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Abstract

High levels of phosphoruladingin Lake WinnipegManitoba, Canadare causing
eutrophication andalgal blooms of ineasing intensity and frequency. Phosphoiss
also a strategic and limited natural resource critical for plant growth, and essential for
agriculture and global food securityhis research studgemonstrated an innovative
environmental engineering approach to address multiple sustainable development
challenges Cattail Typha spp.), alarge competitive emergent aquatic plantyas
harvested to capture and removautrients that would otherwise cause eutrophication

in aquatic systemsand utilized as a biomaswaterial for industry. Cattail reachs
maturity in less than 90 days, and late summer/early lallvests yieldedverage 15 to

20t DM/ha, andcaptured 30 to 60 kdna/yearof phosphorus. Once harvested, nutrients
locked in plant tissue are prevented from being released into the environment via
natural decomposition. Utilizingarvested biomass as a bioenergy feedktpoovided a
further benefitdisplacing fossil fuels for heating, and generated valuable carbon offsets.
Cattailwas compressd into densified fuel products, anambustion trials revealed an
average calorific heat value @7 MJ/kg to 20 MJ/kgcomparable to comnreial wood
pellets. Arerage ash contentvas 5 to 6%,and no major concernsvere identified
regarding combustion emissions and ash. Estimated greenhous€G}daG) mitigation
potential from coal displacementvas onetonne of cattail biomass generated 1.05
tonnes of C@offsets.Additionally up to 88% of total phosphorus was recovered in ash
following combustion in solid fuel burnerblarvesting cattail bionss offersgreatest

feasibility if combined for multiple purposeswtrient capture, habitat, bioenergy,



carbon offsets, water quality credits, andgher value end products and biomatdda
(i.e. biocha). Economics of harvesting need to be further explored at the pilot and
commercial scale for this novel renewable and sustainabtdogical biomass feedstock.
From an agricultural context, this biomass resource is presently undeveldipeda
plant speciegrized for its nutrient capture and water quality benefits, and a biomass
feedstock for bioenergy and high value epibducts thatgrows on marginal agricultural

land, not competingvith prime land and food crops.
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1.0 General Introduction

1.1 Ecological Biomass for Multiple Environmental and Economic Benefits

1.1.1 Water Food Energy Nexus and the Bioeconomy

As we move further into the 21st century in the face of widespread concerns around
water, energy, and food security, greater protection of our water resources and the
increasing use of sustainable renewable inputs to industrial economies are inevitable
and urgent. The concept that water, energy and food are intimately interconnected is
well established, that actions in one area more often than not have impacts in one or
both of the others (World Economic Forum, 2011). The World Economic Forum (2011)
descriles the demand for water, food and energy to rise by5896 in the next two
decades, and that any strategy that focuses on one part of the watal-energy nexus
without considering its interconnections risks serious unintended consequences (World
EconomicForum, 2011). Flooding, water supply and quality, nitrogen and phosphorus
overloading, global food security, resource and energy scarcity, clean reliable
sustainable alternative energy, and reduction in GHG and global carbon emissions, are
some of the sigificant sustainable development challenges facing regions around the
world. Often these issues are dealt with in isolation, but there are significant
environmental and economic opportunities to address them in an integrated coherent

approach. Natural ecgstems provide innovative solutions to address these multiple



sustainable development challenges by harnessing natural processes and novel plant
species that caleliver multiple environmental as well as economicbemefits. Novel

plant species or formsfaecological biomass for example, can be harvestegravide
material inputsfor industry, while simultaneouslyaddressing environmental issues
Combiningmultiple environmental benefits and economic revenuesl not only greatly
increase the viability of environmental management, but sustainabilityerofrging
bioeconomies- economic systems where the raw material for industry comes from

harvested plant material or biomas®ECD 2012

1.12 Wetland plantsfor nutrient capture andbiomassbioenergy

Fresh water is one of the most important natural resources on our planet and is
essential to human populations (Naiman et al. 1995), and yet, the quality of fresh water
sources continues to decline at an astommghrate due to human induced impacts and
changing climates. Stresses such as urban expansion and development, resource
extraction, industry, and agriculturean cause significant freshwater issues (McRae et
al. 2000). Proper watershed management is altito maintaining water quality and
sustainability (Naiman et al. 1995, Gabor et al. 2001), emphasizing the importance of
understanding the fundamental components that collectively make up our watersheds
Ecosystems provide critical ecological goods andiices or EGS benefits through
nutrient and contaminant removal, carbon storage, water storage and ground water
recharge, reduction of flood impacts, and wildlife habitat and biodiversity (Kadlec and

Knight 1996, Gabor et al. 2001, Mitsch and Gosselink)200



Wetlands and their aquatic plant communities are an important component of proper
watershed management effectively reducing nutrient enrichment downstream (Gabor

et al. 2001).They improve the quality of water flowing through them by removing and
assmilating nutrients and toxins before reachimyers and lakesUnfortunately, over

Tk 2F GKS&S ylLiddaNFf FTAEfGSNBRIZ 2 Nih @haidadzNB Q &
over the past century (Ducks Unlimited Canada 2012). Nutrient overloading or
eutrophication of freshwater lakes is a serious water quality issue globally (UNER 201
Nutrients such as nitrogen (N) and phosphorus (P) are required to support living
2NBI YAAYAaX o0dzi 6S02YS KIFENXYTFdzZ G2 Fyeé 41 G§SN
natural capacity to manage them (Mitsch and Gosselink 2007). Excessive loading has a
significant impact on fresh and marine waters by stimulating plant growth and
promoting weed species and algal blooms that can reduce water quality, causing severe
oxygen depletia when they decay (Mitsch and Gosselink 2007). UNEP (2011) recently
emphasized how Iposphorus, also an essential element for food production, is limited

in global supply and that better insight is needed into the availability of this non

renewable resoure and the environmental consequences associated with its use.

Natural systems have been successfully utilized around the world to address
environmental issues through passive and active emvirental engineering approaches
(Kadlec and Knight 1996ianget al. 2005Vymazak006). Wetlands and riparian areas
are very effective at reducing flooding, capturing nutrient rich runoff water from

agricultural fields, preventing erosion and sediment buildup, and ultimately preventing



nutrient loading and contamation. This is due in large part to the plants and microbes
within these systems which actively absorb adle nutrients and contaminantshile
sequesteing carbon from the atmosphereggroducing a significant amount of plant
biomass each year (Gabor dt 2001). Managed and constructed wetland systems take
advantage of these plants and microbes for treatingriemt enriched storm water
agricultural runoff, as well as wastewater from urband rural sewagéuUS EPA 1993).
Aquatic plants are prized for &ir nutrient absorbing capacity andre utilized for
bioremediation of heavily contaminated siteligng et al. 2009icDonald 2006Kadlec

and Knight 1996).

In many European countries,etland plants are often harvested or mowed to control
the spread ofinvasive species and maintain productivitgd biodiversity \Vyss 2004,
Vymazal 2006\Wichtmann and Tanneberger 2008/ichtmam et al. 2010, Wichtmann

et al. 2012, but the harvested material is ofteleft at the field edgeas a wastenaterial
Theharvested plantmaterial represents a valuable biomass feedstock for biomaterials
or solid fuel to produce heat or electricitiBioenergy is the production of energy from
biological material, and globally it is considered a promising sustainable and releewa
energy source to displace the use of carbon emitting fossil fuels and reduce global
carbon and GHG emissiofiaine et al 1996 Demand for biomass fuel products and
liquid biofuels continues to increaggobally driven by the need to reach legatiynding

targets to cut carbon emissions as part of environmental poliSebgps 2013



Lake Winnipeg, in Manitoba, Canada, is th® Edgest freshwater lake in the world. It is
also considered one of the most eutrophic and suffers from excessive loading
nutrients (i.e. nitrogen and phosphorus) from throughout its 1,000,008 \katershed.

High levels of phosphorus in Lake Winnipeg are causing algal blooms of increasing
intensity and frequency that consume oxygen and can release dangerous toxins (Lake
Winnipeg Stewardship Board 2005). Evidentiyogphorus, the noxious pollutant
fouling Lake Winnipeg, is also a valuable natural resource important for plant growth,
and critical for agriculture and global food securityirich et al. 209). The fact plants

like Typhaspp. (cattail in North America or bulrush in Eurom®ak up theseutrients

(i.e. phosphorus) that would otherwise flow into waterways and cause eutrophication
and largescale algal blooms represents a significant opportunity for watershed scale
nutrient management, and a key driver for the regional bioecononarvéstng novel
plants such as cattails a sustainable and renewable biomass feedstock for use in the
biomass industry also delivers valuable ecological services through nutrient capture and
reduction of nutrient loading (i.e. phosphorus) to downstream water ibedCattail is

an extremely resilient and competitivdarge emergent aquatic plant characteristic of
wet environments in North Americgrowing wherever standing water persis@and is
prized for its nutrient capture and water quality benefits (Kadlec &might 1996). It

also represents an undeutilized source of biomass that has the potential be
integrated into solid and cellulosic bioenergy systems to help meet increasing

sustainable energy demands.



1.1.3 Introduction to studyobjectives

The purpose of thistudy is to evaluatethe harvesting of cattail Typha spp.) for
multiple combined benefits: to capture and remove nutrients thereby reducing nutrient
loading (i.e. phosphorus) to aquatic systems, use of the harvested cattail biomass as
renewable and sustainable biomass feedstock for energy production and reduction in
global carbon (GHG) emissions, and recovery of phosphgrasvaluable strategic
resource critical for global food security. This study demonstrates an innovative solution
to harvest novel plant species, or forms of ecological biomass, to address multiple
environmental issues much more strategically and profitably while delivering higher
environmental and economic values. We can address environmental issues profitably

rather than at a cost, and produce revenue while maximizing environmental benefits.

1.2 Manitoba Context: Innovative Solutions for Lake Winnipeg

1.2.1 The Lake Winnipeg Watershed

The Lake Winnipeg watershed encompasses a highly drained and magbbegdaphic
region across Provincial and US borders, draining an area of approximately 1 mifion km
(Figure 1.1). This region is prone to flooding in the spring withabundance of
dissolved nutrients transported in flood waters. Consequently nutriendilog to the

lake is made worse by dramatic spring flood events (McCullough et al. 2012). An
overabundance of phosphorus in Lake Winnipeg causes algae blooms that wash ashore

on beaches. Of concern is the increasing size and frequency of algae bloomsantthe



and south basins of the laKéake Winnipeg Stewardship Board 2008)e phosphorus
within the Lake Winnipeg watershed comes from a complex diversity of sources: runoff
from sewage, agricultural crop fertilizer and livestock, and large urban cerersh of

the watershed encompasses theavily modified and drained landscape of the prairie
agricultural region where many of the natural wetlands, prairies, and riparian &iegs

beenlost, resultingin a loss imatural EGS benefiguch as water andutrient retention

(Ducks Unlimited Canada 2012).

Figure 1.1.A) The Lake Winnipeg watershed encompasses a highly drained and

modified landscapeB) Overabundance of phosphorus causes algae blooms.

Because of the ecological significance of Lake Winnipeg further environmental
protection measures need to be taken to protect and restore the lake to an ecologically
healthy condition¢ KS al yA G20 D2 @S Ni}orr&lyca futiientledeloNS & & A ¢
in Lake Winnipeg by 50% is identified in Bill 46 the Save Lake Winnipeg Act, by

protecting wetlands, controlling runoff, and reducing nutrient loading within the



watershed.Exploring innovative solutions has been identified as a key objective of the

Governmentof Manitoba to accomplish these gog{Sovernment of Manitoba 2011a)

122 Netley] Aol dz al NAKY [F1S 2AyyALIS3IQa /2Faidlf
Netley-Libau Marsh liesat the mouth of the Red River along the south end of Lake
Winnipeg (Figure 1.2)At 250 knf in size, it is one of the largest freshwater coastal
wetlands in Canada. It is comprised of shallow lakes, channels and wetland areas
through which the Red River flows on its way to Lake Winnipeg. It is designated an
Important Bird Area by Bird Studies ada and the Canadian Nature Federation
providing important habitat for wildlife. The area is traditionally used for agriculture
and recreation, but more significantly, the wetland provides an array of diverse
ecdogical goods and servicesS healthy coasl wetlandacts as a natural filter ancan

store and remove a significammount of nitrogen and phosphos from runoff (Neely

and Baker 1989, Kadlec and Knight 199@yfortunately, EGS benefits have been
compromised by drainage, dredging, flooding, amdter management over decades,
with a significant loss of habitat, gradual loss of plant communities, erosion of channels
and islands, and subsequent decline in wildlife populations (Grosshans et al. 2004).
Nevertheless, revitalization through restoratiaand management of this important
coastal wetland could help restore degraded environmental bendfiitdrient capture is

an important and overlooked function of this marsh that is understood as a key

component of a Lake Winnipeg basin nutrient managenstrategy.
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Figure 1.2.Location of Netleytibau Marsh,at the south end of Lake Winnipeg,

Manitoba, Canadat the mouth of the Red Rivésource: Grosshans et al. 2004).

1.2.3 Cattail (Typhaspp.)- Ecological Biomass for Multiple Benefits

Cattail Typhaspp.) is a large robust and prolific emergent plant found in wetlands,
ditches, and on marginal agricultural land across North Amefiobea most widespread
species is broattaf cattail Typha latifolia extending across the temperate and
northern hemisphere, as well as narrdeaf cattailTypha angustifoliaand their hybrid

T. x glaucaSouthern cattail orT. domingensiss found throughout temperate and
tropical regions of the world, such as the Florida Evergladiest(al. 201 Typhaspp.
(hereafter referred to asattail) is extremely productive and competitive and grows
wherever standing water persistit sequesters carbon from the atmosphere and takes

up nutrients from the sediment as it grows, incorporating these components intat pla



biomass. They can grow to a height of over 2 meters and produce considerable standing
plant biomass within a single growing seasdnprimarily spreads by underground
rhizomes but also produces large volumes of seed that colonize open areas and
mudflats. Cattail is also very effective in absorbing nutrients and is commonly used in
constructed wetlands for wastewater treatmenkgkshman 1979, Cheng et al. 2002,
Martin et al. 2003, Cicek et al. 2006&tudies of nutrient uptake in treatment tanks used

to purify untreated raw municipal wastewater demonstrate the extraordinary ability of
cattails for water quality improvement, and suggest harvesting cattail in natural
eutrophic systems to reduce downstream nutrient loading could be significant

(Lakshman 19791984, Weng et. al. 2006

Cattail was also explored as an alternative energy crop for bioenergy production by the
US Department of Energy and the Saskatchewan Research Council in the 1970s
(Lakshman 1984&ratt et al. 1984, 198®ubbe et al. 1988, anGarver et al. 1988 The
economics of harvesting solely for bioenergy, however, was not considered viable at
that time. Although itwas determined to be an excellent bioenergy feedstock with
excellent energy properties for solid fuel (Dubbe et al. 1988) athanol (Lakshman
1984), it was too difficult and costly to be used as a planted energy c@atail was

more recently evaluated for storm water retention and bioenergy in Sweden (Wyss
2004) and in Canada (Cicek et al. 20@6) it was concluded thisastgrowing and
ubiquitous plant could become ecologically and economically important for bioenergy

production. By considering modern environmental and economic benefit analysis
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beyond simple heat production, the benefits of harvesting cattail biomassdcbel
significant (Venema et al. 2005, Cicek et al. 2006, Grosshans et al. A0L).
International Institute for Sustainable DevelopmentlSQ) has most recently
demonstratedat a commercial pilot scalihe harvesting of cattail for nutrient capture
and bobenergy, and that theharvested material can be utilized fdrigher value
bioproducts,biochar,beyond simply aralternative sustainable lowgarbon fuel source
to displace the use of fossil fuelse( coal) for heat and enerdgrosshans et al. 2011,

Grosshans and Greig2013).

1.3 Introduction to the concepts Wetlands for Water Quality, Biomass

Production,and Bioenergy

1.3.1 Wetland plants for water quality

Wetlands improve water quality by retaining, removing and assimilating nutrients,
suspended sediments, pathogens, pesticides, heavy metals, and contaminants (Kadlec
FYR YYAIKUG wmMphpcsE arAtaoOK |yR D2aaStAyl wnn
nutrients and toxins relies in padn its aquaticplant community (Mitsch and Gosselink
2007).Larger emergent wetland plants assimilate large amounts of nutrients from the
sediment and organic layers into accumulated biomass. They also slow water flow,
which hdps retain nutrients by physical sedimentation into the organic litter and

sediment layers where they are later taken up by the plants. Plants also pravide
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combination of aerobic and anaerobic conditions that facilitate chemical
transformations, and orgac litter or peat accumulation that also permanently buries

nutrients (Wang and Mitsch 20Q0

A plan@ ability to absorb nutrients makes them potential tools to remawrients and
toxins from aquatic systems (Lakshman 1979, Smith et al. 1B88ftatep and
Polpragrt 1997). Larger emergesitsuch as cattail, giant ree®l{ragmitesspp.), and
reed canary gras$’falarisspp.) are often mowed to control the spread tbesehighly
invasive speciedNyss 2004, Wichtmann andaiheberger2009). But harvesting these
plants could have significant nutrient removal benefits because of their large stores of
absorbed nutrients (Lakshman 1979, Smith et al. 1988, Koottatep and Polprasert 1997).
If these plants are harvested when they retain enough nutrieritss tould capture
significant stored nutrients and uhately reduce nutrient loadingp downstream lakes
(Martin and Fernandez 129 Vymazal 2006Harvestingnutrient rich biomass material
prevents nutrients from being reeleased into the aquatic systemas naturally occu

from dead decomposing plant material (Toet et al. 2005, Morris et al. 1986).

Harvesting wetland plants to remove séat nutrients has shown success in natural and
cultivated stands. Pratt et al(1984) through fertilization experimets indicated
nutrients such as nitrogen and phosphorus are taken up and removed by harvesting
cattail plants.Most studiesof harvestinghave been primarilyn experimental settings

(Lakshman 1979Liu et al. 2003,Weng et al. 2006 and constructed and sem
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engineered wetlands receiving relatively high nutrient loads from treated or secondary
waste water effluent Pratt et al. 1984 Toet et al. 2005Jiang et al. 2005yymazal
2006). It has been suggested much greater success could be obtained from hagvasti
tertiary or polishing treatment wetlands and eutrophic natural wetland systems
compared to the high nutrient loadings from treatment wetlands (Toet et al. 2005, Cicek
et al. 2006, Vymazal 2006). Martin and Fernandez 2188 indicateperiodic harvesng

of aboveground cattail biomass after leaf drying would remove elements from the water
in the long term.Harvesting plantgs used forbioremediationto mitigate pollutant
concentrations in contaminated water and soils with plants that are able toatont
degrade, or eliminate nutrients, metals, pesticides, solvents, and various other

contaminants from the media that contain themi¢Donald 2006, Wani et al. 2012).

1.3.2 Wetlands and bioenergyEcological Biomass for the Biomass Industry

Traditional uses of harvested wetland plants are loiilding and thatchingmaterials

(Boar and Leeming 1997, Ozesmi 2003), paper pulp (Bates et al. 1994), animal fodder
(Yakubovskii 1975), mulch (Calado and Duarte 2000), or even fibreboard (Fraunhofer
2012). Harvesting wetland plants for energy is not a new cqic®eat from fens and
bogs,cattails and reeds have been used as a solid fuel for burning and heat production
for centuries Bjork and Graneli 1978, Graneli 1984, Allirand and Gosse 1995, Gheng e
al. 2003. More recently, high efficiency conversion of wetland plants for bioenergy (i.e.
cattails and reeds) has been evaluated at the research Seeddt et al. 1988, Lakshman

1984 Reddy and Smith 1987, Xu et al. 1999; SAFTI 2003, Cicek et al. 2006
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Bioenergy is lovcarbon energyproducedfrom biological material, antlas the potential

to provide significant amounts of heat and electrical energy to address future energy
demandsby producing far fewer GHG emissioffzaine et al 1996). This is certainly
evident in Europe, where biomabsis beenactively promoted andltilized for the past
several decades at a commercial scale to offset tma¢nergy production (Faaij 2004).
Government policies to reduce greenhousesgamissions are drivinthe need for
renewable and sustainable alternative enemgytionsto generate energy with minimal
amounts of netcarbon emissions (Cook and Beyea 2000, Duncan 2004). Harvested plant
material provides valuable biorsa to produce clazer bioenergyWood as charcoal is

still the most common form of fuel for simple heating and cooking applications in
developing countries, although it is considered an unsustainable practice (Caro et al
2011). In Senegal 2.5 million trees are cut down atigifor charcoal nationwide, which

is currently driving the exploration for more sustainable options (Caro et al 2011). Dry
biomass can be directly burned to produce heat energy, but in industrialized nations,
newer high efficiency technologies utilizeoliiass asow-carbon solid fuel substitutes to
carbon emitting fossil fuels tproduce cleaner emission heat, energy, and combined
heat and power (CHPBiomass energy is considered to be a low carbon source of
energy since CQabsorbed from the atmospherdy the plants during growth is
returned back to the atmosphere during combustion. A further economic benefit is
gainedthrough reducedGHG emissions and carbon offset credits to be sold on global

carbon markets (Cicek et al. 2006).
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Typical biomassources include waste timber wood, sawdust from manufacturing,
agricultural residues (i.e. straw, flax chives, corn stover), and planted energy crops like
switch grass and miscanthudub and Brancowitiulmel 2010)But there is an identified
need to expad the portfolio of renewable sustainable biomass sources for use as
feedstocks in the bioenergy and biofuel industriggSDOE 2d). Feedstock
sustainability is a significant risk to the biomass industry, ahkbping biomass into a
sustainable source ddffordable biopower and fuels will require the flexibility to use a
wide variety of sustainable biomass resourddSDOE 2d). Exploration of higheralue

uses and end products beyond simple heat production, i.e. biochar, cellulosic ethanol,
biofibres, o bioplastics, and&conomic instruments through carbon offset markeen
significantly improve cost: benefit economic® market protocol for biomass
combustion in Albertaelatesto avoided GHGs from switching to biomass from fossil
fuels as well as awted GHGs by combusting biomass vs. ugdierg anaerobic
decomposition (Government of Alberta 2Z¥). In addition, identifying novel plant
spedes that are utilized for environmental remediation, such as cattail and reeds, which
are viable biomass feedstagkvill position biomass as not only a loarbon fuel source

but one that delivers multiple environmental and economic-bemefits. Economic
sustainability of the biomass industiig greatly improved whemultiple EGS benefits
and economic valuesre congilered Cattails,which are very effective in capturing
nutrients and toxingdLakshman 1984, Pratt et. al. 1984, 1988present a renewable

and sustainable source of biomass for bioenergy, biomaterials, and high value end

products. Exporting cattail biomass as a revenue generating feedstemkld be a
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welcome byproduct from wetland management or municipal ditch maintenance, which
are all managed at a cost to local governmei@bdng et al. 2002In addition, utilizing
plant specieghat grow on marginal agricultural langrovides landowners a greater
economic value from otherwise unproductive marginal agriculture land does not
compete with prime agricultural lands and food crops, which addresses the ongoing
food vs. fuel debat@nd current criticisms with bioenergy and biofuels around the globe
(UN 2013. Primary food crops (i.e. sugar cane and car® used to produce ethanol,
while oilseeds(i.e. soybeans, canola, and palm )odre used to produce biodiesel
(Duncan 2004)Major criticisms surroundhe competition it plaes onworld demand

for food crops and animal forage (Evans 2008).

1.3.3 Demand for global biomass supplies

The demand for biomass fuel products and biofuels continues to increase globally in
order to reduce global carbon emissions since switching from coal to biomass for use in
power plants results in low carbon emissions. Biomass is typically compressed into
densified pellets, logs, briquettes, or cubes for efficient transport, storaw burning

for bioenergyChinal y R 9 ddei®ahdSd® Biomass fuel pellets to produce electricity
represents the largest global demand, with European demand expected to triple
2020 as governmenishotably Britain, Sweden, Denmark, and the Netherlarafer
subsidies for greener energy sources to replace dirtigal ¢n electricity generation
(Schaps 2013). The demand for pellets in Europe is estimated to reach 29 milinas to

in 2020, up from 8 million tonnes in 2010 (Schaps 2013). This demand for densified
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biomass represents a potential opportunity to grow the North American market to meet
global demandsUse of biomass in Canada is growing and it is anticipated thistlyrow
will continue with federal and provincial renewable energy policies and regulations to

reduce the use of coal (Sawyer 2011).

1.3.4 Harvesting in wetlandsWet Agriculture

Harvesting in wetland environments presents some serious logistical challéraygsus
equipment has been used in the past to harvest plants from wetlands either for
biodiversity management, energy production, or nutrient removal, and specialized
equipment has been developed in Europe for these specialized wet agriculture purposes
(De Vries Cornjun2013 Pisten Bull2013,LogLogi?013 Seig&2013 and Reed2013)
Several studies indicate winter ice covered conditions provide suitable conditions for
harvesting in wetlands for management and bioenergy purposes producing dry
feedstockfor burning (Granelli 1984, Cicek et al. 2006), but whether enough nutrients
remain in dead aboveground biomass to effectively remove N and P for nutrient capture
is relatively unknownAdditionally, snow and ice conditions often present some serious
chalenges, preventing harvesters from accessing wetland afeffescts of harvesting in
Canadian wetland environments is also relatively unknown. Other challenges include
volume of harvested material, drying, moisture content, general quality of the biomass
for energy, calorific value, and the energy conversion technology. Because wetland
systems differ quite dramatically from one area to the next, and the goals of wetland

biologists, nutrient managers, and bioenergy producers differ, the impacts and psoritie

17



need to optimally merge the discrete functions of wetland management, water

treatment, and bioenergy production (Martin et al. 2003).

1.3.5 ManitobaBiomass potential

The Federal and Provincial governments of Canada are taking steps to reduce GHG
emissions, by 2020 to 607 Megatonnes (Mt)l Yy A G126 Qa O2lf Gl E 27
CQ equivalents (Government of Manitoba 204)2and a mandate to eliminate coal for

heat production by 2014, requires an immediate need for alternative energy sources for
industries, communities, and small coal users in MB to reduce their reliance orrcoal.
Manitoba approximately 3% of the energy used comes from coal burnimgch

represents abut 385,000 MT of coal, 40% of which is used for industrial and

commercial heating (Figure 1.3).

Manitoba Energy Use (269 petajoules) Manitoba Coal Use (385,000 tonngs

m Hydro Electricity

. 4% m Other (wind, solar,
0.11 28 % geothermal)
Bi W Power
@ Biomass Generation
@ Natural Gas

M Industrial and
Commercial
m Refined oil (Gasoline, Heating

Diesel)

3% m Coal, Propane,
Derivatives

Figure1.3. (left) Manitoba energy usage and (right) coal use3&5,000 metric

tonnesg 40% used for heatingurce http://www.50by30.org/currentrealities/)
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Greenhouse gas (GHG) emission credits created by displacinganigin emitting fossil
fuels withlow-carbon emitting biomass greatly enhanttee value of harvesting a novel
biomass like cattail (Cicek et al. 2006). Carbon offset equivalents are determined from
the direct displacement of fossil fuels with biomass. Additionally, methane avoidance
couldbe considered, which is associated with harvesting of biomass that could naturally
decompose anaerobically to produce methagea greenhouse gas 21 times more
potent than CQ (Government of Alberta 207). Although the cosbenefit analysis will
strongly deend on the economic and environmental circumstances for each
application, the proposed concept of cattail biomass harvesting holds great promise for
combining the benefits of bioenergy/emissions credits with the difficult challenge of

nutrient controland watershed management

1.4 Primary PhD Researdfocus

This research studgentifiesthree major components:

1. Seasonal plant biomass accumulation, plant nutrient uptake, nutrient
accumulation in the litter and sediment layers, and plaatiment nutrient
interactions of the cattail communities in Netkkybau Marsh, Manitoba.

2. Sustainable harvest of cattail biomass to remove stored nutrients to reduce
nutrient loading- evaluating timing of harvest and harvest impacts

3. Use of harvested cattail as lsiomass feedstock for bioenergy productien
evaluating value of cattail biomass, densified forms, heat production, economics,

and recovery of phosphorus from ash pastmbustion.
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1.5 Objectives and Hypothesis

The objective of this study is to evaluate an innovative solution to address phosphorus
loading to Lake Winnipeg, while producing biomass for industeyvesting cattail for
bioenergy and biomaterials could be a viable mechanism for intercepting phosphoru

before it enters Lake Winnipeg

The Hypothesis is removal of plant material and their stored nutrients will reduce
nutrient loading to aquatic systems Harvesting of accumulated deadfallill also
improve marsh habitat bypening the site to sunlightral new plant growth, and

controlling dominant plant growth.

This study evaluategshe harvesting of cattail to captureutrients and reduce
phosphorus loading to Lake Winnipeg, and use of harvested cattail as a novel renewable
and sustainable biomass festbckfor bioenergy productionExplored is the generation

of carbon offset credits and reduction of greenhouse gas (GHG) emissions using cattail
as a feedstocln place of carbon emitting fossil fuedsich as coal for heat production

Also evaluated is the recovery of highlue phosphorus from ash following combustion

for greater environmental and economic benefit$ie goal is to demonstrate that using
biomass more strategically we can address multiple environmental issues prpfitabl
rather than at a cost, by producing valuable grdducts for revenue while maximizing
environmental benefits. This study duates the economic feasibility of harvesting and

using cattail biomass as a feedstock for the biomass industry.
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An additional ofective is to gain greater knowledge on the importance of wetlands to
the health of Lake Winnipeg, and how passive engineering options such as harvesting a
novel plant species like cattail can reduce nutrient loadingile enhancing wetland

habitat, and ceatingincentives for wetland restoration.

1.5.1 Objectives
1. Wetland Biogeochemistry
a. Examine cattail growth and productivity, biomass accumulation, nutrient
uptake through the growing and winter season, nutrient removal
potential, and planisediment nutrent interactions.

b. Measure phosphorus storage in the masdiments.

2. Harvesting for Nutrient Capture and Recovery
a. Evaluate harvesting aboveground cattail biomass to remove stored
nutrients - comparing both late summer and winter/spring harvest
b. Examineshort and longterm impacts of harvesting:
i. ldentify ideal timing of harvesteasonally with nutrient content,

ii. Impacts and sustainability of haesting.
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3. Conversion of Cattail Biomass to heat energy

a. Viability of cattail as a renewable sustainalidemass feedtock for
bioenergy productionenergy valueeomparedto other feedstocks

b. Evaluation of densification for fuel cubes and pellets.

c. Conversion of Biomasstest burns and evaluation of cattail in suitable
bioenergy conversion technologies

d. Evalate cattail as a lovearbon biomass source for mitigation of
greenhouse gas emissions and creation of carbon emission offset credits

for costrecovery.

4. Recovery of Phosphorus
a. Evaluate phosphorus recovefom harvested cattail biomassithin ash

following combustion.

5. Netley-Libau Marsh proof of concept
a. This study will bea valiable proof of concept: harvesting to capture
nutrients, reduce loading to Lake Winnipegnd wetlandbiomass for

bioenergy.
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1.6 Thesis organization

Chapter 2ncludes a literature review of:

1. Wetlands and water quality: how emergent freshwater marshes naturally
remove and retain various nutrients and contamms, with some comparison to
engineered andvastewater treatment wetlandsnd the role of emergenplants
in water quality.

2. Biogeochemistry of wetland plants arsgdiment and nutrient interactions and
seasonal plant nutrient cycling and fate.

3. Harvesting ofwetland plantsfor nutrient removal and biomass for bioenergy
production, including successes ihé literature for removing stored nutrients,

methods for marsh harvesting, wetlands for bioenergy, and value for bioenergy.

Chapter 4 examinediology andbiogeochemistry of cattail, results diarvesting,
seasonal biomass and nutrient accumulation, plsediment nutrient interactions,
seasonal timingof harvests and nutrient losphosphorus captured and removed by

harvesting, and impacts of harvesting on cattail communities and marsh biodiversity.

Chapter 5 focuses on the bioenergy perspectiuse ofcattail as a renewable feedstock
for biomass bioenergy production to displace fossil fuels for heating. It examines
biomass properties andensification, combustion for heat production, and recovery of

phosphorus from ash following combustion.
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Chapter 6and 7 identify theeconomics of harvesting this novel bioenergy feedstock
with multiple benefits and high sustainability characteristics directly targeted at users
seeking viable alternatives to fossil fuels for space heating and air emissions reductions
and the larger significance for nutrient management in the Lake Winnipeg Watershed
Carbon offsets produced from displacing fossil fuel and carbon masketiscussedn

chapter 6, and significance in chapter 7

Chapter 10bjectives: Chapter 3 Methods Chapter4 Harvesting cattail
Innovative solutions to Nutrient and biomass:
address phosphorus Ioading_> Bioenergy evaluations —> Biomass and nutrient
to LakeWinnipeg by accumulation in cattail and
harvesting biomass for harvesting for nutrient apture
industry and carbon and biomass for industry
emissions reductions Chapter 7 Engineering
Significance
l’ Significance of research ¢
Chapter 2 Literature locally and globally. le | Chapter 5 Cattail biomass
Review for bioenergy.
Review of wetlands and Cattail biomass properties,
water quality, how plants Chapter 6 Economics viability as biomass feedstock,
cycle nutrients, harvesting inj and GHG reductions energy conversion, phosphorus
wetlands for nutrients and Economics, and the  [€— recovery, higher value end
bioenergy pattall biomassor carbon market potential products
bioenergy

Figure 1.4. Thesis organizatiQriAn innovative solutiof harvesting cattai(Typhaspp.)
to address nutrient loadingi.e. phosphorusjn the LakeWinnipeg Watershed, while

producing biomass for industry and recovering valuable ressurce

24



2.0 Literature ReviewEcological Bmass for Multiple

Cobenefits

Nutrient Capture, BioenergyCarbon Emissio®ffsets Habitat

Improvement, andPhosphorus Recovery

This review examines the literature on sustainable wetland biomass harvesting for
nutrient capture and biomass bioenergy. Reviewed is nutrient uptake in wetlands in the
context of upstream water quality improvement within natural landpes, and the
potential of harvesting wetland plants as an integrated component of watershed
management to reduce nutrient loading in aquatic systefrtss chaptefocuses on the
important role and functions of larger rooted emergent plants in wetlandsgstems

(i.e. Typhaspp., Carexspp., Schoenoplectuspp., andPhragmitesaustrali§ and their

role in nutrient capture and removaNutrient removal has been attained harvesting
plant species from eutrophic and nutrient loaded wastewater systems, althalbgh
degree of success depends on the wetland type, lab vs. field scale, loading rates, and
objectives. Harvesting wetland plants is a common practice in Europe simply for
biodiversity and nuisance plant contrdlV{chtmann and Tanneberger @9), but the

nutrient capture benefits of harvesting in natural eutrophic systems could be significant.

Also reviewed is the use of harvested cattdiyghaspp.) and wetland biomass as a
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renewable, sustainable, and economically viable feedstock for brggnd&iomaterials,

and higher value engrroducts. Harvesting in a wet environment does produce many
challenges, particularly harvesting equipment design, logistics, and timing of harvest.
Lowimpact harvesters that can handle wet and waterlogged wetlanddd@mns are
needed beyond traditional farm equipment. Harvesting in wetlands is common in
Europe for plant biodiversity management and reed roof thatching, and a range of wet
agricultural equipment and harvesters have been developed in Europe over tle pas

several decades with application poteritin North America for wetlantarvesting.

2.1 Wetlands for Water Quality

2.1.1 Wetlands in the landscape

Wetlands are considered one of the most productive ecosystems on Earth, producing a
tremendous amount of biomass within a single seasdfaltrud et al. 1989 They

provide critical habitat to an abundance of fish and wildlife species, many of which
reproduce and spend part or all of their entire life in wetlands. In Canada, more than

200 bird specig (including 45 species of waterfowl) and over 50 species of mammals
depend on wetlands for food and habitat. Wetlands also provide commercial and
recreational opportunities from plant harvesting, fur trapping, fishing, and agriculture.
Wetlands provide ¢tical hydrological and water quality functions, often referred to as

bl §dNEQa YARySeQda o0SOFdzAaS 2F GKSAN yI {dzNT f

water that moves through them (Gabor et al. 2001).
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Wetlandsactively remove and process organitdainorganic materials from water and
sediments and act asutrient sinks in watersheds, which helps prevent eutrophication
downstream in rivers and lakes (Kadlec and Knight 1996, Mitsch and Wang 20€Q).
store these elements within the litter, sedimerdnd plant biomass, where they cycle
through the plant and animal communities or are permanently stored in organic litter
and sedimentsNeely and Baker 1989, Kadlec and Knight 1996, Mitsch and Wanj 2000
A significant amount of nutrients from agriculalrunoff and wastewater effluents (i.e.
nitrogen and phosphorus) can be captured by wetlands preventing it from ending up
downstream Kadlec and Knight 1996, Gabor et al. 2001, Mitsch and Gosselink 2007,
Ducks Unlimited Canada 28)1 These important trangon areas provide critical natural
buffers betweenland and freshwater rivers and lakelsandscapes with little or no
natural buffers provide a direct route for nutrients to enter water bodies causing
excessive loading and eutrophication (Gabor et ab120Wetlandsmanaged for habitat

or nutrient capture can reduce downstream nutrient exports while producing a lot of

plant biomass.

2.1.2 The wetland plant community an important component

I SOt yRQa FoAfAGE (2 O Miestdn largeRoartFwith its S NJ v d:
aquatic plant community Mitsch and Gosselink 20R7The nutrients retained in a

wetland in turn support the productivity and growth of these aquatic plants and
microorganismsThe aquatic plant component of a wetland can afferater conditions,

function, and mechanisms through nutrient capturEinlayson and Mitchell 1983
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sediment deposition, erosion protection Fgote and Kadlec 1988 shading,
transpiration, organic matter buildup, and providing surfaces for algae growth
(Campbell and Ogden 19p9Aquatic wetland plants or macrophytes consist of
emergent, submersed, and free floating forms, which cycle and obtain nutrients from
the wetland in different waysWith their greater biomass|arger rooted perennial
emergentplants play an important role in the cycles of carbon, nutrients, and chemicals in
wetlands Sharma et al. 2006They improve the condition of water entering a wetland
by providing large surface areas for growth of algal and microorganism communities
that rapidly take up available nutrients and elements from the water column. Nutrients
and elements rapidly cycle through microorganism communities, which is eventually
stored in the organic litter and sediment layers. Rooted emergent plants almost
exclusively takeup nutrients from litter and sediment, assimilating nutrients into
accumulated root and shoot biomass (Smith et al. 1988, Brix et al. 1992). Submersed
and freefloating plants can absorb nutrients directly from the wateiumn, but
produce considerablyeks biomass (Wetzel 1983a). Emergent plants slow the flow of
water increasing retention time, which allows suspended sediments and nutrients to be
taken up and broken down by bacteria and algal communities or settle into organic litter
and sediments (Reddgnd DeLaune 2008). The physical root mass of emergent plants
provides a matrix for sedimentation buildup and accumulation or accretion of decaying
plant litter, which helps stabilize shores and sediments from large wind and wave effects
(Hosper and Meierl993 Kadlec and Knight 1996, Mitsch and Gosselink )200v

physical growth of emergent plants effectively reduces sediment stirring and turbidity
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by reducing wind effects, and open water areas are noticeably more turbid than

bordering emergent plant zorse

2.2 Engineered natural wetlands for water quality

The ability of wetlands to reduce eutrophication in downstream waters has not gone
unnoticed. The Chinese have almost 3000 years of experience in ecologically
engineering wetlands, brought out as aaessity for waste recycling and food and fiber
production (Yan et al. 1993. Similarly, Sudanese villages along the Nile long recognized
and used wetland plants and clay soils to purify water from the river during the flood

season, and use of plants flmod and materialsGampbell and Ogden 1999

Largescale ecological engineering has been used to restore, rehabilitate;anrgiaeer
wetlands to harness their natural ability for water quality improvement, which in turn
also provides important wetlandabitat. The key mechanism for many of these systems
are the thriving plant communities partitioned in a series of vegetated wetland cells or
flow-ways through which the nutrieatich water flows, and where sediment and
nutrients are effectively trappedSome of he largest engineered wetlands for water
quality are the Everglades storm water treatment areas, STAs in Fl@retugk et al.
2001), Lake Apopka, Florida (Coveney et al. 2002), and thBafason Wetlands, Lake
Balaton, Hungary (Tatrai et al @@ Domotorfy et al. 2003)Each wetland system

provides some level of filtering of pollutants or nutrients from water as it passes

29



through the wetland before entering the neighbouring lake. Restorettrgent plant
communities have the added benefit of prading important wildlife habitat. Lake
Apopka, Florida marsh flowvay successfully reduced phosphorus and nitrogen loading

to the lake and provides restored habitat for hundreds of Everglades species (Coveney
et al. 2002). KiBalaton wetlands in Hungamct as filters for sediment and nutrients
which would otherwise be deposited in the Lakeomotorfy et al. 2008 and is a
Ramsar site valued for habitat and biodiversity conservation. This type of wetland
development and restoration is considered for tli@eat Lakes in North America, Lake

Chao in China, and could be applicable for Netlau Marsh in Manitoba.

2.2.1 Florida Everglades STAs and Lake Apopka

Everglades Storm Water Treatment Areas (STAS) are engineered wetlands north of the
Florida Evergldes that remove nutrients from storm wateunnoff before it flows south

into protected wetlands.Florida has invested more than $1.8 billion in water quality
improvements aimed at lowering phosphorus levels (SFWMD 2013). Currently 57,000
acres south of lkee Okeechobee has been converted to STAs. Wetland plants in these
constructed wetlands (cattail, bulrush, southern naiad, algae) take up phosphorus
through plant growth and store it through accumulation of dead plant material. Water
flowing out of an STAds significantly less phosphorus than stowater flowing in.
Longterm sustainability and management of these systems is an issue, particularly as
stored phosphorus levels increase. Alum addition is used to reduce phosphorus and

management of cattail haseen considered (SFWMD pers. comm. 2011).
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century of wetland drainage, agriculture, and nitrogen and phosphorus loadings from
surrounding farmland (St. Johns River Water Mpamaent District, 2010). Restoration of
this 125 kni lake included restoration of wetlands from farmland along the north side of
the lake and construction of the Lake Apopka Marsh Rlgay in 2003, a 3,408cre
wetland treatment system. Water from the lake flows through four treatment cells to
settle solidsand remove phosphorus and nutrients. This wetland filter has significantly
improved the water quality in Lake Apopka with phosphorus levels in the lake down 56
percent and water clarity 54 percent better than earlier conditions, while creating
wetland habtat (St. Johns River Water Management Be$t2010, Coveney et al. 200p2
Phosphorus build up is an ongoing concern, and is controlled chemically with addition of

alum (Lake Apopka management pers. corgfi?)

2.2.2 Lake Balaton, Hungary

Lake Balatoris the largest lake in Central Europe with a surface area of 58&kchan
average depth of only 3.2 m. The river enters the southwest of Balaton at Keszthely Bay
through the KisBalaton wetland; an 1800ha restored wetland that began operation in
1985 Kadlec and Knight 1996) constructed for water quality protection as a filter for
sediment and nutrients that would otherwise be deposited in the L&k@n{otorfy et al.

2003. There are two artificial lakes, an 18 %apper lake with mainly open water and

the 54 knj heavily vegetated lower lake. Reeds are mostly responsible for removal of

phosphorus and nitrogen agell as stabilizing shorelindlthough it is not clear whether
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reduction in fertilizer use or wetlands management had the largest effect inrsege
eutrophication, but by the late 1990s water quality in Lake Balaton had shown
significant improvement omotorfy et al. 2008 Originally designed as a water
protection system, it is now also a Ramsar site valued for habitat and biodiversity

conservdion functions.

2.2.3 Dunnottar, Manitoba Canada

The village of Dunnottdras operated a series of passive filtration constructed wetlands
for the treatment of municipal wastewater and runoff, incorporating a horizontal and
vertical flow wetland system. Similar to natural wetlands, nutrients and heavy metals
are trapped within he wetland and taken up by plants in their biomass. Operation of
the wetland system has consistently resulted in an average 70% phosphorus and 60%

nitrogenreduction over the first three years of the pilot studyilfon Consultin@012).

2.24 GreatLakes, North America

Mitsch and Wang (2000) predicted large scale restoration of 15% of river basin wetlands
and along the Great Lakes would result in a reduction of more than half of the
phosphorus entering the lake from the watershed (Mitsch and Wan@®R@@nly a small
LISNODSyGF3sS 2F ¢SGflFyRa NBYIFIAY | NRdzyR (KS
and most are diked to control water levels. Wetland restoration is primarily for wildlife
(i.e. waterfowl) and rarely for water quality improvement, evitough this has been

recognized as an important function. They recommend lacge restoration efforts
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would be a viable management practice for controlling phosphorus and other nonpoint

source pollution.

2.25 Lake Chao, China

Restoration of wetlands an important management component for nutrient control in
Lake Chao, one of the fivargest lakes in ChinaivEé million people live around the lake

and it is important for drinking water, irrigation, transportation, fishing, and tourism
(Dredging Tody 2012). Rapid industry development and population has resulted in
eutrophication and silting. Since the 1950s, large areas of riparian wetlands have been
drained for agriculture, and a dam built in 1962 for irrigation and water control, also
resulting inreduction of fish productions (Xu et al. 1999). In 2012 funding was secured
from the Asian Development Bank (ADB) for watershed management, wastewater

treatment, and constructed wetlands to reduce nutrient loading (Dredging Today 2012).

2.3 Storm WaterWetlands

2.3.1 North Ottawa retention project

Storm water wetlands constructed for flood control have added benefits of water
quality improvement and wildlife habitatAn example of integrated surface water
management has been successfully demonstrated by the North Ottatention
project in the Bois de Sioux Watershed District, UBDSWD2012) A series of

constructed impoundments, or cells, constructed to hold bagkiant-rich spring flood
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water to reduce flood impacts downstrearno Fargo, North Dakota, with the added
benefit of reducing nutrient runoffThis has shown to reduce flood peaks and impacts
with the added benefit of increased production in surroundingi@gdtural lands.
Holding the nutrient rich water also reduces the pulse of nutrients that normally occurs
during flood runoff (McCullough 2012). Additionally, these constructed impoundments
have become colonized by cattail which adds further nutrient méten capacity and
potential biomass production to be integrated intsurface water and nutrient
management on a larger watershed scal&he Red River Basin Commission
headquartered in Moorhead, Minnesota, has supported the North Ottawa project
concepts of surface water management within their Natural Resources Planning

Framework, an example of River Basin Managem@bBiSW2012).

2.32 Geuensee, Switzerland

In Geuensee, Switzerland, a cattail filled storm water retention wetland began operation
in 2002as a cosefficient alternative to conventional storm water retention systems
that require large earthworks and construction, to intercept storm water from sewers
and drainagalitches at Geuensee (Wyss 2004). This multifunctional system was found
to offer additional services in addition to flood protection particularly water treatment
and habitat (Wyss 2004). These simple natural buffers catch the water afyhe
rainstorm events, delay release wfater, and in turn help improve the quality of the

water. Thepilot facility in Geuensee gained experience with harvesting and processing
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of cattail, examined the use of cattail as &@utral fuel (as pellets or in pyrolysis), and

made cattail better known among Swiss clay construction practitioners (Wyss 2004).

2.33 t St EakeQ\anitoba Canada

A similar managed storm water wetland is ubhle O2 y a i NHzOG A2y | {
Manitoba, a large wetland area that has been drained many times in the past in order to
achieve better hay production and more pastur@ far, all attempts at this have failed
and the land idargelyfilled with cattails. The LaSalle Redboine Conservation District
(2013) is currently developing a backflood system for this area with water control
structures to hold back water in the sprirand reduce flooding, increase later hay

production,recharge fodownstream reservos, andto improve water quality.

2.4 Engineered artificial constructed wetland systems

Treatment wetlands are artificial wetlands constructed to retain storm wateoff and

treat municipal wastewadr and agricultural effluentsby trapping and filtering high

levels of nutrients and toxins. Often these are constructed to maximize heavy loading
with impermeable liners and gravel lined bottoms. Numerous examples drdhe

world prove the effectiveness of these systems to trap and process extreme levels of
nutrients, to reduce eutrophication in downstream water (Kadlec and Knight 1996,
Karanthanasis 2003, Kadlec 2005a, 2005b, Vymazal 2006). Some issues of overloading

and saturation of londived systems are an issue, as are high BOD concentrations that
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lower dissolved oxygen levels to undesirable levels (Kadlec and Knight 1996,
Karanthanasis 2003, Kadlec 2005a, 2005b). Current treatment weahdologies are
very eficient and are most effective in treating secondary effluent or at the tertiary

G L2 f A a K keyhdaihg padsghauS and nitrogen to very low levels

Nitrogen and phosphorus are an issue because of their impadresh and marine
waters in eutrophicatia, potential toxicity to aquatic species, and the role they play in
plant overgrowth of competitive species (Kadlec 2004)lly vegetated marshes with
emergent or submersed plant communities are the most effective for nitrate and
nitrogen reduction and pbsphorus storage (Weisner et al. 1994, Kadlec 2005a, 2005b).
Treatment wetlands typically receive high nitrogen loads and most are designed
primarily for nitrogen removal through nitrification/denitrification processes.
Phosphorus removal relies on absaget and sedimentation and permanent storage in
sediments. Plant communities growing in alternating banded patterns perpeaditul

the flow of water improvéhydraulic retention and maximizes nutrient uptake by slowing
water flow for storage in sedimentsnd plant biomass (Weisner et al. 1994, Kadlec
2005a). Partially vegetated or unvegetated wetlands have had much lower rates of

nutrient removal (Kadlec 2005b).

Since phosphorus accumulates in wetlands with no breakdown pathwaysiqal
removal of Penriched sediments and chemical immobilization of phosphorus in the

sediments (i.e. alum additions) isecessaryto improve the effectiveness and
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sustainabilityof treatment wetlandsto remove phosphorus (Kadlec and Knight 1996).
Routine harvesting of vegetath to remove nutrient rich plant material could increase
the life-span of constructed systems, but the harvesting of wetland plants as a
management option to reduce stored nutrients has not been fully explored. Harvesting
experiments have been attempted tonstructed and serrengineered wetlands that
receive high loadings of nutrients (Toet et al. 2005), and most indicate the success of
harvesting would be much more significant in systems without the high nutrient
loadings as wastewater treatment wetlan@Boet et al. 2005, Vymazal 2006). A review
by Brix and Schierup (1989) concluded constructed wetlands provide valuable cost
effective methods for treating wastewater, and provide valuable plant bionfass

animal feed, agricultural fertilizer, or for engrg

2.5 Wetland Plant Adaptations to stress

2.5.1 Oxygen and gas movement

Wetlands are characterized by waterlogged soils and anaerobic (i.e. clegmn
conditions resulting in many biochemical transformations unique to wetlands. Rooted
emergentwetland plants, such as cattails and reeBfragmitesspp.) have developed
remarkable adaptations to deal with stresses imposed by water logged and anaerobic,
or low oxygen, conditions (Armstrong et al.7B9 Brix and Sorrell 1996). The ability to
maintan effective aeration is a greatly needed adaptation for plants growing in deep

water (Tornbjerg et al. 1994, White and Ganf 1998). Continuous uninterrupted tubular
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air spaces, or aerenchyma tissue, extend from the leaf, through petioles and stems, and
down into roots and rhizomesCattail and Phragmitescan move significant levels of
gases from the sediment to the atmosphere and oxyffem the atmosphere down to
roots and sediments exerting a significant influence on sediment redox potential
(Campbell andOgden 1999, Armstrong et al. 199@rix 1993. Redox potential or
reduction involves the releasing of oxygen, gaining hydrogen, or gaining an electron.
Green living shoots actively move oxygen to roots, while dead plant stems release gases
to the atmosphere, i.e. carbon dioxide, methane, nitrous oxide, hydrogen, and carbon
monoxide Brix et al. 1995 Movement of gases through the plant involves preszedi

gas flow, pumping air against a pressure gradient, produced by the heat of the sun and
not photosynthesis (Cherry 2012Z)xygen oxidizes the soil or rhizosphere around roots
creating an oxygenated zone increasing redox potential making it more suitalieot
growth (Mitch and Gosselink 2@ Plants also reduce methane emissions oxygenating
the root zone in the sedimentdReddy et al. 1989 Pressurized gas flow, creation of
oxidized root zones, and anaerobic respiration, allows wetland plants toairem

productive under stressful conditions (Cherry 2012).

2.5.2 Rhizomes for survival

Cattail andPhragmitesare able to withstand the dynamic conditions of wetlands in
northern climates, from inundation to complete drying out for long periods of time,
making these species extremely competitive and resilient (Li et al. 2004). The large

carbohydrate reserves of these thick rhizome plants makes them capable of surviving
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long periods in flooded or dry conditions (Barclay and Crawford 1982, Studer and
Braendé 1987). Cattail responds to changes in water depth by producing thick large
rhizome storage to maintain effective aeration during oxygen deficient or anaerobic
conditions, or during long dry periods (Sharma et al. 20B&owground biomass in
cattail often accounts for more than 50% of total annual biomageNaughton1966).

They store large quantities of carbohydrates in the large belowground rhizomes, which

contribute to the rapid spring growth of shootSstafsoril976).

2.6 Wetland Biogeochemistry The role of emergent plants

2.6.1 Seasonal resource allocation and translocation

Hydric wetland soils are the primary storage of available nutrients for rooted emergent
plants, and the site of reactions that transform stored nutrieiReoted wetlandplants
almost exclusively take up nutrients such as nitrogen and phosphorus from the organic
litter layer and sedimentsEmergent plants absorb carbon from the atmosphere or
water, and take up nutrients and other elements from the interstitial pore watghin

the sediment to produce organic matter or biomass (Reddy Bedaune 2008)The

litter and sediment pool is the main source of dissolved nitrogen and phosphorus to
pore waters in sediment replacing nutrients taken up by emergent plants (Barko and
Smart 198, HowardWilliams and Allanson 1981, Carignan 1982, Moeller et al 1988,
Smith et al. 1988Barko et al 1991Murkin et al. 2000, Noe et al. 2003, Mitsch and

Gosselink 2007
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Dense stands of plants act as permanent nutrient sinks in wetlands sidattage in
belowground rhizome¢Murkin et al. 2000)They allocate photosynthetic products into
above and belowground biomass and store resourcésaeda et al. 2008 When
aboveground tissues die, they slowlymeneralize during decomposition cyclistpred
nutrients back into the wetlandThe allocation and translocation of resources in
emergent plants is highly seasonal and spespscific, and will differ between
geographic regions as a result of season and length of growing periods (Smith et al.
1988). Generally, initial shoot growth is based almost entirely on upward translocation
of material from rhizomes. The source of resources will gradually be replaced from the
rhizome reserves by products of photosynthesis in the aboveground parts during the
growing period (Asaeda et al. 2008)arge emergent wetland plants assimilate a
significant amount of nutrients into accumulated root and shoot biomass, and are
capable of changing growth allocation mesponse to nutrient limitation(Woo and

Zedler 2000

2.6.2 Plants and nutrient cycling

Thehigh biological activitypf wetlandsrapidly decomposes waste organic compounds,
stores them in sediments, or converts them into gases and harmlegwdalcts.
Wetland processes include plant and microbial uptakolatilization, nitrification,
denitrification, nitrogen fixation, mineralization, reduction, anaerobic oxidation,

absorption, desorption, burial, and leaching (Kadlec and Knight 1996, Vymazal 2006,
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Mitsch and Gosselink 2007)hd rapid recycling ofutrients and organic carbon in

wetlands sustains high productivitiMetzel 1983.

Emergent
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Figure 21. Wetland biogeochemistry uptake by wetland plants. White highlighted
areas show regions of nutrient storage in a wetland. (N=nitrogen, P=phosphorus,

BOD=hiological oxygen demand, TSS=total suspended solids)

The ability of wetland plants and algae to take up nutrients in excess of growth
requirements is known as luxury consumption, rapidly depleting nutrient concentrations
(Gerloff and Krombholz 19%6Nutrients cycle between water, plants, and sediment
through sedimentation and adsorption to sediments, diffusionssuspension from
sediments, and transferring from plants back to the water (Figure 2.1). Emergent plants
depend on inorganic nutrient cyclingetween the water and sediment nutrient pools,

and through invertebrates, fish, submersed plants, and algae (McDougal 2001). Algae
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and bacteria thrive on the surface area of larger emergent plants and rapidly take up
inorganic nutrients from the water colum Transformation of N and P into the

sediment allows rooted emergent plants to take up these nutrients (Figure 2.1).

2.6.3 Decomposition and nutrient cycling

Plants and algae release inorganic nutrients back into the wetland through leaching
during decomposition. This is an important part of nutrient cycling in wetlands as
nutrients are rereleased to the water column and litter and surface sediments, or lost
through incomplete mineralization and burial in sediments. Three stages of
decomposition have been describedhe first short 12 day period results in rapid mass
loss by physical leaching, the second120 day period is a slower sustained mass loss
through microbial decomposition, followed by the third period of indefinite slow mass
loss (Davis and van der Valk 19W&ubleski et al. 1997bNeely (1993 found positive
interactions between epiphytic algae and heterotrophic bacteria on decompdsipba
latifolia, causing cuticular erosion and epidermal ipigt This process increasesge of
nutrient release for algae and fasurface epiphyton and periphytorNéely 1994.
Anaerobic decay processes @amaerobic zongof wetlands proceeds at a much slower
rate than aerobic decay, and generally does not proceed to compleBahlésinger

1997). These processes enhance the role of wetlands as nutrient and carbon sinks.
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2.6.4 Nitrogen (N) and Phosphorus (P)

Nitrogen (N) and phosphorus (P) are often a concern in aquatic systems since the lack of
either of these elements limits growth and productivity, while overabundance of either
causes eutrophication and accelerated plant growth undesirable in aquatic system
(Willis 1963). Wetlands reduce levels of nitrogen and phosphorus by providing
favourable conditions for denitrification and storage phosphorus Nitrogen is
considered seffegulating within wetlands, cycled and broken down with little being
stored pemanently, while phosphorus is permanently stored in organic litter and
sediments. Gradual accumulation of phosphorus in the sediment challenges effective
long term storage, and can accumulate to where wetlands become saturated. This is an
issue in treatmeh wetland systems with higher levels of loading (Noe et al. 2003).
Phosphorus removal can be improved by physical removal-adfrieghed sediments,
chemical immobilization in the sediments with Alum additions, or routine harvesting of
plants to remove nutent-rich plant material (Vymazal 2006, Asaeda et al. 2006). In
remote wetlands and northern peatlands phosphorus is a major limiting nutrient,
whereas in agricultural and urban wetlands phosphorus from watershed runoff can be
quite high. Prairie agricultat wetlands are characterized by higher levels of stored

phosphorus, while nitrogen is more likely to limit plant growth.

2.6.5 Wetland plant cycling of Nitrogen (N)
The reducing environment of litter and sediments is the main source of nitrogen for

rooted emergent plants, and is most available for plant uptake in the reduced form of
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ammonium ions N+ (Nichols and Keeney 1976). Nitrogen is somewhat available to
plants in an oxidized form as nitrate BOwhich is typically the dominant form of
inorgaric nitrogen in the water column, but is not assimilated immediately by plants
Inorganic nitrogen typically makes up <50% of total soluble in freshwater wetlands.
Nitrate is more prevalent in aerobic environments and ammonium in anaerobic.
Ammonification @curs as organic matter decomposes and degrades to soluble organic
nitrogen, and is mineralized to ammonium ions MHMitsch and Gosselink 2007). In
aerobic conditions, nitrification results in nitrite NOthen nitrate NQ-. Under
anaerobic soil conditios denitrification reduces nitrate NOto nitrite NOy-, and
ultimately to NO or N gas. Wetlands are a significant source of nitrogen release to the

atmosphere as pas (Figure 2).

Figure 22. The Nitrogen cycle in natural freshwater wetlands.
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2.6.6 Wetland plant cycling of Phosphorus (P)

Phosphorus retention is an important attribute of wetlands and can be defined as the
capacity of that system to remove water column phosphorus through physical,
chemical, and biological processes and retaimia form that is not easily released
under normal environmental conditions (Reddy and Delaune 2@I&sphorus enters

a wetland in either inorganic or organic forms, and as soluble or insoluble. Dissolved
inorganic phosphorus is thenost readily availle to plants and microbes, while
particulate inorganic and organic phosphorus must undergo transformation before
becoming available (Dunne and Reddy 2005). The concentration of available inorganic
forms in the water in a wetland is often quite low becausk how rapidly it is
assimilated by algae, bacteria, and other microorganisms (Wetzel 18883olved
inorganic phosphorus igproduced by natural and anthropogenic processes, i.e.
wastewater and fertilizer runoff, while particulate inorganic forms inelsigphosphorus
bound to calcium (Ca), magnesium (Mg), iron (Fe), and aluminum (Al). Organic
phosphorus is associated with living organisms and occurs from the breakdown of

decaying plant litter (Dunne and Reddy 2005).

In biological systems phosphorus i®tnfound on its own, but exists as part of a
phosphate molecule (P{) with each compound containing phosphorus in a different
chemical formula. Available phosphorus can be found as a free phosphate ion in
solution asnorganic phosphate, including the i®s#Q-, HPQ-, and HPQ-, collectively

known as orthophosphates, which are readily available for plant uptake. As a result,
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orthophosphate (PQ) comprises ¥0% of total phosphorus in the water column in most
water bodies (Wetzel 1983). Measurement for biologically available orthophosphates is

referred to as soluble reactive phosphorous (SRP).

Phosphorus entering a wetland settles out of the water columnraodes into the litter

layer quite rapidly Nloe et al. 2008 Using®P tracer,Noe et al. (2003showed the
periphyton community (metaphyton and epiphyton) rapidly incorporaté@ following
addition, which later moved into thditter and soil where longerm storage occurs.
They showed uptake SfP tracer by macrophytes increased over time, identifying the
primary source of P to emergent plants is from stored P in litter and soil. Once
phosphorus is taken up by the wetland biological community, a ssgnifiportion is not
readily released under normal conditions. Phosphorus occurs in a sedimentary rather
than a gaseous cycle like nitrogen, and at any one point a significant portion in a
wetland is bound in sediments by surface adsorption on mineralherorganic litter,
taken up by the microbial community, and stored in wetland plants. When microbes and
plants die the phosphorus is recycled in the wetlamdboried insediments (Reddy et al.

1989).

Phosphorus retention is an important attribute of tmeal and constructed wetlands
either through immobilization in microbes and plants or permanent storage in the
sediment and litter layers there is no degradation route for phosphorus in a wetland

(Noe et al. 2003, Reddy and Delaune 2008). Storage imeats can be combined in
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two distinct pathways: burial (accretion of new sediments) or sorption to wetland
substrate (Reddy 2004). Phosphorus sorption is essentially the removal of phosphate
from solution to the solid phase, and includes both adsorptiomd grecipitation
reactions. (Reddy 2004). Most phosphorus entering a wetland is retained resulting in a

gradual accumulation in the sediment.

plant/microbial uptake Phosphor'ous additio

'A'er"dbi(:‘”“" T A e 5 e
Soil Cayer Ca-P, Fe-P, Al-P

Anaerobic
Soillltayer

Figure 23. The Phosphorous cycle in natural freshwater wetlands.

2.6.7 Wetland sediment cycling oPhosphorus (P)
Since most emergent plants obtain their phosphorus from the organic litter and
sediment, decomposing organic matter is a significant source of phosphorus, as is

sedimentation of phosphorus sorbed to clay particles when it is released asiRder
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anaerobic conditions (Mitsch and Gosselink 20®PHosphorus mobility in a wetland
occurs in the presence and absence of oxygen affected by sunlight (Dunne and Reddy
2005). Under sustained anaerobic conditions phosphorus released from surface
sedimants can be significant. Rooted emergent plants release oxygen intmtteone

(Brix 1993, Flessa 19P4ausing aerobic conditions, immobilizipdposphorusand
reducing the availability of soluble phosphorus. Availability of phosphorus is further
compliated by other physiochemical reactions besides redox, including adsorption to
clay particles, changes in pH and changes in carbonate equilibrium, which causes co
precipitation with calcium carbonate crystals or the formation of insoluble calcium
phosphatesalts Gchlesinger 1997Rhosphorus bound to calcium and magnesium are

relatively stable and not readily available to wetland plamsrfne and Reddy 20D5

2.7 Harvesting wetland plants for watershed management and nutrient

removal in eutrophic system

Wetlands plants are a critical component of nutrient capture and water quality
improvement in wetlands, providing surface areas for algae and microbes, creating
conditions suitable for chemical transformations, and taking up latgees of nutrients

into accumulated aboveground biorea. Conceivably, harvestiradpoveground plarg
would remove nutrients bound within the plant tissue, preventing those nutrients from
re-entering the ecosystem from decaying plant material. Harvestngommonfor

bioremediation to trea contaminated soils and water witlplantsthat absorb
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contaminants without the need to excavate the contaminant material and dispose of it
elsewhere YVani etal. 2013. But harvesting wetland plants as a management option to
reduce nutrient loading to downstream eutrophic systems has not been fully explored.
Harvesting has shown success in-¢ghle systems and in heavily loaded wastewater
treatment wetlands (BBusk et al. 2001, Toet et al. 2005, Vymazal 2006) but the
technical and economic feasibility for watershed saade to address nutrient loading

and eutrophication issues in aquatic systems needs to be explored.

2.8 Harvesting for material and identiéd secondary benefits

Wetland plants are often cut to control the spread of highly invasive and competitive
plant species. The negative effects of excessive aquatic plant growth can be significant
both environmentally and economically, impacting impottanildlife habitat, and
affecting commercial or recreational explo{feuchman et al. 2009, Mitchell et al. 2011
Submersed aquatic plants are routinely harvested from lakes and ponds to reduce
impacts to fishing and human use in Italy (Giusti et al. 2@0@&l throughout Turkey
where they affect the harvest of fish and crayfish (Bates et al. 1984). Excessive growth
causes alteration of hydrology, blocking waterways, interference in fishing and

recreation (Bates et al. 1984).

In many developing countriebarvesting wetland plants for use as a commercial

product, often by manual harvesting techniques, is an important economic resource
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contributing significantly to the local economy (Bates et al. 1984, Ozesmi 2003, Giusti et
al. 2006,Ba et al. 200p Largeremergent plants, such as bamboBambusaspp.),
cattail (Typhaspp.), giant reedsPhragmites austral)js and sweet grass are used as
building material and for household and commercial products, i.e. mats and baskets.
Phragmiteshas been harvested in Eygean countries for roof thatching for centuries
andis still an economic practig@oar and Leeming 1997). Regular harvesting maintains
Phragmitesdominated marshes by controlling its spread and removing accumulated
dead material, while increasing growth and quality of future crops. Demand for its use
as roof thatching is dependent on the quality of harvested reeds, and reeds of better
guality havehigher nitrogen content (Boar and Leeming 1997). Since nitrogen is often of
concern in wetland and aquatic systems, a secondary benefit of harvesting reeds for

roof thatching would be removal of stored nitrogen and reduaegvnstream loading.

Harvestingsharppointed rush Juncus acutysin the Kizilirmak Delta on the Black Sea
Coast of Turkey is an important local economic resource for baskets, cooking utensils,
and flower arrangements (Ozesmi 2003). Harvesting was also noticed to maintain
biodiversity d the wetland by removing dead material and opening space for new plant
growth, and strengthening and thickening the main clumps of shoots improving the
quality of harvest the following year (Ozesmi 2003). Because of the agricultural

landscape surroundintipis wetland, harvesting could have a nutrient benefit as well.
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In Portugal, submersed plants have been harvested for fertilizer since the Middle Ages
(Calado and Duarte 2000), and recently it was suggested harvesting appears to be
reducing eutrophicatiorwithin the lagoon by removing nutrients and organic matter,

improving the lagoon for recreational usage (Calado and Duarte 2000).

Many wetland grasses and sedges are harvested for livestock forage (Freese 1998), and
in Manitoba are an important source gfotein and nutrientrich feed for livestock. In
Lizard Lake, Manitob& anadareed canary grass is harvested annually from a water
retention wetland that holds back flood water in the spring. Harvesting this grass
improves outgoing water quality benefity removing high levels of nitrogen and

phosphorus preventing its release downstream (Tobacco Creek,quansn. 2012)

2.9. Harvesting success for nutrient remov@atreatment wetlands

2.9.1 Cattail (Typhaspp.) harvesting in constructed treatment witnds

Most wetland harvesting experiments for nutrient removal have been carried out in
constructed treatment wetlands and ladrale experimental settings receiving high
nutrient loads from treated or secondary waste water effluent. Toet et al. (2005)
harvested cattail and®hragmitego increase efficiency of nutrient removal in treatment
wetlands used for polishing secondary treatment plant sewage effluent. Nitrogen and
phosphorus mass loading rates were 122 to 4190 g flymand 28.3 to 994 g P /ftyr.

At these high loading rates nutrient removal through harvesting was insignificant
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compared to the inputs received. At loading rates of 120 g Rlyimand 30 g P /rfiyr
(retention time of 9 days within the treatment wetlands), harvesting reduced mass
inputsby 7.0 to 11% for nitrogen and 4.5 to 9.2% for phosphorus (Toet et al. 2005). They
consider the net removal of nutrients by harvesting to be minimal, suggesting removal
rates of 10% of annual load as insignificant. Others, such as Liu et al. (2003), howeve
consider 10% removal to be significant and suggest harvesting as an important removal
option for nitrogen and phosphorus from constructed wetlands. For constructed
wetlands in Lake Diachi area, Yunnan Province, China, the nitrogen and phosphorus
removed by plant harvesting accounted for 10% and 9% of the input of TN and TP,
respectively (Liu et al. 2003). Ancell et al. (1998) also indicates harvesting successful
with 15% of total N loaded into experimental ngiructed wetlands removed when

cattailand Schoenoplectuspp. was harvested.

Much higher removal efficiencies have been found in experimental treatment wetlands
with lower loading rates. Martin and Fernandez (2p%arvested cattail from stands
grown in secondary effluent with removal rates 083L g N/nflyear and 26.6 g
P/m?lyear, and suggest 485% of nitrogen and phosphorus could be removed by
harvesting aboveground plants following drying out in the fall, the rest remaining in the
rhizomes. An earlier harvest before the transfer of nutriemghie fall from shoots to
rhizomes could remove 70% of input. Koottatep and Polprasert (1997) harvested cattall
from experimental constructed wetlands after 8 weeks yielding nitrogen uptake of 7.1

kg/ha/day (259 g N /fiyr) amounting to 66% of total nitragn input. They suggest
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occurrence of anoxic and reduced conditions were favourable for nitrogen removal
processes by plant uptake (Koottatep and Polprasert 1997). Harvesting the tall grass
Cyperus alternifoliusised in a covered subsurface flow wetland stoacted for pig

wastewater treatment removed 68.72 g N #and 18.49 g P /f(Liao et al. 2005).

2.9.2 Harvesting in laboratory scale wastewater treatment

In a laboratoryscale study by Weng et al. (2006) cattail was grown in gravel substrate
and fed gnthetic wastewater to measure uptake. By the end of the growing season the
cattail had removed 4@5% of the phosphorus added to these systems, and it was
concluded harvesting would remove it by preventing its release upon decay of the
plants. Lakshman @I9) demonstrated cattail and bulrusis¢hoenoplectuspp.) for
nutrient uptake in experimental treatment tanks used to purify untreated raw municipal
waste effluent. Upwards of 98% removal rates of TKN and TP were reached in less than
20 days. Rates of mient uptake increased with higher levels of loading and after 500
days the cattail continued to absorb nutrients long after control populations reached a
saturated state (Lakshman 1979). This was not the case with the Sdgeacronatus
which was notkffective at all for removing stored nutrients (Kim and Geary 2001). After
nine months the majority of the phosphorus @oapplied to experimental mesosms

was stored in the sediment and very little stored in the plant due to its small biomass
reserves. Bed canary grassPhalarisspp.) grown in silica sand in small plots had
removal rates with harvesting greater than 90% in all treatments (Adler et al. 1996),

with ~50% of the N and ~ 80% of the P removed from the effluent
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2.10 Harvesting success for nignt removal- natural wetlands

2.10.1 Larger emergent plants

Not many studies have examined harvesting specifically for nutrient removal in natural
systems, but researclof nutrient uptake by aquatic plantslearly demonstrates
harvesting plants from natural wetlandsvetland systems that do not experience the
severe nutrient loadings that wastewater treatment wetlands receiwuld be most
significant to reduce nutrient loading and eutrophication in dotmeam waters
(Lakshman 197®ratt et al. 1984, Pratte et al. 1988opottatep and Polprasert 1997, Liu

et al. 2003, Karathanasis et al. 2003, Toet et al. 2005, Kadlec 20E, Jiang et al.
2005,Vymazal 2006). Because of their high rates of biomassnaglation and nutrient
uptake, larger emergent wetland species, such as cattail, have great potential. These
large competitive emergent plants often dominate wetland areas growing in dense
homogenous zones. WillowSdlix spp. have the same characteristof rapid growth

and nutrient accumulation, and harvesting has been used for wastewater nutrient

removal (Perttu 1993, Adegbidi et al. 2001).

Success in removing stored nutrients from natural wetland systems was achieved by
harvesting Phragmites commusiand Zizania latifoliafrom ditch wetlands in China.
Removing the biomass effectively reduced nutrient loadings to lakes in the lower
reaches of the Yangtze River (Jiahgl. 2004. Harvesting removed 46315 kg/hdyear

(46.351.5 g/nflyear) of nitrogenand 127149 kg/hdyear (12.714.9 g/nflyear) of
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phosphorus from agricultural runoff waters (Jiaetgal. 2004. Jianget al. (20®) report
similar phosphorus removal rates from harvestiAgragmitesin ditch wetlands, with
removal rates ofl.9 g/kg (equal to 103.6 kg/hgear or 10.4 g/ni/year), but much more
nitrogen removal 815.0 g/kg (equal to B8 kg/hdyear or 81.8 g/mlyear. Phragmites
communisshowed vertical distribution of total nitrogen and phosphorus, and stored
levels increasedwith plant height. Min and Kim (1983) also found this vertical
distribution in coastal salt marshes in Kor&easonal changes of nutrient content in
biomass per unit land area increased continuously as biomass increased, with vertical
distributions of toal N, P, and K increasing with plant height. Min and Kim (1983) also
found harvesting resulted in significant nutrient remagvahd found nutrient return to

soil was less than plant uptake. Phosphorus was expected to eventually be exhausted
from the soil ecause of plant harvesting. Papyrus harvesting in the Nakivubo wetland,
Kampala, in Uganda removed 7.7% and 15.8% of annual nitrogen and phospdads
entering the wetland(Kansiime et al. 2003). They also estimate if distribution of
incoming waste wate was routed through the entire wetland harvesting could
potentially remove 70% and 76% of nitrogen and phosphorus respectively. Sugarcane
harvesting removed 55% and 63% of accumulated nitrogen and phosphorus, equivalent

to 179% of the phosphorus addedfertilizer (Coale et al 1993).

Cattail was identified as a potential biomass crop from natural and cultivated wetlands
for bioenergy use, as a solid fuel and ethanol, with high annual productivity and yields,

and was the focus of a primary research stuatythe University of Minnesota to
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maximize stand productivity and yields (Pratt et al. 1984, 1988). Cattail contained an
average 0.05 to 0.4 % phosphorus content (Pratt et al. 1984) and annual harvesting of
cattail produced vyields of 6 to 1®nnes of drymatter per hectare (TDM/ha) and
removed 3 to 5 g/r (30 to 50 kg/ha) of nitrogen and 0.5 to 2 dfiifb to 20 kg/ha) of
phosphorus in aboveground cattail plants (Pratt et al. 1988). Annual harvesting over
three seasons revealed no short term effects on atstands with single harvests per
season, but harvesting cultivated stands during peak nutrient uptake in July/August
removed significant nutrient reserves requiring fertilization to maintain annual biomass

yields (Pratt et al. 1988).

2.10.2 Wetland grasses, submersed, and frdoating

Submersed and floating aquatic species rapidly accumulate biomass and absorb
nutrients directly from the water. Removing them before they decompose captures
nutrients that would otherwise contribute to eutrophicatiorRéddy et al. 1989).
Harvesting Eurasian milfoiMiriophyllum spicaturhwas suggested as a management
option to reduce phosphorus loading to Lake Wingra, Wisconsin, USA (Carpenter and
Adams 1978). It was estimated annual harvesting could reduce the anatigbad of
phosphorus to the lake by 37%, representing 100% of available phosphorus. Harvesting
submersed pondwee@®otamogeton crispug/hich accounts for 20% of the phosphorus
budget within the lake in Half Moon Lake in Wisconsin, USA, was also reconuinde
reduce internal loadings (William et al. 200Bjeefloating water hyacinth Eichhornia

crassipey has been capable of 100% TN and TP removal from the water in wastewater
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treatment wetlands (Jayaweera et al. 200&martweed Polygonum amphibiujnand
pondweeds Potamogeton crispunand P. pectinatuys were harvested to restore water
guality and remove accumulated heavy metals in Lake Nainital in India (Ali et al. (1999).
Adey et al. (1993) used managed, attached, algal populations to permanently remove
excess phosphorus from agricultural raff. Total phosphorus removal rates were 104

to 139 mg/nf/day (380507 kg P /halyear). They predict yearly minimum removal rates
with algae screens and harvesting, could be-280 times that achieved by larggea

wetland systems (Adey et al. 1993).

Emergent plants grown on floating wetland islands or bioplatforms would also allow
roots to absorb nutrients directly from the water column (Zhang et al. 20B8pating
panels in Lake Tai, China demonstrate nutrient absorbing ability of wetland grasses,
sedges, and terrestrial plants grown on floating plastic panels with their roots absorbing
nutrients directly from the water columiiding Hua, 200pers comm., Zéng et al.
2006,). These plants exhibit high levels of nutrient absorption and harvesting could
remove significant quantities of nutrients from these aquatic systéAubrycki et al.
2013). The use of floating islands for wetland restoration effostgpreline stabilization,

and nutrient capture has been demonstrated worldwide with very effective results

(Headley and Tanne 2006, Zubrycki et al.3301
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2.11 The harvesting potentiat capture and recovery of nutrients

Research clearly demonstratémrvesting aquatic plantsemovesstored nutrients in
natural wetlands Reriodic harvesting of aboveground plant biomass has been
recommended as a management option for nutrient control in many eutrophic and
treatment aquatic systems (Karpati et al. 198%rtin and Fernandez 129 Adler et al.

1996, Koottatep and Polprasert 1997, Janse et al. 2002, William et al. 2002, Kansiime et
al. 2003, Karathanasis et al. 2003, Korner et al. 2003, Liu et al. 2003, Toet et al. 2005,
Vymazal 2006). This would be partanly important with respect to the removal of
phosphorus and metals which accumulate in the sediment and plant biomass, and less
so for nitrogen (Kadlec 2005a, 20Q8Wani et al. 201 The Florida Everglades storm
water treatment areas, for example, caubenefit from large scale harvesting to reduce
nutrient accumulation in litter and sediments and prolong the life of these treatment
wetland systemsCapturingnutrient rich biomass is also a mechanism to recoaed
recycle valuable nutrients, i.e. phdsprus,for processing or applicationaligning with
sustainable phosphorus managementlip@s in the European Uniofhis additional
economic revenue stream increases viability of harvestingcloses the nutrient ycle

by recyclingcaptured nutrientsack onto agricultural fields farop growth

Harvesting and removinglense stands of plants and accumulated deadfall as a
management strategy will also maintain open water and plant diversity by controlling

dominant plant growth. Selective harvestingsheen shown to improve waterfowl
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habitat by removing deadfall and maintaining a desired balance of open water and plant
cover ideal for waterfowKaminski and Prince 1981, Murkin et al. 1988)tlands
receiving nutrient rich water can be susceptible dgerloading and excessive plant
growth. If not properly controlled, this can lead to dense monocultures of competitively

dominant and undesirable species (i.e. cattail) (Woo and Zedler 2000).

The economic feasibility of harvesting for nutrient removal ba improved by utilizing
the harvested biomass as a secondary product of harvesting, simply for animal feed or
mulch, or as a biomass feedstock for higher value bioenergy, biomaterials, biofuels and

high value end products.

2.12 Wetland Power¢ Wetland plants for bioenergy

2.12.1 Combined Harvest greatest feasibility for wetland biomass

Emergent wetland plants produce vast quantities of biomass, and only recently has this
potential feedstock been evaluated for high efficiency bioenergy conve(simek et al.
2006). Cattail andPhragmites both extremely prolific wetland plants found throughout
North America, have both been evaluated for bioenergy use (Lakshman 1984, Dubbe et
al. 1988, Garver et al. 1988, Cheng et al. 2002, Martin et al. 2003s \2§04).
Phragmitesor reeds have been harvested in Europe for habitat management, roof
thatching, as well as bioenergy, but has not been fully utilized for commercial energy

production Wichtmann et al 202). Harvesting biomass from wetlands has received
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little attention due to difficulties with harvesting in wet environments with traditional
equipment, perceived lack of economic feasibility, sustainability as a feedstock, and
poorly understood impacts on ghwetland environment (Dubbe et al. 1988, Garver et

al. 1988, Anderson and Craig 1984, Cheng et al. 2002, Martin et al. 2003).

Greatest economic feasibility of harvesting is gained if carried out for multiple purposes
In Geuensee, Switzerland, a catthlled storm water retention wetland was built to
intercept storm water, and was a cesfficient alternative to conventional retention
systems (Wyss 2004). Cattavbs harvested to remove dense overgrowth and the
biomass dried and compressed into fuelllpts for bioenergy (Wyss 2004). Floating
plantswater hyacinth Eichhornia crassipgsnd channel grasd/éllisneria spiralisare
widely employed for wastewater treatment or harvested for nuisance control, and the
harvested waste biomass has been usedptoduce biogas (Singhal and Rai 2002).
Cattails are also widely used for nutrient control and were explored by the US DOE as a
potential bioenergy crop (Dubbe et al. 1988, Cheng et al. 2002). Because wetland
systems differ and the goals of wetland and memnt management, and bioenergy
production differ, studies of harvesting impacts are needed to optimally merge wetland

management, water treatment, and bienergy production (Martin et al. 2003).

2.12.2 Cattailbiomass for lloenergyproduction
Cattail (Typhaspp.) is an extremely productive and competitive marsh species found

naturally across North America. Cattail was evaluated b®energy feedstock by the
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U.S Department of Energy (DOE) and the Saskatchewan Research Council as early as the
1970s,and concluded annual harvest of cattail biomass stimulated regrowth and that
the bioenergy properties of cattail were excellerBut economics of harvesting or
cultivation of cattail in wet environments solely for bioenergy was not considered viable
(Laksiman 1984, Pra et al. 1984). They describdifficulties with harvesting in wet
environments and the faatattail consumed too many nutrients and water (Dubbe et al.
1988, Garver et al. 1988)his would not be the case with highly eutrophic systems such
as within the Lake Winnipeg watershed and at Neil#yau Marsh. Managed harvesting

in this case could permanently remove nutrients from these systems, while providing
plant material for bioenergy productiorBy considering modern environmental and
economic benefits beyond heat production, benefits of harvesting cattail could be
significant (Cicek et al. 2006). Specifically, recognizing the benefit of cattail harvesting to
water quality and greenhouse gas mitigation warrants aevealuation of cattail for

bioenergy production.

For a bioenergy plant to be economically feasible, y@aund operation would be
needed. This would require large volumes of dried and stored cattail biomass, or
supplemental feedstocks from other sources. Fluctuations in seasanalliable cattail
biomass for an industriadcale bioenergy system would require-fe@ding options with
agricultural residues such as straw and crop processing residues, forestry waste, and
recyclable material. Scalability, efficiency, feedstock supphgl mnarket availability

issues are all factors for evaluatiofapier et al. 2004, Cicek et al. 2006)
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2.12.3 Bioenergy conversion technologies

Bioenergy is produced by combustion of plant biomass to generate direct heat,
electricity, or combined heat ral power (CHP). If the goal is to combine biomass
harvesting for nutrient capture and bioenergy production, it is critical to ensure the
biomass conversion technologgmployed is sustainable, efficient, and does not
redeposit unwanted elements (i.e. phospius) by air dispersion back into the
ecosystemThe retaining of nutrients and other heavy metals between the air emissions
and resilual ash is essential. Phosphberis the primary element of concern in the
eutrophication of Lake Winnipeg and preferenceeds to be given to conversion
technologies that leave higher percentage of phosphorus in the ash, or that reduce flue
gas temperature so nutrients can be effectively removed and not redistributed back into
the system Cicek et al 2006 The nitrogen and phosphorus content and emissions
released in gases during combustiane crucial in determiningiability of wetland

biomass as a source of feedstock andriemt mitigation.

Biomass combustion systems are not a new technology, witldiads of them in use
across Canada (Natural Resources Canada 28@Ker boiler biomass burners are solid
fuel burners that combust the biomass material to heat water or produce steam, which
is used as a distributed heating source or with steam turbiteeproduce electricity
(Blue Flame tBker 2012). Modern stoker boiler systems build off the concept of
traditional coal burners, but ardesigned to ensure much greater efficient combustion

of biomass fuels while maintaining low emissio$pecialized mowg grate systems

62



reduce formation of clinkers and fouling and allow for the use of higher ash biomass
feedstocks such as agricultural straw, which tends to have higher levels of silica,
calcium, and potassiurfBlue Flame Stoke2012).Multi-cyclone dust cllectors remove
smallest dust particles or figsh, up to 90% generated from solid fuel combustion, with

emissions comparable to natural gas (Blue Flame Stoket, Zidtotalenergy 2011).

Gasification, a form of twstage combustion where the gas is bad, utilizes the
produced gas as an energy source. The resulting syngas can directly fuel an engine or
electricity generator. Cicek et al. (2006) examined six ssoalk distributed power
generation systems with some cogeneration heat applications asicgtion produced

the most power due to low moisture content of the biomass as analyzed using the
method in Bmpier et al. (2004)Gasification is a process that converts materials such as
plant biomass into a combustible synthetic gas, or syngas byimgacarbon at high
temperatures with controlled levels of oxygen (Rezaiyan and Cheremisinoff 2065).
biomass is heated in an oxygdeficient atmosphere to promote the release of the
volatile gases: i.ecarbon dioxide carbon monoxide, hydrogen and thane. This
resulting syngas is much more efficient to burn than direct burning of biomass, and is
burned to produce direct heat energy and boil water for steam for heating. The high
temperature combustion of the biomass and burning of the syngas instéattheo
original biomass leaves behind undesirable chemicals in the ash and slag resulting in
cleaner emissions and gas production (Rezaiyan and Cheremisinoff 206&4. et al.

(2004) demonstrated biomass gasification technology in Manitoba using municipal
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biosolids as the source feedstock, but theee currently very little industrial scale

gasification being utilized in North America (Faaij 2004).

2.12.4 Densification

Biomass is commonly compressed into {owisture fuel products such as pellets,
cubes, or briquettes, which are ideal for storage and transport. The manufacturing
process involves reducing and compressing the raw material into cylindrical bars of
compressed energy. These compressed fuel products are burned to produce heat in
pellet sbves and boilers, or transported for use as fuel in other energy conversion
methods, such as coal €wing plants or to large biomass energy plants (Cicek et al.
2006) Lifecycle analysis shows densified biomass fuel can be transported over
significant dstances without losing the carbon life cycle benefit it contributes when
displacing fossil fuels (Forsberg, 2000). Europe and Asia are major markets for fuel
pellets, where demand is increasing exponentially, providing aclost and immediate

solution togreenhouse gas reduction targetiiterback 2008

2.12.5 CHP Energy Production

Small scale distributed bioenergy systems similar to those that have been modelled
using technologies adapted for the 250 to 5,000 kWe range for forest residues and
bugwaod applications can also be utilized for cattail biomass (Tampier et al., 2006 and
Tampier et al.2006). Cicek et al. (2006) showed cattail biomass could produce over 3

MWe. Research at the University of Manitoba has focused on two novel bioenergy CHP
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applications using the Entropic Cycle and the Brayton Hybrid Cycle (Cicek et al. 2006)
designed to meet the strident cost constraints for small scale applications. The

commercially ready Organic Rankin cycle could also be considered for comparison.

2.13 Wetland harvestingg integrating nutrients capture and bioenergy

Seasonal timing of harvesting wetland plants differs if harvesting to maximize nutrient
capture, or for the efficient collection of dry biomass for biomass and bioenergy. Plants,
such as caail and Phragmites transfer nutrients from the aboveground parts to the
belowground rhizomes in the fall to survive over the winter until the next growing
season Dubbe et al. 1988Mitsch and Gosselink 2007), therefore ideal time for
harvesting for nutient removal would be late summer when nutrient levels in
aboveground plants are highest. Moisture content would also be highest as would the
impacts to wildlife. Bjork and Graneli (1978) and Granelli (1984) recommend a winter
harvest when harvesting biorsa for bioenergy, for ease of harvesting and to remove
cost of drying the harvested biomass. Winter or early spring conditions in the Canadian
prairies could provide ideal conditions since the marsh would be frozen allowing
machinery into flooded areas, pacts to wildlife would be minimal, andead plant
material would be dry for storage and bioenerddut whether enough nutrients remain

in the plants to remove stored nutrients for combined nutrient capture is not well
understood. A winter harvest couldsal be problematic when there is heavy snow

accumulation as is common across the Canadian prairies.
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2.13.1 Harvesting Challenges artgarly Equipment Design

Harvesting in wet and waterlogged conditions presents some serious logistical
challenges, partically if the goal is to minimize ecological impact and maintain
sustainability of the marsh plant community. Because of soft wetland soils rich in
organic matter typical heavy machinery intended for harvesting causes compaction and
destruction of so#plant roots, and cannot be used in wetland environments (Rummer
et al. 1997). Equipment traction, weight ratio, and flotation are major considerations for
wetland harvester design. A range of equipment has been used for harvesting wetlands,
including conventioal agricultural equipment if soil conditions allow, and wetland
harvesters for wet agricultural conditions (Granelli 1984, Wyss 2004, De Vries Cornjum

2013, Piston Bully 2013).

Earlier wetland harvesting is described by Graneli (1984), where winterhaeesting

on lakes in Sweden was done using a chain of three tractors; the first with a cutting bar,
next with a swath turner, and the last with a Howard Big Baler. This method worked in
easily accessible marsh areas where ground or ice was frozenrsulidter, and would

only work with minimal snow cover. Harvest produced 3 t of reed/hour producing
rectangular bales ready for transport. Over a 4 day period, 80 t of reeds were harvested.
Use of tractors during other times of the year, however, would eausting and
damage to the marsh structure. A custom built tracked harvester was built for use on
Lake Constance, Germany in the 1970s to harvest reeds that cut, chopped, and blew the

material into a hopper bin on the harvester (Graneli 1984). Althouglwas not

66



amphibious, this tracked vehicle had lower ground pressure than tractors and could
access various conditions. A-sikeeled ballooryre vehicle was tested in Sweden that
cut, chopped, and blew the chips onto a wagon pulled behind the harvesieit tvas

large and unwieldy, particularly in snow conditions (Graneli 1984).

In the late 1990s a specialtiesigned low impact tracked harvester desigrfed soft

wetland conditionswas built for use irthe UKto harvest fen vegetation for habitat
managenent in The Broads, Britain's largest protected wetland and third largest inland
waterway (Broads Authority 2005 onservation efforts are working to restore selected

FSya G2 GKS W2LSyQ aialdS GKS& gSNB Ay dzyia
Society 2013), by harvesting and removing grasses, scrub, and bushes. The harvester

cuts and chops the plant material into pieces, storing it in an attached hopper, and then
blowing the material down a higpressure aifilled pipeline to a collecting tragt.

Alternative markets for the fen product is being explored, including mulch and use as a

solid fuel for use in biomass boilers (Broads Society 2013).

Cattail harvesting in Switzerland in 2002 used a small tracked harvester with low weight
ratios that cut, chopped, and blew the material into an attached hopper for easy
transport to the processing facility, where the material was dried mechanically, and
pressed into pellets for bioenergy use Wyss (2004). In this casestorm water
retention wetland was able to be drained to allow greater access for harvesting.

Compaction of the marsh area did occur during harvesting, but slight compaction of
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cattail rhizomes from the tracked harvester was found to actually stimulate growth the

following season (Wgs 2004).

In the fall of 2012]ISDsuccessfully demonstratecommercialpilot scale harvesting of
cattail using traditional agricultural equipment from ditches along the T@asada
highway andatt S f & @ &torh dte® rEtention wetland neafolland, Manitoba.
Cattails were cut and windrowed at both locations using a MacDon Industries Ltd.
Windrower swather and baled with round or square balers depending on site
conditions. A total of 250 tonnes of cattail biomass was collected over apprcyrat
days of harvesting (Grosshans and Greiger 2008).growing season during which the
cattails were harvested had below normalepipitation, which aided iase of cutting
with commercial grain harvesting equipment. Baling operations were hampered by
above normal precipitation later in the year. Challenges encountered during hargesti
included stuck equipment, and difficulties with baling due to th@ume of swathed

cattails in wetland areagGrosshans and Greiger 2013)

2.13.2 Modern European w#and harvesters

Today, modern harvesting in wet and waterlogged conditions for wetland habitat
management to control invasive species and maintain ecological biodiversity is an
ongoing economic activity in Europe, as is harvesting of reeds fortmatdhing.
Europeanwetland harvesters are a wedistablished technology for use on ecologically

sensitive lands by companies such as De Vries Cornjum (2013), Pisten Bully (2013),
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LogLogic (2013), Seiga (2013), and Reeda (2013). Desigddulilt for harvesting in
wetland conditions, tracked harvesters, or those fitted with large balloon tires, can
negotiate soft terrain without sinking, and have low weight ratios and ground pressure
less tha 50 grams per square centimetf@/ichtmannand Tannebergef009). Several
desgns exist for collection diarvested magrial. Some harvesters chgpant material
into pieces, blowing it into an attached hopper or collecting trailer similar to an
agricultural forage harvester. Others cut and placenth@ swaths, widh are collected

and baled in @eparatebaler(Figure 2.4)

Figure 2.4Commercial reed harvesteon display in Greifswald, Germar).

Trackedharvester that cuts and bundlder roof thatching and B) smaltscalewalk-

behindharvester for habitat managementPfioto creditR. Grosshans

De Vries Caojum (2013) in the Netherlandspecializes imvetland habitat management,
mowing and collecting wetland grasses and reeds to maintain biodiversity on

ecologically sensitive landSpecialized reed harvesters for rood thatchaug and wrap
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the reeds as bundles, move them up a conveying sysighgre they are manually
loaded ontothe back of the vehicldFigure 2.4) Kassbohrer Geléandefahrzeug AP,
manufactures the Pisten Bully 300 GreenT@elgure 2.5)which offers the versatility of

3 point header attachments including mowers, mulchers, and chopped collection units
for habitat management, silage, and biomass for bioenergy collection (Pisten Bully
2013). Similarly the LogLogic SoftTrack units are designed for mowing and material

collection through chopping and blowing into an attached hopper bin (LogLogic 2013).

Figure 25. A) Pisten Bully 300 GreenTech harvester with chopping coligsystem

on digplay in Greifswald, Germany, aBjsimilar customized harvester in operation

in Poland Photo credis: (left) R. Grosshans, (right). Wichtmani.

Modern reed cutting is also done with low weight ratio balloon tire vehicles specially
built for wet waterlogged conditions. Examples are the Seiga amphibious harvester,
Estonia reed harvesters, and the Reed Harvesters in Poland (RH@x These

vehicles have low ground pressure (less than 50¢ignand are amphibious, able to
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harvest in waterlogged and flooded conditions year round with minimal impact to
wetland sediments (Reed2013 Estonian water reed cutting and thatching company
2008). Similarly,eeds are cut and bound as bundles, and manually loaded onto the
vehicle. The Seiga vehicle was also used to harvest cattail during the bioenergy research

trials by the US DOE in Minnesota, USA (Granelli 1984, Dubbe et al. 1988).

2.14 Conclusions

The literature suggests harvesting wetland plant biomass could have great potential to
capture, remove, and recover stored nutrients before reaching downstream water
bodies. The harvested plant biomass also represents a valuable renewable and
sustainable diel source for bioenergy, biomaterials, and high value-pratlucts that

has until now not been fully utilized. Use of harvested plant biomass for production of
cleaner lowcarbon bioenergy in modern efficient biomass conversion technologies also
provides low-carbon energy production useful for mitigation of GHG emissions by
displacing carbomich, nonrenewable energy sources such as petroleum, coal, or
natural gas. With continued concern over global warming and reduction in carbon
emissions, and as natisnmove towards reducing emissions, processes that can
generate energy with minimal amounts of redrbon emissions are of great

importance. The literature suggests the proposed concept of harvesting cattail biomass
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for combined purposes of nutrient capturbiomass bioenergy and carbon offsets, and

habitat holds great promise at a watershed scale.

Wetland harvesting studies need to address the potential impacts of seasonal
harvesting on the wetland and plant communities, and the rrgdtefit approach of
combining nutrient removal and bioenergy. The value of harvested biomass as a
feedstock for production of cleaner bioenergy also needs further research. Winter or
early spring ice covered conditions may provide suitable conditions for harvesting plant
material from wet environments, but seasonal timing of harvest for various goals and
mitigation of impacts needs to be considered. The value of harvested cattail biomass as

a feedstock for production of cleaner bioenergy needs to be explored.
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3.0 Methods

3.1 Site Background

3.1.1 Lake Winnipeg; an indicator of nutrient stress and prairie sustainability

Lake Winnipeg, at 24,500 Kpis the tenth largest freshwater lake in the world. It lies

within the borders of Manitoba, Canada but its watershettompasses over 984,000

km® receiving drainage water from parts of Alberta, Saskatchewan, Manitoba,
Y2NIKGSAGSNY hyldFNAR2TI aAyySazdalz FyR b2NIK
GANBFG t1F1S¢ Aa AYLRNIFYyOG G2 digndly B IAYy OS
part of the livelihood and survival of First Nations communities. The lake supplies water

for hydroelectric power generation, provides valuable habitat for fish and wildlife
species, supports a large commercial freshwater fishery, maintainsorld class
recreational sport fishery, provides extensive beachedrecreation area for residents

and tourism.

Evidence has shown the significant degree to which this lake has become one of the
most eutrophic large lakes in the world over the pasveral decades, from overloading

of phosphorus from the surrounding watershdtdake Winnipeg Stewardship Board
2005). Most recently, Lake Winnipeg was awarded the not so prestigious title from

Df 26 f bl GdzZNE CdzyR Fa (KS 2 3 RdmRteserioug a i ¢ K
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phosphoruseutrophication and increased frequency of algae blooms (Global Nature
Fund 2013). Scientific evidence reveals significant changes in water transparency,
biological species composition, productivity, and sediment ceegsnindcatingthe lake

is approaching a state of deterioration that may affect ecosystem sustainability, not
unlike that seen in the lower Laurentian Great Lakes during the 1960s (Lake Winnipeg
Stewardship Board 2005Beaches along shores of Lake Winnipeg aveerfrequently
closed to swimming as a result of algal blooms, bacteria and pathogens that make the

water unsafe for human use.
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Figure 3.1. Lake Winnipeg, Manitoba, Canada and its watershed outlined in yellow.
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The phosphorus comes from a compldiversity of sources in the watershefdom
agricultural fertilizer runoff, livestock, and rural and urban wastewater effluent, storm
water, and lawn fertilizerThe largest contributor of phosphorus and nitrogen to Lake
Winnipeg is the Red River supplymger 60 % of the phosphorus load from the Red and
Assiniboine riverseven though it has a relatively minor hydrologic inpompared to
the Winnipeg River and the Saskatchewan River watergBedrne et al. 2003)The
Red River supports several large urlientres and smaller communities and as a result
recievedreated municipal wastewateiDrainage over the past century has modified the
landscapeacross the Red River Valley in Canada and thandSyorsened flooding and
nutrient loading to the lake. Sprg flooding from snowmelt runoff upstream rapidly
moves nutrientrich flood water from lawns, agricultural fields, and wastewater lagoons
R2oyauUNBIY G2 [I1S 2AYyYALS3I® ¢ KiShavaterd LINR y 3

contribute significantly to the eutnehication of Lake Winnipeg. (McCullough et al. 2012)

3.1.2 Netley-Libau Marsh

At the south end of Lake Winnipeg lies Netldgau Marsh, a large freshwater coastal
wetland at the mouth of the Red River (Figur&)3At 250 krf (25,000 ha) in size it is

one of the largest freshwater wetlands in Canada. The marsh is comprised of shallow
lakes, channels, and wetland areas through which the Red River flows on its way to Lake
Winnipeg.The river bisects the marsh into a western (gtMarsh) and eastern half
(Libau Marsh), with nutrient rich Red River water flowing primarily through the western

portion out into the lake, and nutrient rich lake water cycling into the eastern marsh via
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lake currents, wind seiche, and wind setupis designated an Important Bird Area by
Bird Studies Canada and the Canadian Nature Federation providing important wildlife
and fish habitat. Traditional uses of the marsh are agriculture (livestock) and recreation
(hunting, trapping, boating, and fishing)utothe marsh is an area of historical and
cultural significance with evidence of human habitation spanning at least 3,000 years. It
provided resources to early aboriginal people and was important to fur traders and early
settlers who described the area ash in waterfowl, wild game, and fish, and providing
rich hay lands and sugar maplé4irid 180). The wetland provides an array of diverse
ecological services or EGS benefits, functioning as a filter, sequestering nutrients from
the Red River and Lake Wipeg- an important function that is increasingly understood

as a key component of an overall Lake Winnipeg basin nutrient management strategy.

Netley-Libau Marsh was described in 1857 as "a series of reedy marshes that extend in
all directions as far afie eye can see" (Hind 186@ver the past several decadeake
structure of the marsh has been significantly altered and criti€a6 benefits have been
compromised.A study by Grosshans et al. (2004) documented the significant loss of
emergent aquaticvegetation and erosion of separating upland habitats within the
marsh over a 22 year period. Open water areas within the marsh had increased from
8,880 ha (35%) in 1979 to 13,125 ha (51%) in 2001, while vegetation cover had declined
by almost 32% (Figure3. The result has been gradual loss of plant communities,
erosion of channels and islands, amalgamation of water bodies, and subsequent decline

in wildlife habitat and populations.
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. Netley-Libau
g Marsh

Figure 3 Netley-Libau Marsh at the south end of Lake Winnipeg, Mdra, Canada.

(Source: Grosshans et al. 2004)

Figure 33. Vegetaton of NetleyLibau Marsh. A1979, and B) 2001.Loss of pant

communities and islarglis clearly evidenspurce:Grosshans et al. 2004).
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Several factors are contributing to changes in the marsh. Drainage, dredging, and other
water management schemes occurring since the early part of the last century have
substantially altered the natural flow of the Red River through the maRscent
modeling showed a majority of Red River flow is through two main river channels to the
f1r1S YR Iy 2LISYyAYy3a Ay (GKS NAGSNDI Y]l Aydz
of the marsh. Up to 35% of Red River flow currently passes through the cut inyNet
Lake (Haresign 2012%ince the 1970s, Lake Winnipeg water levels have also been
managed by Manitoba Hydro for hydroelectric production with some effect on overall
hydrology of the lake and marsh (MB Hydro 2012). Other factors include prolonged
periodsof wet climate over the past decade, flooding, increased nutrient loads, invasive
carp, and prolonged periods with no lemater events to allow plants to restablish

from seed (Grosshans et al. 2004). Wetlands do naturally undergo high and low water
periods that are essential to the plant community (van der Valk and Davi8).197
Evidence from low water levels in Manitoba experienced in 2003 showed marsh plants
can be reestablished in Netleyibau Marsh under proper conditions. Exposed mudflats
allowed mash plants to germinate from the seed bank andcrmdonize the marshR.

Grosshans pers. comjn.

The ability of a wetland to improve water quality by nutrient uptake is dependent on the
hydrological condition of the marsh, the aquatic plant community, and retention time of
water flow for proper plant/water interactiongMitsch and Wang 2000). Additiaty, by

reducing water flow coastal wetlands help regulate flood control and decrease sediment
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loads. NetleyLibau Marsh is not currently functioning as a healthy coastal wetland.
Nevertheless, many of the benefits thhtive been severely degraded or Ipsuch as
providing habitat and removing and storing nutrients that would otherwise enrich the
lake, can be revitalized through restoration and management of this coastal wetland
(IISD 203). Mitsch and Wang (2000) demonstrated restoration of 15% of wdta
along the Quanicassee River in the Lake Erie watersteuald effectively reduce
significant phosphorus loads to the lak&his suggests a rehabilitated Netleypau
Marsh could have significant benefits to Lake Winnipeg by removing nutrients from the
Red Rive Comparatively, the Red Rivaccounts for almost 60% of the phosphorus
loads to Lake Winnipeg, while the Quanicassee only 3% to Saginaw Bay (Mitsch and
Wang 2000). The potential for water quality improvement from Netldyau marsh

could be sigificant.

3.2 Research plots and experimental treatments in Netleijbau Marsh

Research plots were established in 2006 in the north east portion of Nettey Marsh

north of Libau, Manitoba, on private land owned by Dr. Dennis AnderSigure 34).

Stes were accessed over land using an ARGt@radlin vehicle or over water by canoe.
Equipment storage, day facilities, field equipment and repairs, and marsh access was
granted by Dr. AndersonSix open treatment plots 10 m x 10 m (106) were located

in heavily vegetated'yphastands, marked with metal fence posts in each corner and

GPS referenced (Figuresg.
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HQ — House and Buildings

Control

Harvest — summer
Harvest — winter
Harvest — summer
Harvest — winter

b WN -

SP — Control (natural)
BG — Belowground
Bioenergy Harvest Sites

HS — Harvest Summer
f HS — Harvest Winter

LAND - Landing OW
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Figure 34. Research site in Netldybau Marsh north of Libau, Manitobdnset map

of NetleyLibau Marsh showcationof site in NE corner of the marsh.

Figure 3. Treatment sitesn NetleyLibau Marsh A) Early spring showing metal

fence posts marking each sjitend B) midsummerovergrown with cattail
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Three experimental treatments were used (Figur@):3.

1. T62 a/ 2y GNRBft¢ ardsSay alyYLX Sa NIyRz2yfeég O
monitored for biomass and nutrient uptakéout not harvesteg
2. T62 a{dzYYSNJ | | NBSal¢ ardtsSay alyvyLifsa N

disturbance and monitored for biomass andtrient uptake- harvested in late
summer ¢ aboveground cattail was harvested in late summer when nutrient
content and shoot biomass are maximized for nutrient removal, and analysed for

biomass, nutrients, and bioenergy propertiesd

3.2 G{LINEmYHE BANIBSEY al YL Sa NIyR2Yf& O2ff

and monitored for biomass and nutrient uptakeharvested in early spring
abovegrounddead cattail was harvested during early spring and analysed for

biomass, nutrients, and bioenergy propedi

C2dzNJ ahLI Sy 2FGSNE 2N dzy@S3aSaladSR araasSa
three located near the treatment sites and one at the Landjrane of the large open

water bays. Additionally, therevere G 62 & . A2Yl aa . A2SySNHeé
cattail stands, where larger volumes of cattail was mechanically harvested as a

bioenergy feedstock in early spring and late summer/early fall. (Figdje 3.
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Control 1

(OP 1)

Control2

(SPN

Summer
Harvestl

Summer
Harvest 2

Spring
Harvestl

Spring
Harvest2

Figure 36. Experimental sitegach10m x 10m in size marked each corner with a

metal post for location.

3.3 Sample collectiorr nutrient uptake and seasonal biomass

Samples were collected every 2 weeks from the six treatment plots and four open water

sites throughout the icdree and growing seasons from April to October in 2006 and

2007, andin spring (May) and late summer (August) peak growth in 2008 and 2009.

During each sample period samples aifovegroundplants, rootérhizomes litter, and

sediment were collected at each of the six treatment plots from four randomly placed 1

m x 1 m square quadrats (as described below) and averaged (for biomass weights) or

combined (for nutrients) for a single representative sample from each plot for each

period (Figure J). At each quadrat measurements included plant composition, plant
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density, plant height, water depth, and litter accumulatickt. each Open Water site,

sal and water samples were collected following procedures as outlined below.

Cattail plants are rooted in the sediment and obtain their nutrients for growth from
stored nutrients in the sediment andrganiclitter layers. Cattail plants and roots
abovegound shoots and belowground roots/rhizomeswere collected to measure
seasonal growth rates, seasonal biomass accumulation in above and belowground parts,
plant nutrient uptake and seasonal nutrient content, accumulation in plant tissue, and
to monitor effects from harvesting (as outlined below) on plant growth, plant density,
plant species composition, and average plant height and growth. Other plant species
were collectedin 2006 to 2009 for comparison and long term monitoring but were not
part of this sudy: the emergentsSchoenoplectuspp. (bulrush)Phragmites australis
(giant reed), andSchoenoplectus fluviatili@iver bulrush), as well as the submersed
plant Potamogetonspp. (pondweed) and the floating plahiemnaspp. (duckweed).
Organic litter ad sediment samples were collected to measure sediment nutrient
storage and water samples in 2006 and 2007 to measure nutrient inputs. Cattail samples
(aboveground shoots) were collected from the control site (OP 1) in December, January,
and March to evalu@ nutrient loss in aboveground plant matati over winter.
Methods followSmith et al.(1988, Bouchard and Mitscli1999, Mitsch et al.(2005),

Goldsborough and Cicégers. comm.).
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¢ ° 4 samplessach of 8oots 1 combined sample
Treatment plot # 1 of 6 p' i ' ! P
Roots, Litter, Sediment - eachof Shoots,
Shoots and Roots weighed Roots, Litter,
and dried separately for Sdimentfor
biomass- then averaged nutrient analysis

Figure 37. Quadrat sample desigour randomly placed 1m x 1m square quadrats
sampled in each research site during each sampling pegiodttail shoots, roots,
litter, sediment (represented by circles) collected from each quadrat. Shoots and
roots weighed then averaged. Samples combined for 1 representative combined

sample each for shoots, roots, litter, anddiment for nutrient analysis.

3.3.1 Plant sampling

Samples of cattail were collectefdr nutrient storage and biomass accumulation in
cattail communities of Netleyibau Marsh. From each quadrat, fomdividual plants
were collected for a total of sixteen plants per site locat{figure 38) andfour root
masses for seasonal biomass and nutrient accumulation. In each qutmrabtal
number of plants was counted and treverage height of plants and average water
depth were determined In 2006, within each quadr&5% ofplants were collected
every two weeks to measure seasonal aboveground biomass and nutrient accumulation

(Bouchard and Mitscth999 Mitsch et al. 2005)Roots were cut fronthe base of plants,
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washed to remove soil, bagged separately and washed thorowgttywater in the lab

to remove residual soilShoot samples were folded, wrapped with rubber bands, and
labelled. All shoot and root samples were weighed for wet weigthtied in drying
chambers at 65C for a minimum of 48 hours, and weighed for dry wetghtalkulate
biomass accumulation per square meter and primary productivity. Samples were
combined for one representative sample per treatment site per sample period and

processed for nutrient analysis (below).

Figure 38. Plant sampling in Niey-Libau Marsh A) Bagsof collectedsamples in

early spring, B1 nf quadrat placed in centre of picture for sampling

3.3.2 Litter and soil sampling

Four soil cores were collected from each treatment site (one per quadrat) and the four
open water (unvegetated) sitesith a custom built 2 inch diameter corer (Figur®)3.
Coreswere extracted from the corer with a plunger ramrod. The top organic likger

was removed, combined for all four quadrats, and bagged separately from lower

sediment layer. Root pieces were removed from sediment layer cores, and all four
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guadrat cores combined for oneomposite sample from each treatment and open
water site, b@ged in Ziploc storage bags, and stored on ice until delivered to thd lab (
cores fromeach of4 quadrats = 1 litter and sediment sample per site per sample
period).All litter and sediment samples were weighed for wet weight, dae@5 °C for

minimum48 hours and weighed for moisture content and bulk density (dry weight)

Figure 3. A) sediment corer shown ibm x 1m quadrat; B2 inch diameterediment

core removed from corerlitter layeron left, sediment layer to the right.

Figure 3.10A) Dead cattail biomass in control plot in winter.\Binter sampling for

analysis of nutrient loss over winter and spring.
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3.3.3 Water sampling

Water samples were collected every two weeks in 2006 from April to October from each
research site, open water site, the large open water bay of the main marsh, and several
20KSN) aA0GSa Ay GKS YIFENBRK F2N 02 YLleNnToa2yY
Netley-Libau Marsh, the Red River, Netley Creek before it drains into the Red River, and
Netley Lake on the west side of the marsh. In 2007 and 2008 samples were coikected
May and August. Water samplegere collected from deeper sites (> 8th) wsing a 1
meter long 2 inch wide acrylic tube placed in the water column, stoppered at the top,
and the water drained into a 4 L water jughis effectively collected mixed sample

from the entire water columnin shallower sites (30 cm) a 4 L water jug was used to
collect a mixed water sample. Each sampéestransferred to a 1L white plastic sample

bottle stored on ice and analyzed within 24 hours (outlined below).

3.3.4 Belowground nutrient uptake and biomass accumulation

Belowground cores were randomly collected 2006 to 2009 from each treatment site, a
0St263aANRdzyR o0A2YlFaa &aaasSs FyR GKSforf I NBS
belowground biomass accumulation and nutrients (Figurd)3Hach spring three 6 inch
diameter cores were collected randomly from each treatment site 2006 four cores

were randomly collected every 2 weeks from Magtober from the belowground
biomass sample areaa dense stand of cattail near one control (OP 1) and treatment

site (OP 2). Evergpring and fall from 2006 to 2008 six cores were randomly collected

from the biomass bioenergy harvest sitesix within the harvested zone, and six within
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the neighbouring unharvested zonBelowground sampling followeBimith et al. (1988),

Van der Valkand Murkin and Murkin (198).

Figure 3.1. Belowgroundsampling in Netley.ibau Marsh. AL oringfor belowground
plant samples,B) removing core from corer, and &)ccessful 6 inch diameter

belowground core.

The root corer is a six inch diameter metal cylinder attached @oshaped pipe and
handle. Inside the pipe and down into the cylinder is a rod with plunger to push the core
out of the corer. A bandsaw blade is welded to the bottom of the cylinder faiingut
through roots and rhizomes (Figure 3.1Cpres were placed in large Ziploc bags and
stored on ice until analyze&oil samples were taken from each biomass core, dried, and
processed as other soil samples (below). Each ea®washed to remove alhorganic

soil. Washing consistedf a water bath to loosen soil. There was broken up in the
water bath, and root mattewaswashed repeatedly in a soil wash sink and sieved with
10 mm sieves until all soiwas washed from coreRoot/rhizome massvas dred in

drying ovens at 68C for a minimum of 48 hours and weighed for dry wetghtalculate
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biomass accumulation. Samples fraach sitewere combined for each sample period.
Dead litter and fine root mass was removed from rhizomészdtneswere ground n
Wiley Mill grinders, and stored in Ziploc bags figestion and nutrient analysig@s

described below).

3.4 Sample processing and nutrient analysis

3.4.1 Plant samples

Dried plant samples were combined for oo@mpositesample of shoots and roots from

each treatment site per sample period (4 quadrat samples = 1 averaged sample of
shoots and roots per site). Driesdmples wered N2 dzy R (2 mMkmcé &AONBSY
Mill grinders in the Department of Soil Science at thavarsity of Manitoba (Figure

3.12) and stored in Ziploc bags until digested and analyzed for nitrogen and phosphorus
content (outlined below) Select samples of ground cattail were sent to Agvise
Laboratories in North Dakota and analyséat complete nutrient analysis tptal
Phosphorus (TP), total Nitrogen (TN), Potassium, Calcium, Magnesium, Sodium, Zinc,
Iron, Manganese, Copper, Sulphur, and Bdrand to Central Labs in Winnipeg for
metals analysisTP andTN sample results from Agviseere comparedto samples

analysed in the lab for confirmation of results.
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Figure 3.2. A) Wiley Mills grinders at theniversityof Manitoba, Department of Soil

Science. Brinding plant material to dusor nutrient analysis.

All ground plant sampleshoots and rhizomes) were analysed for TP and TN following
digestion using a HACH Digesdahl by concentrated sulphuric acid and 50% hydrogen
peroxide digestion following HACH digestion procedures (HA®K).2Ground plant
sample (0.4 g) waseighedand transferred to a 100 mL HACH digestion flask (Figure
3.13). Concentrated sulphuric acid (18%) was added to the flask (4 mL) and heated on
the Digesdahl at 440 C for 4 minutes until sample was digested to char. Hydrogen
peroxide (50%) was added (10 mL) to terred sample in the flask via the funnel on

the fractionating column. Once addition of peroxide was complete excess was boiled off
for 1 minute until presence of white acid fumes was gone and liquid fraction was clear.
If digest did not turn colourlessegpoxide was added in 5 mL increments until digest

became clear or did not change colour. Hot flasks were removed and allowed to air cool.
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Samples were dilutedo 100 mL with deionized water and stored in 50 mL plastic

centrifuge tubes for analysis.

Figure 3.13.Digestion of plant materialA) Ground andweighed samples for
digestion, B HACH Digesdahl apparatus showing heating element, safety shields,
condenser and aspirator t@bsetup attached to water tap,)Qigestion flask on

heatingelement after peroxide addition.

Digested samples were analyzed fét (AsPQ) and TN dsNH,) using a flow injection
Lachat xyz autosampler, QuickChem 8500, in the department of Biosystems Engineering
at the University of Manitoba. Ammonid was measured by hypochlorite method and
phosphorus employed ascorbic acid and molybdadurreagent mehod (Stainton et

al. 1977) Addic digested liquid samples (pH5) were diluted for analysis using 1 mL
sampk and 6 mL of deionized wateNitrogen and phosphorus concentrations were

calculatal as mg/L
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3.4.2 Sediment and litter samples
All dried sediment samples wefmely groundin soil grinders in the department of Soil
Science at the University of Manitoba (Figure43.bagged in AgVise soil bags, and sent

to AgVise in North Dakota where they were analyfmgcelements.

Figure 3.4. Soil sample processing) Soilpulveriserat University of Manitoba,
Department of Soil Scienc®)Pulverizedsoil samplepackedand shipped to Agvise

Laboratories for analysis

3.4.3 Water analysis

All water samples were analyzed at the Environmental Engineering lab, in the
Department of Biosystems Engineering (Dr. Nazim Cicek), at the University of Manitoba
F2tf26Ay3 a{iFyRFNR aSiK2Ra TF2NJ G(4KS 9EI YA
ORAUAZYMpPY 63 ISy R a¢KS / KSYAOLFE 'ylrteara 21

et al. 1977).
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Total reactive phosphorus (TRP) and Ammonia (NH3)

Total reactive phosphorus (TRP) methods employed the ascorbic acid and a molybdate
color reagent method and Ammonl was measured following the hypochlorite
method, both determined using colorimetric analysis using a UV/visible light
spectrophotometer.Water sampes were not filtered to remov@articulate matter so

TRP included soluble reactive phosphorus (SRP) plus phytoplankton particulate P that

reacted to acid molybdate analysis.

Total phosphorus (TP)
Total phosphorus was measured using HACH reagetgrotocol by the PosVer 3 with
acid persulfate digestion methotHACH2009), followed by colorimetric analysis using a

HACH visible light spectrophotometer.

Total suspended solids (TSS)

Total suspended solids (TS®re measured by filtering 200 ml aample through a 1.2
pum pore size glass microfiber filter (grade-GMVatman International Ltd.). Filters with
TSSwvere dried at 105C for 24 hours and weighed, heated in a muffle furnace afG50
for 1 hour to remove organic matter, and final dried saegpWeighed to calculate total

inorganic suspended material.
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Algal biomass (Chlorophyll a)

Phytoplankton and metaphyton biomass (chlorophyll a concentratwere measured

by filtering 200 ml of sample onto a 1.@n pore size glass microfiber filter égie GF/C,
Whatman International Ltd.). Filtensere frozen fora minimum 24 hours to lyse cell
membranes prior to analysis. Algal pigmentsre extracted from thawed filters by
placing in 90% methanol for 24 hours in the dark to extract chlorophyll piggnent
Spectrophotometric absorbance reading®re made at 665 and 750 nm before and
after acidification with 10 N HCL to facilitate correction of pheophytin. Calculation of

chlorophyll folloved the formulae of Marker et al. (1980).

Alkalinity, pH,conductivity and temperature

Alkalinitywas performed by titration using 0.02 N hydrochloric acid to a clear end point
(bromocresol greemmethyl red indicator solution), pH determined using a pH meter,
turbidity (NTU) determined using a HACH turbidimeteodel 2100A), and conductivity,

salinity, and water temperature measured in the figlith a conductivity/salinity probe.

3.5 Harvesting for nutrient removal

Cattail was harvested in four of the 108nreatment sites while two were left
unharvested as controls from 20@®09. Experimental harvests were carried out in
either spring or summer to evaluate the harvesting of aboveground cattail to capture

and remove stored nutrients. Harvesting of dead adgnound plant material took place
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snow was gone, the ground is still frozen, and there is minimal ecological impact from

harvesting. Summer harvests of live cattailypia & 61 & OF NNASR 2dzi Ay
KFNBSaGgé aaiasSa Ay YAR (02 €F3GS 1dz3dzadz 6KS
content can be expected to be highest (Smith et al. 1988). Only a certain portion of the

plant above water or ice surface is removecettsure sustainable harvesting and not kill

the emergent plant community (Figure 3.15).

Figure 3.15. Summer (milugust) harvest of live green catté¥007). A) and B)Om

x 10m summer harvest site, C) and D) collecting and piling cut cattail to be hauled

out of the site to prevent nutrient réntroduction into harvested area.
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Being monitored wa the benefits and effects of seasonal harvesting on plant growth
and biodiversityover the four years by measuring regrowth of plant communities,

biomass accumulation, nutrient uptake, and nutrient storage in litter and sediments.

3.6 Harvesting for Biomass Bioenergy Production

As part of this research study, a lempact wetland havester was designed and
constructed in 2007 and its ability to cut cattail tested in various marsh conditions. It
was used to harvest several metric tonreswo different times of the year to evaluate
cattail as a feedstock fdrioenergy. Early spring harvests of dead dry standing material
was conductedn April 2007, 2008, and summer harvests of live green cattailugust
2006, 2007, and 2008. Fouandomly placed quadrat§seudo replicatesin harvested

and neighbouring unhaested sites compared plant composition, plant cover, height,
and regrowth. Plant and sediment samples were collected and anafgredutrients
andbioenergy propertiesBiomass yield was calculated from total dry weight per square
meter (kg/nf) also expessed as tonnes per hectare[Mha), averaged from collected

samples and multiplied by total number of plants per square meter.

3.7 Cattail Biomass Densification and Biomass Properties

3.7.1 Biomass Densification

Densification of cattail biomass was examined for bulk storage and handling, uniformity
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for bioenergy thermal conversion, creation of a standardized densified fuel that can be
easily integrated with commercially available forms, transportation, and opditnoia
for smaltscale bioenergy systems. Two different sizes were compared for commercial

comparisons:

1) Sandard fuel pellet size of ¥ inch similar to commercially available wood pellets
was chosen because of their existing market value and use in conaiherc
available pellet stoves for space heatinthese were manufactured and tested by

Alberta Innovates Technology Futures (formerly Alberta Research Council, ARC)

2) Larger fuel cubes 1 inch X inch sqare requiring less energy to produce,
manufacturedby Prairie Bieneagy (now Biovalco) in Manitobautilized in larger

biomass burners in use around the province for heat production or CHP systems

While there are many advantages to using densified biomass as a source of energy,
combustion of biologicamatter has several issues or characteristics that influence the
suitability of densified biomass as an alternative energy. Characteristics such as bulk

density, ash content, inorganic content, and moisture wexamined

3.7.2 Bulk Density
Average bulldensity of pellets and cubes were calculated by determiningligirweight

of several randomly selected pellets or cubes. Pellets were coated in a thin film of wax
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and submerged in a graduated cylinder containingialézed water. The change in
water levelbefore and after submersion was recordedonsidered the volume of the
pellet. Weight of the pellet over the change in volume in the graduated cylinder gave a

measurement of bulk density.

Bulk Density (g) fveight of pellet (g) ]
[Vig V2] (mL)

3.7.3 Mass of Ash Produced

Two methods were used to calculate the amount of ash produced by combustion of
cattail biomass: 1) field methodrough approximation based on the eite combustion

of the cubes during the Blue Flame Stoker buraltmeasuring biomass weight before
and ash postombustion, and 2) theoretical method conducted in the lab at the

University of Manitoba, and by Alberta Tech Futures.

Field Method for Determining Mass of Ash Produced

Fuel cubes were combusted in a Blue Flame Stoker located on the Sturgeon Creek
Hutterite Colony in Headingly, Manitoba. Since the burner is run continuously and
cannot be shut down except for maintenance, calculating ash content during a burn trial
is notpossible. Ash was collected from the ash disposal system for nutrient analysis. The
weight of ash was calculated in a separate stove by measuring ash produced and

relating back to the initial cubes burned to determine percent of ash generated.

98



Theoretial Method for Determining Mass of Ash Produced

Cubes and pellets were placed in ceramic dishes and put into a muffle furnace & 550
for one hour, which resulted in complete combustion. The residue left in the ceramic
dishes was a very fine light ash. Theight of the empty ceramic dish, and the ceramic
dish with the ash was recorded and the difference related to the original weight of the

samples at room temperature to determine % of ash generated.

Ash content (%) = [weight of ash (g)]  x 100
[weight of biomass (g)]

3.7.4 Energy Value (Calorific value)

The calorific value of cattail was measured several times from various samples by the
University of Manitoba Department of Animal Science, Norwest labs, and Alberta Tech
Futures,determined by using an oxygen bomb calorimeter. The calorimeter is sealed

and injected with oxygen. A heat source initiates combustion of the sample; the change
in temperature within the calorimeter is measured as the sample combusts and is

related back tahe initial weight of the sample being analysed expressed as megajoules

per kg (MJ/kg) and British Thermal Units (BTU).
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3.8 Bioenergy technologies

Several bioenergy technologies were examined for combustion of densified products.
Major burn trials wee conducted in different forms in three different biomass
bioenergy systems in commercial use in Manitoba: 1) round bales and loose form
burned in an industrial scale gasification system to produce steam heat at Vidir
Machines in Arborg, Manitoba (now BiassBest), 2) densified cubes burned in a Blue
Flame Stoker biomass/coal boiler system to produce hot water for space heating on the
Sturgeon Creek Hutterite colony, and 3) densified pellets burned in a pellet stove for
space heating conducted by Albertach FuturesEmissions were recorded during burn
trials and final fate of phosphorus calculated by nutrient analysis of biomass pre
combustion and ash postombustion. Approximate/ultimate analysis of catthibmass

and ash was carried out by NorWest Lahd Alberta Tech Futures.

3.9 Statistical Analyses

Statistical analyses wereedormed using the Data Analysaddin application for
Windows Microsét Excel software (v. 2010XLStat software adoh (XIStat 2012) and
SAS for Windows (v.9.8ASnstitute Inc, 2013)All tests were evaluated at 0.05 level of
probability. Student T Tests and malysis of variance (ANOVA) were used to determine
the effect of harvesting treatment on cattail biomass accumulation and nutrient

content. T-Tests andanalysis of variance ANOVA compared significant differences
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between or among sample means, whether there was a significant difference between
treatment and control samples and for treatments between years, testing a null
hypothesis that the groups representedrmdom samples from populations with the
same means (Harris 1995). The null hypothesis would be rejected when p < 0.05 and the
conclusion was drawn that the means of the harvesting treatment sites or years differed

significantly.

Repeated measures twiador analysis of varianceANOVAwas used to evaluate the
effect of harvesting treatments and determine significant temporal trends or differences
over the years of the studfw.9.3, SAS Institute Inc, 2013he use of twefactor step
wise ANOVA allowedvaluation of treatment effects (harvesting) on biomass and
nutrients and interactions beteen these treatment effects oveime, since samples

were collected on a biweekly basis.
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4.0 Harvestingcattail (Typhaspp.):Nutrient cycling and

seasonal biomasaccumulation

4.1 Introduction

4.1.1 Harvesting cattail for nutrient capture

Phosphorus removal in wetlands is through permanent storage in the sediment and
litter layers (Noe et al. 2003). Unlike nitrogen, phosphorus storage involviédup of

new sediments, sorption to wetland substrate, and bound in organic matter and djtter
there is no degradation route. Gradually, phosphorus accumulation in the sediment
occurs and can affect biogeochemical phosphorus removal pathways andhiendng

term removal effectiveness of wetland systems (DeBusk et all,206e et al. 2003).
Phosphorus can accumulate in wetland sediments to the point where these wetlands

can become saturated and actually become sources of phosphorus (Mitsch et2). 201

Emergent plants almost exclusively take up nutrients from the organic litter layer and
sediments (Smith et al. 1988, Noe et al. 2003, Mitsch and Gosselink 2007). Dense stands
of emergent wetland plants act as permanent nutrient sinks with storagehen
belowground plant material and in decaying plant litter (Kadlec and Knight 1996, Mitsch
and Gosselink 2007). Mitsch and Wang (2000) found 74% of the phosphorus inflow into

a series of constructed wetlands was effectively taken up by wetland plantg, ahos
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which cycled through the plants in the summer and was incorporated back into the
organic layer and sediments during fall -@#. Decaying plant material releases
considerable quantities of phosphorus to the water (Mitsch and Gosselink 2007).
Phosphous entering a wetland is rapidly taken up out of the water column by algae and
periphyton and moves into the litter layer quite rapidly. It is the litter and sediment pool
that is the main source of dissolved nitrogen and phosphorus to surface and poee, wat

replacing nutrients taken up by aquatic plants (Noe et al. (2003).

A plants ability to absorb nutrients from the litter and sediment makes them potential
tools to capture and remove storeglements from aquatic systemsuch as phosphorus
and nitrogen which often are the focus of eutrophication issy¥ymazal 1984, Jiang et

al. 2005, Mitsch and Gosselink 2007,). If the aboveground emergent plants are
harvested and removed at a time when they still retain enough phosphorus and
nitrogen, this could eéctively capture and remove these stored nutrients and
ultimately reduce loading to downstream rivers and lakes (Martin and Fernandez 199
Vymazal 206). Harvestingthe plant biomass prevents nutrient rich material from-re
releasing the phosphorus and rogen back into the aquatic system as occurs during
decomposition (Toet et al. 2005, Morris et al. 1986). Harvesting wetland plants from
natural and eutrophic systems as a nutrient management strategy could be an essential

component of integrated watersheshanagement to reduce eutrophication.
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4.1.2 Purpose and Objectives

Cattail Typhaspp.) is a large emergent plant characteristic of wetland environments
that produces large amounts of biomass each growing season while taking up nutrients
from the litter and sediment (Dubbe et al., Pratt et al, Lakshman 1984, Tuchman et al.
2009, Angelaoi et al. 206, Larkin et al. 2011). It is highly prized for its nutrient cycling
properties and is a primary emergent plant for use in constructed wetland and
wastewater treatment applicationgdKadlec and Knighi996 Vymazal2006. The
purpose ofthis chapterwas toexamine seasonal biomass and nutrient accumulation in
cattail to evaluateharvestingand removal ofcattail as an environmental engineering
approach to capture and remove stored nutrients from wetlands and marginal land
areas, and reduce nutient loadingin aquatic systemsThe hypothesis isemoving
nutrient-rich (i.e. phosphorus) aboveground plant material prevengsrelease of

nutrients into the wetland, which naturally occurs during decomposition.

Cattails Typhaspp.) were harvestedrém 2006 to 2008n an area of Netleyibau
Marsh Spring and summer harvests were compared for phosphorus and nitrogen
capture, seasonal nutrient loss, as well as regrowth following harvests. Phosphorus and
nitrogen content was examined in plants, rhizasnétter, sediment, and water. Impacts

of harvesting on plant community, regrowth, biodiversity, and nutrients wetamined

and short term harvesting impacts on the wetland community.
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4.2 Methods

4.2.1 Sampling

Methods follow those as outlined i@hapter 2. Plants (aboveground plants, roots, and
rhizomes), litter and sediments were collected on a biweekly basis throughout the ice
free and growing seasons (May to October) in 2006 and 2007, and during August peak
growth in 2008 ad 2009 fromcontrol and experimental sites (10 m x 10 m in size).
Plant samples were collected in rAtecember and March to evaluate seasonal nutrient
loss in above ground plant material. Water samples were analyzed for water chemistry
in 2006 and 2007 for backgroumditrient inputs and comparisoto the rest of Netley

Libau Mark. Soil and litter sampledetermined soil storage.

4.2.2 Harvesting

Cattails were harvested in four of the 18 permanent research sites, while two were

left unharvested as control$rom 20062009. rad aboveground cattawas harvested

in eary spring (April to May) il 4 2 & & LINR y 3 K | shidd Qvasigéne, dhe 1 Sa ¢
ground still frozen, and there is minimal ecological impact from harvesting green

cattail plants wereharvestedfrom 62 GadzyYSNJ KIFNBSadé aaias.
aboveground plant biomass and nutrient content can be expected to be highest. Only a
certain portion of the plant above the water or ice surfd88 cm stubblejs removed to

ensure sustainable harvesting and it emergent plant communitiesMonitored was

the benefits and effects of seasonal harvesting on plant growth and biodiversity.
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4.2.3 Analysis

Complete litter and soil nutrient analysis as performed by Agvise labs (Agvise 2012).

Table 4.1. Completiéter and soil nutrient analysis (Agvise 2013).

Symbol Element Importance

NH, Ammonical nitrogen Cause of eutrophication in water

P Phosphous (P-Olsen) Available P form eutrophication in water
Essential ntrient - readily exchangeable

K Potassium Fouling element in bioenergy systems
Readily exchangeabld® retention capacity

Ca Calcium Fouling element in bioenergy systems
Readily exchangeableP retention capacity

Mg Magnesium Fouling element in bioenergy systems

S Sulphur Essentiamacronutrient

Fe Iron Trace metat very reactive with P

Zn zZinc Trace metal

Mn Manganese Trace metal

Cu Copper Trace metal

Cl Chlorine Fouling element in bioenergy systems

Na Sodium Readily exchangeable

% O % organic matter Source of nutrienstorage and release

pH pH Plant growth and nutrient storage

salts Soluble salts salinity

Cation Exchange
CEC Capacity Ability of soil to hold onto nutrients
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4.3 Results

4.3.1 General Meteorology
Average monthly temperatures and monthprecipitation during the research study
2006 to 2009 (Table 2. was compared to Canadian Climate Normals (18000) as

recorded by Environment Canada (2012).

Table 42. Comparison of Average monthly air temperatyt€)and precipitation
(mm) during gowing season fronCanadian Climate Mmals (19732000) to 2006

2009 climatt conditions as recorded &imli harbour (Environment Canada 2012).

Average Average
monthly Monthly
temp (°C)  Precip.(mm) Mean Temp (°C) Total Precipitation (mm)

19712000 19712000 2006 2007 2008 2009 2006 2007 2008 2009

April 2.7 30 8 3 1 2 24 27 17 16
May 10.6 49.8 12 11 7 7 57 78 39 73
June 16.1 94.1 18 16 15 15 42 109 126 102
July 19.2 69.7 20 20 18 16 21 57 142 63
Aug 17.5 64.2 19 16 18 17 43 26 76 114
Sept 11.6 66.7 13 12 12 17 63 57 102 14
Oct 4.8 38.3 4 6 6 4 49 59 38 19
Nov -5.2 27.6 -5 -5 1 0 13 32 4
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4.3.1.1 Air temperature and precipitation

The first year of the study in 2006 experienced fairly warm and dry conditions with
above average atemperature (Figure 4.1) and below average precipitation (Figure 4.2)
according to Canadian Climate Normals from 12800 as recorded from Environment
Canada (2012). Low precipitation in 2006 caused a drop in water levels in the marsh and
some treatment ges to have no standing water. The second year 2007 experienced
average temperatures and precipitation, and appeared to provide ideal growing
conditions and productivity in the marsh. Low precipitation in 2007 in August again
caused water levels to dropnd some sites to go dry. In 2008 and 2009 temperatures
were well below average during the growing period and precipitation was well above
average, and this was noticed with significant ground saturation in the fall and spring

flooding in 20009.

25

20

15

Air Temperature(°C)

April May June July Aug Sept Oct WNov

Growing period (Months)

Figured.1. Mean air temperature 2006 to 2009 compared to Canadian Climate

Normals (19722000) (Environment Canada 2012).
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Figure 4.2. Average monthly precipitation 2006 to 2009 compared to Canadian

Climate Normals (1972000) (Environment Canada 2012).

4.3.1.2 Growing degree days
Growing degrealays (GDD) are frequently used as a weathesed indicator for

assessing crop development (Environment Canada 28%523n equation:

GDD = thax* Tmin € Thase
2

Temperature based GDD's provide a reliainlidication of the development of many
crops throughout the growing season (Gordon and Bootsma 1993). Crop growth refers
to an increase in crop weighheight, volume or area overaertain time scale, and the
potential biomass yield is dependent on how ckly the crop moves through its stages

of development and also the rate at which it accumulates dry matter. GDD are

calculated by taking the average of the daily maximum and minimum temperatures
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compared to a base temperaturépase. A base of 10 °C iseoftused for corn and

soybeans and was used in this case for cattail.

Growing degree days were highest in 20@&al annual GDD = 94@nd 2007(total
annual GDD = 949 and 77a)d lowest in 200&nd 2009 (total annual GDD = 707 and
738) (Figure 4.3)This was evident witlcooler wet summes and growing seasons, and
spring floodingn 2009, which would impact productivity chttail communities in the
marsh. Higher number of GDD in 2007 with average temperatures and precipitation

could have aided produiivity.

400 -
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g 300 - —m—2007
% 200 ~ 2008
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S, 100 - \\ ——2009
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(@]
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(@)
=
S -300 -
o
O -400 -
-500 - Growing period (Months)

Figure 4.3Growing degree days (GDE)06-2009 based on maximum and minimum

temperature ranges and a base temperature ofOQEnvironment Canada 2012).
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4.3.1.3 Lake Winnipeg and research site Water levels

Water levels on Lake Winnipeg escorded at the Gimli Harbour were the lowest in
2006 during the growing season April to November (Figure 4.4), and coimitidéhe 3
Ecotone water level recorders set up at the research site calibrated to match Lake
Winnipeg levels at feet above seavéd (t. asl) (Figure 4.5). The water level recorders
recorded water levels every 4 hours and captured the dynamic nature of the water
levels in the marsh with the dramatic high and low levels. Visible are the dramatic
GsSIFGKSNI 02Y0¢ S @ Sghar lews i dattdbér \2AD6 (Enyirornerd
Canada 2006) and sustained higher levels in 2008 and 2009 as a result of above average

precipitation.
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Figure 4.4. Average daily Lake Winnipeg Water levels (feet above sea level) January 1,
2005 to December 312009 compiled from water level data recorded at Gimli,

Manitoba (data source: Environment Canada 2012).
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Figure 4.5. Average dwiwater levels ff. asl) atNetleyLibau Marsh research site

recorded on Ecotone water level gaugesmpared to Breezy Point dRed Rigr and

Lake Winnipeg duringrowing season 2068009. Lake Winnipeg levels compiled

from water level data at Gimli, Manitoba (data source: Environment Canada 2012).

Water depth was recorded at each treatment site durisgmpling throughout the

growing season (Figure 4.6). Low precipitation and water levels during July and August

2006 caused several treatment sites to not have standing water for several weeks

during the growing season. Ground water was present near thiaser but no standing

water would have changed the chemical interactions with the litter and soil surface.
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Figure 4.6. Average water depth (cm) in each research plot measured during sample
collection through the growing seasons 262@09. Line at O cmepresents the

sediment/litter layer and measurements below this are below the organic litter layer.

4.3.2 Water Chemistry

4.3.2.1 Total Phosphorus and TRP

Total phosphorugTP) is the total amount of inorganic and organic P that is found in the
water including particulate and dissolvebotal phosphorus levels above 0.03 can cause
eutrophication and algae blooms, and above 0.1 mg/L in Manitoba waters is considered
hypereutrgphic (USEPA 2012)Manitoba Water Quality Guidelines (Manitoba
Conservation 2002) state TP should not exceed 0.025 mg/L, in any reservoir, lake, or
pond, or in a tributary at the point where it enters such bodies of water. In other

streams, total phosphom should not exceed 0.05 mg/L, although the level of
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phosphorus in many water bodies of southern Manitoba is expected to be higher due to
naturally higher nutrient levels in the surrounding sollP concentrations in the
treatment sites and Netleyibau Mash weresignificantly above the guideline with the
lowest levels sampled of 0.51 mg/L (Figure 4.7). Samples ranged between an average of
0.51 and 1.93 for all sites in 2007 and 2008, with significant spikes in May 2008 with
some treatment sites between @0 and 7.83 mg/L, Theoincides with a wildfire in 2008

that burned a large portion of Libau Marsh, including two of the treatment sites. In 2009
spring flooding and inputs of phosphorus from the watershed caused high levels in

August 2009 in treatmenttgls and NetleyLibau Marsh (Figure 4.7).
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Figure 4.7. Total phosphorus (mg/L) in the water column within sample sites and
open water bays andreeks of Netley Marsh (Netley Lake, Netley Creek, and Red

River at Breezy Point) and Libau Marsh (Anderson Lake, Devils Lake).

114



115

Growing period 20062009 (May to November)

6002 BNY T 600z BNy T
/ 6002 KeIN S 6002 AeN §
8002 AON € 8002 AON €
800z 1das €0 8002 1daS €0
800z AINC T 8002 AInC +T
800z aunc g1 800z aunr 8T
800z ke T 8002 AeN +T
/0 AON 80 10 AON 80
101dos 6T £01d3S 6T
10 6Ny 62 g 10 By 62
< 100z BNy 2/ « 1002 bny £
1002 AInc 5z .M 100z AInc Sz
S £00Z AINe TT T 200z AIng T
33 . /00Z unc 82 s 8 /00Z aunc 82
©os g ) I s 1002 2une G
cc 23 = 00z sunc g _x T /
5522 2 1200z A SEo , 1002 Ken €2
3333 2 |L002 Aen €2 EEL I
Q VLoD 100z AeiN 8 S aH 1002 Ae 8
xoe o2z N oo o N
[a I a B A EENa O oo
@rroowo L [ -
e 90 8unr /Z + + y 90 aunr /z
+ + + N 90 aunr 2T / 90 aunr 21
90 Aen 62 90 ke 62
c o o o o o o o ©c ©o © © © © o o
8 8 8 8 8 8 8 8 S 8 8 8 8 8 8 8
~ © ITs) < %) 1Y — o ~N OO o ¥ N H O
S 6 6 o o &6 © o S 6 3 o 3 o o o

(7/6w) snioydsoyd s|ge|rene ejol (7/6w) snioydsoyd s|gejrene elol

Figure 4.8. Total available phosphorus {Pi@water column within cattail research
River and Libau Marsh East of Red R{#@p A) and (Bottom B) within cattall

plots compared to nearby open water areas, open water of Netley Marsh wédstaf

research plots comparing control sites to summer and sgraryest sites.



Total reactive phosphorus (TRP), or available phosphorus, is the amount of phosphorus
in the water that is readily available for biological uptake, and represents the
phosphorus that can be immediately taken up by algae, plants, and mgao@ms.

TRP for the cattail treatment sites in 2007 followed the same general trend as samples
collected from the open water bays and creeks of Netley Marsh west of the Red River
(Netley Lake, Netley Creek, and Red River at Breezy Point) and Libau Kfirsh te

Red River (Anderson Lake, Devils Lake) East of the Red River (Figure 4.8). TRP levels
ranged between 0.03 mg/L to 0.15 mg/L in spring and up to 0.2 to 0.3 mg/L in August
2007.Research sites did have on average slightly higher levels of TRRredm the

other sites, which were collected from open water sit€he Netley Marsh side had on
average higher TRP levels than the Libau Marsh Sidalarly, August 2008 was 0.06 to

0.2 mg/L.A sike is noticed in spring 2008 which coincides with spikeen in TP, as

well as 2009 spring flood inputs of phosphorus in August 2009 (Figure 4.8).

4.3.2.2 AmmoniaN

AmmoniaN is a measure of the concentration of nitrogen found in the water column as
ammonia NH This form of nitrogen is a waste product ofganisms and toxic to
aguatic organisms in high concentration. Toxicity of ammonia varies depending on pH
and temperature. At a temperature of 20°C and pH of 9 a level of ammonia < 0.3 mg/L is
desirable Kanitoba Conservation, 2002). The ammonia levels ravemostly
undetectable in the cattail research sites and nearby open water areas for most of the

summer each year at < 0.01 mg/L, with slightly higher levels in the spring each year up
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to 0.04 mg/L with a higher spike in the spring of 2008 in the catite £ompared to
the nearby open water sites, suggesting ammonia released from decaying plant
material. Libau Marsh was similar with fairly low levels < GrifL. Netley Marsh,
however, had comparably much higher spikes in ammonia levels up to 0.126ton@/L
at certain times of the year, which suggests there was some waste input downstream
from the Red River, which were still all tolerable levels at 20 °C and a pH of around 8

(MB water quality guideline is < 2.6 mg/L of ammonia at pH 7.6 and 20 °C).
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Figure 4.9. Total Ammoni NH (mg/L) in the water column within cattail research
plots compared to nearby open water areas, open water areas of Netley Marsh west
of the Red River (Netley Lake, Netley Creek, and Red River at Breezy Point) and Libau

Marsh East of the Red River (Anderson Lake, Devils Lake).
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4.3.2.3 Alkalinity

Alkalinity is the measure of the buffering capacity of water, referring to the
concentration of dissolved chemicals (solutes) in water that neutralize acids without pH
being changed. Bicarbonate and carbonate are the most common buffering solutes in
natural environments (Wetzel, 2001). Average alkalinity of the cattail research sites was
200 to 320 mg/L, which was similar to the Netley Marsh area west of the Red River, and
the Libau Marsh east of the Red River, and consistent with regional values of the
Assiniboine and Red River at 241 mg/L (Kolochuk 2005). Average alkalinity range of the

research sites and nearby open water was between 200 to 600 mg/L.

700 - —m— Alk Cattail sites
Alk Research sites C
600 - .
== AlKk Libau Marsh
Q 500 - ——Alk Netley Marsh
o
E 400 -
N
>
S 200 - 3
= -]
100 -
0 I‘D'@' T T I'\I'\I’\I'\I T T T T T T T T T T T T 1
~ ~ QT " (2]
8 o o 5 5coococo6 585 839 o o & 3 3
ST SQRRILKIIL 21 > QIS S <
8 5 5 ¥Y% 0o > 2 0o Y o = < YT
=} > B
= 55 N T S c S 5 < n 2 T c 5 & 3 2 9
QN =S=23"3°22<Qq 23 =S 32 n Z = <
— I N~ < o™ —
© Jw Y AN A o

Growing period 20062009 (May to November)

Figure 4.10. Averagalkalinity (mg/L) in the water column within cattail research
plots compared to nearby open water areas, open water areas dejélarsh west

of the Red Riveand Libau Marsh East of the Red River (Anderson Lake, Devils Lake).
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4.3.2.4 pH

Theconcentraton of hydrogen ions (H+) found in solution is the measure of pH, which is
important for many chemical reactions. NH4+, for example, is not a very toxic substance
but in a pH >7 (basic) environment the extra H+ on NH4+ is taken by a H+ accepting
basic chemical (i.e., GHHCO3 and converts N+ to ammonia (NkJ, which is much
more toxic to aquatic organisms. Preferred pH range for aquatic life is 6.5 to 9.0
(Manitoba Conservion 2002). The pH in the cattail research sites and nearby open
water areas were in the range of 7 to 8, and were slightly more acidic than the Netley

and Libau Marsh areas in the range of 7.5 to(8igure 4.11)
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Figure 4.11pHin the water column wthin cattail research plots compared to nearby
open water areas, open water of Netley Marsh west of the Red River and Libau

Marsh East of the Red River.
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4.3.2.5 Chlorophyll a

Chlorophyllais a green pigment found in all plants and is a measure of algae production

in water. High algae levels cause undesirable aesthetics and odor, and foul taste in
drinking water and can release dangerous toxins. Large alga#fdiean reduce oxygen
concentations in the water, which can be lethal to fish. The desirable limit of
chlorophyll a is variable depending on the natural levels in a particular area. Total
chlorophyll includes chlorophykh pigments from both living and dead plant cells
(Appendix A)Average total chlorophybh @ £ dzS& Ay GKS NBASI NOK &
GKS NI y3aS 2F H (aZevetsin the Hetidy énd Lidad MalR ardaviere

ondy >3Ik[ YR nydo >3Ik[ NBaALSOGAGSte Ay (¢
> 3 Hgure 4.12) Water bodies with chlorophyl concentrations between 56 t0155

>3k [ | NBE 02y aAiRSNBRtridtdyamMNRHabactefzredby defse alga&k A I K
and macrophytic growth. The summer of 2007 had the highest chlorophyll values, which

could be attributed to the above average temperatures and higher number of growing

degree days.
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Figure 4.12. Chlorophydl (ug/L) inwater column within research plots compared to

open water areas of N&ty Marsh west of the Red Rivand Libau Marsh East of the

Red River.

4.3.3 Cattail (Typhaspp.) growth and resource allocation

4.3.3.1 Emergence and biomass accumulation

In NetleyLibau Marsh, cattails were found to emerge between the middle of May to
early June, depending on wiiser conditions and spring thaw, with cattails typically fully
emerging in early June (Figure 4.13). Peak growth and biomass accumulation in cattails
occurred during middle to late August, when cattail communities contained the highest
biomass (dry matterper square megr. Cattail transferred material to the belowground

rhizomes in early fall replenishing essential biomass reserves for winter survival.
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Figure 4.13.Seasonal average above and belowground biomass (kg E)Mfraattail

(Typhaspp.) within the research sites over the 2006 growing season.

4.3.3.2 Cattail Nutrient Uptake- phosphorus and nitrogen

Peak nutrient contentoincidedwith peak biomass accumulation in early to miidgust
(Figure 4.14)During the growing seasonutrients such as phosphorus and nitrogen are
taken up by cattail roots and rhizomes from litter and sedimenétayand incorporated
within aboveground and belowground biomass. Figure 4.14 shows significant
phosptorus and nitrogen reserves withimelowgraund rhizomes, which are used during
peak growing season from summer to fall to produce aboveground plant growth, and
slowly replenished during summer and into fall from nutrient uptake from surrounding

soil and later translocation from aboveground pladtsvn to rhizomegFigure 4.14).
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Figure 4.14. (Left) Phosphorus and (Right) nitrogen contgnt’ in aboveground

plantsand belowground rhizomes of cattail during the growing season in 2006.

4.3.3.3 Cattail Nutrient Partitioning¢ phosphorus and nitrogen

Long term sustainability of cattail harvesting is essential to allow the plants to survive
until the next growingseason. This required leaving2830 cm high stubble to allow
cattail plants this snorkel to provide oxygen and gashange to belowground rhizomes

to survive flooded conditions in fall and into next spring. Allocation or partitioning of
phosphorus and nitrogen in the aboveground cattail plants was measured to determine
where the highest concentrations of nutrientseacontained within the aboveground
plants. Cattail plants (n=50) were sectioned into 25 cm sections (except topmost portion
which was 55 cm due to amount of material). Phosphorus and nitrogen concentrations
per unit of biomass (%P and %N) was highest enupper parts of the plants, which

would be harvested, but the bottom 25 cm stubble left behind with harvesting has
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greater total biomass and the most phosphorus and nitrogen per squaremfieigure
4.15). From a larger scale harvest perspective at kilogr per hectare (kg/Ha), the
bottom 25 cm portion contains 25 and 16 percent of the total phosphorus and nitrogen

within the aboveground cattail plants respectively (Figure %.16

Percent (%) P g of P persqm

225-280 225-280
200-225 200-225
‘e 175-200 175-200
< 150-175 150-175
S 125-150 125-150
2 100125 100-125
£ 75100 75-100
o 5075 50-75
25-50 25.50
0-25 0-25

000 010 020 030 0O 02 04 06 08

Figure 4.15aCattail phosphorus allocation and partitioning in abowegrd plants

(n=50) from collected samples in 2007.
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Figure 4.156. Cattail nitrogen allocation and partitioning in aboveground plants

(n=50) from collected samples in 2007.
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Figure 4.16Cattail nutrient allocation and partitioning in aboveground plants (n=50)
from collected samples in 2007, showi(ifpp)total phosphorus and nitrogen and
(bottom) percent of phosphorus and nitrogen captured by harvesting with 25 cm

stubble left behindHeight sectons (cm) are identified on left
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4.3.4 Effects of harvesting on cattail

4.3.4.1 Cattail bight, density and biomass accumulation

Cattails were harvested from 20@®09 during spring and summer to evaluate
harvesting for the removal of storaautrients. Effects of harvesting aboveground cattail
on regrowth in years following harvesting was evaluated by measuring height, density,
and total dry biomass accumulation of aboveground shoots and belowground rhizomes.
Harvesting of cattail and removaf accumulated deadfall stimulated plant regrowth the
following spring and resulted in earlier emergence of cattail in harvested sites and
greater density of cattail per square negt(Figure 4.17)Following harvests in 2006 and
spring 2007 aboveground pits emerged nearly 2 weeks earlier than unharvested areas

(Figure 4.18).

A5
V)

L

Figure 4.17A) and B) Early spring harvgdbt with new greencattail growth 1 m

high,unharvested areas are covered in deadfall with little emerging new growth.
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From May emergence until attaining full height in early Augg607, cattail plants in

both the spring and summer harvested sites were 30 to 50 cm taller than cattail in
unharvested control sites. There was a significant difference between control and
treatments (control vs. spring, P = 0.006, control vs. summer, P = 0.020), but not
between treatments (summer vs. spring, P = 0.26%il height of cattail was average
250 to 310 cm tall from plant base at sediment to ffemoval of overlying dead cattail
from harvesting in summer 2006 or spring 2007 opened the marsh area reducing
shading and competition for light, allowing the ground to thaw earlier in spring. Soil
coring was not possible late May 2007 or May 2008 in unharvested areas because the
ground was stilfrozen solid, while harvested plots were ice free. Removal of cattail and
opening the area also resulted in greater numbers of plants emerging and higher density
per square meter in years following harvest, at 53, 30, and 5 for summer harvest, spring
harvest, and unharvested respectively (Figure 4.18). By August peak growth in 2007
densities in unharvested plots were similar to spring harvest sites but less than summer
harvestedsites Greater plant densities in 2007 in harvested sites was attributed to
greater numbers of smaller, shorter and less robust cattail plants, which responded
guite well to the opened sites. This could be attributed to a competitive response from
the cattail to the disturbance and opening up of the sight (Tuchman et 8)2This
resulted in greater numbers of cattaigd greater amounts of total biomasbut not
greater biomass per plant (Figure 4.18y August peak growth total dry biomass of
harvested and unharvested sites was simiamd not statistically different and

harvesting did not appear to have a negative effect on cattail regrowth.
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Figure 4.18. Cattaiheight (cm), density (#plants/n?), and total dry biomass
accumulation Kg DMm?) within unharvested (control) and harvest treatment

plots (summerspring harvested) durgthe growing season in 20&®09.



4.3.4.2 Cattail peak biomass accumulation

Peak biomass accumulation typically occurs between mid to late August. Following this
cattails transfer nutrients, sugars, starches, etc. in the fallémwground plant parts

for winter. Figure 4.19 shows average August peak biomass accumulation (dry weight
per nf) in aboveground cattails over several growing seasons. Annual differences are
noticedn 2007 compared to other years (Figure 4.19), which can be attributed to good
growing conditions with above average temperatures, GDD, and average rainfall and
water depth There was a significant difference between years for control and
treatments (P = @002), but not between control and treatment each year for August
peak growth (P = 0.437No significant difference irpeak biomass accumulation
occuredbetween harvested and unharvested sites, regardless of harvesting treatment
from 2006 to 2009 (Figur.19).Aboveground cattail biomass accumulation in 2006 and
2008 was 1.5 to 1.75 kg/or 15 to 18T/Hain harvested and unharvested sites. In 2007
biomass accumulations reached 2.60 to 2.88 Ky(26 to 29 T/Ha). In 2009 the poorer
growing conditions, loer than normal temperatures, and prolonged spring flooding

resulted in a much lower yield of 1.0 to 1.10 k§/hO to 11 T/Ha) in all treatments.
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Figure 4.19Cattail peak August biomass accumulations (dry matter kg per square
meter) over four growing easons (200@009). Research plots are identified:

unharvested (control), Summer Harvest, Spring Harvest.

4.3.4.3 Cattail rhizome (belowground) peak biomass storage

Peak belowground storage in rhizomes can be measured in early spring (June) before
growth and emergence of aboveground plants occurs. Belowground biomass in all sites
between years showed some variation, although ngignificant There was no
significant dfference between harvested and unharvested sites from 2006 to 2008,
regardless of harvesting treatment (Figure 4.20). In spring 2009 there was a significant
difference between harvested and unharvest&< 0.002)which could be attributed as

an effect dter several years of harvesting, but there was no significant difference
between spring and summetreatments. It may also be attributed to below average

growing conditions in 2008 and 2009 with high water in 2009, reducing the amount of
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belowground accumlation. Prolonged high water in spring 2009 caused a patigabff
of cattails in harvested sites, which would have negatively impacted the cattail

communityand belowground biomass

2500 - m Control
@ ® Summer harvest
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=)
)
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£
Q
o
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o
©
5 500 -
|_
0 .

6 June 06 4 June 07 5 June 08 11 June 09
Belowground biomass June peak growth (262609)

Figure 4.2@Cattail belowground peak June biomass storage (dryten&y per square
meter) over four growing seasons (20R609). Research plots are identified:

unharvested (control), Summer Harvest, Spring Harvest.

4.3.4.4 Cattail nutrient uptake¢ phosphorus and nitrogen

During the growing season, nutrients such as phosphorus and nitrogen are taken up by
cattail roots and rhizomes from the litter and sediment layers and incorporated within
the aboveground and belowground biomagsierage nutrient content in Table 3lis

from samples collected in a separate study at 28 sites throughout Neittey Marsh in
August 2009 (Grosshans et al. 2010), plus the 6 treatment sites, and analysed for

Complete Nutrient Analysis (a suite of elements important for plant growth) by Agvise
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Labs (AgVise 2013)Cattail biomass contained highest amounts of potassium (K),
followed by nitrogen (N), calcium (Ca), sodium (Na), magnesium (Mg), phosphorus (P),
and sulphur (S elements often associated with fouling and slagging in biomass

burners andwvhich influence the amount of ash (Chapter 5).

Table 43. Gattail average nutriers, 34 sites in Netley ibau Marsh, August 2009.

Cattail shoots Rhizomes
% Kg/ha % Kg/ha
NUTRIENTS dry matter (£ std dev.) dry matter (£ std dev.)
Nitrogen 1.2443 234.80 = 36.53 0.8293 149.27 + 29.13
Phosphorus 0.2596 35.79+7.01 0.3289 59.21 +11.30
Potassium 1.7625 332.59 + 85.53 1.3750 247.50 £ 53.99
Sulphur 0.1436 27.09 £ 6.02 0.1564 28.16 £ 11.39
Calcium 0.9093 171.59 + 26.04 0.7089 127.61 + 39.80
Magnesium 0.3036 57.29 +9.75 0.3971 71.49 + 26.33
Sodium 0.4186 78.99 + 28.41 0.4043 72.77 £30.42
Zinc 0.0013 0.24 +0.06 0.0040 0.73+0.58
Iron 0.0285 5.39+5.34 0.1416 25.49 + 15.90
Manganese 0.0519 9.79 + 3.23 0.0268 4.82 +1.63
Copper 0.0003 0.06 +£ 0.03 0.0006 0.11 +0.08
Boron 0.0012 0.23+0.02 0.0012 0.22 £ 0.09
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Figure 4.21Cattail phosphorus uptake in aboveground pla(fsp) as a percentage

of total biomass (%) and (Bottorim) grams per square met (g/m?) from 20062009.
Research plots are: unharvested (control), Summer Harvest, Spring Harvest.



Phosphorus and nitrogen concentrations in aboveground cattail shoots is highest as a
percentage of total dry biomass (% P and % N) in the early spring as attadllishioots

are actively growing (Figure 4.21, 4.22) and reach peak nutrient content as a percentage
of dry biomass by midugust with 2.13 to 2.71 grams per square meter (g3Pim2006

and up to 5.86 g P/Mmin 2007. Amount of phosphorus and nitrogen in aboveground
cattail plants as a percentage of total biomass (% DM) was similar between unharvested
and harvested sites in 2006 with no significant difference between treatments.
Percentage of phosphorwsd ntrogen was higher in 2007 than 2008 = 0.006jFigure

4.21, 4.22)and percent and total amount of phosphorus and nitrogen in cattail from
summer harvest sites in 2007 wasignificantly lower than unharvested sites
(phosphorus, P = 0.007, Nitrogen P 623) and spring harvested sitgphosphorus, P =
0.009, Nitrogen P = 0.010)his could be associated with greater number of smaller
cattail shoots emergingn summer harvest sitems a response to harvesting, all

competing for availablautrients, resulthg in less % P and % N per plant

As biomass accumulates the percentage of total phosphorus and nitrogen decreases.
Cattails stop actively taking up nutrients by rfidgust when Peak nutrient
accumulation is reached corresponding to peak bionassimulation (Figure 4.23), and
decreases slowly during translocation to rhizomes and fall drying out and senescence.
Based on phosphorus content in treatment sites large scale harvests of cattail biomass
could capture and remove an average 26, 53, 33,2th#g of P per hectare (Rfha) of

cattail in 2006 to 2009 respectively (Figure 4.23). Phosphorus content of belowground
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rhizomes remained relatively the same over the four year period and harvesting did not
appear to reduce belowground reserves, suggestan active pool of available
phosphaus in the sediment and litterNitrogen did decrease in all treatments, quite
dramatically for summer harvest sites, but there was no statistical difference between

unharvested and harvested sites suggesting ano#ffsct.
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Figure 4.22Cattail nitrogen uptake in aboveground plar{ieop) as a percentage of
total biomass (%) and (Bottonm) grams per square met (g/m?) from 20062009.

Research plots are: unharvested (control), Summer Harvest, Spring Harvest.
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Figure 4.23Cattail aboveground plant August peak phosphorus (left) and nitrogen

(right) uptakeas grams per square meter (gfr20062009. Unharvested (control),

Summer Harvest, Spring Harvest.
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Figure 4.24Cattail belowground rhizome June storage of phosphorus (left) and

nitrogen (right) as percent of total biomass (2€062009. Unharvested (control),

Summer Harvest, Spring Harvest.
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4.3.5 Soil phosphorus

Average liter (top 10 cm of organit¢ayen and sediment (lower 30 cm in soil core)
content in Table 4Lis from samples collected in a separate study at 28 sites throughout
Netley-Libau Marsh in August 2009 (Grosshans et al. 2010), plus the 6 treatment sites,

and analysed for elements impartt for plant growth by Agvise Labs (AgVise 2013).

Table 44. Soil & liter nutrient data averagedrom 34 sites (28 sites plus 6 research

sites)in NetleyLibau MarshAugust 2009.

Litter Sediment
% dry kg per ha % dry kg per ha
NUTRIENTS matter (x std dev) matter (z std dev)
Available Phosphorus 45.77
(OlsenP) 0.0038 9.85+6.25 0.0018 21.01
635.35 +
Potassium 0.0209 54.11 +17.86 0.0247 290.58
12961.59 +
Calcium 0.4011 1038.11 +325.62 0.5043 1919.56
3510.20
Magnesium 0.0931 241.02 £72.34 0.1366 1741.82
385.05
Sodium 0.0164 42.50 £ 19.61 0.0150 141.62
276.60 +
Sulfur 0.0134 34.80+9.91 0.0108 115.43
Zinc 0.0004 1.10+0.45 0.0004 10.41 + 4.07
366.31 +
Iron 0.0144 37.32+£12.98 0.0143 154.36
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153.57

Manganese 0.0072 18.71 £ 10.78 0.0060 99.89
Copper 0.0007 1.80+0.84 0.0009 21.92 +6.22
Chloride 0.0126 32.69 + 3.96 0.0027 69.94 + 41.67
Ammonia (NH4) 0.0034 8.87+£251 0.0024 60.73 £ 19.31
CEC (meq) 29.06 - 37.88 -

Salts (mmhos/cm) 1.23 - 1.03 -

Phosphorus exists in the soil largely as P adsorbed on iron and aluminum oxides at low
pH or in association with calcium at higher gdnsequently, movement of phosphorus

in soils is very low anid in equilibrium with phosphorus in solutioR€éddy and DelLaune
2008. Phosphorus also occurs in organic forms and may be released by microbial
activity. To be effective, an extractant must reme a constant proportion of the
phosphorus that is available to plants from different soils. Soil pH and the presence of
CaC@(lime) in the soil have a major influence on this relationship. The EHsen
NaHCg@extraction developed by Olsen (Olsen et &54) was found to account for 89%

of the variability in P absorption and was superior to all other extractants tested at alll

pH rangesn regions where soils are neutral or calcare(O81AFRA 2012).

Soil and litter (L) phosphorus (OlsBh were calculate as a percentage of total soil bulk
density (%) from 200@009. Litter is the topmost 10 cm of organic matter and debris,
while soil is the next 30 cm. Litter samples were collected starting irJolydof 2007,
when it was determined organic matter andttdr phosphorus pool could be

contributing significant available phosphorudhosphorus in the litter interacts with
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surface water and can be released as litter decomposes and is disturbed by fish (i.e.
carp) and wind and wave action. Over tinfgrvesting cattail biomass will reduce the

amount of new litter being added.

Soil phosphorus levels within the control, treatment sites, and open water areas were
not significantly different between 2006 and 2007 with little seasonal variation between
0.001% to 0.002% throughout the growing season from when the ground thawed in
early June until early October (Figure 4.25). Similarly litter phosphorus levels were not
significantly different over the growing season in the range of 0.002% to 0.003%. The
spring harvest sites had relatively higher soil and litter phosphorus levels in 2006 and
2007 compared to the summer harvested and unharvested sites, as well as compared to
the open water sites next to the cattail treatment sites (Figure 4.25), suggesting
phosphorus storage within the cattail above and belowground parts. Harvesting the
cattail did not result in a statistically significant difference in available soil and litter

phosphorus levels between 2006 and 2007.

A large spike in litter available phospherlevels was observed in spring 2008 with litter
phosphorus levels up to 0.007% and 0.008% for harvest sites and unharvested
respectively following the wildfire. Burning is known to releasteogen, phosphorus,
sulfate, and other biochemicals locked irmpis, wood, and soils, making them available
(Fisher 2012). Another spike was observed in spring 2009 during the spring flooding and

high water, which brought new phosphorus from upstream. In both years phosphorus
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levels decreased by August, which couldalteibuted to adsorption in the soil and plant
uptake. The variability of the Netldyibau Marsh research sites with water level and
phosphorus inputs as an open connected marsh system to Lake Winnipeg made it
impossible to determine reductions in soil ggphorus levels as a result of harvesting

cattail.

0014 [ —e—contral

§, 0.009 - —&— Summer harvest ¢

?\) 0.008 4 —a— Spring harvest \

qc) —— Open Water '35‘

< 00077 | ——e--L control A

X

S 0.006 - -=E=--L Summer harvest ‘\‘|“ |

2 --a--L Spring harvest W \

S 0.005 - A7-L >pring W

(%)

< 0.004 -

s

£ 0.003 -

o

o 0.002 -

S

£ 0.001 -

)

8 O @I@Iol@lolwl‘ol T T I'\I’\I'\I’\I'\I T lewl T Ic)l

Q S © oo o o o 8 5 ©c o o 6 o & S o )
Q9 > > 28 8 > @ > 2> 2 58 B ¢ o > O
c o o) > < =} < =} ®© o)
333332809 g_s,%%<g;g 32 =<z
w o d 88890 o3 5d g3 s 3 v 3

Figure 4.2550il and litter (L) phosphorus (OlsBip as a percentage of total soil bulk
density (%) from 200€0089. Litter is the topmost 10 cm of organic matter and debris,
while soil is the next 30 cm. Research plots are: unharvested (control), Summer

Harvest, Sprig Harvest compared to open water sites next to cattail research sites.
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4.4 Discussion

4.4.1 Environmental discussions

The first two years of the research study, 2006 and 2007, had the highest number of
growing degree day&DD) but low precipitation in 2006 and subsequent drop in water
levels in the marsh resulted in some treatment sites to go dry, which appears to have
lowered overall cattail productivity and biomass accumulation. Average temperatures
and precipitation in 200appeared to provide ideal growing conditions for productivity,
and could have contributed to the high overall productivity of cattail and associated
biomass and nutrient accumulation. Lower number GDD and below average
temperatures in 2008 and 2009, tiwell above average precipitation appears to have

reduced cattail productivity.

Total phosphorus levels in the water was between 0.5 to 3 mg/L, well above provincial
guidelines where total phosphorus should not exceed 0.05 mg/L (Manitoba
Conservation @02), while total available phosphorus levels averaged between 0.03 and
0.3 mg/L. Ammonia levels in the water were typically undetectable, with occasional
spikes at various times of the year suggesting inputs from upstream in the Red River and
from rain eents. This does not, however, account for the levels of phosphorus (20 to 60
kg/ha) and nitrogen (200 to 400 kg/ha) taken up by cattail each year, and indicates the
majority of phosphorus and nitrogen taken up by cattail was obtained from previously

storedreserves in the soil (Ackerman 2008).
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in nutrients) and characterized by dense algae and macrophytic growth. The summer of

2007 had the highest chlorophyll values, which could be attributed to the above average
temperatures and higher number of gring degree days as is also evident in the
productivity of cattail standsin these years This difference in chlorophyla
concentrations between years is not uncommon for prairie wetlands, and may be due to

a number of environmental and human induced factors (McDougal 28aftwig 2008

Chlorophylla concentrations may have been affected by the lack of precipitation in

2006, and an associated shortaged$solvednutrientsin the water columrthat would

otherwise be introduced via leaching or surface run@tartwig 2008). Chlorophyd
concentrations in 2007 to 2009 peaked in the spring and summer, and gradually
decreasedwhich would coincide with an influx of dissolved nutrients in the spring, and

a reduction later in the season as nutrients are taken up by algae, submersed and
emergent macrophytes, and microorganisms. This is evident in the increase in soil
phosphorusévels later in the season, as phosphorus matsesay into the organic and

sediment layers frongdyingalgae and microorganism and become unavailable bound in

the sediment. Also evident in cattail nutrient reserves, as they translocate nutrients to
belowgound rhizomes in late summer to early fall. Spikes in the rest of Netley and Libau

marshes could be a result of nutrient influxes upstream and decomposition of plant
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material, which would have increased dissolved organic matter as well as provided

nutrients for algal growth and (Jackson and Hecky 1980).

4.4.2 Phosphorus capture: Cattail harvesting success

Impacts of harvesting on plant community, cattail regrowth, biodiversity, and nutrients
for short term harvesting impacts were minimal. Harvesting o appear to have a
negative effect on cattail regrowthbut rather harvesting and clearing the site the
previous year opened the site to sunlight allowing for earlier emergence of new spring
cattail shoots Earlier emergence and faster growth in harvestsites could be a
competitive advantage during spring flooding and high water as occurred in, 2009
allowing plants to emerged fasteHarvesting aboveground cattail biomass proved to be
successful in removing a significant amount of stored phosphorusnédrmben in the
harvested plant materialHighest phosphorus removal was during summer harvests
with an average 2.5 to 3.5 grams per square en¢g/m?) or 25 to 30 kg of phosphorus
per hectare (kg?/ha) per year averaged over the four years of harvesting cattail
sampling and up to 60 Kg/hain 2007. Spring harvestingas much less effectiweith
regards tocapturing and removingutrients with average 5 kg P/haf cattail remaining

in dead spring harvested biomas®ompared to over 25 kg Ba forsummer harvested

Harvesting standing cattail biomass removes nutrients taken up by plants during the
growing season preventing those nutrients from beingekeased back into the aquatic

system during decomposition (Wrublesii al 1997a b, Ruppel etal. 2004. Similarly
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found with fire suppression in forests where accuntethdense litter layers retaihigh
levels of phosphorusra nitrogen, which slowly washway through litter interflow
water (Fisher 2012)Mitchell et al. (2011) found dense hybrichttail communities
caused increased litter accumulation, as did Angeloni et aDg2Where sediments
showed higher nutrient levels as a result of cattail and its litter accumulation impacting
nutrient removal.The literature demonstrates wetland plantan take up and capture a
significant amount of nutrientsn heavily loaded sysms, from 3 up to 27 g of R
(Martin and Fernandez 1992, Jiang et al. 200f@0 et al. 2005, Toet et al. 2005)
suggesting harvesting as a nutrient management strategy aaaldce nutrient loading

in aquatic systemsLékshman 1979, Martin and Fernandez 1992, Koottatep and
Polprasert 1997, Liu Hosoi et al. 1908 et al. 2003, Toet et al. 2005Sharma et al.
2006, Weng et al. 2006, Vymazal 2006). Although harvesting emtengsland plants
such as cattailor nutrient capture in eutrophic systems has not been fully explored in
the literature (Dubbe et al. 1988 Garver et al. 1988, Martin et al. 2003) it has been
suggested periodic harvesting of aboveground cattail biomas&da@move elements

from the water in the long termMartin and Fernande1992).

This study indicates harvesting cattail irtural eutrophic aquatic systemsith removal
rates of 20 t060 kg of Pha (2 to 6 g of Ph?) of cattailis significant compared to annual
loading rates from watershed runoff. This is in comparismmarvestingstudiesfrom
heavily loaded wastewater treatment wetland systemisere an average 14 g R was

removed annually, representing only 10% of annualgghorus loading, and considered

144



insignificant in heavily loaded systems (Martin and Fernandez 1992, Toet et al. 2005)
Other studieshave achieved much higher than 10&movalrates, with up to 70% of
annual loading present in emergent plant tissues, aadommend harvesting as an
important removal option for nitrogen and phosphorusy( et al. 2003, Jiang et al. 2005
Liao et al. 2005, Menon and Holland 2D1RBratt et. al.(1988)explored thecultivation

of cattail withtreatment of wastewater from sugar beet plants, ahdrvested cattail
removed3 to 5 g/nf (30 to 50 kg/ha) of nitrogen and 0.5 to 2 fiifb to 20 kg/ha) of
phosphorus in aboveground cattail plants (Pratt et al. 1988)ch was suggested would
prolong thelife of the treatment wetland(W. Johnson perscom2012). Results from
harvesting in the current study indicates harvesting for nutrient control would be an
effective nutrient management tool in natural anstorm water wetlands used to

control eutrophicaton (Vymazal 2006).

Percent of phosphorus as a function of dry cattail biomass was high from Neibiay
Marsh, with Agust averages 0.1 to 0.3 %orentrations in cattaitissue will vary
depending on location and available phosphorus in the systems@Bans and Grieger
2013).Lakshmar(1979)found phosphorus levels in cattail up to 0.5% of dry matter with
excessive nutrient loadings did Pratt et. al (1988) who reported up to 1.5% in some
cultivated stands, much higher content compared to the natetatophic environment

of Netley-Libau Marsh.Average phosphorus levels reported in the literature are

comparable to the current studgt 0.21% (Table B) (Mitch 1994, Reddy & Smith 1987).
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Table 45. Comparison o€attail properties from current studymid-August)to samples

collected in Ntley-Libau Marsh during 200@Rugust) and fromthe literature.

Plant TP TN
species Study Season % dry matter % dry matter
0.17¢0.21 1.0¢1.27
Cattail Current Study Summer (20-60 kg/ha) (260- 370 kg/ha)
Cattail Grosshans et al. 201C Summer 0.20 1.21
Cattail Cicek et al. 2006 Winter  0.32 1.72
Phragmites Cicek et al. 2006 Winter  0.08 0.64
Cattail Reddy and Smith 198 Summer 0.21 1.37
Phragmites Reddy and Smith Summer 0.18 2.57
Cattail Lakshman 1984 Lab 0.5t0 0.7 -
Nutrient
Cattail Woo and Zedler addition 0.24 2.2
Cattail Woo andZedler Natural 0.18 1.8
Summer/
Cattail Maddison et al. 2009 Fall 0.16¢ 0.44 1.27¢2.74
Cattail Sharmaetal. 2006 Summer 0.2¢0.25 1.0¢1.8
0.05¢0.41

Cattail Pratt et al. 1984 Summer (10 to 20 kg/ha) 0.75t0 1.6
Cattail Pratt et al. 1988 Summer 0.18 (8 kg/ha)  0.78 (35 kg/ha)
Cattail Weng et al. 2006 Lab 0.2¢0.3 -
Cattail Miao and Sklar 1998 Summer 0.058-0.12 -
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4.4.3 Cattailseasonal phosphars loss: where does the P go?

Winter or early spring conditions in the Canadian prairies provide suitable conditions for
harvesting in wet environmentsjnce the grounds stillfrozenminimizing impacts from
harvesting equipment, andarvestedbiomass is dryA winter or early springparvest of
dead plant biomass has the least impact and effect on wildlife, minimal distagbtm
human recreation, anaattails have transferred nutrients to the belowground parts in
late summer ensuring their survival and sustainability. Harvestingimtewto early
spring is a common practice in Europe for reed harvesting for roof thatching
(Wichtmannet al. 2010)and biomass harvesting for bioenergy (Ukraine pers comm.
2012) as it allows elements that cause fouling in bioenergy systems tecaueed n
standing biomass (Granelli 1984). hé¢ther enough nutrients remain in dead
aboveground biomass to still effectively capture and remove phosphorus and nitrogen
from the watershed is not well studiedn North America, winter harvests could be
difficult with heavy snow accumulation and spring with runoff flooding, as is common

on the Canadian prairies (Environment Canada2201

Plants transfer nutrients to the bewground parts in late summer (i.éranslocation
ensuring their survival until théollowing spring Grace and Wetzel 198 Mitsch and
Gosselink 2007 Over the four growing seasons dead cattail plants lost considerable
biomass and nutrients over the winter months from fall until spring, particularly during
freeze/thaw cycle (Figure 4.26Senescing cattail still contained an average 0.12 % P in

early fall following nutrient translocation, but lost nearly half of its stored P to .04% by
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early spring (Figure 4.26). An early spring harvest may have the least impact and dry
biomass for addibnal uses of the material such as a solid fuel for burning, but from a
nutrient management perspective the amount of phosphorus removed by harvesting
cattail isquite low (Figure 4.26). This is consistent with Asaeda et28l06 who also
found nutrient levels inPhragmiteswere lowest in dead spring materigCicek et al.
(2006) also show dead aboveground cattail lhass harvested in earlier winter
(December)retained higher amounts of N and P, comparable to aboveground yield

estimates reported in thetkerature (Cicek et al. 2006).
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Figure 4.26. Cattail harvesting for nutrient removebeasonal phosphorus loss in
cattail in emergent biomass: peak biomass content in Summer (August), nutrient
translocation to roots in Fall (October), loss of biomass and nutrients during death of

plant, drying, and freeze thaw over Winter (December) to Spring thaw (May).
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4.44 Impacts of wetland harvesting to cattail survival

Seasonal timing of harvest differs if the goal is to maximize nutrient capture iorgary
biomass for bioenergy andiomaterials. Bjck and Graneli (1978) and Grdn€l984)
recommend a winter harvest when harvesting biomass for bioenergy, for ease of
harvesting and to remove cost of ding. Results from thisstudy indicates aspring
harvest captures less than 20% ofogsphorus compared to summer harvested cattail,
which isvery lowfor nutrient management{< 5 kg of P per hectardylaximumnutrient
capture and removal would be late summer when nutrient levels in aboveground plants
are highest (Kadlec and Knight 1996tddn and Gosselink 2007, Smith et al. 1988).
Although, ontinual summer harvests when rhizome reserves are lowssbre plants
transfer nutrients to belowground rhizomegould negatively affect long term
sustainability of wetland plants. Impacts to wildlife would also be highest during

summerwhen waterfowl and other vidlife are utilizing the marsh (Murkin et al. 1997).

Asaala et al. (2006ompared rhizome biomass accumulation Rhiragmitesstands
harvested in June and July and found timing of harvesting aboveground biomass greatly
affected annual rhizome resource allocation and aboveground plant growth (Asaeda et
al. 2006. Earlyharvests decreask longterm productivity of reed beds, whiléater
harvegs maintained stand productivity and sustainability. Aboveground and rhézom
biomass accumulation showesignificant decline when harvested during peak growth
when belowgroundresources were depletedout did not show a significant decline

when harvested l@r in the season followingranslocation There was a reduction in
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stored resourcesn the following seasoms a direct result of harvestingarlier during

the previous growing season (Asaeda et al. 200Bis is also supported by Karunaratne

et al. (20@a, 2004b), who indicate rhizome reserves would be replenished by an August
harvest date Theydo acknowledgeearlier harvestsvould remove larger bound nutrient
stocks while still preserving a healthlghragmitesstand long-term. Nutrient depletion
impact was not demonstrated in the current study in the short term over four years of
harvesting.In order to ensure longerm sustainability, harvesting must also leave
stubble above the water to provide oxygen and gas exchange fomigebund rhizomes

a2 GUKSe& R2y Qi RNRBgy Oldzaiy3a | f2aa 2F (GKS
the water is an effective management technique to drown out and control invasive
dense cattail stands (Murkin et al. 2000, USDA 2006), and wasvedsg 2009 with
prolonged high weer levels from spring floodingnd a partial dieoff of sectionsof

harvest sites. The following ye@010)the cattails had fully recovered.

This studyindicates a fall harvegirovides a compromise for the combinedrposes of
nutrient capture, biomass for bioenergy, and sustainability of the cattail community.
Cattail plants in the fall have 1) lost considerable moisture during fall senescence; 2)
replenished nutrient reserves to belowground rhizomes lost duringgitoaving season

and 3)senescing aboveground plant material has not yet fully lost accumulated biomass
and stored nutrients. A fall harvest date would remove a larger bound nutrient stock
than a spring harvest of dead biomass, while still preserving ahyeahttail plant

community Emith et al. 1988, Karunaratne et al. 2084aeda et al. 2006).
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In this study, peak growth, biomass, and nutrient content occurred during August, when
cattail communities contained highest biomass and phosphorus and nitrogesquare
meter. Similar profiles were measured in cattails in the 4dfsl, but emergence was
much earlier in early May and April, two months earlier than emergence in Neitbey
Marsh (Figure 42. Resourceaccumulation varies depending on geographicalmn

and climate, sainderstanding local seasonal growth profiles is essential to incorporate
harvesting as a nutrient management strate@mith et al. 1988, Dubbe et al. 1988)
Measuring over the growing season will determine peak biomass and nutrient

accumulation, thereby ideal time for harvest and nutrient removal.
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4.45 Impacts of wetland harvesting to biodiversity and wildlife habitat

Impacts of harvestingpr wildlife biodiversity can bassociated with the change in plant
diversity and reduction ofoverlying deadfall, creatindnealthier stang of plants.
Wetlands thive with occasional disturbanceto maintain healthy diverse plant
communities, andnore preferable wildlife habitat than dese monocultures of invasive
plants and stands of deadfal/gn der Valk and Davis 1978, Kantrud et al. 1989
Emergent plants prade protective nesting and loafing habitat for waterfowl and marsh
birds, and feeding areas abundant with food prey (i.eeitebrates) and submersed
plants Swanson and Duebbert 1989The value of this habitat is highly dependent on
diversity and structure oplant cover. A dense thick cattail marsh does not provide
suitable habitat for most marsh wildlife, which instead mrefa more diverse open
habitat with suitable open water areas (Swanson and Duebbert 1BB8kin et al.
1997).Waterfowl and marsh birds prefer partially opened areas and a mix of vegetation
and open water areas for nesting and loafing, where there is gmlemix50:50 of
vegetation and open water habitats (Kaminski and Prince 1981, Murkin et al. 1997,
Balcombe et al. 2005)Harvesting and removal of dense cattail growth improves
wetland habitat and createsore open and desirable habitabnditions reducing dead

plant density and exposing more open water (Murkin et al.2)98

Harvested and cleared cattail plots at Netlepau Marsh were often used by waterfowl
in the fall as loafing sites, these hartext and cleared plots providedpen pockes

within the larger cattail communities. Rethged blackbirds nested oftinges of the
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harvested sitesand theoccasional muskrat mound appearedthe middle of harvested
plots in the final yearThese opened areas also provided frog habitatpas of the
summer harvested sites was full of mating frogs in 2008 while none were singing in the
surrounding cattail and open water aredditchell et al (2011), Tuchman et g2009),

Larkin et al.(2011), and Angeloni et a[2006) have been studying benefits of removing
invasive cattail in the southern Great Lakes and have found improved wetland habitat

with greater diversity of plant species when dense cattail stands are removed.

4.46 Harvesting Challenges

Harvesting irwetlands and waterlogged conditiopsesentsserious logistical challenges

to harvest sustainably with minimal ecological impadthile commerciakcale
harvesting of wetland biomass has been demonstrated in many parts of the world, it has
not been widelydemonstrated in North America&ft organic wetland soilsire easily
compacted and destroyed from heawguipment therefore, bw-impact wetland
harvesters are needed beyond typical farm equipmednt.Europe tracked harvesters
and those fitted with balloo tiresare a weHestablished technology for use wetlands

and waterlogged conditiongyn ecologically sensitive lands andn beconsidered for
cattail harvesting ilNorth America(De Vries Cornjum 2013, Pisten Bully 2103, LogLogic
2103, and Reeda 201 3Harvesting logistics and evaluationsgasonal timing of harvest

is needed to maximize nutrient capture, reduce moisture content, and improve

efficiencies for biomass use and bioenergy
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4.5 Conclusions

This chapter demonstrates harvesting cattail successfully captures and permanently
removes significant levels of stored phosphorus and nitrogen in the harvested biomass,
taken up by roots and rhizomes from stored litter and sediment. This removal of
phosptorus directly addresses goals of the Manitolézovernment, Environment
Canada and recommendations by the Lake Winnipeg Stewardship Board to reduce
phosphorus loading to Lake Winnipegall while providing a biomass feedstock for
industry and recovering aaluable strategic resource (Chapter 5). Harvesting cattail for
nutrient management will have its greatest success and economic feasibaagnfined

with biomass for high value engroducts, economic valuations of carbon offset (Gass

2012) and potentialvater quality trading marketsSelman et al. 2009

Removing overlying deadfall opened harvested sites to sunlgldwing plants to
emerge nearly two weeks earlier than unharvested sites. This shdigatesan early
fall cattail harvest prior to onsetf winter maximizesutrient capture sustainability of
the cattail community and reduces impacts to wildlife

Harvesting in fall ensures:

1 Itis past period of peak growth of cattail in summer and plants have negied
nutrient reserves tobelowground rhizomes lost duringhe growing season
ensuringsustainability of the cattalil,

1 Allows cattail to have lost moisture during fall senescence (approx. 25%),

requiring less energy required for drying and cost of transportation
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1 Ensuresgreater percentage of nutrients are contained in aboveground material
in late fall compared to spring, maximiziregnoval of stored nutrients,

1 Ensureshigher overall recovery of biomass than spring harvesting when material
is often matted and brittle,

1 Avoids spring flooding and agricultural demand for available equipment

This study also provides considerable dimaNetley-Libau Marsh, to better understand

a coastal marsh system we know very little about and yet is a key component of an
integrated nutrieit management strategy for the Red River and Lake Winnipeg
watershed. ltalso addknowledgeto how rehabilitation of plant communities inatural
wetlands can effectively improveutrient captureby removinggreater phosphorts and
nitrogen The economicgasibility of bioenergy production and carbon emissions credits

from harvested cattail biomass is exploredhe following chapters
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5.0 Cattail (Typhaspp.) BiomassBioenergy, offsets, and

phosphorusrecovery

5.1 Introduction and objectives

In Manitoba, Canada, a key driver for a regional bioeconomy is the fact plants like Cattail
(Typhaspp.) soak up nutrients that would otherwise flow into waterways and cause
eutrophication and largecale algal blooms (Chapter 4). Harvestimgyel forms of
biomass thatalso effectively absorb nutrients (i.e. phosphorusfrom the watershed,
improves the economic viability of harvestingw materials for the biomass industry
(Grosshans et al. 2012). Cattailaidarge emergent aquatic plant characteristicvedt
environments in North Americaprized for its bioremediation and water quality
benefits, which is a significant competitive advantage as a novel ecological biomass
feedstock (Lakshman 1984Kadlec and Knight 199&/,ymazal2006). This plant isan
under-utilized source of biomas® be integrated into solid and cellulosic bioenergy

systems to help meet increasing sustainable energy demands.

5.1.1 Expanding the portfolio of biomass bioenergy

Biomass bioenergythe production of energy and fuels from biological mategas a
sustainable renewable energy source to reduce dependence on fossil fuels and reduce
global carbon emission®aine et al 1996 In Europe primary energy output from sbli

biomass combustion continues to increase as countries strive to meet alternative energy
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policies and reductions in carbon emissioi@&haps 2013 Solid biomass leads the
alternative energy sector by incineration of municipal solid waste and combustion o
wood fuel pellets and agricultural straw residues (European Commission 3¢it2, of
Green2012). Approximately 70 per cent of renewalgleergyconsumption in Denmark
currently stems from biomass (State of Green 2012). Availability of biomass derived
sdid fuels in clean and convenient formse( chips, pellets, cubes, briquettes) and
modern combustion technologies (i.stoker boilers, gasifiers, pellet stovesdjows for

full commercial and industrial scale or domestic use for heat and combined eat a
electrical power generation (CHR)S EPA 20, Blue Flame Stoker 201 In addition to

a solid fuel, there is potential to convert this biomass into much higher value energy
products, including bioga®iochar, and thirdgenerationbiofuels, as well akigh value
biomaterials and biochemicals (Titan Eqee2012 CENNATER013, Fraunhfer 2012) as

part of a broader innovation agenda for the bioeconomy.

The use of biomass in Canada is growing and it is anticipated this growth will continue
with federaland provincial renewable energy policies and regulations to reduce the use
of coal (Government of Manitoba 204). Combined heat and power systems (CHP) for
large scale applications are a we#veloped technology in Europe (European
Commission 2012). Ceersely, smaller scale applications are not well defined in Canada
in terms of technological approach, cost and payback period for distributed power
generation (Cicek et al. 200@®)eveloping biomass into a sustainable renewable energy

source will requirethe flexibility to use a variety of biomass feedstocks and energy
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conversion technologiesA lack of feedstock sustainability and economic viability is a
significant risk to the biomass industry (Biomass Research and Development Board
2008). The business ase for the development of biofuels is highly dependent on
availability and sustainability of feedstock, logistics of harvesting and transportation,
and economics of the biomass epdoduct. There is a need to characterize and expand
the portfolio of sust@nable and renewable feedstock sources, particularly those that can
improve the economic viability of biomas&rptheim 201). Novel sustainable and
renewable ecological feedstocks, such as cat@pbaspp.), willows $alixspp.), and
reeds Phragmitesspp.) can provide greater environmental-benefits beyondtypical
biomass sources to significantly improve economic viability. Harvesting castad
biomass feedstoclkwill have its greatest economic advantage when harvested for

multiple combined benefg.

5.1.2 Cattail (Typhaspp.) a novel ecological biomass feedstock

Cattail Typhaspp.) is a novel ecological biomass feedstock for use in the biomass
industry that delivers valuable ecological services through nutrient capture and
reduction of nutrient loading (i.e. phosphorus) to downstream water bo&Esapter 4)

It is extremely esilient, fast growing, and competitive, growing wherever standing
water persistsand producesa lot of biomass in a single growing seasés. they grow
they sequester carbon from the atmosphere and take up nutrients from the sediment,
incorporating themmnto plant biomass (Chapter 4¢attail grows on wet and marginal

agricultural land, which provides landowners with additional revenue from otherwise
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unproductive land. It is a biomass feedstock that does not compete with prime

agricultural land and food ops Evans 2008

5.1.3 Chapter objectives

This chapter evaluates cattail as a sustainable renewablecétyon solid fuel for
biomass bioenergy production to displace coal and natural gas heating, and produce
carbon offset credits to be sold on voluntary markets (Gass 20A&jitionally, to

recover highvalue phosphorus for fertilizer from ash following combust{gfermann

2011) Use of the nutrientich harvested biomass adds value to harvegticattails for

nutrient capture, and provides a[ 1S CNASYyRfte&¢ FTSSRaid20]
(Lake Friendly 2013)his study will diversify the portfolio of sustainable renewable
biomass feedstocks and introduce a new commercial feedstock for cellulosic ethanol
pr2 RdzOi A2y (2 KSfLI] YSSG RSYIFYyR& ONBIUGUSR 0:¢
(Government of Canada 2010This research will also demonstrate environmental
benefits of biomass bioenergy to restore sensitive ecosystems, while improving water

guality and recyahg nutrients for agricultural fertilizer.

This chapter examines biomass and energy characteristics, densification, and

subsequent combustion for heat production to displace the use of coal and fossil fuels

for space heating and air emissions reductions.
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Engineering challenges &
harvesting logistics

. GHG
Cattail Biomass| Biomass R Deifi?ca:tison
Production I Harvest e Emission
Biomass . Cubes or A
characteristics
v pellets
v :
Bioenergy
_ Combustion ey Heat Stoker boiler,
Decrease nutrient| for heat gasification
loading
to Lake Winnipeg ‘
Ash Recoveny . | Phosphous
Recovery

Figure 5.1. Cattail biomass harvestmglosing the nutrient cycle by intercepting and
removing nutrients in harvested biomass, utilizing biomass for biagnproduction,

GHG credits from displacement of fossil fuel use, and phosphorus recovery from ash.

5.2 Methods

Methods follow those described in Chapter 2 to analyze cattail biomass and energy
properties. Densification into fugbellets and cubes wasvaluatedfor reduction of

volume, storage, and transportation as a standard fuel source in distributed biomass
0OA2SYSNHe aedailiSvyad aSiK2Ra 6SNB RS@St 2LISR
fuel cubes. Pellets included testing of steam processing andnding agent for
agglomeration of cattail particles. Average pellet durability was compared to typical
wood pellets. Pellets were ignited in a combustion chamber simulating conditions of a

typical wood pellet stove, and cubes and bales were combusted nmmacial scale

bioenergy systems. Cattail biomass was analyzed for calorific value and ash. Ash
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remaining after combustion was analyzed for phosphorus and nitrogen by digestion
using the HACH (B9Q) digesdahl sulphuric acid method for both lab and fieliltr
produced ash, to determine potential phosphorus recovery. Greenhouse gas mitigation
and carbon offset potential was determined on the basis of coal displacement using
cattail as a solid fuel for heating, and carbon emissions calculafi®@@&C emission

factor 2010)

5.3 Results

5.3.1. Cattail biomass accumulation

Above and belowground biomass accumulation of cattail was measured owuer fo
growing seasons 2068009 (Chapter 4. Measuring biomass dry weight (DM)
determines periods of peak growth and can assess impacts of seasonal harvesting on
regrowth and longerm survival (Figure 5.2). Peak biomass accumulation occurred
between mid to late August with average biomass yietd2006 of 12 to 1@lry metric
tonnes per hectare [ DMha), and up to 25 to 29 DMha in 2007. As a potential
biomass feedstock, average yield over four years with varying growing conditions
(Chapter 4) was 16.9 + 117 DMha (N=96). Moisture content isighestduring initial
growth at 80 to 90% reducing to 75% near peak biomass accumulation kAngudst

harvest period (Figure 5.3).
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5.3.2 Cattail biomass harvesting research scale

As part of this research study a lempact wetland harvester was designed and
constructed in 2007 and its ability to cut cattail tested in various marsh conditions. The
purpose was to demonstratbarvesting on soft wetland soils with minimal impact. It
was used to harvest several metric tonreswo different times of the year (spring and
summer) to evaluate seasonal harvesting conditiombe harvester was built as an
independent cutting unit ora small trailer that could be pulled behind an ATV such as
an Argo (Figure 5.4). The harvester consisted of a 2 m Enoagricola R©86i @suble
blade sickle bar mower with hydraulic lift. It was modified to remove all PTO
attachments and excess weightwas powered by a Honda 20 hptwin engine, which

ran a custom built hydraulic power unit used to lower and raise the sickle bar, power
the cutting blade, and raise and lower the back tires to adjust cutting height of the
trailer. The harvester worked Wlecutting dense cattail stands in any seasonal conditions
and moisture content of the cattail plantsspring dead or summer greerwith no loss

of power and only occasional jamming of the cutting blades with dense litter. Cutting
speed and efficiency vgahigh, laying down a 2 m wide 60 m long swath of cattail in

about 5 minutes.
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Figure 5.4 AWetland harvester pulled behind an Argo trackedtattain vehicle.B)

Hydraulicpower unit on trailer

Figure 5.54) Harvester and tracked Argo caused only slight compaction of the litter
and debris, but it rebounded quickly and left no permanent ri)sThe front heavy
design of the harvester weighed down the back of the Argo causing the adjustable

hitch on the trailerto collect debris.

The weight of the harvester trailer wat some concern at over 200 kand was greater

than originally designed. The design with wheels at the rear of the harvester put excess
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strain on the hitch of the Argo. It also weighed down theck of the Argo pressing it
into the soft wetland surface. The adjustable hitch on the trailer often dug into the litter
catching and collected debris which needed to be cleared. Impact on the wetland
surface was very minimal with slight compaction to ttatail and organic litter, but no
permanent ruts were left (Figure 5.5). The harvester could not traverse flooded
conditions. During summer 2007 the 2006 harvest site was almost 2 feet deeper than
2006. A harvest at this site was attempted but the hatgesunk in the soft ground and

tipped sideways, so a newmmer harvest site was selected nearby.

5.3.3 Cattail biomass yield

Cattail was harvested from these sites over three growing seasons -ZIlIi®). Early
springharvests of dead dry standiraattail in April 2007, 2008 wemaanually collected

in large 1m x 1m x 1m tote bags for transport (Figure 5.6). Total average cattail
harvested in spring from an area of 674 mas 1255 kg or 18.2 DM/Ha in 2007 and
2008 (Table 5.1). Seven bags were obdld in 2007 and nine in 2008 with an average
total weight of 135 kg (300 Ibs) at 22% moisture content, for a total of 945 kg (737 kg
DM) in 2007 and 1200 kg (936 kg DM) in 2008 cattail could have been baled but
because of wet spring conditions it wduhave had to be moved to higher ground. A
crew of 3 people could harvest, collect, and pack 1 tote bag full of cattail per hour. Tote
bags were transported to Prairie Bioenergy in La Broquerie, Manitoba (now Biovalco) for

processing.
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Table 5.1. Cattalliomass characteristics from spring and summer harvests

Average Total Total Wet Dry Yield P removal
swath area cattail weight weight (TDM
length = harvest harvest (kg @ (kg /Ha)  (kg) (Kg/ha
(m) (m’)  (kgDM) 25%) DM)
Spring
(April/May)
2007 54 648 1237 945 737 191 0.61 9.55
2008 54 700 1234 1200 936 18.3 0.62 9.15
Average 54 674 1255 1080 842 186 0.61 9.3
Summer
(August)
2006 n/a n/a n/a 500 390 16.3
2007 50 700 728 820 640 16.3 1.82 41
2008 50 700 770 n/a n/a 104 1.92 26
Average 50 700 875 820 640 12.5

Summer harvesbf live green cattail in August 2006 harvested approximately 900 kg

(2100 Ibs) wet weightand average 500 kg @ 25% moisture after drying (Table 5.1). The

weather in 2006 was hot and sunny and cattail dried within 4 days, whereas wet

conditions in 2007 required 3 weeks for drying. Duelt@ded conditions the 2006 site

could not be accessed in 2ZD(and a new site was selecte@Dm east Cattal at this site

was harvestedAugust 2007 and 2008Averagel184 kg (2610 lbs) wet weight was

harvested fran summer harvestsan area of approximately 700%ma total of 875%g DM

at 12.5T DMHa. Green cut catail wasmanually loaded on trailers after harvest, moved

to higher ground and spread in swaths to dry to moisture content of 22 to 25%. Swaths
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were baled by a local farmer using a round baler (Figurefér&wo bales each year
with an estimated weight ©410 kg (903 Ibs) at 22 to 25% moisture. Based on nutrient
content from Chapter 4 (average P content of 0.1%0t8% total cattail biomass)

average 0.5 kg (1 lbof phosphorus was removed in each bale of cattail.

- EENSE
LN OIS

Figure 5.6Springharvest of dry cattail. A) &tvester, Bynanually collected using custom

cattail rakes, and C), D), andnignually stuffed into largéote bags.
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Figure 5.7A) Summerharvest of live green cattail. Battail was manually moved on
trailers to higher ground and rakieinto swaths for drying. C3waths were baled

using a round baler and stored ready for transport for processing.

5.3.4 Impacts to cattail community

Regrowth in largespring harvest plots indicates denser populationt aattail in years

following harvest and removal of deadfall, compared to unharvested pkgsire 5.8)

(P = 0.000p This is attributed to removal of deadfall, which delays appearance of new

cattail shoots in the spring, and decreases available light spate for new growth

(Chapter 4). As in the experimental plots, harvesting opened areas to new plant growth.

In the large harvest plots, average cattail biomass yields for summer site was 12.5 T/ha,

and spring site 18.6 T/ha (Table 5.1). On average bismietd decreased per square

meter than the previous ye@ad4 3INRB gUOK T2 N Sjmhg ardIBEimérS R 4 A

harvest sites also showed some signs of decreased biomass yields, but was not
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statistically significanfRemoval of dead material resulted in moramts per nf, but not

a lot of increase in biomass (Figure 5.9). This could be attributed to the harvested sites
had greater number of thinner, less robust cattails responding to the opened conditions
and not greater numbers of large plants with high bi@sd his was particularly evident

in the spring harvest sites where water levels were lower.
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g 80 - = Spring Harvest
©
o
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Figure 5.8 Cattail density in number of plants per square meter (planf$/im

harvested and unharvested sites (N = 6 per treatment each year)
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Figure 59. Cattail biomass dry weightDM) in kilograms per square meter (Kg

DM/m?) in harvested and unharvested sites (N = 6 each treatment each year).
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5.3.5 Biomass characteristics and comparisons

Cattail biomas$ad high yields and high growth rate reaching maturity in ldsant90

days (Table 5.2)Cattail biomass yields averaged from the experimental study sites
(Chapter 4) and the large harvest sites over four years shows an average cattail yield
from NetleyLibauMarsh of 12 to 20 DM/ha within a single growing season (n=192).
Typical moisture left in biomass after drying was 6 to 15 % DM. Average ash content was

6 %of dry matter,from lab results and samples sent for analysis.

Table 5.2 Cattail biomass gemal characteristics.

Characteristic Average
Biomass yield dfy metric tomes 14-20 TDM/ha
Moisture contentgreen o) 75 %

Moisture (%of dry matter) 6-15%
Carbon (%f dry matter) 38.8-43 %
Calorific Value 17.1¢19.2
Ash content (%f dry matter) 55-7.5%

Ash fusion temperature (F) 2513 F
Phosphorus capture (Kutp) 20¢ 60 kg/ha

Similar to other biomass crops, cattail has lower carbon con(88i8 to 43.6 %dhan
higher value coal such as anthracite or bituminous but sincé@&bon content to lignite

coal (40.1 %) Sulphur content in cattail is significantly lower in comparison to coal
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(Table 5.3). Using biomass in place of coal reduces not only carbon but sulphur
emissionsinorganic elements such as silica (Si), potassiyns@dium (Na)sulphur(S),

chlorine (Cl), phosphorus (P), calcium (Ca), magnesium (Mg), and iron (Fe) are often
associated with fouling and slagging. Elements such as Si, Ca, K, P, and Mg also directly
influence the amount of ash produced, therefore hegltoncentrations in the biomass
feedstock result in greater ash conterftable 5.4). With comparison to wheat straw as

an agricultural residue, phosphorus content is much higher in cattail, while other fouling
elements such as chlorine, magnesium, irond ailica are lower on average in the

cattail samples compared to wheat straw samples (Table 5.4).

Table 5.3. Elemental analysis (ultimate analysis) of cattail biomass with comparison

to wood, straw, and cogiresented as a % of total biomass (DsHurce: CBT 1998

Biomass Carbon Hydrogen Nitrogen  Sulphur Oxygen
(%) (%) (%) (%) (%)

Cattail 38.8-43.6 5.61¢5.96 0.71-0.98 0.14-0.30 35-43.3
Wood 47.6-52.6 4.91¢6.1 0-0.35 0-0.1 31-43
Straw 39-42 448-5.1 0.38-1.08 0.12-0.14 33.0-37.5
Coal Anthracite 80 0.90 0.70
Coal(Bituminoug  52.5-81.7 1-15 1-15
Coal Lignite 40.1 0.70 1
Natural Gas 75 24 0.9 0 0.9
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Straw has much higher silica content, which contributes to lower ash fusion

temperature (Table 54). When ash fuses at a lower temperature, it will cause clinker

formations orbuild-up within the biomass combustion system. Straw contains up to

twice the amount of chlorides which will cause corrosion within the systeDastails

have on averge lower concentrations of metals than wheat straw (Table 5.5)

Table 5.4 Cattail biomasg inorganics associated with fouling and slagging in

bioenergy systems (% dry matter).

Inorganics (% dry matter)

Phosphorus

Phosphorus in ash (post combustion

Nitrogen
Potassium
Sodium
Chlorine
Calcium
Magnesium
Manganese
Iron

Silica

Aluminum

Cattail (%)

0.05-0.33
2.0¢3.0
0.7-0.98
0.7-1.7
0.52

0.18
0.63-1.67
0.38-0.74
0.033-0.11
1.56

0.11

0.90

Wheat straw (%)
0.018¢ 0.025
0.38¢ 1.08

0.7

0.25
2.6
0.87
0.033
1.93
4-8
1.16
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Table 5.5 Metals strong acid digestion of cattail biomass compared to wheat straw

biomass presented as asverage %of dry matter (DM) as reported by Bodycote

Labs/Central Testing from samples collecte@007 to 2008.

Metals Strong Acid Digestion

Cattail (%of DM)

Wheat Straw (Yof DM)

Antimony
Arsenic
Barium
Beryllium
Bismuth
Cadmium
Chromium
Cobalt
Copper
Lead
Molybdenum
Nickel
Selenium
Silver
Strontium
Thallium
Tin
Titanium
Vanadium

Zinc

0.00002
0.00063
0.0214
0.00005
0.00005
0.000024
0.00144
0.00075
0.0012
0.0008
0.0001
0.00191
0.00007
0.00001
0.0048
0.00002
0.0001
0.0222
0.00284
0.0051

0.00002
0.00092
0.0292
0.00006
0.00005
0.000022
0.00184
0.00087
0.0016
0.00099
0.0001
0.00212
0.00006
0.00001
0.0097
0.000025
0.0001
0.0259
0.00361
0.007
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5.3.6 Cattail biomass densificatioq Fuel Pellets

Cattail biomass wa successfully densified intod¥s FdzSt LISt f Sdaadc & A YA
property to wood fuel pellets found in local hardware stores for pellet staf@gure

5.10). Cattail pellets were produced and tested by Alberech Futuresand compared

to traditional industry standard wood pellets (Tabl&).This size was chosdrecause

of their existing market valuenternationally for powergeneration, and locally in

domestic pellet stoves for space heating. Multiple pelletization trials were evaluated to
determine appropriate conditioning of ground cattail antethods that prodiced the

best results. Pellets were monitored for visual defects and amount of fines produced.

Pelletization trials consisted of blending water with the ground cattail to create batches
of material with various moisture contents. These batches (approximately 500 grams
per batch) were run through the pellet press separately and pellets produced from
batches compared qualitativelyMoisture content of approximately 17% (w.b.) was
ideal. The addition of steam supplied at a pressure of 15 psi and 105° C to the feedstock
was used on some trials. Steam is normally used in commercial scale operationistto ass
GAGK LISt ESGAT I GA2Y fiblegand spfering yiihé AgniF &G Rl G 2 O ¢
increase moisture content of the feedstoCkhe addition of steam did not improve the
quality of cattail pellets.Oncesuitable moisture content was determined aro starch
binding agent was tested for its potential to increase durability and crush strength of the
pellets. The binder used was: National 1215, Unmodified Corn Starch, National Starch

and Chemical Co. Bridgewater N.J. US#n starch binder was added a rate of 1%
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based on dry mass of the feedstouantitative testing was conducted on pellets with
0Sad ljdzr t AGFGAGS NBadz dae {dGFryRIFEINR 622R LIJ

wood produced by Vanderwell Contractors Ltd. in Slave Lake, AB.

Figure 5.0. A) Pellet press used for pget creation and analysis)Bone of many

batches of densified cattail pellets manufactured by Alberta Tech Futures

Densification and durability properties of pellets were excellent with no additional
binding agent needed, and heating value requirements exceeded tbbsejor wood
pellet standads associations (Table 5.®attail pellet durability was high at3%%, but
lower than durability of typical wood pellets due to scale of lab equipment. Commercial
scale pellet mills will have much greater compression and produce a denser more
durable pellet. Crush strength resistance of cattail pellets was significhigtiyer than

that of wood pellets which may be an indicator that cattail pellets can exceed wood

pellets in durability if made in a commercial scale pellet mill (Table 5.6).
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Table 5.6 Cattail pellet crush strength and duligbcomparison to wood pellst

Cattail Pellets Cattail Pellets Wood Pellet
Average (no Binder) (Starch Binder) Standard
Crush Strength
(Radial) 46.3 ftlb (205.8 N) 62.9 ftlb (279.7 N) 28.3 ftlb (125.7 N)
Crush Strength
(Axial) 56.6 ftlb (251.7 N) 43.3 ftlb (192.6 N) 33.1 ftlb (147.1 N)
Durability (%) 95.2 96.27 98.53
Bulk density 40 Ibt3 40 Ibt3 40 Ibt3

Proximate analysis of cattail pellets and biomass determined heating value (calorific
value), moisture content, fixed carbon, volatiles content, and ash (Table Peligts
produced with 1% starch had lower heating value than pellets with no binder added
(Table 5.8). This suggestarch binder, which contains higher sugar content ticattail
biomass, lowereaverall heat valueTable 5.8 showboth gross and net heating values.
Net is typically used as attainable heating value when combusted in a standard furnace.
Gross heating valuaccounts for water irexhaust leaving as vapouma includes liquid
water infuel prior to combustion. fiis valie is important forwood or coal which will
usually contain some amount of water prior to burning. Average cattail heating value

exceecard the requirements of major wood pellet standards associations (Table 5.8).
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Table 5.7. Proximate analysis (% dry basis) of cattail prior to densificatiomfand

producedfuel pellets.

Biomass Moisture Volatile Fixed Carbon Ash
content (%) Components (%) (%) Content (%)

Cattail 6.44 65.79+ 1.1 22.71+ 6.2 5.8+0.9

biomass

Cattail pellet n/a 64.52 + 0.11 28.94+0.14 6.54+0.03

(no binder)

Cattail pellet n/a 68.54 + 0.69 2525+0.74 6.21+0.05

(starch binder)

Table 5.8. Average heating valuecattail pellets, comparing no binder and addition

of starch binding agentt(std error) and ash content to pellet standards.

Heating Value (dry Heating Value (dry Ash
Average basis) Gross basis)Net Content
MJkg  BTU/b MJ/kg BTU/Ib %
Cattail Pelletgno 21.18 + 6.54 + 0.03
binder) 0.14 9108 £59 19.89 +£ 0.15 8552 + 66
Cattail Pellets 18.10 £ 6.21 £ 0.05
(starch binder) 0.03 7779 +12 16.80 £ 0.03 7224 + 12
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Wood pellet (Austria >18.0 <05

standard)® - - MJ/kg > 7738.2

Wood pellet >16.9 <0.7
(Sweden standard) - - MJ/kg > 7265.31

Wood Pellet (Fuel >17.2 <3
Institute standard}' - - MJ/kg > 7394.28

5.3.7 Cattail biomass densificatianFuel Cubes

Prairie Bio Energy (now BioValco) provided the technical assistancepikdcale

capacity fordensification of dry cattail biomass intoel cubesin June 2009. Mixed
cattail/marsh grass cubes in a 1:1 ratio were created to simulate a typical wetlayej ed

storm water retention, or ditch wetland harvest, and to supply sufficient biomass
material for a complete commercial scale simulation run. Average bulk density for the
compressed cattail/mixed marsh grass cubes was 25 Ibs per tufd©0 kg per culgi

m), comparable to compressed straw @asbof 28 Ibs per cubic ft.r&processing and
shredding & cattail had minor issues with regards to the dense and fibrous nature of
cattail, but a standardbale shredder reduced the material ®>cm to 6 cm long pies.

This material flowed well through the feed system and modified hammermill to produce
2O0SN) Hunn 13 2F wmé OF GG A fessiigli®é (Figuozdl$ a o A (0 K
QaGdrAt oA2YlFLaa FEt26SR |yYyR RSyaAirfwdiies Ayl 2
manufactured at that time. No binding agent or steam was added to the process, only

heat and pressure. Moisture content of raw shredded biomass was approximately 22%.
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Figure 5.1. Cattail fuel cube productiod) Shreddedcattail ushg bale shredder, B)
modified hammermill C)cattail/mixed marsh gras$ inch x 1 inch fuel cubdseing

produced, Dxubes after packaging step reafiy use in stoker biler burners

5.3.8 Cattail Bioenergy CommercialScale Burn Trials

Two bioenergy technologies were examined émmbustion, which are in commercial
use in Manitoba. C#il biomass was burned as 1) densified fuel cubes in a stoker boiler
typically used to burn coal for distributed hot water heat on a Hutterite Col@lye
Flame Stoker2012) and 2) round bales in a twstage gasification system used for

distributed hot water heat for industrial ugénnovaat2012)
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5.3.8.1 Thermal Conversion (Stoker Boile§attail Fuel Cube Burn Trials

Densified cattail cubes werburned in a Blue Flame Stoker biomass stoker boiler (Blue
Flame Stoker 2012) November 2009, at the Sturgeon Creek Hutterite Colony north of
Headingly, Manitoba (Figure 5.12), which is in continual operation for the heating of pig
barns and the colony kahen unit. Prior to cattail cube combustion the burner was run

at capacity with coal and steagyate conditions were firmly established. Approximately
255 kg of cattail cubes were fed through the screw auger feed system and burned over a
1 ¥ to 2 hour peod, producingd750 MJ4.5 million BTU}¥of heat energy, compared to

5 million BTUs of heat energy normally produced by coal (TableEB@¥sions were
recorded with a handheld tester and were similar to those recorded for wheat straw
with CO 50 to 12ppm and C@12 to 20 %, with no visible particulates or dark smoke.
The Blue Flame Stoker boiler systems produce little smoke, and emit very low levels of
particulate matter emissions, which remained the same with the cattail biomass

combustion.

Figure 5.2. A) Blue Flame Stoker burner at the Sturgeon Creek Hutterite Colony

burning densifieccattail cubes; Bemission testing during cattail cube burn.
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Table 59. Cattail/mixed marsh grass fuel cube burn trial in Blue Flame Stoker (2012),

November 20090n the Sturgeon Creek Hutterite Colony

Stoker burn trial Average

Cattail/grass cubes burned 255 kg

Phosphorous content (calculated) 434 g

Calorific value (average) 17.5 MJ per kg

Heat produced 4,463 MJ (4,230,120 BTUs)
Burn time 1.5to0 2 hours

CO emissions 125 ppm

CQ emissions 12 %

Ash content (average) 10 %

Ash produced (calculated) 25 kg

Total phosphorus recovered in ash 382 g (88%)

5.38.2 Thermochemical conversion (GasificationCattail Bale Burn Trials

Cattail baleswvere burned in the Biomass Energy System Technologies Inc) (BBST
stage combustion updraft, atmospheric pressure gasification system to evaluate use of
baled cattail as a solid fuel and for GHG emission reductiom®\aat2013). Bled
cattail wastransported to Vidir Machinesn Arborg, Manitoba, with a commercially
installed BEST systemhichcombusts straw or corn stover balés provideheat in their

manufacturing facility(Innovaat 2013). During lurn trials in 2006 and 200¢attall
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biomass vas fal manuallybecause the auto bale feeder and shredder was not fully
installed until 2008(Figure 5.13) To ensure sustained operation of the twstage
combustor, wheat straw was burned for several hours to allow for stabilization before
feeding the cattailSummer harvested cattail bales with 30% moisture did not perform
well in the gasifier until a constant temperature of 1900 C was maintained with straw
bales for an hour prior to adding cattail biomass. Winter harvested cattail from 2005 of
100 kg with 14%noisture content performed very well on a separate burn trial in the
BEST unitin 2006, approximately 550 kg of cattail was combusted to prod@i&s MJ

(3 million BTUpof heat energy, producing approximately 30 kg of ash (Table 5.10).

Figure 5.8. Gasificabn of cattails(2006) A)Bale shredding an@®)feeding cattalil

biomasdeedstockinto gasifier unit for heat productian

The BEST system has three areas where ash was collected during gasification: primary
chamber, secondary chamber, and cyclone collector. Final fate of phosphorus during

gasification of cattail was determined by analyzing ash. Exhaust gases leave through a
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cooling tower before they are exhausted into the atmosphere. The cooling tower is
equipped with two sample ports located near the top of the tower, and are used to
extract gas samples and collect airborne ash and particulate matter. Emissions were
measuredas part of separatstudies to model the gasifiggerformance (Balcha 2010).

Ash samples taken from the primary chamber differed in appearance from samples from
the secondary chamber. Pieces of burned or charred feed could still be seen in ash from
the primary chamber. Ash in the secondary chamber was found in hard clumps. Ash
collected by the cyclone differed greatly in appearance from residual ash in the other
two chambers. It was fine and powdery in appearance and weighed significantly less.
Phosphorus was found in all three chambers suggesting the cyclone is removing fly ash

particles and phosphorus (Table 5.11).

Table 5.0. Cattail bale burn trial in BiomassBest gasification system 2006.

Stoker burn trial Average

Cattail bales burned 550 kg

Calorificvalue (average) 18.2 MJ per kg

Heat produced 3165 MJ 3,000,000 BTUs
Burn time 3 to 4 hours

Ash content (average) 5.47 %

Ash produced (calculated) 30 kg
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Table 5.1. Cattail ash analysis from BiomassBest gasification system burn trial.

Biomass Location % SiO2 % P205

Wheat Straw Primary 22.14 0.65
Secondary 58.54 2.27
Tertiary (cyclone) 42.6 1.05

Cattail Primary 57.96 1.85
Secondary 62.26 1.62
Tertiary (cyclone) 42.08 0.95

5.3.9 Phosphorus Recovery following combustion

Results fromash from burn trials in the lab of pellets and cubes (burned at 550 C for 1
hour), and ash collected from commercial burn trials in the Blue Flame Stoker boiler and
BiomassBest gasification system, indicates cattail ash had phosphorus contents from
1.64 © 2.28 percent of total biomass (%), while mixed cattail/grass cube ash had much
lower phosphorus 0.52 to 0.73 % (Table3).Lp to 89 % of the phosphorus contained

in the biomasswas retainedin the ash The remaining amount could be lost in
emissionspor bound to residuals left following digestion since samples contained black
residue following digestion. The lower % of phosphorus content in the fuel cubes is
likely due to mixing of cattail with mixed marsh grasses (i.e. sedges), which have lower
phosphaus content. Ash content of the cubes at 10% was also much higher than cattail

which is 6 %, likely due to higher ash content of marsh gragstscontent 06-10% is
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considered high for use in pellet stoves when compared to standard wood pellets, but is
lower on average in comparison to agricultural residues, and much lower than coal
typical fuel for use in biomass burners. Mosbdernbiomass burners are designed to
handle high ash feedstocks better than typical pellet stolReszovery of the phosphos
closes the loopg from harvesting and nutrient capture of watershed nutrients,

bioenergyand recovery of phosphorus féertilizer.

Table 5.2. Phosphorus recovery in ash followicgmbustion ofcattail biomass.

P contained in P contained P Recovered ir

Biomass samples Biomass (%) in Ash (%) Ash (%)
cattail pellet lab analysis Ash 0.18 2.28 89.2+0.2
cattail cube lab analysis Ash 0.059 0.73 85.7+2.8

cattail cube burn trial Ash

sample #1 (Sturgeon creek Blt

Flame Stoker) 0.059 0.52 86.5+ 1.0
cattail cube burn trial Ash

sample # 2 (Sturgeon creek Blt

Flame Stoker) 0.059 0.58 88.0+1.1
Cattail bale burn trial

(BiomassBest gasification

system) 0.18 1.64 70.3+13.6

185



5.4 Discussion

5.4.1 Cattail Typhaspp.) for Bioenergy and Carbon displacement

Cattail Typhaspp.) was found to be a viableiomass feedstock for bioenergy and
biomaterials, with exceptional energy, densification, and biomatgmiaperties. Cattail

fuel cubes successfulliisplacel coalas a solid fueto produce heat energy in a farn
scale applicationgenerating C@offsetsfrom reduced carbon emission&verage cattail
biomass yields in all the Neltdéybau Marsh research sites over the four year period was
12 to 20 TDMha within a single growing season from multiple experimental and
harvest sites (N = 192pensification tests show cattail biomass can be compressed into
pellets and cubes for use in a variety of biomass burn€aorific heat value was
comparable to commercialwood pellets at 17 to 20 MJ/Kg, and comparable to typical
agricultural feedstocks and lignite coal (Tablé3. Cattail hadexcellent densification

and combustion properties, analthough ash content is higher than typical wood pellets
at over 6%it is similar to corn stover and lower than other agricultural straw (Table
5.13. For use in pellet stoves, mixing or-feeding of cattail pellets is recommended
because of the ash content, but would not be an issue in energy conversion
technologies (e. stoker boilers or gasifiers) designed to handle higher ash (Blue Flame
Stoker 202, Innovaat 2013). Combustion trials indicate cattails are a suitable Jow
carbon lowemission feedstock for use in a variety of bioenergy technologies to replace
carbon enitting fossil fuels. No major concerns were identified regarding combustion

emissions and analysed ash.
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Table 513. Energy value of cattail biomass and densified cattail fuel pellets, with
comparison to standard wood pellets and other common biomf@esistocks and

fuel sourcesgources®Pami 1995°Blue Flame Stoker 2@1%Cicek et al. 2006

Biomass Calorific Value Ash Content
MJ/kg BTU /Ib (%)

Cattail 17.12t0 19.5 7360 5.81t06.5
Cattail 18.23 7837
Cattail pellet (no binder) 19.89 8551 6.54
Cattail pellet (starch binder 16.80 7223 6.21
Wood pellet (standards) 16.9-18.0 7266- 7739 <0.5-3
Wood (15 % mc} 15.0to 22.3 7309 0.65 to 1.52
Wood chips 10.4 4471 0.6to 1.5
Wheat Straw (dry¥ 17.86 7678 35
Wheat Straw (20 c)® 13.74 5907 4
Flax Straw (dry) 19.97 8586 -
Flax Straw (20 % mé&) 15.43 6634 -
Corn stovef 17.6 7567 5.58
Miscanthus 19 8169 2-3
Switchgrass 18 7739 3-5
Sunflower hull§ 19.7 8469 2.86
Propane” 46.37 19936 0
Natural Gas 48 20636 0
Fuel Oif 37 15907 -
Coal- anthracite 30 to 35 12898 to 15047 10.5

- Bituminous 20910 33.4 8985 to 14360 61012

- lignite® 10to 20 4300 to 6800 6to 19
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Cattail fuel cubes were successfully used on a commercial scale burn trial to displace
coalin aBlue Flame Stokesolid fuel stoker boile(Blue Flame Stoker 201Bfed for
heatingon the Sturgeon CrdeHutterite Colony, in ManitobaAsh was recoveredost
combustion, and up to 88% of the original phosphorus captured in the harvested
biomass was recovered in the aak calculated from analysis in the lakhisreduces
carbon emissions replacing a carbomiting fuel source (coal) andoses the nutrien

cycle in this process bgmoving phosphorus from the Lake Winnipeg watershed, where

it can berecoveredand reused for fertilizer (Figure %)

By combining alternative biopower production with nutrient capture and removal, with
additional GHG mitafion potential, multiple environmental and economic benefits can
be realized.Harvesting thisnovel ecological biomadgedstock is capturing nutrients
and reducing nutrient loads on Lake Winnipékhe potential to refine cattail biomass
into highvalue end products such as biochemicals, bio plastics and-gkemdration

biofuels deserves further research and evaluation.
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NUTRIENT BIOENERGY

LOW C
REMOVAL PRODUCTIO! EMISSIONS -
Cattail Biomass CQ OFFSETS
Harvest:

Yield: 15 T DM per Hj
P: 2040 kg of P per

l

Ha of cattail Emissions out:
CO =125 ppm
Biomass Transport: CQ=12%

% T bale = 1.5 to 2 ki
of P

No visible particulates

Heat Energy
Energy Yield 4750 MJ

Cal heat value = (4,500,000 BTUs

17.5 MJ/k
9 for 1 % hourgo heat
17.5QT . .
262 GJ per Ha pig barns and kitchen ”
p building Ash OUT %:
10%
Cattail Biomass IN: _ Total =25kg of Ash
Bulk den3|3ty =24 Ash P OUT-
.Ibs/ft _ - ‘ 88 % recovered
Total Biomass = 255 k ; -(_r ‘ 1: Total P OUT = 382 d

Cattail P IN: L o
1.7 g P per kg of =
Biomass

Total PIN= 434 g P RECOVER'

Figure 5.4. Life cycle of catih biomassfrom harvesting for phosphorus capture,

transport, densification, displacing coal fogdt, phosphorusecovery in ash

5.4.2 Cattail seasonal growth and nutrient accumulation

In NetleyLibau Marsh, cattail peak growth and biomass accumulation occurred during
middle to late August when cattail communities contained the highest biomass (dry
matter), simiar for cattails in the midJS (Dubbe et al. 1988, Smith et al. 1988).
Understanding seasonal growth profiles is essential if harvesting for multiple uses, such

as nutrient capture (Chapter 4) or biomaterials. Researcfibya and building structure
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properties of cattail, for example, indicateslae winter or spring harvest of naturally
dried materialimproves antifungal and fibre propertiesFraunnhofer 2012. In Europe,
Phragmitesreeds are harvested as late as possible in the winter to allowfrémze
thawing and breakdown and loss of fouling elemenBakker and Elberson 2005,
Fraunhofer 201p Similarly reeds are harvested in Japan for water quality improvement,
and are harvested at maximum nutrient content regardless of moisture or long term
impacts to plant community (Asaeda et 2006). In Manitoba, biomass i@ mechanism

for capturing nutrients and reducing nutrient loading to Lake Winnipeg, therefore a

compromise is necessary for nutrient capture, wildlife use, and bioenergy.

Cattails ae a highly valued plant species for bioremediation amdrient capture
(Lakshman, 1979; Kadlec & Knight, 1996), which is a significant additional benefit and
revenue as a novel ecological biomass, as opptsexhly harvesting fobioenergy or
biomaterials. Evidently, cattails growing in nutrient rich water also lead to greater
growth and higher biomass yields, so combining nutrient capture with harvesting for
biomass may in fact increase biomass yields (Woo and Zedler 2000, Wy/gs 26
ability to grow in flooded areas and on marginal agricultural land is a significant
advantage compared to other biomass feedstocks, and provides a harvestable product
and revenue for a landowner from otherwise unproductive lavithout competing br

crops as a food produ¢Evans 2008 Cattail is common in storm water drainage ditches
and water retention pondgVanRae£012), whichare often required by municipalities

to be maintained and mowed for drainag&rosshans and Grieger 2013).
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