treatment Mat Plants Species
1 Yes Yes Agrostis alba
2 Yes Yes Canna
3 Yes Yes Carex stricta
4 No No n/a
5 Yes Yes Iris ensata
6 Yes Yes Mixed all
7 Yes Yes Mixed partial
8 Yes Yes Panicum virgatum
™ ™ ™ ™ ™ ™
8 7 4 3
B|0c|< 1 Treatmznts Treatmznt4 Treatmznt 2 Treatment 8 Treztment 7
Mat No Mat Mat Mat
Mixed Panicum Mixed
Al Mo Plant virggtum Partial
A N N ™ ™
16 15 12 11
Block 2 Treatment & Treatment 1 Treatment & Treatment 5 Treatment 4
Mat Mat Mat Mo Mat
Panicu: m Agrestis Iris
virgatum olba ensato Mo Plant
A A AN /
A N N ™ ™ N
24 23 20 19
B|0c|{ 3 Treatment 5 Treatment 4 Treatment 1 Treatment & Treatment 7
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Figure 4.1. Experimentatesign for the FTW studgonducted from June 2016September 2016.
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Each mesocosm had a volume of 302.8 L and water surface area of@fgperational
depth of 47.3 cmBeemats (Beemats LLC, New Smyrna Beach, FL, UW8& used as floating
rafts, and biodegradable custtibutedby Beematsvere inserted into the piait holes in the
matsshown in Figure4.2. The ends of each mat wererimed to allow for proper fin the
mesocosmdeaving a total mat surface area of 0m6% which @vered 80.3% of the water
surface areaBefore planting, the root balls of each plant were rinsed to remove as much of the
original planting media as possibkor thisstudy,all planting holes were usedsulting in 20
plants per mesocosm, or 31 plant&/Rigure4.3 showsa newly planted FTW at the beginning

of the study.

After each 7day HRT, the mesocosms were drained and refilled with a new batch of
simulated runoff. The simulated runoff was create@dgingwater and24-8-16 soluble
fertilizer (Southern Agriculture Insecticides Inc., Hendersonville, NC, USA&ach mix tank.
After allowing the solution to recirculate for one hour, it was pumped to each mesocosm. To
represent the simulated commercial nursanoff, 368.03 g of fertilizer was added to each mix

tank.

Figure 4.2. Plant installed in a biodegradable Beemat frughe FTW study
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Figure 4.3. Twenty Carex strictaplants in a mesocosm at the beginning of the ZOM study.

4.2.2 Water sampling and analysis

The start of each experimental week was designated as Day @. occurred on each
Wednesday of every experimental we@k Day 0, samples were colledtBom each mix tank
representing the initial nutrient concentration for th#ay retention periodcach sample was
collected in a 125 mL wide mouth Nalgene botater temperature, pH, D@ndEC
measurements wetaken in situor both mix tanks using YSI Professional Plus mujprobe
meter (Yellow Springs International Inc. Ohio, USA) at a depth of 60.96 cm (24 in) from the

water surface.

Wednesday of each experimental week was also referred to as OayDay 7 of the
experimental week, 125 mL draamples were collected from each of the 32 mesocosms, and
water temperature, pH, D@ndEC measurementseretaken in situ at a depth of 30.48 cm (12
in). These samples reflettte post treatment nutrient concentration for the retention pefioel.
deph from the water surface to the bottom of the mesocosms was recorded to estimate

evapotranspiration and convert concentration data to mass.
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After collection, all water samples were kept on ice in a cooler until other necessary
fieldwork was completeEachwater samplevasfiltered through &.2-micrometerThermo
ScientificE Target2 30 mm PVDF Syrinfgk Filter
Auto Sampler VialThe samplesverefrozen until theywereready for analysigsing lon
ChromatographyThermo Sentific(TM) Dionex(TM) ICS2100 for anion and ICS1600 for

cation; Waltham, MA, USAjor nitrate, nitrite, ammonium, and phosphate.
4.2.3 Plant tissue sampling and aalysis

Three pant tissue samples were collected at the end of each trialfstuxyeach
monocuture mesocosm, and three plant tissue samples were collected for each species in each
mixed planting mesocosnihe plants were kept in a wailk cooler at 8.9°C until initial
measurements and processing were comiieteh plant was rinsed with deionizedter prior
to measuring the root and shoot lendtfier measurements were taken, the roots and shoots

were separated at the crown as showrigure4.4.

(- Hil
Figure 4.4. Processing of plant tissue samples included detaching the roots from the shoots.

44



The samples were dried a forced air oveat 58 °C until all moisture was released and
consistensample weights were maintainddssue samples were then grouad5 mm particle
sizeusing a 33735 Variable Speed Digital EI5 Wiley Mill set to 900 RPMThomas
Scientific, Swedesboro, NJ, USAjor the monoculture mesocosms, each of the three root and
shoot tissue samples were processed individuadlythe mixed @nting mesocosms, the three
shoots samples from each speeiese ground into a composite samalel thesame process
was used for theopts.In this case, the use of composite samples was due to project budget.
Tissue samples were analyzedXbcontent ly dynamic flash combustion (Thermo Scientific
FLASH 2000 Elemental Analyzer; Waltham, MA, USR)was analyzed using IGBES

(Thermo Scientific iICAP 6500 Duo view IGBES; Waltham, MA, USA).

In addition to harvesting plants for tissue analysis, six pfaoits each monoculture
mesocosm were harvested after each trial to study the effects of transplanting floating wetland
plantsinto an environment in which the roots are in a soil méltheee of the six plants were
transplanted intd 1.4 Lhigh-densitypolyethylenecontaines (Nursery Supplies Inc. ®,
Chambersburg, PA, USAyith SunGro Fafard 52 soil$un Gro Horticulture, Agawam, MA,
USA). The remaining three samples from each monoculture mesocosm were plare2l in a
by 7.6 mplot at the HRARECThe field was dressed with mulch for weed contBuath the
container and field transplant stesl were setip as serial repead measures designs (RMD).
The biodegradable Beemat cups were left intact on the plant roots during plamangplants
in the contaers eceivel daily irrigation whereas water for thigeld plantingswas limited to
plant available water in the soiflant healttwassubjectively rate@dn a scale of-b (1being

poor and 5 being excellerdpce per week for a total of 4 weeks aftansplanting.
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4.2.4 Data analysis

Nitrogen values are reportedthe sum of ammoniug, nitrateN, and nitriteN. P
values are phosphakevalues recorded during sample analysiater sample results were
converted from units of concentration to mass usingdeygiasurements and a correlation
between volume and depth for the mesocosfisvalues are reported as meastandard error
of the mean unless otherwise not8AS JMP® Pro 13.0.0 (SAS Institute Inc. Cary, NC, USA)
was used to perform statistical anaysNormality assumptions were tested both visually using
the histogram and residuals as well as the Shalitlk goodnessof-fit test, and suggested
guidelines for skew and kurtosi/here appropriate, analysis of variance (ANOVA) was used to
identify stdistical significanceThe reported Fratio isthe ANOVA F-ratio for data with equal
variance and WatborldétswitiAudeggdavariencet udent 6 s t was u
pairwise comparisons and Tukeyop<O6GbpHOrneras used
normal data, Wicoxon/Kruskaallis tests (rank sums) were used for nonparametric each pair

comparisonsp<0.05).
4.3 Resultsand discussion
4.3.1 Aqueous ritrogen and phosphorousremoval

The mearN loadat the start of each-day HRTfor trial 1 and trial2 was 10.42 + 0.15
mg-L? (3.28 g mass load)ndthe mean P load was 2.96 + 0rh@-L* (0.93 g mass loadlt is
important to reiterate the fathat N valueseported fowater samplefor the2016study are not
TN. Ratherthey are the sum of nitraté, nitrite-N, and ammoniuaN. The P values reported

reflect phosphat® not TP. Theseconcentrations fall within the rangsed byPolomski et al.

46



(2007)in astudy aimed at remediating runoff from nurseries usirlgsurface constructed

wetlands.

The mearcumulative N and P removal fardl 1 andtrial 2 by specieare presented in
Table4.2. During tial 1, removaefficiencies raged from 21.9% to 64.7% and 280 82.4%
for P and N, respectivelyranicum virgatuntemovedmore N and P than all other treatments,
with a cumulative mean removal of 21#6R42g N and 4.880.21g P(p<0.0001) The mixed
plantings removed ore nutrients thaAgrostis albaCanng Carex stricta and the control
treatmentlt is possible that the higher performanceta mixed plantings wadue to the
Panicum virgatunplants,astheycomprised 20% and 30% of the complete mix and partial mix
plantings, respectivelysometimes mixed plantings consisting of flowering plants are desired for
diversity and aesthetic reasqiteadley and Tanner 2012f) that is the case, choosing the
proper ratio of high nuient removal species to other spechsuld beconsidered tanaximize
effectivenessThe control treatment performed the worst in regards to N removal &tl11271.
It removed 1.590.259 of P, which was lower than all FTWs, but not low enough to be

considered significantly different frorgrostis albaCanng Carex stricta

Trial 2 removal efficiencies ranged frah2.9% to 59.60 and26.8% to 63.246 for N and
P, respectivelySimilar to trial 1, trial 2 resulted ifnigher N and P removal lBanicumvirgatum
in comparison to all other treatmento differences were detected for N and P removal betwee
the remaining treatment€ollectively, the trial 1 plants removed mone<Q.0003) N than the
trial 2 plants, bucumulative P removal was similar betweha two trialsOne explanation for
the varation in the resultsouldbe the product ahitial plant uniformity in regards to size and
quality. Figure4.5 showslris ensataandCannaplants at the time of plantnThelris ensata

image shows variation in plant size within the trial, and@hanaimage shows variation of
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initial plant size between trial 1 and trial Zheseeffects should be considered whestimating

performance of FTWSs.

Table 4.2. Mean amulativeN and P removalg and %Yor trials 1 and2 by specie$or the FTW study
conducted from June 2016September 2016n = 4).

Cumulative removal after 8 weeks

Treatment P (gt P (%) N (g)! N (%)
Trial 1

Agrostis alba 2.18cd 29.8 10.57d 41.5
Canna 1.92d 26.1 11.17d 43.7
Carex stricta 2.09d 28.3 10.04d 38.9
Control 1.59d 21.9 1.21e 4.8

Iris ensata 3.57b 48.6 12.91cd 50.4
Mixed all 3.28bc 44.2 16.34bc 63.4
Mixed partial 3.27bc 44.2 17.44b 67.7
Panicum virgatum 4.88a 64.7 21.62a 824
ANOVA F ratio, p value 20.46, <0.0001 47 .55, <0.0001

Trial 2

Agrostis alba 2.00b 26.8 3.44b 129
Canna 2.75b 37.1 7.74b 29.2
Carex stricta 2.24b 29.6 7.09b 26.2
Control 2.53b 34.6 3.77b 14.4
Iris ensata 3.19b 42.9 5.84b 22.0
Mixed all 2.50b 33.3 7.01b 26.1
Mixed patrtial 2.65b 35.1 9.64b 35.8
Panicum virgatum 4.86a 63.2 16.34a 59.6
ANOVA F ratio, p value 11.70, <0.0001 8.84, <0.0001

Means with different letter differ significantly from other mearithvor the same triaéit p<0.05.

L

Figure 4.5. Left: Iris ensataplants. RightCannaplants. Both pictures taken at the time of planting.
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Sun et al. (2009)sedCannain a floating bed study to remove N pollutidrhey
observed a 44% removal rate of N (ammoniNmmitrateN, and nitriteN), which is similar to
the removal rate observed for Bannareatmenin Trial 1 of this study, 43.7%4owever, this
study usd a mean initial concentration that was 4.45 mighlgher, and a HRT that was 2 days

longer than that used by Sun.

Similar to the 2015 study, there appeared to be an inflection in the slopes of the
cumulative nutrient removal daf@he figures inAppendix Dshow the cumulative removal for
each treatment and each trial, @wlope change is evident at week fotinerefore the time
from initiation until week four was defined as the plant establishment phasewddich the
plants reach theoptimal nutrient removal potentidtigure4.6 shows the cumulative removal
for the operational phas€helinear fits through the mean cumulative removal represent the
removal ratén g-week! for each treatmenThe rates were converted to g#mi* by dividing the
weekly rates byhe mat area anddays.Table4.3 shows the mean N and P removal rates for
each treatment and the associatégdue.The Panicum virgatuntreatment had the highest N
removal rates at 0.738 g™ and 0.656 g-m d* for trials 1 and 2, respectivelRanicum
virgatumalso had théiighest P removal rates at 0.29012 d* and 0.194 g-m d* for trials 1
and 2 respectivelyTanner and Headley (201G3ed the sedge speciéarex virgaa and
recordedP removal rates of 0.027 mg¥,about three times lower than tBarex $ricta rates
observed in this studyrhe higher P removal rates by the sedge in this study could be attributed
to the higher initial P loading or the fact that fremner and Headley (201%judy recorded

removal rates after-8ays.
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Table 4.3. Mean N and P removal rates (g*mii!) and associated?Ralues #er plant establishment
(weeks 58) during the FTW studyn =4).

Treatment P (gm2d?) P (R? N (g-m2d?) N (R?)
Trial 1

Agrostis alba 0.052 0.926 0.255 0.973
Canna 0.084 0.985 0.394 0.998
Carex stricta 0.091 0.958 0.362 0.999
Control 0.068 0.923 0.029 0.307
Iris ensata 0.167 0.984 0.544 0.984
Mixed all 0.125 0.964 0.607 0.997
Mixed partial 0.127 0.972 0.653 0.998
Panicum virgatum 0.200 0.987 0.738 0.999
Trial 2

Agrostis alba 0.074 0.966 0.147 0.956
Canna 0.102 0.992 0.283 0.995
Carex stricta 0.085 0.986 0.177 0.983
Control 0.072 0.981 0.105 0.868
Iris ensata 0.113 0.979 0.166 0.834
Mixed all 0.102 0.980 0.316 0.994
Mixed partial 0.095 0.978 0.367 0.980
Panicum virgatum 0.194 0.999 0.656 0.999

4.3.2 Plant growth

Plant nutrient comnt followed a similar pattern to cumulative nutrient removable
4.4 shows the mean N and P content per plant by species anédriédial 1,Panicum virgatum
removed more N thafgrostis albaCanng andliris ensatabut notCarex stricta.The Panicum
virgatumin the complete mix treatment remowv&dnificantlymore P tharall other treatments
not containing?anicum.For trial 2,Panicum virgatunmtemoved more N and P than all other
treatmentsKeizerViek et al. (2014yeported 18.6 g-rAN removal and 1 g-m? P removal
after a 91 day studysinglris. These N removal resultslifavithin the range of N removeloly
Iris ensatain this study, which were 24@m? and 13.6g-m for trial 1 and 2, respectively.
However, tle P removal from plant uptakeapproximately four to ten times lower than the P

removal in this studywhich ranged from 2.09 g-fto 5.03 g-n?. One difference between the
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two studies that would contribute to such a large difference in total removed nutrients is the
initial nutrient bad.This study had an initial N concentration 2.5 times higher and an initial P

concentration 12 times higher than #eizerViek et al. (2014 ptudy.

Table 4.4. MeanN and Pcontent(roots plus shootger plantoy treatment and tridbr the FTW study
conducted from June 2016 through September.2016

Trial 1 Trial 2

Treatment P (gt N (g)* P (g)t N (g)*
Agrostis albd 0.06& 0.53cde 0.020b 0.128c
Agrostis albamixed alP 0.09%de 0.64&de 0.001b 0.049bc
Agrostis albamixed partiat 0.068le 0.49cde 0.003b 0.046bc
Canng& 0.09He 0.52cde 0.063b 0.294bc
Canna mixed alf 0.03& 0.20% 0.018b 0.077bc
Carex strictd 0.08& 0.8bc 0.048b 0.397bc
Carex strictamixed alf 0.082le 0.772bcde 0.041b 0.416bc
Carex stricta mixed partial 0.08%de 0.840bcde 0.052b 0.440bc
Iris ensatd 0.161bcd 0.79cd 0.067b 0.435b
Iris ensatamixed alf 0.04& 0.246le 0.041b 0.251bc
Panicum virgaturh 0.22Gb 1.48ab 0.196a 1.115a
Panicum virgatummixed alf 0.313 1.82% 0.177a 1.031a
Panicumvirgatum mixed martialf 0.21Gabc 1.34% 0.259a 1.288a

We | cANOMA F ratio, p-value 9.54, <0.0001 14.41, <0.0001 27.56, <0.0001 18.06, <0.0001
For each column, eansnot connected by the same letter differ significaatlp<0.05.
n=12°n=4

Figure4.7 andFigure4.8 show the plant dry weights (mean + standard error) and the root
and shoot length (mean + standard error) for the monoculture treatmaalgolant weights
differed (p<0.0001) by plant species for both trial 1 and trid?@nicum virgatunhad the largest
meantotal dry weights at 92.1 + 9.01(§9.29 for shoots and 22 @for roots) for trial 1 and
64.4+ 6.89 g(43.9 g for shoots and 20g5for roots) for trial. The root weights oPanicum
virgatum Carex stricta andAgrostis albadid not differfor trial 1. For trial 2,Panicum virgatum

andCarex strictahad similar root weightdyut shoot mass differeg€0.0006) No differences in
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total weight, root weightor shoot weightvere detectetbetweenris ensataandCannafor trial

1 or trial 2

For Trial 1the mean root length dfis ensata(24.1+ 0.6cm) was longer than alltber
monoculture specie$hePanicumvirgatumandCarexstrictahad consistentlyaller shoots than
the other species for both trial 1 and trial'Bis is partly due to the growth characteristics of
those two plant specieBortrial 2, Agrostis albahad significantly lower root lengtred shoot
lengthsthan all other specieshich was not the case for trial The Agrostis albadid not
acclimate well during the trial 2 study, and nearly 50% of the plants died, iikggh

contribuedto the slower growtlobserved
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Figure 4.7. Rootand shootdry weight(mean * standard erjdoy trial formonoculture mesocosnagter
8 weeks of growth in the FTW study conducted during the 2016 growing sesgén
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Figure 4.8. Root and shoot length (mearstandard errgrby trial for monoculture mesocosratter 8
weeks of growthn the FTW study conducteatlring the 2016 growing seasars12.

Correlations between the mean dry weight of the plant tissue (g*pand the
cumulative N and P removéd) after 8 weeks are shown kigure4.9 andFigure4.10.
Cumulative N removedas correlated tplant dry(p<0.0001) with a linear fit Rvalue of 0.64.
The P removal afte8 weeksalsocorrelated with plant dry weiglip<0.0001) with a linear fit R
value 0f0.34.Wang et al. (2014)eported that plants with higher biomass accumulated more N
and P in the plant tissue in a microcosm stddhese correlations suggest similar results;
however, they show total nutrient removal from the FTW treatmentgsseg to just the plant
uptake portion of removalherefore by correlating the dry mass to the total FTW removal,

unaccounted for nutrient removal can be estimated.
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Figure 4.9. Cumulative N removed fromwater after 8 weeks (Trial 1 and 2) as a funtif mean dry
weight per plant (n=8). R= 0.64 Fratio = 97.85, p<0.0001.
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Figure 4.10. Cumulative P removed from water after 8 weeks (Trial 1 and &jwasction of mean dry
weight per plant (n=8). R= 0.34, FRatio = 27.78, p <0.0001

4.3.3 Physicochemical properties

Table4.5shows the meanDO(mgl. , pH, Temper aturifor( AC), an
trials 1 and 2The mean DO for the control treatment during trial 1 was 8.31 + 0.32ng-L
higher than all other treatments which ranged from 0.39 thtpI0.99 mg-L[*. Trial 2 showed
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similar results wherene control treatment had a mean DO level of 8.28 + 0.23 tngnd alll

other treatments ranged from 1.20 mgth 1.62 mg-L*. The lowerDO levels of the FTW
treatmentsncreasd the likelihood of creating anoxic conditioritthe primary goal of the FTW
is to remove nutrients, then low DO levels could positively contribute by encouraging
denitrification processeslowever, if the goal of the FTW is nutrient removal as well as creating
wildlife habitat, then precaution should be taken when sizing FTWisrast create toxic
conditionsfor freshwater organism®orne et al. 2015)The pH for the control treatments in
trials 1 and 2 was 8.07 = 0.12 and 7£30.85, respectivelyAll FTW treatments hadower mean
pH levels than the contrdbimilar olservations were reported in teidyconducted from June
2015 through October 201%he lower pH could battributed tahe release of acidic substances
from the roots around the rhizosph@w#arschner 1995, Blossfeld et al. 201T¢mperaturelid

not differbetween the treatments in tsdl or 2.The EC was lowedbr treatments that

performed the highest in regards to nutrient removal.
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Table 4.5. Mean physicochemical respondesfloating treatment wetlands after al@dy HRT for a study
conducted from June 26 through September 20{6= 32).

Treatment DO (mg-L™Y) pH Temperature (°C) EC (e¢3L
Trial 1

Agrostis alba 0.44 6.10 27.1 273.9
Canna 0.3¢9 6.05 26.8 256.9
Carex stricta 0.99 5.36 27.4 258.4
Control 8.31 8.07 25.9 281.4

Iris ensata 087 5.46 26.9 240.3
Mixed all 0.61 5.64 26.9 238.4
Mixed partial 0.7¢ 5.68 26.9 236.0
Panicum virgatum 0.63 5.29 26.7 210.5

Chi Squarep-value 109.25, <0.0001 151.97,<0.0001 8.71,0.271 97.48,<0.0001
Trial 2

Agrostis alba 1.2¢0 5.68 25.9 250.1
Canna 1.27 5.63 25.8 234.6
Carex stricta 1.54 5.26 26.2 246.0
Control 8.28 7.37 24.8 247.2

Iris ensata 1.62 5.20 25.9 240.3
Mixed all 1.29 5.48 26.0 234.4
Mixed partial 1.2¢0 527 26.0 228.9
Panicum virgatum 1.31 4.97 26.0 2075

Chi Squarep-value 89.94,<0.0001 97.91,<0.0001 9.51,0.218 23.36,0.0015

! Means differ significantly from the control using Din®lethod for Joint Ranking at p<0.05.

4.3.4 Transplant effects

After each trialthree plants from each mesocosm were plamtedfield and three were
planted in containelig order to evaluate transplant survivabilithe study period and ambient
weather conditions during the evaluation are showrainle4.6. The plants were observed
weekly and given a score a score from 1 to 5 based on visual légitie4.11 gives an

example of how eagblantwasscored based on visual appearance.

Table 4.6. Rainfall and temperatumatafor the transplant observation periods.

Total Mean Air Max Air Min Air
Rainfall Temperature Temperature Temperature
Study Period Date Range (mm) (°C) (°C) (°C)
July 27, 2016 - August 24, 2016 265 27.1 35.9 17.5
SeptembeR1, 2016- October 192016 424 20.8 30.3 10.4
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Figure 4.11. Example of theatlng scaleused for the eaduatlon of plants during two-week FTW
transplant studied=rom left to right the ratings are 5, Bdal.

For the field plantings, trial 2 haldetter p<0.0001) survivability ratings than trial 1. This
difference can be explained by ambient conditions during transplamtemperature reached
36.7°C on the day of the trial 1 transplant, and the evatuperiod had a higher mean
tempeature and less total rainfall, thus inducing higher stress on the plants during the
acclimation phasifferences between plant species were atsable(p<0.0001), and plant
healthdecreased between the time of traaspband the fourth weeakK evaluationMean ratings
by week for each trial and species are showrigare4.12 Thefield transplantgor thetrial 1

plants after 4 weekare shown irFigure4.13.
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Agrostisalbawas not included in the container transplant analysis because of plant
availability at the end of trial Eigure4.14 shows the mean ratings by week for trial 1 and 2
container transplant&or the container transplantsyerall plant aesthetic ratings were better in
trial 1 than trial 2(p<0.0001) but how the plant species responded were similar inltaald 2
(no interaction)Plant species response differed over the four week evalyptior0001)
differences occurred for the interaction between plant speciesnagdRorCarex strictaand
Panicum virgatumweek four ratings were lower than the weelk oatings, but th€annaand
Iris ensatashowed improved ratings in all cases except the ti@d2naplants.The mean rating
for the container transplants was 3.63 in comparison to the 3.16 mean rating of the field
transplantsMore research is neededunderstand whether harvesting FTW plants for the
purpose of resale is a viable option for nursefié® results from this study suggest that
transplanting into containers to be the better option asseppo direct field transplants.
However, plant sizeambient weather conditions during transplant, and soil and hydrologic

conditions of the transplant area could all affect the outadm&ntsurvivability.
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Figure 4.14. Container transplamatings (mea * standard error) by week for trial and plant species
during a FTW transplant evaluation

Rating

4.4 Conclusion

The 2016 mesocosm study evaluated FTW performance with simulated nursery runoff
over two 8week trials Nutrient removal performance was dependentlantspeciesPanicum
virgatumperformed the best in regards to cumulative N BRremoval, removing up to 64.7% P
and up to 82% N. Panicum virgatunwould be the recommended species from the 2016 study
for use in nursery retention ponds to control natseMixed species plantings also performed
well. If mixed plantings are required for species diversity or aesthetic reasons, a higher
performing specieshould be includetb maximize nutrient removahfter the four week
establishment phasd removal fom FTW treatments ranged from 0.255 @-ch' to 0.738g-nv
2dtand 0.14%-m? d* to 0.656g-m2 d* for trial 1 and 2respectivelyP removal ranged from

0.052g-m? d* to0 0.128g-m? d* for trial 1 and0.074g-m? d™* to 0.194g-m? d for trial 2.
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Biomass per plant correlated with overall nutrient removal by FTW treatments, which suggests
that biomass could be used to estimate removal performance including plant uptake as well as

other removal processes.

Transplant effects on plant health weremtored over four weeks after each trial.
Overall, plants transplanted into containers had higher survival rates than those transplanted into

the field. The better health of container transplants was likely due to the daily irrigation.

This research suggts that nursery runoff can be effectively processed by FTWSs, but
more research is needed to evaluate these plant spadigsiantify the removal rates in full
scale nursery retention pond$enutrient removal results can easily be swayed by a nunfiber o
factors including weather, initial plant size, initial overall plant health and unifarbsing
harvested FTW plants for resale into ornamental or restoration markets is a possibility; however
further testing is needed to determine the survivabilitgminansplanted into environments

containing no irrigation.
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Chapter 5.  Conclusion

Over the course of two growing seasons, FTW nutrient removal performance was
evaluated for simulated urban and nursery runoff using a mesocosm/Atatyety of general

conclusiondrom the tweyear studycan be madelhese include:

1. Results indicate thatlepending upon the speci€3Ws can reduce N and P
loadsfrom urban and nursery runoff.

2. Plant speciehas a significant effect on nutrient removal performance, so
speciesselecton is an important factor when designing a ETW

3. Resultsfrom thestudyconducted from June 2015 through October 2015
indicatedPontederiacordatais bdter suited for urban and nursery
environmentghanJuncus effusuguncusdid provide P removal bettdndn
the control (im0 mat);however it did not for N removal.

4. Resultsfrom the study conducted from June 2016 through September 2016
showed thaPanicum virgatumiemoved significantly more N and P than the
control treatment as well as other FTW treatmehtss making it a preferred
species for commercial nursery retention ponds.

5. Pontederia cordatplants accumulated (by plant uptake) 0ge@r2 d* and
0.11 g-n? d* of N and P, respectivelimilarly, Panicum virgatum
accumulated between 0.62 g?mi*and 0.83 g-rf d* N and 0.12 g-md d,
but thePanicum virgatunkFTWs had twice the planting density in comparison

to thePontederia cordata

It is important to mention that neither of these studies weredmte studies, so

extrapolating these resulis estimate largscale performance mdpe unwiseMore research is
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needed to evaluate FTW performance in-fdale nursery retention pontscompletely assess
performance of this technology and particular plant spepreside a better understanding of
physcochemical treatment processes, and potentially provide better design guidance and

limitations
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Appendix A. Mean removal efficiency by week
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Figure A.1. Mean TP and TN removal efficiency for higoncentration r e at ment s (417. 13 NO.
TN and 2. 641TR)by wkekin aflpaking treatment wetland study conducted from June 2015
through October 2015
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Figure A.2. Mean TP and TN removal efficiency for lawencentration treatmenfs5 . 2 21 Thand\ L
0 . 5 2 TR bY Weekfor a floating treatment wetland study conducted from June 2015 through
October 2015
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Appendix B. Nonlinear fit nutrient removal curves for 7-day HRT

Figure B.1. Weekly fitted TPremoval curves fon i g h
2. 6 1 NO .'0Md) Pamtgdarla cordatareatments in a floating wetland study conducted from June
2015 through October 2015

Table B.1. Summary of fit for P removalcurvesby day forh i g h

1.2

Experiment week

m— 3

TP Removal (g)

2 3

4

Days after load

i nitial

initial

concelifNandt i on

ITN and 2. 64TR)Pontderiamgrdatireatments in a floating wetland study conducted from
June 2015 through Octobed15.
Model AlCc BIC SSE MSE RMSE RSquare
Mechanistic Growth 133.837 -53.825 0.029 0.003 0.057 0.994

Table B.2. Nonlinear regression parameters Tétremovalby day for high initial concentration

6 1TR)Pontederiarngrdatdreatments in a floating wetland

(17.13202 4 mMgANL and 2.
study conducted from June 2015 through October 2015.
Experiment Growth
Week Asymptote Scale Rate
3 1.471 1.012  0.056
5 0.857 0.997  0.090
7 1.467 1.017  0.117
9 0.828 1.004  0.553
11 0.841 1.002 0.645
13 1.145 1.002 0.620
15 0.913 1.002 0.610
17 0.913 0.999 0.633
19 0.685 1.006 0.469
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Figure B.2. WeeKly fitted TN removal curves férigh initial concentration (173N 0 . 2 4 TNvagdA L
2 . 6 1 NO .'0M)Juncgsfetfususeatments in a floating wetland study conducted from June 2015
through October 2015.

Table B.3. Summary of fit for TN removal by défpr high initalc oncent rat i on®*{N17. 13 NO.
and 2. 61 NDP)Jntus efiysdhiteatments in a floating wetland study conducted from June
2015 through October 2015.

Model AlCc BIC SSE MSE RMSE R-Square
Mechanistic Growth 261.767 74.106 1.017 0.113 0.336 0.966

Table B.4. Nonlinear regressn parameters for TN removal for high initial concentration (17.13+0.24
mg ATN and 2. 641TR)Juncudeffusgsdatments in a floating wetland study conducted
from June 2015 through October 2015.

Experiment Growth
Week Asymptote Scale Rate
3 2.70 1.01 0.13
5 -0.56 1.09 -0.13
7 -0.27 141 -0.25
9 2.86 1.01 0.26
11 4.10 1.01 0.21
13 2.78 1.04 0.25
15 2.02 1.00 0.34
17 6.25 1.01 0.08
19 0.64 1.00 1087079.85
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Figure B.3. WeeKly fitted TP removal curveer high initial concentratio 1 7 . 1 3 N O'TNeahd mg AL
2 . 6 1 NO .'0M)Juncgsfetfususeatments in a floating wetland study conducted from June 2015
through October 2015.

Table B.5. Summary of fit for TP removal by ddgr high init i a | concentratitTgn (17.
and 2. 61 NDP)JXntus efiysdhteatments in a floating wetland study conducted from June
2015 through October 2015.

Model AlCc BIC SSE MSE RMSE RSquare

Mechanistic Growth 162.874 -24.787 0.065 0.007 0.086 0.873

Table B.6. Nonlinear regressn parameters for TP removal by high initial concentration (17.13+0.24
mg ATN and 2. 64TR)Juncudeffusgsdatments in a floating wetland study conducted
from June 2015 through October 2015.

Experiment Growth
Week Asymptote Scale Rate
3 0.760 1.020 0.078
5 0.003 -0.500 -0.585
7 -0.005 0.013 -1.192
9 0.081 1.131 0.462
11 0.507 1.021 0.099
13 0.474 1.065 0.236
15 0.164 1.000 17.015
17 -0.060 0.462 -0.375
19 0.106  0.988 0.611
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Figure B.4. Weekly fitted TN removalcurveésor | ow i ni ti al <¢TNmwé&bB2 r ati on
mg A TP)Pontederia cordatareatments in a floating wetland study conducted from June 2015 through
October 2015.

Table B.7. Summary of fit for TNremeal bydayf or | ow i niti al <¢TNmawd®.B2t r at i on
mg A TP)Pontederia cordatareatments in a floating wetland study conducted from June 2015 through
October 2015.

Model AlCc BIC SSE MSE RMSE RSquare

Mechanistic Growth 109.549 -78.112 0.015 0.002 0.041 0.999

Table B.8. Nonlinear regression parameters for TN removdllyw i ni t i al conldentratioc
and 0. 5TP)Pongedetia cordatareatments in a floating wetland study dasted from June 2015
through October 2015.

Experiment Growth

Week Asymptote  Scale Rate
3 2.058 1.009 0.142

5 1.453 1.007 0.211

7 1.547 1.000 0.963
9 1.607 1.000 12.307
11 1.490 1.000 16.374
13 1.514 1.000 2.281
15 1.545 1.000 2.083
17 1471 1.000 16.746
19 1.476 1.000 28.571

74



Experiment Week
—3
L —— —b

AL oge— —— .

o— 1]
! T

m—15
17

— 0

TP Removal (g)

0.05

0 1 2 3 4 5 6 7
Days after load
Figure B.5. Weekly fitted TP removal curvesforow i ni ti al con'ddand052ti on (5
mg A TP)Pontederia cordatareatments in a floating wetland study conducted from June 2015 through
October 2015.

0.00

Table B.9. Summary of fit for TP removdlydayf or | ow i niti al <¢T0Nmaw®.B2t r ati on
mg A TP)Pontederia cordatareatments in a floating wetland study conducted from June 2015 through
October 2015.

Model AlCc BIC SSE MSE RMSE RSquare

Mechanistic Growth -80.391 -268.053 0.000 0.000 0.003 0.999

Table B.10. Nonlinear regression parameters for TP removdlloyw i ni t i al conldentrat.i
and 0. 5TP)Pontedelia cordatareatments in a floating wetland study cootiéd from June 2015
through October 2015.

Experiment Growth
Week Asymptote  Scale Rate
3 0.141 1.002 0.371
5 0.158 1.000 0.772
7 0.147 1.000 1.733
9 0.144 1.000 24.062
11 0.146 1.000 2.339
13 0.165 1.000 1.693
15 0.152 1.000 5.617
17 0.140 1.000 1634
19 0.141 1.000 2.397
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Figure B.6. Weekly fitted TN removal curvesor | ow i ni ti al +¢T0Nmaw@®82t r ati on

mg A TP)Juncus effususeatments in a floating wetland study conducted from June 2015 through

October 2015.

Table B.11. Summary of fit for TN removaby dayf or | ow i ni ti al ¢T0Nmamdentr ati o
0 . 52 TRy JArcus effususeatments in a floating wetland study conducted from June 2015 through
October 2015.

Model AlCc BIC SSE MSE RMSE RSquare

Mechanistic Growth 127.754 -59.908 0.025 0.003 0.052 0.997

Table B.12. Nonlinear regression parameters for TN removdllyw i ni t i all conlcentrat.i
TN and 0'TB) 2uncosgefususeatments in a floating wetland study conductedhfdmne 2015
through October 2015.

Experiment Growth
Week Asymptote  Scale Rate
3 1.065 1.005 0.190
5 -0.048 0.381 -0.441
7 1.999 1.001 0.114
9 1.336 1.007 0.369
11 1.479 1.000 0.416
13 1.593 1.001 0.269
15 1.517 0.995 0.259
17 1.200 1.011 0.277
19 1.308 0.994 0.263
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Figure B.7. Weekly fitted TP removal curvédsor | ow i ni ti al <¢TNawé€b62 r ati on
mg A TP)Juncus effususeatments in a floating wetland study conducted from June 2015 through
October 2015.

Table B.13. Summary of fit for TP removdly dayforl ow i ni t i al conlddand 052t i on (
mg A TP)Juncus effususeatments in a floating wetland study conducted from June 2015 through
October 2015.

Model AlCc BIC SSE MSE RMSE RSquare

Mechanistic Growth -75.334 -262.995 0.000 0.000 0.003 0.999

Table B.14. Nonlinear regression parameters for TP removdlloyw i ni t i al conldentrat.i
and 0. 5TP)Jungus effususeatments in a floating wetland study conductedfdune 2015
through October 2015.

Experiment Growth
Week Asymptote  Scale Rate
3 0.100 1.002 0.173
5 0.127 0.993 0.180
7 0.141 1.005 0.222
9 0.121 0.999 0.401
11 0.138 1.001 0.546
13 0.160 1.000 0.459
15 0.119 0.998 0.650
17 0.143 1.003 0.319
19 0.142 1.001 0.380
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Appendix C. Mean day-7 physicochemical properties by week
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Figure C.1. MeanDO (mg L?) after a Zday hydraulic retention timir each treatment combinatiama
floating treatment wetland study condert from June 2015 through October 2015 in Virginia Beach, VA
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Figure C.2. MeanpH after a day hydraulic retention tim@r each treatment combinationa floating
treatment wetland study conducted frommg 2015 through October 2015 in Virginia Beach, VA.
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Figure C.3.Me a n E C™) afters 7daynhydraulic retention time for each treatment combination in a
floating treatment wetland study conducted from June 2015 through October 2015 in Virginia Beach, VA.
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Figure C.4. Meantemperature (°Cafter a #day hydraulic retention time for each treatment combination

in a floating treatment wetland study conducted from June 2015 through October 2015 in Virginia Beach,
VA.
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Appendix D. Cumulative N and P removal by week
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Figure D.1. Mean cumulative nitrogen (N)hdphosphorousR) removal (g) by week for Trial af a
floating treatment wetland study conducted from June 2016 through Julyfr2814.N is the sm of

ammoniumN, nitrateN, and nitriteN. P is phosphatP.
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Figure D.2. Mean cumulative nitrogen (N)ndphosphorousR) removal (g) by week for Trid of a
floating treatment wetland study conducted fraumy 2016 through September 2Qb6= 4).N is the sun
of ammoniumN, nitrateN, and nitriteN. P is phosphatP.
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Appendix E. Plant growth pictures June 2016/ July 2016

06/11/16 06/29/16 ‘. 07/13/16 07/27/16

Figure E.1. Agrostis albagrowth over time during Trial @f a floating wetland mesocosm study
conducted from June 2016 through July 2016 in Virginia Beach, VA

06/11/16 ” 06/29/16 07/13/16 07/27/16

Figure E.2. Carex strictagrowth over time during Trial of a floating wetland mesocosm study
conducted from June 2016 through July 2016 in Virginia Beach, VA.
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Figure E.3. Growth over time for a three species mixdaning floating wetland mesocosm. The study
was conducted from June 2016 through July 2016 in Virginia Beach, VA.

06/11/16 06/29/16 07/13/16 07/27/16

Figure E.4. Panicum virgatungrowth over time during Trial &f a floating wetland mesocosm study
conducted from June 2016 through July 2016 in Virginia Beach, VA.

E lnﬁlm-q

06/11/16 06/29/16 07/13/16 07/27/16
Figure E.5. Iris ensatagrowth over time dung Trial 1of a floating wetland mesocosm study conducted
from June 2016 through July 2016 in Virginia Beach, VA.
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