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Abstract

Invasive common reedPfiragmites australissp.australi§ has established and dominated in
Ontario wetlands for decades. The detrimental effed® afistralisinvasions on wetland
habitats have demanded intervention through aggressive suppression efforts. However,
constraints in available control methods to suppiPesaistralishave led to persistencgo
improveP. australismanagement in wetlands, we investigated remotely piloted aircraft systems
(RPASS) as a precision tool for herbicide applicatidie.applied Habit&® Aqua with a spray
equipped RPAS at selected pilot sites, marking thedirst application of its kind in Canada.
We evaluated the suppression efficacy of RBy¥&Sed herbicide application o australisand
examined the plant community changes-gaar after the initial herbicide application. We found
a >99% reduction in livé®. australisstems, along with reductions in species richness (33%),
ShannomWe i ner diversity (73%), Simpson6s recipro
(73%) in the year following herbicide application. We performed dieid application
experiment to quariti the herbicide deposition of an RPA&sed application through the
vertical profile of a&. australiscanopy, comparing medium and coarse droplet sizes. We
determined that both droplet sizes achieved similar coverabyeestical penetration of herbicide
within theP. australiscanopy. Lateral droplet drift occurred at least 8 m away from the
application area with medium drom@etiminishing at a faster rate than the coarse droplets. We
used remotehsensed images taken before and after the REES8d herbicide application to
determine the application accuracy and ficstment effects. We determined that RA#Sed
herbicide application t®. australiswas ontarget 91% of the time. THeerbicidedrift footprint
extende up to 20 m away from the application gamegresenting distancethatis 96% lower

than the labeteconmendeduffer distance foHabitat® Aqua application with a helicopter.
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1.0Generalintroduction

1.1 Overview

Wetland managers have struggled for decades to control biological invasions by European
Phragmites australissp.australis(Rohal et al., 2018Despite considerable control efforts,
many small, inaccessibfe australispatches remain due to constraints in available treatment
options. In this thesis, we use a combination of fided studies and remotalgnsed images
to assess the effectivenesdofaustraliscontrol when herbicides are appliedreynotely
piloted aircraft systems (RPAS). We examine the suppression efficacy and application accuracy
of RPASbased herbicide applicatida P. australisin various Ontario wéands which represent

environments where traditionBl australiscontrol methods have been limited.

1.2 Phragmites australissp.australisinvasions in wetlands

Wetlands make up nearly 35 million hectares of Ont@fimistry of Natural Resources
and Forestry, 2028nd provide diverse ecosystem services, including habitat for sensitive
species, improved water quality, and carbon sequesti&@ierszen et al., 2012)lowever, the
introduction of invasive species can alter these ecosystem functions and negatively impact
biodiversity in wetland¢Simberloff et al., 2013)For exampleEuropearcommon reed,
Phragmites australissp.australis(hereafter referred to & australig, is a perennial grass that
has established itself in wetlands of the Great Lakes region for d¥ditiesx et al., 2003;
Tulbure et al., 2007Historically, AmericarP. australiswas a minor component of wetland
vegetation in North America, but over the past century a Eurcpéspeciebas invaded,
outcompeig nativesulspecies and alterg habitat structuréSaltonstall, 2002Phragmites
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australisis believed to have been introduced to North America through batastEuropean
ships(Saltonstall, 2002)Early records indicate th& australisspread rapidly along the Atlantic
Coast in the mi0" century, driven by changes in land use and hydro{@Gipambers et al.,
1999) Since its introductiorP. australishas spread rapidly across the continent, facilitated by
human activity such as land development and changes in wetland management pGattings
& Mitrow, 2011). The spread oP. australishas been particularly evident in eastern Canada,
where it has become a dominant component of wetland ecosystems. For exai®ifite, s
imagery from the 2010s found that 11% of emergent wetlands within 10 km of the Great Lakes
were dominated bf?. australis(BourgeauChavez et al., 2015highlightingits capacity to
spread rapidlyf left unmanagedDespite its invasive success, the distributioP ofustralisis
influenced byenvironmental factors, with nitrogen availability possibly playing a crucial role.
While P. australisflourishes in higknitrogen environments, regions with limited nitrogen
availability may restrict its growtfChambers et al., 199%Future projectionsuggest that
climate change could enali®e australisto expand its range noxtlard in CanadéCatling &
Mitrow, 2011) thoughthese expansiomsay be constrained in areas where nitrogen levels are

insufficient to support itsapid and dense growth.

Reproducing both vegetatively and sexudiyaustralisdisperses through rhizomes,
stolons, and seeds, allowing it to rapidly colonize and form dense monoculture(siaedset
al., 2015) This growth strategy enablBs australisto dynamically expand its range, while its
tall (up to 5 m) growth and high carbon assimilation capacity allow it to outcompete native
vegetationRobichaud & Rooney, 2022Jhese combined factors lead to significant biodiversity
loss in wetlands aB. australisovertakes areas that native plant communities would historically

occupyand competes for resources necessary for native vegetation to $Rebiehaud &



Rooney, 2022)its ability toestablish and spreaid new areas is facilitated by a high tolerance to
a wide range of environmental conditions, including fluctuations in water |@¥igte et al.,
2008) Phragmites australighrives in the biodiverse wetlands of the Great Lakes, where
fluctuating water levels can create a dynamic shift in native species comp(Eitibare &
Johnston, 2010)For example, in higlvater level conditionghe abundancef emergent and
meadow marsh species.§.,Pontederia cordatgAlisma subcordatujrdecreasedo be replaced
by floating andsubmersed aquatiegetation €.g.,Nelumbo luteaCeratophyllum demersym

with the opposite being true of lewater conditiongMortsch et al., 2008)

While more sensitive native species are heavily influenced by varying water d&pths,
australisis tolerant of these conditions and maintains dominance in wetlands wéterdevel
fluctuationsoften occur. For example, at Long Point Provincial Parkuater conditions in the
early 199006s | ed P.taostradisin areap dccupiezl bypnreadsew ntarsh o f
communities and was able to persist even as vetets increased in following yeafé/ilcox et
al., 2003) The replacement of diverse meadow marsh communities to dense, rigid, monoculture
stands formed b#. australisalso reduces habitat quality for many wildlife species, including
marshnesting birdgRobichaud & Rooney, 201And reptilegMarkle & ChowFraser, 2018)
as their nesting habitats are disturbed or lost. These habitat changes contribute to a decline in
species diversity and abundance, further highlighting the ecological threat pd3edusjralis
invasions. Overall, the spreadfaustralis coupled with its high environmental tolerance leads
to significant ecological disruptions in wetland ecosystems. Therefore, addressing these
invasions is crucial for the preserving and restowegjands necessitating effective and tatgd

P. australiscontrol methods.



1.3 Limitations in current control methodsRiiragmites australis

Preserving wetlands by controlling invasiongofaustralisis a major focus of wetland
management plariftombard et al., 2012; Hazelton et al., 2Q01@»mmon methods for
managingP. australisconsist of hydrologic control (flooding), manual removal (cutting, rolling,
burning), chemical control (herbicides), or a combination of these apprqatdmston et al.,

2014)

Hydrologic control involves manipulating water levels to inundate areas invaded by
australis(Rupp et al., 2014)iming to stress the plant by disrupting the growth cycle, thereby
suppressing and reducing its expansion. In some cases, it has been found that water depths
greater than 30 cm can inhibit rhizomic sprea@ ofustralisand kill any established seedlings
(Rupp et al., 2014However, sustained flooding requires consistent management of water
levels, which can be challenging to maintain over extended periods. Additionally, the high
tolerance oP. australisto water fluctuations and its ability to survive prolonged inundation
(Srivastava et al., 2014ake it difficult to controP. australissolely through flooding.

Extensive aboveground biomass alldwsaustralisto survive highwater levels if enough leaves

are in contact with the air to facilitate evapotranspirafnivastava et al., 2014)herefore,

flooding can be effective against immat®.eaustralisstands, particularly when used in

combination with other control methods, such as cutting the aboveground biomass prior to
flooding (Hellings & Gallagher, 1992However, it often proves insufficient against well

established and dense stands where rhizome networks are extensive and resilient, unless coupled
with another method such as mowing or herbicithezelton et al., 2014 Additionally,

flooding not only affect®. australisbut also other species within the wetland ecosystem. As the



habitat conditions are altered, stress can be put on native flora and fauna, leading to unintended

ecological consequences.

Manual removal techniques include cutting, rolling, and burnirig efustralisramets.
While more targeted than hydrologic control, these techniques require considerable manual
labour, especially wher. australisstands are large and dense. Labour requirements often limit
largescale removals due to financial constraints for {tergh management effor(s'yn, 2021)
Additionally, manual removal efforts primarily target the abgveund biomass, but do not
affect the rhizomes below the grouffsaeda et al., 2006)Vell establishe®®. australis
invasions have extensive networks of rhizomes, which require considerable damage- for long
term suppression. Consequently, even with years of repeated treatment, mechanical removal and
hydrologic control methods do not provide sufficient damage to rhizdeshng to potential

regrowth at higher densiti¢avers et al., n.d.)

More aggressive approaches such as the use of herbicides are often required for effective
long-term suppression &. australis Broadspectrum herbicides such as glyphosatel
imazapytbased herbicides (e.g., Roun@uand Arsen@®) are the most used by wetland
managergHazelton et al., 2014 hese systemic herbicides are absorbed by the plants foliage
and translocated through the plant to the underground network of rhigdmesal., 2001,)
contributing to high (> 90%) suppression efficacy. Modes of action for these herbicides are
through inhibition of Benolpyruvylshikimate $hosphatéglyphosatePuke, 1990and
acetolactate (imazapyr; Duke, 1990) synthases, which are responsible for protein synthesis in
plants. Thesenzymesre not present in mammals, reptiles, and fish, making the active
ingredient of the herbicides safe for use near wildlife. However, {19, no glyphosater

imazapytbased herbicides were approved for ewater applications due to the presence of
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chemical surfactante(g. plyethoxylated tallow amineMesnage et al., 201#)at are toxic for
aguatic specieflu et al., 2001)severely limiting the ability to contrél. australisin wetlands

and other aquatic habitats.2019 approval was received from the Pest Management Regulatory
Agencyfor a new formulation of an imazappased herbicide (Trade nanitabita® Aqua), in

a formulation that is safe for overater application. The introduction of an approved avater
herbicide has improved previously constraifedustraliscontrol efforts in wetland

environments. However, the naelective nature of broagpectrum herbicides means

unintended plant damage can occur if proper care is not taken during application.

1.4 Herbicide application methods ®hragmites australisontrol

Herbicides are typically appligd P. australisstands byarge machinery (such as
amphibious vehicles with a spray boom attached), aerially by helicopters, or manually with
backpack sprayedu et al., 2001)The ®lected application methods depend onsilae and
density ofP. australisstands, accessibility of the site to be treated, and presence of sensitive
specieqGilbert et al., 2014)Spraying herbicides from amphibious vehicles is a common
technique for treating. australisin wetlands. These vehicles are designed to operate on both
land and water, providing flexibility across diverse terrdimasge vehicles can treat dense,
uniform invasions oP. australisin a timely and minimally laborious manné&ithough when
P. australisis dispersed, heavy machinery can cause unnecessary disturbance to(Aidide

et al., 2021pand leave tracks, destroying habitat along its path.

Aerial spraying via helicopters is the only available application method for sites
inaccessible by foot and is extremely efficient where invasioRs afistralisspan large areas

(Gilbert et al., 2014)Compared to grounbdased methods, aerial application minimizes physical



disturbance to wetland habitats. Howewmrerreatmenfrom large helicopter swath widths can
cause significant collateral damage to surrounding vegetdti@m unpublished analysis, Adam
Hogg from Ontario Ministry of Natural Resources and Forestry RE&&S collectedimageryin

2018 to characterize the extent of drift from helicopter application of glyphosate to ¢antrol
australisin Long Point, Ontario. He found instances of drift up to 90 m beyond the application
area andherbicide applicatioexce&ed over 40% of the planned spray areas, revealing that non

target effects on adjacent native plants can be signifiebogg, 2018)

Applying herbicides throughaekpack spraying allows famcreasedpplication
precisionand is less destructive to surrounding hahitdtsvever, backpack spraying is often
impractical for manyP. australisinvasions in wetlands asi# laborious at a large scale, time
consuming, and constrained to sites accessible byTbis.method is best used for smaller or
more localized?. australisinvasions, as it can be highly targe(etiremath et al., 2024 he
unique distribution oP. australisas it grows unconfined in wetlands increases the challenge of
precise herbicide application, thigh precision of backpack spraying is the only foliar spray
method that can treat small or clustered patch®s afistraliswithout considerable collateral
damage. The localized application of herbicides from backpack spraying therefore reduces the
overall quantity of herbicides applied in environments like wetlands and minimizes the impact
on rontarget species, making it especially useful in areas with mixed vegetation where selective

treatment is necessafiTomaso & Smith, 2012)

1.5 Current applications of remotely piloted aircraft systems

Remotely piloted aircraft systems (RPASSs) represent emerging technology that has

dramatically improve@nvironmental applications such as mapping and surveyimg



technology idrequentlyused to monitor ecosystems and habitats, providing data on vegetation
cover(Marcaccio et al., 2015¥pecies distributiofHrynyk et al., 2024)and habitat changes

(Lu & He, 2017) Many studies have used RPASIlected imagery to classify invasie

australisin wetlandge.g., Samiappan et al., 2017; Higgisson et al., 2G&lnapping the

species is a critical component of successful management. One of the major advantages of
RPASbased mapping the high spatial (suimeter) and temporal (as desired) resolution
compared to satellite imagdsor example, Brooks et §R021)used RPAS ollected imagery to
assess aboveground effectd?ofaustralismanagement efforts in the Great Lakes coastal
regions. Identifying and monitoring changes in vegetation and land class types becomes much
more distinguishable in the high resolution afforded by Redifected images. Further, the
flexibility in more frequet data collection allows finer changes to be detected in dynamic

ecosystems like wetlands.

In addition to their use in mapping, RPASs have been equipped with spray systems to
improve the precision of fertilizer and pesticide applications in agricultural pragicesFaical
et al., 2014, Giles & Billing, 2015; Hanif et al., 2022dvancements in RPAS technology have
enhanced the efficiency and cedtectiveness of these applications compared to conventional
groundbasedGibbs et al., 20219r aerial application methodki et al., 2021) Advantages of
nonfixed wing RPAS technology for spray applications include their ability to hover at
proximity to the target canogiMartin et al., 202Q)rotate in place to change direction, and
smaller swath widths compared to aerial applications from airplanes or heliq@terset al.,
2021) These factors allow for application areas that are small or irregularly shaped, improving
spray precisioife.g., Hunter et al., 20192dditionally, the use of RPAS technology has

significantly reduced labor requirements and enhanced safety for operators as exposure to



hazardous chemicals is minimized and they do not have to enter challenging terrains for

applicationgHiremath et al., 2024)

RPASs have the potential to optimize herbicide application for controlling inviasive
australis offering a new balance betweefiective suppression and ntarget vegetation
damageThis technologygandeliver herbicide with high precisiom combinatiorwith the
utility of aerial applicationsgnablingaccesgo otherwise inaccessibkrea within wetlands.
Targeting specific stands Bf australiswhile minimizing exposure to netarget plant species
and reducing herbicide drift are particularly beaci@liin wetlands, where protecting native
vegetation is crucial. Currently, the ability of RPASs to apply herbicides for suppres§ion of
australisis restricted as the safety and precision of this application method that is evidenced in
agricultural settings has not been tested in wetldfidkl-based researdh required to inform
the evaluation by the Pest Management Regulatgendybefore RPASbased herbicide

application taP. australiscan be permitted in Canada.

1.6 Research objectives

InvasivePhragmites australisnanagers in Canadhavelimited controloptions
particularly in areas where ghe-ground access is not possible. While herbicide applications via
helicopter have been successful for lasgale invasionge.g., Robichaud & Rooney, 2021#)e
broad treatment areas are not valited for small or clusterdel. australispatches. Our capacity
to effectively suppress small patched?ofaustralisin wetlands is essential to control these
persistent populations and minimize further spread. While the presence of sensitive species in
these habitats necessitates a more precise application method that reduces damage to native

wetland vegetation. In thibesis, we aimed to assess RPASs as an additional tdaldastralis



management that bridges the gap between available control methods and offesolut@wto
thetradeoff betweereffective suppression &f. australisand nortarget damagt surrounding

vegetation

In the first data chapter, we use figdllected data to assess the initial suppression
efficacy of RPASbased herbicide application and document changes in the plant community in
herbicidetreated versus control plots, one year after the herbicidecapph. In the second data
chapter, we used a fielsthsed experiment to document the vertical penetration of herbicide
through aP. australiscanopy when applied by an RPAS and examine the horizontal drift
potential away from the application area. We alsgsess the influence of droplet size on the
vertical and horizontal movement of herbicide droplets. In the third data chapter, we use remote
sensing imagery to evaluate the application accuracy of Ri2&8d herbicide application and
examine the podteament effects. In the final thesis chapter, we summarize our findings and

report recommendations for RPABsed herbicide applicationsRo australisin wetlands.
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2.0 Suppression efficacy of RPA®ased herbicide application on invasive
Phragmites australisn wetlands

2.1 Introduction

An invasive plantPhragmitesaustralisssp.australishasinvadedan estimated 13,000 ha
of Great Lakes coastal wetland@ntarioalone(BourgeauChavez et al., 2013; Bourgeau
Chavez et al., 2015Pespite extensive wetland management efforts (e.g., those summarized by
Hazelton et al., 2014 and Martin & Blossey, 2)18ngtermeradicatiorof P. australisin many
wetlands has not been achiefedmbard et al., 2012; Martin & Blossey, 2018 P. australis
can rapidly colonize when left uncontrolled, and canalenize controlled areas when left
unmanaged, efforts to suppress invasions have required the integration of more nocuous

approaches, such as the use of herbicides.

Broadspectrum, systemic herbicides (e.g., glyphosatd imazapybased herbicides)
are the most widely used chemicaldinaustraliscontrol (Hazelton et al., 2014nd have
achievedigh P. australissuppression efficacf> 90% reduction in live biomasagross a range
of application timegKnezevic et al., 2013)Vhile glyphosateand imazapybased herbicides
(e.g., Roundup® andrsena®) are the top herbicide choices for wetland managers, differences
in their suppression efficacy ¢h australishave been studig@Kay, 1995; Back & Holomuzki,
2008; Derr, 2008; Mozdzer et al., 200Bpr example, using a pressurized backpack sprayer in 1
m? plots, Mozdzer et al. (2008) reported imazapyr to be 16% more effective (when considering
reduction in stem density, canopy height, and percent coweranfstralig than glyphosate.
Additionally, the stem density, canopy height, and percent cove. alustraliswere not only

lower in the imazapytreated plots in the first year following treatment, but also remained lower
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into the second year of followp monitoring. Derr (2008) similarly found the reductiorPin
australisstem density to be 11% greater using an imazbpged herbicide when treated in

June, and 8% greater when treated in September, compared to a glyphsedtberbicide in

field trials using sprayo-wet application with a pressurized backpack sprayendJsipeon
application, Kay (1995) found imazapyr reduced live stems by 75% compared to 33% with the
same concentration of glyphosate. While differesnod®. australissuppression efficacy between
glyphosateand imazapybased herbicides have been reported, variations in suppression
efficacy based on application method are less studied but provide important context to support

wetland management goals (Lombard et alL20

However,herbicide us¢o suppres®. australispresents considerable challenges in
conservation efforts, particularly in wetland environments, where application isditaitasily
accessible locationgor examplehighly precisenerbicideapplicationcan be achieved with
backpack sprayindyut this labotintensive approacis not always feasible whéh australis
invasions arénaccessiblend extensivéwWhile helicopterbased herbicide application can be
used toeffectively suppress large infestatiohP. australiseven ininaccessiblareasthe boom
and swath widthsised camesult in collateral damage to surrounding native pl&us.ently,
there is napproved herbicide application method that makes it feasilteabinaccessibje
expansive invasions &f. australiswithout extensive offarget effects, rendering lorigrm

suppression dP. australisin many wetlandshallenging.

Remotely piloted aircraft systems (RPASs) have emergagm@snising tool for
pesticide application in the precision agriculture sector, showcasing significant advancements in
crop management practices. Studies of RIASed pesticide applications have displayed higher

efficacy of harvestid (characterized by @giation rate, boll opening rate, and final yield of
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cotton plants) than groursased application&avalaris et al., 2022)nd of insecticides
(characterized by control of pests on alfalfa) than fiwéay, pilot-on-board aeriahpplications

(Li et al., 2021) However, existing literature predominantly focuses on RPAS use in agricultural
fields where crops present a very uniform height, density, and plant morphialbigy.

information is available on how this technolqggrformsin natural settings such as wetlands,
where the spatial distribution of the target species isumifiorm, and the presence of native
species demands precise applicatlors unclear whether RPABased herbicidapplicatiors

would provide adequatplant coverage anchnopy penetration to supprdssaustralisin a field
setting.Further it is not wellunderstoodo what extenoff-target effects on native plants
growinginterspersedvithin P. australisorimmediately adjacent to it will occur with RPAS

applicatiors.

Achieving high suppression efficacy from herbicide treatment is crucial to minimize
regrowth ofP. australisin the following growing seasons. Sidihal dosing of herbicide during
treatment not only risks festablishment dP. australisnetworks(ElseyQuirk & Leck, 2021)
but may also lead to herbicide resista(@evernment of Ontario, 200Xfurther increasing the
difficulty of long-term suppression efforts. Even when herbicide treatments achieve high levels
of suppression (> 90% reduction in live biomass) in the initial treatment, folfotkeatments in
the years after initial treatmentedypically requirede.g., Kettenring & Adams, 2011; Lombard
et al., 2012; Knezevic et al., 2013; Quirion et al., 2018; Zimmerman et al.,. Foll8jv-up
treatments are often complexrasnnantP. australispatches that survived the initial herbicide
treatment need to be targetétbwever, as native vegetation begins to grow plackadly e-
treating acrosthe originalP. australispatchcanleadto unnecessary vegetation damage (Fig. 2

1). Since the cumulative effects of repeated herbicide applications on wetlandsaei-not
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understoodCrowe et al., 2011 evaluating the efficacy of herbicides and their application
method is valuable to minimize the number of reapplications needed, and the amount of
herbicide applied in wetlandBor example, glyphosate has been shown to accumulst@sn
(Robichaud & Rooney, 2021diofilm (Beecraft & Rooney, 202 1)itter (Sesin et al., 2022)

and groundwater (Crowe et al., 201The potential of imazapywased herbicides to accumulate
in the environment is not as walludied, but cumulative effects from repeated applications

present an equivalent rigBreckels & Kilgour, 2018)
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after the initial herbicide treatmerithe initial herbicide treatment shows a dense monocufture
treatment, with remnar. australisramets and native vegetation in close proximity.

Figure 2-1. Graphic of complexies associated witRhragmites australifollow-up treatments
australisstand that can be effectively treated by either helicgpfeor RPASbasedB)



To assess the. australissuppression efficacy of RPA$ased herbicide application in
provincially significant wetlands in southern Ontasige conductethe first herbicide
application of this kind to control invasive australisin CanadaOur objectives were: 1) to
evaluate the suppression efficacy of RP#eSed herbicide application, quantified as the
difference in canopy height and lifR australisstem density between treated and adjoining
untreated?. australispatches and 2) to characterize tReent of native plant recovery ogear
after herbicide treatment, comparing native plant diversity and community composition in the

treated and untreatdl australispatches.

2.2 Methods

2.2.1 Study design

A spatially replicatedampling desigmas usedo compare herbicidereated versus nen
treatedsampleareas, before and after herbicide application, and quantify the effects of the

treatment while accounting for spatial and temporal variation.

2.2.2 Field sites

FourProvincially Significant CoastaM/etlands in southern Ontaribatwere designated
as pilot sites for the application of Hab@#af\qua by an RPAS to control invasionskaf
australisunder Research Authorization 00B®-22 issued by Health Canada to BASF, the
manufacturers of Habita@tAqua (BASF Canada Inc., Pesticide Registration Number 32374,
Proposed Registration Decision PRD2420. Fromthesefour sites, we selected two wetlands,
Baie du Doréand Rondeau Provincial Paffkig. 2-2), to complete n-the-ground vegetation

surveys due to their relative accessibility and deng®(ive stemsh?), homogenou®.

16



australispopulationsin addition to beindisted asProvincially Significant CoastaMWetlands,

the ecological values of these wetlandsramegnized wittenvironmental designations
includingasAreas of Natural and Scientific Interest (ANSIs) and Environmentally Sensitive

Policy Areas (EPSAS). ANSIs are identified as regions that have significant features containing
value worthy of protection, scientific study, or educati@overnment of Ontario, 201L4ESPAS

are designated to protect regions with rare species and valuable ecological functions from nearby

developmen{Environment and Climate Change Canada, 2007)
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Figure 2-2. Map of Provincially Significant Wetlandsused foron-the-ground vegetation surveys
for evaluation oRPASbased applications of Habi@&tAquato invasivePhragmites australis
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Baie du Doré is a coastal fen situated on the eashere of Lake Huron, adjacent to the
Bruce Power nuclear power plant and is owned by Ontario Power Generation. This wetland
supports significaniodiversityincluding birds, fish, herpetofauna, and ins¢Bll et al.,
2003) TheP. australisinvasion at Baie du Dolié characterized by extremelygh stemdensty
(> 70 live stems/rf). While management &?. australisa| ong Lake Huronés shor
proposed in 2013 by the Municipality of Kincardif@ilbert & Alexander, 2013)Baie du Doré
warrants special consideration for RRB&sed herbicide application due to the presence of at
risk turtles €.g., Spotted turtle and Eastern Spiny Softshell tutd; et al, 2003), which could

be injured or killed by heavy machinery or boats.

The Rondeau Provincial Park wetland is part of an extensive sswvargh complex
located at the southern end of Rondeau Provincial Park in Morpeth, Ontario. The wetland
complex supports provincially rare vegetation and serves as critical habitat foronyignairsh
birds and a diverse array of species at ({Miistry of Natural Resources and Forestry, 2015)
Additionally, it is a popular tourism destinatiéor outdoor recreation, adding considerable
economic value to the region (Ministry of Natural Resources and Forestry, 2015). The specific
study area within Rondeau Provincial Park targeted for testing RRA&d herbicide application
is a small swamp slgih (~50 ha), surrounded by old growth Carolinian forest. These trees
prevent access by amphibious vehicles and the many downed trees and shrubs irepediy acc
backpack sprayers. Furthermore, the narrow width (~50 m) of the slough and the risk of drift and
overspray affecting the adjacent trees makes it unsuitable for treatment by large aircraft such as

helicopters or planes.
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2.2.3 Vegetation surveys

In August 2022, we conducted baseline vegetation surveys at Baie du Doré and Rondeau
ProvincialParkwetlands prior to the herbicide application. These surveys aimed to assess the
initial state of thé?. australisinvasions and determine overall species composition within the
sites. We divided each site into control and treatment aé&aie du Dore, we selected tR
australispatches of comparable size (~0.03 ha) and live stem density (~75 live stefos/m
surveying. Thenorthernmostpatch served ate control, while theouthenmost patch was
designated for treatmerftify. 2-3). At Rondeau Provincial Park, we divided the slough medially
from northeastto southwestwith the eastern side of the slough serving as the control and the

western side designated for herbicide treatmeigt -4).
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Figure 2-3. Locations of experimental control (n=8) and treatment (n=8) plots for R¥2&&d

herbicide treatment in Baie du Doré wetlafitle northern patch was left as the control

(untreated) and the southern patch was designated as the treatment sajgagduewith

Habitat® Aqua by an RPASPurple circles represent control plots and yellow squares represent
treatmentplotsBas emap i magery was collected by Ontari
Inspection and Maintenanteam in 2022.
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Figure 2-4. Locations of experimental control (n=10) and treatment (npld¥ for RPAS

based herbicide treatment in Rondeau Provincial Park weildwedeast side of the slough was

left as the control (untreatesiide and the west side of the slough was designated as the treatment
side to be sprayed with Habig&aiqua by an RPASPurple circles represent control plots and

yellow squares represent treatment plBssemap imagery was collected by Ontario Power
Generationds Advanced I ns2p22ction and Maintena

The summer before herbicide application, within each control and proposed treatment
area, we completed quadrat surveys by deploying dunvey plots (quadrats; N=16 at Baie du
Dorg Fig. 2-3; N=20 at Rondeau Parkig. 24) within dense (320 live stems/rf) P. australis
patches. Half of the plots were established in the control areas, and the other half in the treatment
areas. We paired control and treatment plots by water depth measured in the center of the quadrat
to ensure we capturedsimilar range ofvater depths (and hencewgetationrcommunity
composition)in the control and treatment areas before the herbicide applicataiar depth of
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the plots ranged from 0 to 43 cBy comparing control and treatment plots, both before and
after herbicide treatment, we can account for year over year variation in vegetation communities

that is not attributable to the herbicide treatment.

During the preand postireatment vegetation surveys of each plot, we measured water
depth, density of live and de&d australisstems, and plasganopy height. Vascular plants
rooted in the plots were identified to species, wherever possible, followikgeideManual of
Michigan Flora(Voss & Reznicek, 2013)nd relative cover of each plant was estimated to
document the current vegetatioommuniy present in each plot. Additionally, we recorded GPS
coordinates with sumeter accuracy (SXPro GNSS, Geneq Inc., Montreal, QC, Canada) at the
center of each plot and placed bamboo stakes with flagged labels at each corner of the plot to
facilitate findingplot location and orientation the following year. In August 2023, we conducted
follow-up vegetation surveys at both wetlands followingstime sampling methods to assess

the posttreatment state of the plots.

2.2.4 RPASased herbicide application

In September 2022, imazapyr as an isopropylamine salt (concentration 240 g/L), under
the tradename Habi@tAqua (BASF Canada Inc., Pesticide Registration Number 32374;
Proposed Registration Decision PRD2d20), was applied to the designated treatment areas by
an RPAS under the Research Authorization 6B8922. The herbicide was applied at a rate of
4.68L/haand total spray volume of 100L/ha (includes 0.25% v/v Aquasurf@ oo spray
adjuvant; Norac Concepts Inc., Pesticide Registration Number 324562)jcensed drone pilot
and pesticide applicator {208-8129866762). The RPAS used for application was a quadcopter

(Hylio Inc., Texas, USA), equipped with eight AIXR110015 spray nozzles (two per rotor) and
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sprayed with a medium droplet size (2380 um; American Society of Agricultural and

Biological Engineers, n.d.)

Application procedures adhered to Halft#® q u dalbesrecommendations for reducing
spray drift and weed specific instructions Raraustralis(BASF Canada Inc., n.d.)n the field,
treatment areasere delineated either with ground control points by flying the RPAS above the
patch and confirming the boundaries by radio communication to thegiloy visual
observation oP. australisthrough the first persemiew camera by the pilot. Visual observations
in the field showed no evidence of spray drift due to wind gusts as the rotors of the RPAS
primarily pushed the herbicide droplets downwaadd wind speed was very lowable2-1).

We obseredP. australisleaves to be dry within minutes of the herbicide application. Secondary
treatment such as burning, rolling, or cutting of standing dead biomass wawledikerafter

herbicide application.

Table 2-1. Treatment dates and weather parameters during the fRBR#l herbicide
application at two pilot sites used fonthe-ground vegetation surveybemperature and
relative humidity were measured with an Extech RH300 hylggamometer (Extech
Instruments, Waltham, MA, USA). Wind direction and wind velocity were measured with a
Kestrel 1000 anemometer (Kestrel Instruments, Boothwyn, PA, USA).

Site Date of Temperature Relative Wind Wind
treatment (°C) humidity (%) direction velocity
(kph)
Baie du Doré September 1, 25.0 53.6 West 1.7
2022
Rondeau September 14, 23.0 63.4 South 5.0

Provincial Park 2022

2.2.5 Statistical methods

To test for a significant effect (alpha = 0.05) from the RIb&Sed herbicide treatment

on the suppression efficacy (lie australisstem density, totd?. australisstem density, and
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canopy height) and plant diversity response variables (species ricBh&isapnorAVeiner

diversity HpSi mpsondés reci prlidchil e |ldvemnmiess)sand gean nde x (
coefficient of conservatism (me&€ts)), we used a Kruskalvallis test(Kruskal & Wallis,

1952) Since the response variables violated the assumptions of arane-way ANOVA

(normality of the residualsthat could not be corrected by transformation, and homogeneity of
varianceof theresidual$, we opted for the nonparametric equivalent that does not hold the same
assumptions about the distribution of residuals. If the null hypothesis was rejected by the
KruskatWal | i s test, we used a Dunnés test for mul
differenceqDunn, 1964 )with a Bonferroni correction to adjust thevalue in accordance with

the number of pairwise comparisons. All statistical analyses were conducted in R {R4.3.2

Core Team, 2023)

Coefficients of conservatism are val@ssigned to plant species by expert botanists,
rangingfrom 0 to 10 These values represdht ability of a given plant species to tolerate
disturbancewith low values representirexotic species and high values represerpiagt
species of high conservation val@nefficients of conservatism for each identified plant species
were obtained frorfrloristic Quality Assessmerlystem forSouthern Ontarig(Oldham et al.,
1995) Mean coefficients of conservatism were calculated following the recommended equation
for CGs by Kutcher and Forrest¢2018) ShannoAmNVe i ner di ver sity and Si mg
diversity indceswer e cal cul at ed wi (Oksarterhetal.RO1BjabteR22a ge fiv e

provides details of the equations used to calculate all plant diversity metrics.
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Table 2-2. Equations and associated references used to calculate plant diversity fMiegrics.
variablesrepresentsa given specieglentified in the quadrat arl represents the proportion of a
given species the quadrat.

Plant diversity metric Equation Reference
Species richness Y oti Fisher et al., 1943
Pi el oubds eve , o—~r Ay & Pielou, 1975

V0 7———= . 0adwwl TY

Oa ww

Simpsonbs r € p p Hill, 1973
diversity 0 tn
ShannorAWeiner diversity O t nzaea Shannon, 1948
Mean coefficient of s o T HHZN Kutcher & Forrester,
consevatism 0 QWA W 6 R 2018

2.3 Results

We assessed suppression efficacy of RIBASed herbicide application & australisin
wetlands through response variables includingHvaustralisstem density and canopy height.
Live P. australisstem density and canopy height reduced dramatically one year after the
herbicide treatment of Habi@tAqua with the RPASKig. 2-5). Specifically, liveP. australis
stem density in the herbicideeated plots decreased b®8% across both sites (Kruskadallis:

Hs = 40.6, p<0.001), while tot&. australisstem density (including standing dead stems) did not
change significantly after the herbicide treatment (Kru¥Kallis: Hs= 0.44, p = 0.931). Median
canopy heightlid not differamong 2022 control, 2022 treatment, and 2023 control plots, but did
decreassignificantlyby ~94% in the herbicid&eated plots, (KruskalVallis: Hs = 40.4,
p<0.001). We ulwetdstfar pldhoed codmmrisgns te support our interpretation
of the KruskalWallis results. These planned comparisons contrast the tregitoenbefore and
after herbicide applicatioas well as the 202®¢st) treatment and control plots understand

the nature of any significant effect of treatment; secondly, contrast the control plots before and
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after to assess any interannual differencesglaindly, contrast the 2022 (e) treatment and
control plotsto evaluate the prereatment similarity between treatmemidcontrols.Results
fromthe posh o ¢  Du n n 6 sP. australisstein densityl andvcanopy height are

summarized imable2-3.
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Figure 2-5. Jitter plot comparison of livBhragmitesaustralisstem density (A), toteP.
australisstem density (B), and canopy height (C) between control and RRa8&1 herbicide
treated plots, prreatment (2022), and peseatment (2023). Note that total stem density
includes both live and dead stem$Poawustralis Grey circles represent control sites, and green
triangles represent treated sites. Black symbols represent the median value, and error bars
represent standard deviatid@reated with ggplotPwWickham, 2016)
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Table223.Dunnoés t e st Phragniteslaustsalisterm densityiandecanopy height for
control and RPASased herbicide treated plots, freatment (2022), and peseatment (2023).
Columns finlo and A ofplatsfor Grdue Ir and Groups2arespectieelys i z e
Adjustedp-value is based on the Bonferroni correction method for multiple planned

comparisons.
Response Group 1 Group 2 nl n2 pvalue  Adjusted
variable p value
Live P. australis 2022 Control 2023 Control 18 18 0.917 1
stem density 2022 Control 2022 Treatment 18 18 0.832 1
2023 Control 2023 Treatment 18 18 <0.001 <0.001
2022 Treatment 2023 Treatment 18 18 <0.001 <0.001
Canopy height 2022 Control 2023 Control 18 18 0.366 1
2022 Control 2022 Treatment 18 18 0.836 1
2023 Control 2023 Treatment 18 18 <0.001 <0.001
2022 Treatment 2023 Treatment 18 18 <0.001 <0.001

The RPASbased herbicide treatment had a substantial effect on response variables

related to plant diversity (species richness, ShaitWieni n e r

di versity index, Pieloubs

e Vv enneyexd aftergha d

di versity,

Si mpso

me an

herbicide applicationHig. 2-6). No difference in species richness was observed among the 2022

control, 2022 treatment, and 2023 control plots, with a common median valu&dpeties

per plot. Howevennedianspecies richness in the heridie treated plots decreased significantly

by approximately 33% (KruskaWallis: Hz= 18.8, p<0.001). Similarly, theedianvalue for the

ShannorAWeiner diversity index decreased by nearly 73% in thecitgubts after herbicide

application (KruskaWallis: Hz = 23.7, p<0.001)The median value forth@i mpson 6 s

reci

diversity index was not different among the 2022 control, 2022 treatment, and 2023 control plots

with median values ~2 in the untreated plots, while a reduction of 50% to values e 202t

treated plots, was observed (Kruskdllis: Hs = 23.1, p<0.001)The median value fd? i el ou 6 s

evenness decreased by 73% in herbicide treatedqaotgared to 2022 treatment plots

(KruskalWallis: Hs = 18.3, p<0.001yvhereas evennesi&d not significantly differ among 2022
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control, 2022 treatment, and 2023 control plots. KheskalWallis test revealed there was a
significant difference among the four groupi € 8.73, p = 0.03Bfor themean coefficient of
conservatismHowever, from the podt o ¢ = D u n mo&ignifidard differencewere observed

among groups due to the strictness of the Bonferroni correction used for planned comparisons
Planned comparisons fromthepbsb ¢ Dunnés test for al/l pl ant

summarized imable2-4.
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Figure 2-6. Jitter plot comparison of species richne§s4), ShannorWeiner diversity K 6B),
Simpsondés reciprli@caC) di Riee Isdhm)dsd mead eosfficere of (
conservatism valuedGs; E) between control and RPAsased herbicide treated plots, pre
treatment (2022), and pestatment (2023). Grey circles represent control sites, and green
triangles represent treated sites. Black symbols represent the median value, and error bars
representtandard deviationCreated with ggplot®Wickham, 2016)
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Table224.Dunnbés test r es ul§tShanfodMeines diversity keds
Simpsonds reciprli®c.al Pide Ive uls seamyooatfiimetmt s ( (
conservatism valuedCs) for control and RPA®ased herbicide treated plots, fmeatment
(2022), and postreatment (2023). Adjustqalvalue is based on the Bonferroni correction
method for multiple planned comparisons.

richness

Response variable Group 1 Group 2 nl n2 pvalue Adjusted
p value
Species richness 2022 Control 2023 Control 18 18 0.190 0.760
2022 Control 2022 Treatment 18 18 0.485 1
2023 Control 2023 Treatment 18 18 0.006 0.025
2022 Treatment 2023 Treatment 18 18 <0.001 0.003
ShannoAWeiner 2022 Control 2023 Control 18 18 0.297 1
diversity 2022 Control 2022 Treatment 18 18 0.381 1
2023 Control 2023 Treatment 18 18 <0.001 0.031
2022 Treatment 2023 Treatment 18 18 <0.001 <0.001
Si mpson6 <2022 Control 2023 Control 18 18 0.250 1
reciprocal diversity 2022 Control 2022 Treatment 18 18 0.379 1
index 2023 Control 2023 Treatment 18 18 0.013 0.050
2022 Treatment 2023 Treatment 18 18 <0.001 <0.001
Pi el oubds 2022 Control 2023 Control 18 18 0.435 1
2022 Control 2022 Treatment 18 18 0.136 0.544
2023 Control 2023 Treatment 18 18 0.055 0.220
2022 Treatment 2023 Treatment 18 18 <0.001 <0.001
Mean conservatisn 2022 Control 2023 Control 18 18 0.078 0.314
value 2022 Control 2022 Treatment 18 18 0.304 1
2023 Control 2023 Treatment 18 18 0.025 0.101
2022 Treatment 2023 Treatment 18 18 0.583 1

At Baie du Doré, a total afight species were identified in the plots in 2022, while nine
species were identified in 2028t Rondeau Provincial Park5 species were identified in the
plots in 2022and17 species were identified in 20Z3able 25 detailsall vasculamplant species
identified inthe surveyplots at Baie du Doré and Rondeau Provincial Park wetl@&idaie du
Dore, only two plant species persisted in the herbitiglated plotsl{emna minoandP.
australig one year after thmitial herbicide treatmenifter the RPASbased herbicide
treatment, ive speciesncluding Typhax glaucawere excluded from the herbicidieeated plots

andseven specighat were not found in the baseline vegetation surappgared in the

30



herbicidetreated plots, including the natilrapatiens capensig\t Rondeau Provincial Park,
four plant species persisted in the herbidigated plot¢Bidenstripartita, Cicuta bulbifera
Hydrocharis morsusanae andLemna minoyin the year following the initial herbicide
treatmentAfter the RPASbased herbicide treatmenitx species including. australiswere
excluded from the herbiciekeeated plots and three species that were not found in the baseline
vegetation surveys appeared in the herbitidated plots, including theativeZizania aquatica
At Baie du Doré the native plant coxdacreased by 15% in the control plots, while increasing
by 20% in the herbicid&eated plotsWhile at Rondeau Provincial Park, native plant cover
decreased by 16% in the control plots and by 65% in the hertie@ed plotsln contrast, the
nortnative plant cover at Baie du Doré increased @ & the control plots and decreased by
100% in the herbiciddreated plotsAt Rondeau Provincial Park, nerative pant cover

similarly increased by®% in control plots and decreased2i)o in the herbicide treated plots.

Table 2-5. List of vegetation species identified in experimental control and treatment plots at
Baie du Doré and Rondeau Provincial Park wetlands in the year before (2022) and year after
(2023) RPASbased herbicide treatmentRbragmites australis

Site Year Treatment type Species
Baie du Doré 2022 Control Elodea canadensis
Lemna minor
Myriophyllum sibiricum
Najas flexilis
Phragmites australis
Potamogeton natans
Typhax glauca
2022 Treatment Lemna minor
Lycopus americanus
Myriopyllum sibiricum
Najas flexilis
Phragmites australis
Potamogeton zoteriformis
Typhax glauca
2023 Control Ceratophyllum demersum
Geranium robertianum
Impatiens capensis
Lemna minor
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Phragmites australis
Typhax glauca

2023

Treatment

Carexspp.

Ceratophyllum demersum
Erechtitesspp.

Impatiens capensis
Lemna minor

Lemna trisulca

Persicaria lapathifolia
Phragmites australis
Utricularia vulgaris

Rondeau 2022
Provincial Park

Control

Bidens tripartita
Boehmeria cylindrica
Carexsm.

Cephalanthus occidentalis
Cicuta bulbifera

Galium labradoricum
Hydrocharis morsusanae
Impatiens capensis
Lemna minor

Persicaria amphibia
Phragmites australis
Prunella vulgaris
Thelypteris palustris

2022

Treatment

Bidens tripartita
Cephalanthus occidentalis
Cicuta bulbifera

Circaea lutetiana

Cornus sericea
Hydrocharis morsusanae
Lemna minor

Lemna trisulca

Persicaria amphibia
Phragmites australis

2023

Control
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Bidens tripartita
Boehmeria cylindrica
Carexsmp.

Cephalanthus occidentalis
Cicuta bulbifera

Circaea lutetiana
Hydrocharis morsusanae
Impatiens capensis
Leersia oryzoides
Lemna minor

Lemna trisulca

Mimulus ringens
Persicaria amphibia
Persicaria lapathifolia
Phragmites australis
Sium suave



Sparganium eurycarpum
2023 Treatment Bidens tripartita
Cicuta bulbifera
Hydrocharis morsusanae
Leersia oryzoides
Lemna minor
Sparganium eurycarpum
Zizania aquatica

2.4 Discussion

While there is established literature on both the suppression efficacy of imazapyr for
australis(e.g., Mozdzer et al., 2008; Whyte et al., 2009; Knezevic et al., 20@3he use of
RPAS for precision pesticide applicatiansagricultural contextée.g., Li et al., 2021; Cavalaris
et al., 2022)this is the first study to report on RPA&sed herbicide application fBr australis
suppression in wetlandg/e aimed to evaluate the extentRofaustralissuppression and the
response of the native plant community to the herbicide application in the first year after
treatment. Our suppression efficacy in terms of the reduction iR liaeistralisstem density
was as high or higher than any imazapgsedP. australissuppression study reported in the
literature (Mozdzer et al., 2008; Whyte et al., 2009; Knezevic et al., 2013), at 99% reduction. We
also observed ~94% reduction in plant canopy height, although the lack of secondary treatment
(e.g., mowing or rolling) left many standing ddadaustralisstems. In terms of native plant
community recoveryn the year following herbicide applicatione observeda small but
significant reduction in species richness, evenness, and diwehsdly was in line with our
expectations from published stud{@mmerman et al., 2018; Robichaud & Rooney, 20214a;

Jordan, 2022)

33



Initial suppression oP. australisfrom the RPASbased herbicide application was
successful within theeeatmentareas at Baie du Doré and Rondeau Provincial Park wetlands.
Live P. australisstem density significantly decreased in RPAS herbitriel@ted plots compared
to control plots. The reduction of live stem density was over 99%, with only one of the 18
treatment plots surveyed after the RPB&Sed herbicide treatment having IReaustralis
stems. Further, canopy height reduced by ~94% in the Ri28e€l herbiciddreated plots. Our
results mirror findings from Knezevic et al. (2013) who found imazapyr applied at a rate of 560 g
a ha'from a backpack sprayer provided nearly 100% contr®l. @ustralisin their plots, with
only one live stem per meter squared observed/eaeafter herbicide application. Mozdzer et
al. (2008, also using backpack sprayingport over 95% reduction . australis(considering
live stem density, canopy height, and percent cover in?ifharo plotswhen treated witla
5% imazapyr concentration. When Hal#tagkqua was applied by helicopter with a 7% solution,
Whyte et al. (2009) found th& australisabundancevasreduced by ~9%. Our study using
RPASbased imazapyr application met or exceeded the efficacy reported in these other studies.
These results support RPARsed herbicide application as an equally effective application

method for initial suppression & australisin wetlands.

In addition to the impact oR. australisabundance, there was also an anticipated
significant reduction in species richness, evenness, and diversity in the year following the RPAS
based herbicide application. An initial reduction of these response variables has been similarly
reported (e.g., Zimerman et al., 2018; Robichaud & Rooney, 2Jbrdan, 2022). In
Robi chaud an da fudy Innkplots that wePehdidopter treated with glyphosate
in Long Point and Rondeau Provincial Parks showed arg84ction in species richness, 69%

reduction in ShanneiVe i ner di versity, 9% reduction in
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and 63% reduction in Pieloubds evenness one ye
similar values to our plots that had reductions of 33%, 73%, 50%, and 73%, respettirczy.

(2022) continuedno ni t or i ng Ro b i c h aupbbtsfar npdtofiR gears &tgré s ( 2 0 2
herbicide was applied. Sltencludedhat a minimum of three years after the initial herbicide
treatment will be required for the plant community to begin transitioning to predominantly native
vegetation (Jordan, 2022). Althgly, the level of hydrologic disturbance and health of the

seedbank will largely dictate whether native plants wikkseablish after herbicide suppression

of P. australis(Rohal et al., 2019nd the plots surveyed in our studies represent biodiverse
coastal wetlands, likely representing a bete scenario for plant community recovery from a
strong seedbankVhile we expect the response variables in our plots to follow a similar plant
recovery trajectory, continuous monitoriafjthe herbicidemanaged wetlands is needed

document the sheraand longterm plant community composition changigttenring & Adams,

2011; Bonello & Judd, 2020; Robichaud & Rooney, 2024la)secondary treatmerg.(.,

burning, rolling, or cutting of standing dead biomasas completed at either of our study sites.

The presence of standing dead biomass in the first year after treatment likely increased shading
in the surveyed plots and may have hindered germination of species from the seedbank that rely
on high light inteception through the canogiinchinton et al., 2006)Although, Robichaud

and Rooney (2024 found that standing dead biomass and light penetration of areas that did not
undergo secondary treatment reached similar levels to areas that underwent burning, rolling, or
cutting within a tweyear timeframe. Therefore, in the letegm, the presence sfanding dead
biomass should not contribute to reduced species richness, evenness, and diversity. Additionally,

inclusion of secondary treatment can offset the benefits of RF3&8d herbide application,
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since heavy machinery is needed to mechanically knock down the standing dead biomass and

risks crushing sensitive species in its p@hgoh et al., 2021)

Although the mean coefficief conservatism remained relatively low, with the highest
observed mea@Csvalue being 1.5 of a possible 10, the increase in value from the control plots
suggests tha. australis(CCs = 0) is no longer the dominant species in the plots. After the
herbicide treatmentlydrocharismorsusranae(European Frodit; CCs = 0) became the
dominant species in thieeatedplots at Rondeau Provincial Park. Secondary invasyspecies
like H. morsusranaehave been documented previlyu@.g., Bonello & Judd, 2020; Robichaud
& Rooney, 20213)as the suppression Bf australiswithout active planting or reseediogeates
an open niche for secondary invaders to establish wik@tienring & Tarsa, 2020}or
example, Robichaud and Rooney (2021a) monitoring the effects of herbicide treatment in
Rondeau Provincial Park also observed secondary invasibin fmprsusranaein the first years
afterP. australissuppression-However, at Baie du Doré a secondary invasive species did not
establish in the plots, instead the anrogbatienscapensigSpottedJewelweedCCs = 4)
became most abundant. The observed difference between the two sites may be due-to the pre
treatmenplantcommurity composition(Pearson et al., 2018yor exampleH. morsusranae
was observed in nearly all ppeatment plots at Rondeau Provincial Pawk not in the plots
from Baie du Doé. This suggests that pteeatment surveysay help predict where secondary
invasionsare likely to occur followind?. australissuppression and could be useful in generating
guidance on whergeeding or planting could be most valuablétlitatenative plant
community recoveryAdditionally, the increase in watdepthsat Rondeau Provindi®ark
between 202210 cm; std. 13m) and 2023 (3 cm; std. 11cm) was likely a contributing factor

BecausédH. morsusranaeis a floating macrophyte, thedeeper wateconditionslikely favored
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its establishment in the absencd?ofwustralis Unlike Rondeau Provincial Park, water depths at

Baie du Doré decreased between 2022 (23 cm; std. 10 cm) and 2023 (13 cm; std. 9 cm), resulting
in moistconditionswhich couldfavor germination of annuals like capensisinterestingly .
capensigvas notpresenin the 2022 préreatment plotait Baie du Dorgalthough we would not

expect it to coexist with the denBeaustralistargeted for treatmeninstead]. capensidikely

either dispersed into theeated area following herbicide application (e.g., its seeds can travel up

to 2 m througtballistic dispersalHayashi et al., 2009Alternatively, it may have been waiting

in the seedbank for suitable conditions to aris¢, @eapensiseeds can remain viable in the

seedbank for up to three ye@Perglova et al., 2009)

Additional researchn lower densityP. australispatcheg< 20 live stems/f) or various
spatial distributions dP. australispatches with interspersed vegetation would help to justify
broader generalizability of our results which were collected from relatively contiguous patches
with high liveP. australisstem density (> 20 live ste/ns?). Our main goal was to evaluate the
initial suppression efficacy of RPAIgased herbicide application o australisin wetlands.
Longterm monitoring is necessary to assess the outcomeanfstralissuppression for the
vegdation community(Jordan 2022)although notablya review found tha40% of studies oR.
australismanagement lastionly one yeafKettenring & Adams, 2011; Hazelton et al., 2Q014)
Based on existing. australismanagement literature using systemic herbic{@esr, 2008;
Mozdzer et al., 2008; Knezevic et al., 2018)d the reported trajectory of vegetation recovery
(Bonello & Judd, 2020; Robichaud & Rooney, 202129 anticipate that the RPA&ated sites
will follow a similar successigrprovided adequate followp treatments and monitoring take
place(Lombard et al., 2012However, while the dominance Ef morsusranaeat Rondeau

Provincial Park antl capensisat Baie du Doré may be due to hydrologic disturbatimed)ealth
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of the seedbank, or sources of native plant propagRiasal et al., 2019}he differences in

these biodiverse coastal wetlands in the first year after herbicide treatment highlight the need for
further examination of the complex factors involved in plant recovery folloRiraustralis
suppressiom dynamic wetland environmentsurther research is needed to evaluate the broader
implications of RPASbhased herbicide applicationsaalarger extent than was feasible under our
Research Authorization (limited to 2 ha of intended treatment area parsitemtinued

monitoring should be implemented to assess native plant recovery.

Our results have important implications for wetland management and conservation
efforts, particularly in the context of invasive species control and habitat restofidteon.
substantiakeduction inP. australislive stemdensity and canopy height following RPASsed
herbicide application represents successful inRiaustralissuppression, but the widely
reported need for followap treatments to maintain losigrm suppression #&. australis(e.g.,
those summarized by Kettenring & Adams, 201dmbard et al., 2012)ould also be reduced
with RPASbased herbicide applicatiankhe few surviving ramets observed in our studly
mean that the area requiring follayp treatment is reduced comparedhédicopterapplication
methods Further, RPAS technology has valuable potential for follpnspot spraying of
remnantP. australisramets after initial herbicide treatments. Minimizing repeated herbicide
applications is crucial teedue the total anount of herbicide entering wetlanfis P. australis
management and lowering riskskxfaustralisevolving herbicide resistance atioe threat of

herbicides accumulating in tle&vironment.

2.5 Conclusion
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RPASbased herbicide application at Rondeau Provincial Park and Baie du Doré reduced
live P. australisstem density by over 99% and canopy height by ~94% in treated Aéots
expected, in the first year after herbicide application the diversity and evenness of the native
plant community did not improve compared to control plots that were left untreatespdties
richnessShannorWeinerdi ver si ty, Simpsonds reciprocal di\
(33%, 73%, 50%, and 73%, respectively) in the fiestr following treatment. Whilthe mean
coefficient of conservatism did not change after herbicide treatmentpfisked observations
suggestea shift away fronP. australisdominance and towards the establishment of native
speciesParticularly in Baie du D@ the native specidmpatiens capensisame to dominate,
however in RondeaBrovincial Parkthe treated areas were dominatedlggrocharis morsus
ranae It is unclear whafactors caused the different outcomes in the two wetlands, except that
H. morsusranaewas widespread in Rondeau Provincial Parkasient fronthe Baie du Da¥
plots in 2022 before treatmeftsuggestinghat pretreatment surveys could help predict the risk
of secondary invasions followirfg. australissuppression ansupportingthecall for longterm
monitoring to assess the trajectory of native vegetation recovery in the years following the initial
herbicide treatmer{Kettenring & Adams, 2011; Hazelton et al., 2DMe conclude that RPAS
based herbicide applicati@mancontrol P. austalis invasions in wetland environmensth
suppression efficacy as high or higher thay imazapybasedP. australissuppression study
reported in the literatur@.g., Mozdzer et al., 2008; Whyte et al., 2009; Knezevic et al., 2013)
Future research should focus on evaluating the-teng effects of RPA®ased herbicide
applications and monitoring the recovery of native plant communities over extended periods of
time. Expanding the scope to larger patabfdl. australisandvarying environmental cotiibns

will also be a critical step for refining management strategies. Addressing these knowledge gaps
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will advance our understanding of the potential for RPAS technologgntrollinginvasive

plants and contribute to more effective and sustainable wetland conservation efforts.
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3.0 Effect of droplet size on coverage and drift potential of RPA®ased
herbicide application on invasivePhragmitesaustralis

3.1 Introduction

Wetlands serve as biodiversity hotsp@sg.,Ontario Ministry of Natural Resources and
Forestry, 2017)Evenwith dense stands @ivasivePhragmitesaustralisssp.australis native
vegetation oftersurround or growsinterspersed withithem However, the indiscriminate
nature otthebroadspectrum, systemic, herbicidesedto suppres®. australiscan cause
unintended damage to ntarget, native vegetatigfiu et al., 2001)Minimizing thecollateral
damageby herbicides used in invasive plant suppression is important because thesplaatve
are critical sources of propagules teastablish diverse native plant communities after treatment
(Boutin et al., 2013)The primary goal oP. australismanagement when applying herbicides is
to suppress all the. australisto ensure minimal regrowth in the following seas@rsecondary
goalis tominimize the extent of lateral dritbr groundossfrom the application to reduce non
target effect®n neighboring native vegetatiomhese two goals can conflict, agsome
suppression dP. australiscan come at the cost of significant overtreatment, wheesasint

with herbicide application to mimize nontarget effects can lead to undertreatment.

Both herbicidegimazapyr and glyphosatapproved for application to control invasive
P. australisin Canada and the USA are systemic herbicides mixed with adjuhanise
absorbed by the plantdés foliage and transl oca
tissueqTu et al., 2001)To effectively suppresB. australiswith herbicide, it is therefore critical
to distribue the herbicide throughout the canopy. The dense (> 20 live $teinand tall & 2
m) growth form ofP. australis(Chapter 2.pmay limit vertical penetration into the canopy and

41



foliage on shorter ramets may evade application entirely, compromising the overall suppression
of the patch{Norris et al., 2002)Further, with aerial applications, greater deposition of

herbicides at the temost layer of a plant canopy can risk higher proportions of drift away from
the targeted arg@Vebb, 2002) While lateral herbicide drift outside of the application area is a
majorconcern in aerial applicatioriButts et al., 202Q)hereare alsoconcers aboutthe vertical
penetratiorof herbicides through theP. australiscanopy. Herdéoo there is a tradeff, asthe
herbicideneedgo fully penetrate the canopy to adequately treat each raitiebuttoo much

product pasag through the canopgs ground lossvhere it can pollute the underlying soil or

water and be wastd&udsk, 2002) Achieving the desired suppression levels (> 90%) during an
initial treatment will minimize the amount of herbicide required in subsequent faiiow

treatments, reducing the likelihood of herbicide resistanods/ingand the risk of environmental
accumulation when reapplications occur over the samg@rewe et al., 2011)et,

minimizing ground losses is also necessary, particularly with imazapyr, which hadite lalf

soils of up to 268 days and the potential for some plant species to be sengitiazaoyr

residuefor up to four years after initial applicatigpouglass et al., 2016\ny pesticide that

passes through the target canopy into the soil or water beneath not only increases product loss,
but also risks environmental contamination and toxicity totaoget organisms, such as native

plants and algagBreckels & Kilgour, 2018)

Remotely piloted aircraft systems (RPASS) represent an emerging technology for aerial
spray applicationfDronova et al., 2021; Mohsan et al., 2028t may provide effective.
australissuppression (Chapter 2.0) with reducedtaffyet impacts (Chapter 4.@jowever, little
is currently known about the ability of RPAfased herbicide application to vertically penetrate

the dense canopy &f. australis
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The propulsions generated from multiple RPAS rotors tend to contribute to significant
downwash of herbicidéChen et al., 2021; Zhan et al., 2022nding to increased vertical
movement of droplets into the canopy. While the downwash force enhances the penetration of
herbicide droplets into the canopycénalsoincreasehe movement of stems, potentially
promoting a more uniform distribution of the product across all layers of foliage. Downwash
may be particularly useful iR. australiscanopies where foliage is dense and shorter stems may
be interspersed underneath the top of the canopy. However, whetideslaire pushed too far
into the canopy valuable product is lost to the soil or water below the canopy. Wang et al. (2019)
studied this phenomenon by comparing spray deposition of a backpack sprayer andratsingle
RPAS sprayer with Mylar cards placatthe top and base of a wheat canopy. They aimed to
guantify deposition along the upper canopy and product loss to the dogyondd losses)he
study revealed that with the highest spray volume for both application methods, over 38% of the
tracer wasdst to the ground when sprayed with a backpack sprayer, while this value was only 5
T 12.6% for an RPAS spray@Vang et al., 2019}t is unknown, however, whether RPAS
application methods will yield similarly improved performanc®imustralissuppressiomasP.
australisis much taller than wheat (up to 5 m wsl m in canopy height) and has very rigid
canelike stemsMore, depending on the configuration of nozzles (nozzles directly under rotor
vs. along a boom), the downwash provided by the rotors may also contribute to lateral drift of

herbicide(Biglia et al., 2022)

Herbicide droplet drift to areas outside the intended zone of application is another
mechanism of produdbssand potential noitarget effects that aerial herbicide application
methods risk. Drift is defined as the unintended movement of herbicide droplets away from the

targeted are@Government of Canada, 202@nd isexacerbateth aerial herbicide applications
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due to thencreasedlight heights(57 10 m above canopynd speedé> 15 m/s)necessaryor
the aicraftto fly over and treat the sif@rank et al., 1994; Yao et al., 202lk) Canada,
helicopters are the only method permittedaerial herbicide application to suppréss
australis but the large swath widths from helicopters {Z¥ m;Yao et al., 2021jnakethem
best suited to treat large, homogenous patchBs adistralis(Chapter 4.0)Accordingto the
Habitat® Aqua product label, product driitaybe observedp to450 m downwind of a

helicopter applicatioBASF Canada Inc., n.d.)

Multirotor RPASs have enhanced maneuverability compar&dlicogers, including the
ability to turn in place and hover or fly at low heighlsse tothe canopyMartin et al., 202Q)
which may improve the ability of herbicide application to match the irregular contoBrs of
australispatches. They also have smaller swath widths than helicopters, reducing the extent of
over herbicide applied to native plants growing aroundPtheustralispatch(Martin et al.,
2019) Droplet size is considered a key factor in droplet deposition of aerial sp{&heg et
al., 2020) among others including wind velocity, spray volume, and canopy structure. Both
vertical canopy penetration and lateral drift potential concerns are sensitive to the droplet size
used in aerial applications. Despite this, few have studied the effectsptdtcsize on pesticide
deposition in actual field conditionk has been shown that finer droplets increase spray
coverage when spray volume is >15 L(Bhan et al., 2021jvhich may improve the deposition
of product on long narrow surfac@serguson et al., 20183uch as those &f. australisleaves.
However, finer droplets, characterized by their small diameter (< 2§0are lighter and remain
airborne for longer, leaving them exposed to lateral movement from the wind and increasing the
chance of droplets being carried beyond the intended treatmeriKaugar et al., 2019)The

drift potential of finer droplet sizes not only risks reduced suppression efficacy of the herbicide
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application but also poses environmental concerns, including the potential for unintended
exposure to notarget speciesnterestingly, there iso universal regulation on droplet size for
theapplication of systemic herbicidesP. australis For example, the registration of an
imazapytbased herbicide from the United States Environmental Protection Agency (2010) states
that coarse341i 403¢ mAmerican Society of Agricultural and Biologidangineers, n.d.or

very coarse (404 502¢ mAmerican Society of Agricultural and Biological Engineers,)n.d.
droplet sizes are required for aerial herbicide applications that are released below 10 feet (3 m
despiteimproved coverage from finer dragis(Shan et al., @1). Drift management on the
Habitat® Aqua label, however, indicates that the product should, at the smallest, be a medium
droplet size (236 340€ mAmerican Society of Agricultural and Biological Engineers, n.d.;
BASF Canada Inc., n.d.). Thereforesessing the droplet deposition of these droplet sizes is
critical prior to implementing RPAS technology in wetland environments to ensure adequate
spray coverage can be achieved throughouPttaistraliscanopy, and to determine the extent

of drift in order to minimize damage to ntarget vegetation.

We examined the effect of droplet size on herbicide droplet deposition when applied by
an RPAS to #. australiscanopy and compared the drift potential away from the application
area. Our objectives were: 1)dwvaluate vertical penetration of herbicide through the plant
canopy characterized by percent area coverage and volume median diameter, at three different
heights épproximatelyl.5 m 2 m,and2.5 m) within aP. australiscanopy and 2) tassess the
extent of lateral spread via droplet drift oues{@1 8 m) the target application area. Since
droplet size is expected to influence vertical penetration and lateral drift potential, we compared

medium(2367 340¢ mAmerican Society of Agricultural and Biological Engineers, n.d.; BASF
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Canada Inc., n.dgnd coars€3411 403¢ mAmerican Society of Agricultural and Biological

Engineers, n.jldroplet sizes.

3.2 Methods

3.2.1Study design

To advance these objaes,we employedan infield herbicideapplication experiment,
manipulating droplet size to assessticalcanopy penetratioand lateral droplet drifoef RPAS
basederbicide application on a homogenous patcR.australiswhen applying medium (236
T 340e mAmerican Society of Agricultural and Biological Engineers, n.d.) or codrkkE (403
€ mAmerican Society of Agricultural and Biological Engineers,)rddoplet sizesWe used
watersensitive paperéSpotOn, Innoquest inc., Woodstock, IL, US#s) indcators to capture
areacoverageand volume median diametef the aqueous herbiciadkoplets duringapplication

within and around thE. australispatch

3.2.2Field site

Our study site is situated withihg Pinery Provincial Park in Grand Bend, Ontario is
located within the municipality of Lambton Shores. Pinery Provincial Park provides critical
habitat for several provincially and nationally recognized species dFtmkers et al., 2023)
Our experiment focused on an isolated patch of invdiaestralis(~1.3 ha) located near the
southernmost end of the Old Ausable Channhblichtraverses the parlEig. 3-1). This southern
portion of the channalomprisesa Provincially Significant Coastal Wetland: swampmarsh
complex (Port Franks Wetland (AR2), evaluated ID: 651 138 092). The study area is

surrounded primarily by shallow open wateith few species of emergent afldating
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vegetation present (e.gPpntederia cordata, Lemna min@ndNymphaea odorajaThe

channel encompasses feaustralispatch on the north, east, and south sides, inhibiting access

for backpack sprayers, while the western side of the patch is bounded by Carolinian forest,

hinderingapplication by helicopters or planes due to the risk of overspray affecting the trees.
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Figure 3-1. Map of Phragmites australipatch proposed fdflabitat® Aqua application by an
RPAS, in relation to the Pinery Provincial Park boundaBasemap imagemf the inset map
was coll ected by Ontario Power Generat.
2023.

3.2.3 RPAShased krbicideapplication

onods

In October 2023, imazapyr as an isopropylamine salt (concentration 240 g/L), under the

tradename Habit@ Aqua (BASF Canada Inc., Pesticide Registration Number 32374; Proposed
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Registration DecisioPRD202017), was applied to the treatment area hiRRASunder the
Research Authorization 000RA-22. The herbicide was applied at a rate of 4.68 L/ha and total
spray volume of 100 L/ha (includes 0.25% v/v Aquasurf®-imonc spray adjuvant; Norac
Conceptdnc., Pesticide Registration Number 32152), by a licensed droneapdgbesticide
applicator (1-208-8129866762)The RPAS used for application was a quadcomét, (
Guangdong, Chinaequipped with fourT110015n0zzles (one per rotor). Pressure was
manipulated so that one half of the patch was sprayed with a medium droplet siz&4236

€ mAmerican Society of Agricultural and Biological Engineers, n.d.) using a pressure of
approximately 40 PSI and the other half was sprayed with a coarse dropl8d4izelQ03c m
American Society of Agricultural and Biological Engineers,)ruding gpressure of
approximately 20 PSWhen pressure decreasedjroplet sze distribution will shift towards a
larger size, allowing us to switch between medium and coarse dr@fdeis et al., 2018)The
RPAS flew at a height of ~3 m above teaustraliscanopy and speed of 1.7 m/s for both

droplet size missions.

Application procedures adheredthe Habitat® Aqua label recommendations for
reducing spray drift and weegpecific instructions foP. australistBASF Canada Inc., n.dn
the field,treatment areasere delineated by flying the RPAS over the patith the pilot
visually examining the perimeter through the first pergienv camera. A dividing border
perpendicular to the tree line was established to createdatment areasovering the patch,
with onetreatment arebeing randomly designated for éadroplet sizeKig. 3-2). Visual
observations in the field showed no evidence of spray drift due to wind gusts as the rotors of the
RPAS primarily pushed the herbicide droplets downwahfisrecorded weather parameters at

the site before and during each droplet size mission; temperature and relative humidity were
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measured with a handheld hyglermometer (Extech RH300, Extech Instruments, Waltham,
MA, USA) and ranged between 25.27.6°C and 48.8 55.3%, respectively. Wind direction,
wind velocity, and wind gusts were measured with a handheld anemometer from ~1 m off the
ground (Kestrel 1000 wind meter, Kestrel Instruments, Boothwyn, PA, USA) and were south

southwest, 1.1 2.2 kph, and.1.27 13.0 kph, respectively.
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Figure 3-2. Map ofproposed treatment arsplit into twotreatment ares. The top half of the

proposed treatment area was designated for medium dapplétation(2361 34 0 ¢ m;

American Society of Agricultural and Biological Engineers, rbg.jhe RPAS, and the bottom

half of the proposed treatment area was deseghfor coarse droplepplication(341i 4 0 3 & m;
American Society of Agricultural and Biological Engineers, n{the back line represents the

dividing border between the two droplet sizes. Basemap imagery was collected by Ontario Power
Ge n er atvamxeddnspechoh and Maintenance team in 2023.
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3.2.4 Field methods

Field preparation

We prelabelled watetsensitive papers with a code corresponding to treatment type
(medium or coarse droplet size) and location in or arounB thestralispatch (top, middle, or
lower leaves on R. australisramet or incremental distance away from patch edge). We also
placed small marker stickers on the back of each paper to label their treatment type and location,
in case moisture from the aqueous herbicide or humidity in the field caused bleeding of the
written labels. We grouped the wasamsitivepapers into labelled Ziploc bags by treatment type
and location to facilitate deployment of papers in the field. We followed recommendations from
Hypro (2006)including wearing Nitrile gloves and handling wasensitive papers by the edges
to minimize potential contamination, both during the labelling process as well as during the field

setup and takedown of papers.
Field setup
Canopy penetration

We selected a total of six areas (half, n=3 for each droplet size) located sufficiently inside
theP. australispatch (>3 m from edge) to ensure penetration would be measured from the
interior, without effects from the ramets along the edge of the paigH3¢3). Within each area,
we selected five ramets within 72and marked them with flagging tape to be easily identified
after the herbicide application. To capture the range of herbicide droplets witiinahstralis
canopy, we st sensiteeapapkrs (SpofDn, Inmoguest inc., Woodstock, IL, USA)
to the center oP. australisleaves, ensuring that each paper was located entirely inside the
bounds of the leaf. We secured a paperlonwer (~1.5m), middle (2 m), andtop (-2.5m) P.
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australisleaf on each of the ramets, measuring the height of each paper above the thater

nearest centimet@nce it was secured.

Water-Sensitive Paper
Locations in Canopy

Ol Proposed Treatment
Area

0 10 20 Meters
S N Y S|

Figure 3-3. Locations of watesensitive paperis Phragmites australisanopy Three areas

were established for each droplet size, witliersensitive papers being attachedive ramets

in each area (see insatyatersensitive papers for the medium degsize (n45) and coarse
dropletsize(n=45) were secured wlower (~1.5 m), middle(~2 m), and top(~2.5m) P.
australisleds.Basemap i magery was coll ected by Ontari
Inspection and Maintenance team in 2023.

Drift

To capture evidence of drift, vestablished a total of ten transects around the patch with
half (n=5) along the boundary of the patch that was designated to be sprayed with medium

droplets and half along the boundary of the patch that was designated to be sprayed with coarse
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droplets Fig. 3-4). At incremental distances along each transect (2 m, 4 m, 6 m, and 8 m),
radially from the edge of the. australispatch, wep | a c e d 2 éensit®edpapsrat e r
(SpotOn, Innoquest inc., Woodstock, IL, USA)0 cm above the water leveking U-channel
posts. We secured a wire card holder to the top of eadmbnel posand then into each card
holderwe pl ac e d asenditvxpafrowithitee indicator surface orientpwards and
slightly toward theP. australispatch marginas close to the horizontal plane as the wire card
holders could be belFig. 3-5). Median values for our response variables were taken from the
watersensitivepaperaused for the canopy penetration experiméom the top heighto
substitute a value for 0 m distance from the application &tes approach eliminated any
effects of scattering or droplet interception from tdumets along thedge of thé®. australis
patch that could yield artifacts theresponse variablesplapers were staketjht atthe patch

edge
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Water-Sensitive Paper
Locations

A - Proposed Treatment
Area

20 Meters

Figure 3-4. Locations of watesensitive papers arouhragmites australisanopy. Five

transects were established for each droplet size, withwaisitive papersecured at 2 m
intervalsaway from the proposed treatment aisee inset). Watesensitive papers for the

medium droplet size (12f) and coarse droplet size @3) were securedt 2 m, 4 m, 6 m, and 8

m away fromthgpatch Basemap I magery was <collected by
Advanced Inspection and Maintenance team in 2023.
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25m

2m

Figure 3-5. Graphic of watessensitive papeplacedin wire card holdeand behtowards the
horizontal plane (A)watersensitive papgplacementn proximity to thePhragmites australis
patch (B) and wateisensitive paper place within tRe australispatch (C)

Field take-down

We followed precautions on the Hab@&af\qua product label and waited for the
herbicide spray to be completely dry before collecting wseassitive paper in the fie[BBASF
Canada Inc., n.d.\We collected the watesensitive papers from the wire card holders along a
transect and imaged the papers from a fixed distance of 15 cm in the field in case of
contamination or accidents during transportation to the lab. After imaging the papers from a
transect, we placed them into their labelled Ziploc bag, making sure that none of the indicator
surfaces were in contact with each other. We then returned to all six areaP iratistralis
canopy where papers were secured anefally removed all watesensitive papers from the
leaves. We collected watsensitive papers from each ramet and placed them back into their
respective labelled Ziploc bag. Due to time constraints in the field, \satesitive papers within

theP. australiscanopy were only imaged in the lab.
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3.2.5Data extraction

One day after the herbicide treatment, we scanned the-setsitive papers with a
Lexmark MC3326 Laser multifunction printer (Lexington, KY, USA) at an image resolution of
600-dpi. We extracted values of area coverage (%) and volume median diametey §\iiar
the herbicide droplets on each paper using DepositScan software (USDA, Wooster, OH, USA;
Zhu et al., 2011)Due to the twalimensional nature of watsensitive papers, any overlapping
droplets would be interpreted as a single large droplet, rather than multiple overlapping
individual droplets, underrepresenting the true value of droplet dé€Bsilyani et al., 2013)n a
comparison of several watseensitive paper analysis systems (DepositScan, Cauottas, CIR,
and eSprinkle),Cunha et al(2013)found that area coverage was the most consistently reported
measurement, while droplet density was the least consist@nes of droplet density were not
reported in our analyses as the values could not be accurately characterized or compared with

existing literature.

3.2.6 Analytical methods

To first test if the coverage aMMD of herbicide droplets were significantly different
(alpha = 0.05) throughout the australiscanopy, we conducted a KruskMallis test(Kruskal
& Wallis, 1952)with each droplet size (medium and coarse) using height within the canopy
(categorized as lower, middle, and top) as the predictor variable against each response variable
(area coverage and VMD). We used the nonparametric equivalent tensagFeNOVA, asour
data violated the assumptions of the parametric test. To test if droplet size had a significant effect
(alpha = 0.05) on the area coverage and VMD of herbicide droplets at various height®within

australiscanopy, we used Wioxon signedrank testgWilcoxon, 1945) Paired observations
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were selected within each height category (lower, middle, or top) to control for variability in
canopy height. We used the nonparametric equivalent of a pdestas the median values of
our response variables better represented the center of tliestid@taution, compared to the
mean, and to maintain a consistent comparison among results of the Kiadkaltest. All

statistical analyses were conducted in R v. AB.Zore Team, 2023)

To determine the spatial extent of drift beyond the application area, we quantified the
relationship between our response variables and distance from the application area. We
examined the effect of droplet size on our response variables at incremeatadeistom the
application area by calculating the median value of each response variable (area coverage and
VMD) at each distance from th& australispatch (0 m, 2 m, 4 m, 6 m, 8 m). We fit an
exponential decay curvee.,y = yoe*™) to the median Vaes of our response variables for each
droplet size and computed corresponding decay constants (alpha = 0.05) for eachllcurve.

analyses were conducted in R v. 4.3.2 (R Core Team, 2023).

3.3 Results

Results suggest that canopy penetration of the RIB#S8d herbicide application was
relatively consistent, regardless of which droplet size was used. We assessed canopy penetration
on dense (~60 live stems)nhomogenousR. australisthrough response variables including
percent area coverage and volume median diameter (VMD) of herbicide droplets en water
sensitive papers fixated at different leaf height®oaustralisramets. Percent area coverage
(Fig. 3-6A) tended to be righgkewed, with a few samgs having much higher coverage with
herbicide than the bulk of samples. This variable did not differ among lower, middle, and top

leaf heights when the RPAS sprayed with medium (Krugkallis: H>= 0.155, p = 0.925) or
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coarse droplets (Krusk&Vallis: Ho=1.27, p = 0.530). The VMDOH_g. 3-6B) also did not have a
significant difference among lower, middle, and top leaf heights with medium (Ki\sék:

H2>=0.290, p = 0.865) or coarse droplets (Kruskalllis: H> = 0.239, p = 0.887).

Overall, there were few differences between the medium and coarse droplet sizes, in
terms of percent area coverage or VMD. Differences in our response variables were assessed
between droplet sizes (medium and coarse) at lower, middle, and top leaf brightustralis
ramets(Fig. 3-6). There was no significant difference in percent area coverage between coarse
and medium droplet sizes at the lower (Wilcoxon: W = 80, p = 0.277), middle (Wilcoxon: W =
56, p = 0.847), or top (Wilcoxon: W = 57, p = 0.80&fl heights in th®. australiscanopy.

Volume median diameter between coarse and medium droplets was not significantly different at
middle (Wilcoxon: W = 77, p = 0.359) or top (Wilcoxon: W = 66, p = 0.426) leaf heights.
However, the VMD of medium droplets was found to be significamtiglier at the lower leaf

height than coarse droplets (Wilcoxon: W = 99, p = 0.026).
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Figure 3-6. Boxplot comparison of percent area coverage (A) and volume median diameter (B)

at different heights within Bhragmitesaustraliscanopy from an RPA®Based herbicide

application using coarse and medium droplet sizes. Lower, middle, and top heights within

canopy represent, on average, 1.5, 2, and 2.5 meters above water level, respectively. Green boxes
and circles represent wateengive papers sprayed with coarse droplets, and yellow boxes and
triangles represent wateensitive papers sprayed with medidropletsCreated with ggplot2

(Wickham, 2016)

We assessed herbicide drift from the RP#Sed application using medium and coarse
droplet sizes oR. australisthrough response variables of percent area coverage and VMD of
herbicide droplets on watsensitive papers fixated at tvmoeter intervals away from the
application areaHig. 3-7). The median value of percent area coverage was approximately 6%
within the application area.€., within the interior of the patch &f australid for medium and
coarse droplet sizes. Both droplet sizes displayezkpaonential decrease in percent area
coverage with distance from tRe australispatch; decay constants for the medium and coarse
droplet sizes were 0.397 (p <0.001) and 0.211 (p = 0.019), respectivelgsponding decay
ratesare 0.328 for medium droplets and 0.190 for coarse droplets, representing approximately a
33% and 19% decrease in percent area coverage, respectively, per meter distance away from the

application area.
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Median values of VMD for medium and coarse droplets had a dramatic exponential
decrease with distance away from the patch. The decay constant for the VMD of medium
droplets was 0.177 (p = 0.033) with a corresponding decay rate of 0.162, representiegsedecr
of approximately 16% per meter distance away from the application area. While the decrease in
VMD for coarse droplets was slightly greater in magnitude with a decay constant of 0.237 (p =
0.015) and a corresponding decay rate of 0.211, represertewense of approximately 21%
per meter distance away from the application afahle3-1 provides a summary of the decay

coefficients extracted from the exponential decay curves for percent area coverage and VMD.
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Figure 3-7. Exponential decay curves fitted to median values of percent area coverage (A) and
volume median diameter (B) at increasing distances awaydfimagmitesaustralispatch

from an RPAShased herbicide application using coarse and medium droplet sizes. Green circles
represent coarse droplets, yellow triangles represent medium dr@pkssed with ggplot2
(Wickham, 2016)
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Table 3-1. Summary of decay coefficients extracted from exponential decay curves for percent
area coverage and volume median diameter. Coefficients fit the equatipe™™ wherey is

the response variablg, is the initial value of a given response variakles, the decay constant,
andx s the distance from thehragmites australipatch in meterdDecay rate was calculated as
1-e¥, wherek is the decay constant.

Response variable Droplet size vy pvalue Kk p value Decay
rate
Percent eea Medium 5.589 <0.001 0.397 <0.001 0.328
coverage Coarse 6.0% 0.003 0.211 0.019 0.190
Volume median Medium 346.935 0.004 0.177 0.033 0.162
diameter Coarse 508.037 0.002 0.237 0.015 0.211

3.4 Discussion

Our study explored herbicide droplet deposition when applied by an RPAS to &dense
australiscanopy. We aimed tevaluate vertical penetration of herbicide through australis
canopy at three different heights (lower, middle, and top), arabsess the extent of lateral
spread via droplet drifip to8 mbeyondthe target application area. We also examined the role
of droplet size on vertical penetration and lateral drift potential, by comparing medium and
coarse droplet sizes. Herbicide droplgbakgtion in terms opercent area coverage was not
different among heights within tH& australiscanopy for either droplet size, nor did droplet size
have a significant effect on the vertical penetration. The exceqotittis waghatthe VMD of
the coarse droplets was larger than the medium droplets at the lowest canopy height. This was in
line with previous observations of vertical penetration of coarse droplets on a wheat canopy
(Wang et al., 2019)mainly driven by the combined gravitational and rotor propulsion forces
acting on the larger droplets. Overall, rotor propulsion contributed to even dispersion of
herbicide droplets through the canopyecdotally, we attribute this slownwashkdriven
movement of thé. australisfoliage during applicationLateral droplet drift occurred at least 8

m away from the application areaven under relatively lo@nvironmentalind speeds
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Unexpectedly, outside of the application area, medium droplets had a greater decay rate for
percent area coverage and VMD compared to coarse droplets. These findings contradict the idea
that smaller droplets have higher drift potential due to their loveessrand higher susceptibility

to wind displacement. Although, the drift observations in this study suggest that RPAS
downwash forces might have a greater influence on the displacement of herbicide droplets
compared to environmental wind, especially whendispeeds are lo¢l.17 2.2 kph) This is

because at low wind speeds, the downwaalimore effectivelypushsmallerdroplets

dowrward, towards the canopyefore wind is ble to displace the droplets

Canopy penetration observed in this study indicates that Rf28&d herbicide
application can effectively reach target foliage through the canopy, even within dense stands of
P. australis Our results suggest that droplet size had limited influence on spray coverage across
the vertical profile of thé. australiscanopy. Both medium and coarse droplet sizes exhibited
similar percent area coverage values at all three heights within the canopy, suggesting the choice
of droplet size may have minimal impact penetration through the canopy and the resulting
suppression efficacy from an RPA&sed herbicide application. Similar results were reported by
Chen et al. (2020)ho compared rice canopy penetration of very fine (9ar}, fine (121.43
147.28um), and medium (185.0@m) droplets using an RPAS and observed no significant
differences in droplet penetration rate among the droplet sizes. A gbased pesticide
application study conducted Bgrguson et al. (201&n oat canopy penetration examined the
coverage across nearly the entire range of droplet sizes available for use in spray applications
(very fine: 60i 145um to ultra coarse: > 66@mM; American Society of Agricultural and
Biological Engineers, n.jl.They concluded that the trend between droplet size and percent area

coverage at the ground, lower, middle, and top heights within the canopy was unclear (Ferguson
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et al., 2016). While their study reported differences in spray coverage between the most extreme
droplet sizes (very fine compared to ultra coarse) throughout the canopy, the practical range for
postemergent herbicideseis much smaller, with the recommended droplet size for most
herbicides being coarsArferican Society of Agricultural and Biological Engineers,)nahd

for Habita® Aqua specifically being medium (BASF Canada Inc., n.d.). Therefore, it is
understandablthat differences between mediand coarse droplet sizes in terms of percent

area coverage throughout tReaustraliscanopy were not detected in our study.

The volume median diameter (VMD) results were similar to the percent area coverage
results in terms of there being little difference in canopy penetration between the two droplet
sizes. The exception is that at the low canopy height, the VMD was sigtlifigaeater for the
coarse droplet size than the medium droplet size. The literature suggests this could be because
coarse droplets experience greater downward momentum than medium sized droplets due to the
combined gravitational and downward propulsiorcés from the rotoréengeru et al., 2023)

The combination of forces might be responsible for the larger sized droplets providing greater
VMD at the lowest canopy height. Additionally, the greater liquid volume of larger droplets
makes them less susceptible to evaporation from the time theisanarded from the RPAS to

when they reach the targeted foligy¢olf, 2000) increasing the time for a given droplet to
penetrate the lower canopy layers. This indicates that while coarse droplets provided adequate
vertical penetration throughout all canopy layers, the larger sized droplets at the lowest height in
the canopy mighlead to moregyround losesif greater proportions of the herbicide are passing

throughthe canopyvithout intercepting foliage

In the field we remarked thabtor propulsions not only produce a downward force for

the herbicide droplets but also contribute to significant foliage movement in the upper canopy.
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This additional movement during herbicide applicatiway have contributed teerbicide

droplets being deposited equally at the middle and lower heights, despite the dense cBnopy of
australis Our observed herbicide droplet depositmmtrasts that of groudoslased applications,
where most of the herbicidedeposited on the top layer of the can@pgrguson et al., 2016)

While the downwash forces and foliage movement can contribute to even herbicide deposition
throughout thd®. australiscanopy, variation in rotor propulsion throughout the mission could
impact the overall distribution of herbicidéhan et al., 2022When full, a 10 L tank holding

the herbicide can add an extra 10 kg of weigh
during herbicide application, the payload decreases steadily. Since the RPAS is programmed to
maintain a consistent flight height aspleed during the mission, propulsion from the rotors

needs to remain dynamic to account for the changing weight of the payload (Zhan et al., 2022).
The shifts in propulsionecessary to maintain flight height and speed will leadhénges in
downwash forcesuch thathe proportion ofierbicide pusheuhto the canopwvill be greatest
whenpropulsion is higkand the tank is fullversus when propulsion is reduced by the herbicide
tank emptying (Zhan et al., 202Fjight plans should account for thiariationby considering

where the influence of downwash droplet deposition and drift potentwaill be most valuable

overtheP. australispatch

Consistent droplet deposition acrossrdéinge of heightexamined (1.5 2.5 m above
water level)supports RPAS technology as a suitable herbicide application method foPdense
australiscanopiesCombined with the results from ter 2.0, thissuggests that coverage
throughout the canopy is sufficient for effective suppression to be achiewe was no

systematic difference in percent area coverage or VMD with canopy height, regardless of which
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droplet size was used, as these variables yiell@drkablyconsistent measures among the three

canopy heights assessed.

While adequate leaf coverage throughout the plant canopy is important to ensure
treatment efficacy anB. australissuppression, too much force could push droplets through the
canopy and into the water or sediment below. When herhic@#etspass through the plant
canopy, it is termed ground loss becapis®luctis lost to the ground argbesnot intercept
foliage, to suppresshe target plant. We did not see any trends in VMD or percent area coverage
with depth through the canopy, suggesting some ptdittety passed through tHe. australis
canopy in our studyVang et al. (2019) reported that RRA&sed pesticide spraying had
significantly less product ground loss when compared to backpack spraying on a wheat canopy.
Although, they did find that deposition from the RPAS treatment increased at gem@éhavhen
spraying with coarse droplets compared to medium droplets. While we diirectly assess
ground loss in our study, titifference in VMD between droplet sizes at the lower canopy
height suppds the Wang et al. (2019) resuli® further refine the flight parameters for RRAS
based herbicide application o australisin wetlands, we recommemqlantification ofground
losses, as significant ground loss can lead to unwanted herbicide accun(latigiass et al.,

2016) increased notarget vegetation damag@®reckels & Kilgour, 2018)and economic loss.

Across nearly all heights within thi® australiscanopy, we observed that the medium
droplet size performed more consistently than the coarse dropletvbizé exhibitedgreater
variability in area coverage and VMDhis was especially evident at the 4most height within
the canopy, where coarse droplets exhibited considerably greater variance in both percent area
coverage and VMD. These observations contrast thoSeat et al. (2020whoreported

medium droplet sizeas havindower coefficients of variance compared to fine or very fine
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droplets, suggesting that uniformity should increase with dropletBexeasing the size of the
droplets directly increases the number of droplets produced at the same spray(kiaifima

& Solseng, 2004)making smaller droplets favorable due to the even coverage afforded by their
size. Further, a greater number of droplets sprayed from the RPAS increases the chance of
successful interception by the target foliage, which may be more valuable in RPAStaqppdi
where the rotor propulsions move the canapund.When droplet sizes are larger, interception

of the targeted foliage becomes more challenging to predict as the greater mass increases the
momentum of the droplet and magal to the droplet bouncing or running off the foliage
(Ferguson et al., 2018\dditionally, having larger but fewer droplets means that the
interception of each droplet becomes miafkientialin maximizing suppression efficacy of the
treatment. Additional studies on droplet size variation under field conditions should be
completed to determine what factors influence performance consistency withiiBA&

herbicide applications.

Contrary to our expectations, medium droplets demonstrated a greater decay rate for
percent area coverage and VMD compared to coarse drapietsesults suggest that medium
droplets had less drift potential than coarse droplets when applied by an RPRSatastralis
canopy. er a given distance away from the application area, fewer medium droplets tended to
drift compared to the coarse herbicide droplets, contradicting the widely reported relationship
between droplet size and droplet drift in theratare(e.g., Hunter et al., 2019; Gibbs et al.,

2021; Grant et al., 2022ror exampleChen et al. (202(@ssessed the drift rate of very fine to
medium droplets sprayed from an eigbtor RPAS and reported a distinct decrease in drift rate
with increased droplet size. As droplet size decreases, surface area to volume ratio increases

(Hofman & Solseng, 2004and the influence of air resistance becomes greater, increasing drift
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opportunity.Smaller droplets are lighter and are expected to remain suspended in the air column
for longer, increasing the chance for wind displacertieniger et al., 2019However, high

drift potential is most likely to occur when droplet sizes are <e2@@Hofman & Solseng,

2004). Therefore, it is possible that differences in drift potential were more challenging to

capture between the medium and coarse droplets, where 50% of the droplets are greater than 236
¢ mand 341e n{American Society of Agricult@l and Biological Engineers.d.), respectively.

The medium droplets are more susceptible to evaporation while airborne (Kruger et al., 2019),
potentially lowering the chances of droplets landing on the indicators or having enough liquid
present to stain the pape@ne potential explanation for our unexpected finding is that droplet

size was achieved through different pressure rather than diffeserieends. The medium

droplets were created by pushing 40 psi through the lines, whereas the coarss Wesple

created byeducing the pressure to 20 psi. This higher pressure may have helped propel the
medium droplets downward, reducing the opportunity for dkifimitation to our water

sensitive papemnethod that bears noting is that droplets less thamb6an be too small to

create a measurable stain on watensitive paper@Hoffmann & Hewitt, 2005)It follows that

the proportion of detectable droplets was greater for coarse droplets than medium droplets. Thus,
a fine mist of droplets too small to be detected by the papers might still be drifting beyond the

application area to affect nagarget vegtation or contaminate water.

We observed evidence of drift at least 8 m away from the application area with both
droplet sizes, under relatively low wisgeedg1.17 2.2 kphsouthsouthwest The sheltered
channel where the targetBd australispatch was located likely contributed to these low wind
velocity measurementblotably, wind measurements were recorded within a canoe around the

base of the patch and may not have effectively captured the wind variation or gusts occurring
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along the top of the canopy and did not reflect the air movements generated by the RPAS
downwash from the rotorfn a similar studyChen et al. (20203et droplet collectors within the
application area and along the downwind side of the flight path. With measured wind speeds of 7
T 9 km/h, they found medium droplets driftedd 0 m downwind from the flight path. The

difference in wind speed between atmdy and that by Chen et al. (2020) did not lead to a major
difference in drift distance. Moreover, although the wind direction in our study was south
southwest, we did not observe notably greater drift along that axis. Combinetigifpésts that
althoughwind is typically considered the primary contributor to herbicide drift with aerial
applicationgGovernment of Canada, 202@) the RPASbased application atry low wind

speeds, the force generated by the RPAS downwash may be more important than the effect of

environmental wind.

In our study, a flight height of approximately 3 m was used for both drsiziet
missions. RPA$ased applications have tested flight heights ranging froré th above the
plant canopye.g., Huang & Thomson, 2011; Lan et al., 20Hiyher application heights have
been associated with increased product drift (Huang & Thomson, 2011), which may explain
differences in observed drift between our study (3 m above canopy) and that of Chen et al.
(2020; 1.5 m above canopy). In fabengeru et al. (2022)nly observed drift within 5 m
downwind of the flight center line when spraying fine droplets from a height of 1.6 m above the
canopy. These differences suggest that herbicide droplet dynamics may differ when sprayed by
an RPAS, with flight height beinggreater contributor to droplet drift when differences in
droplet size are minimal, due to the additional downward forces produced by the rotors. This is
likely due to the RPAS being closer to the canopy and the rotor propulsiordiremtty

influencing the path of droplets to the target folidigen et al., 2021)While it seems that flying
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as close to the canopy as possible has benefits for drift reduction, application height also impacts
the effective swath width of each pgbtartin et al., 2019)Flying closer to the canopy can

increase the number of passes required to treat the same area, influencing h@v asttalis

can be treated within one battery life and ultimately impgdteatment efficiency. Further,

reducing the swath width with low flight heights may result in streaking in the application and
missedP. australisramets along the edge of each pass. Therefore, it is worthwhile to conduct
additional studies to determine optimal flight heights for R¥aSed hdvicide application of®.
australis that minimize drift and optimize thevath width oareaof P. australisto be treated

along a single pass.

While our study provides valuable insights into the droplet deposition of Ri2R8&d
herbicide applications, it is important to acknowledge certain limitations. The use of water
sensitive papers to assess droplet deposition provided a quantitative noéasucent area
coverage and VMD within th. australiscanopy. However, this approach has limitations in
guantifying the spatial variability of herbicide deposition and distinguishing between overlapping
droplets. Therefore, we were unable to assessrtifiermity of deposition between droplet sizes
or accurately quantify the number of droplets that intercepted each paper. Additionally, the
droplet pattern observed on the wadensitive papers is subject to a spread factor that is difficult
to correct.The spread factor for droplets when using a watdy spray is roughly 2.0 for
medium or coarse dropleldypro, 2006) However, inclusion of chemical surfactants, like that
of Aquasurf® norionic spray adjuvantNorac Concepts Inc., Pesticide Registration Number
32152 used in our study, alters the surface tension properties of the herbicide droplets to

improve retention on the target foliafjeu, 2004)and likely increases this spread factor. Thus,
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the difference between the measured droplet stain and the actual size of the liquid droplet

striking the paper is an overestimate of the true droplet size.

3.5 Conclusios

In this study, we report the droplet distribution and drift potential of medium and coarse
herbicide droplets applied by an RPAS to a dense, homogenawstraliscanopy. Both
medium and coarse droplet sizes achieved similar distribution throughout the canopy, suggesting
that droplet size had minimal impact on canopy penetration. However, future research should
aim to quantify ground losses from RPAS8sed herbicidapplications as downward forces from
rotor propulsions can influence droplet penetratieptd within the canopy. A greater decay rate
of percent area coverage and volume median diameter (VMD) for medium droplets compared to
coarse droplets suggests fewer medium droplets drifted away from our application area. Droplet
drift wassimilarto values reported in other studies, with evidence of herbicide drift being
observed at least 8 m away from the application area for both droplet sizes. These fawdiags
that theconsequences dfroplet size choice are minimal betwesvadium and coarse cates.
We alsohighlight theimportance of propulsion and RPAS downwasherbicide drift from
RPASbased applications in the field, as well as the need for further research on potential
interactions among flight parameters. While the use of veatesitive papers allowed us to
guantify the amount of herbicide that landed belythe application area, there is a knowledge
gap between herbicide droplet drift quantified in field studies and actual observed damage to
surrounding vegetation. Understanding threshold values for herbicide droplet deposition
necessary to damage the target vegetatimuld allow us to effectively suppress the target

species while minimizing netarget impact from lateral herbicide drift. By determining the
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percent area coverage and VMD required to induce a toxic response in placis)dvefine
herbicide application strategies to maximize efficacy and environmental safety. Future studies
should aim to quantify the minimum effective herbicide dose for suppressikraaktralisto

better inform the consequences of herbicide drift rates tdarget vegetation. Additionally,
guantifying ground losses from RPAfased herbicide applicationsRo australisunder various
flight parameters will help to optimgzcanopy penetration without excessive product wastage.
Studies should employ repeated trials under consistent environmental conditions to more

robustly evaluate the optimal parameters for RIBb¥aSed herbicide application australis
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4.0 Quantifying spray accuracy of targeted RPASased herbicide
applications onPhragmites australis

4.1 Introduction

The use of herbicides to control invasion$bfagmites australissp.australisremains
a necessary tool for many wetland managdeszelton et al., 2014Yhen applying herbicide to
wetland ecosystems to suppress invaBivaustralis minimizing ofttarget effects on native
plants is paramourh ensuring vegetation community recovery. Xbis must be balanced
against the risk of undertreatment, which leaves renfhaautistralisin place to recolonize or
requires repeated followp herbicide applications that are costly and risk herbicide
accumulation in wetland®eterminingthe accuracy of a givemerbicideapplication method is
necessary to refine application methods and select the appropriate method for the invasive plant
management contextinfortunately, limited information about the extent ottfget effects is
available. For example, #n agricultural studyTian (2002)developed a senstiased herbicide
application on a ground sprayer that was able to target andaggeylturalweeds with 91%
accuracy; however, no data were reported ottawffet depositions. In another stuBgsmussen
et al. (2019more explicitly investigated the spatial accuracy of grebased herbicide
spraying, contrasting planned spray polygons to the actual patch area sprayed. Despite a growing
interest in application accuracy, similar work has not been published with respecial
herbicide applications, where the spatial footprint may extend well beyond the bounds of the

application area.

Aerial herbicide applications to control invasive plants present a-tfitetween
overtreatment and undertreatment anB.iustralismanagement, this is further exacerbated by
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the nonuniform distribution ofP. australisstands. At the centre offa australispatch, the

ramets are tightly clustered together, forming a monocufulbure et al., 2007 However, in
unconstrained wetland environmer®s australispatches expand from their margins with
leading rhizomes, such tht australisat the patch margins tends grow at lower density and
patches are irregularly shap@ding et al., 2017)Jsing aerial application methods to treat these
patch margins thus results in overtreatment andaoffet effects on eoccurring native plants.
Unfortunately, inP. australismanagement, undertreatment may pose as much of a threat as
overtreatment. AR. australishas a high capability to expand its rangannant ramets that
evade initial herbicide application have been found to multiply by a factor of seven in one
growing seasofRobichaud & Rooney, 2021&jor that reason, treating &I australisramets in
an intendedreatment area is necessary to minimizestblishment and the need for folloyy
treatments in subsequent years. Reducing the amount of herbicide application required-in follow
up treatments also addresses concerns about the cumulative effectstefirbpdzcide
applicationgCrowe et al., 20113nd the risk of herbicideesistance developing P. australis

(Government of Ontario, 2001)

Since the approval for ovevater herbicide application to suppress invaglvaustralis
in Canada, aerial herbicide application has become a useful tool, particularly for large invasions
in difficult to access wetland environments. For example, a pilot project conducted by the
Ontario Ministry of Natural Resources and Forebegunin 2016, used helicopter application
of a glyphosatdased herbicide under an Emergency Use Registration to suppeasstralisin
coastal wetlands in Long Point Provindidrk and Rondeau Provincial Park: two biodiversity
hotspots with high densities of species at (Ministry of Natural Resources and Forestry,

2016) Observations made during tBenergency Use Registratiéh australissuppression pilot
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project identified that the treatments, though highly effective in reducing the extnt of
australis(Robichaud & Rooney, 2021and promoting the eventual recovery of native
vegetation(Jordan, 2022)initially resulted in extensive secondary invasi¢lRebichaud &

Rooney, 2021aMinistry staffremarked on thiarge area of native vegetation surrounding

treated patches &f. australisthat was affected by the herbicide applicatiddgm Hogg,

Ministry of Natural Resources and Forestry, Peterborough, Ontario, pers.)sohough this

was not quantified. It is possible that the recovery of native vegetation would have been
expedited if the footprint of herbicide application had been more precisely restricted to the extent
of P. australis minimizing offtarget effect§Boutin et al., 2013)Remotely piloted aircraft

systems (RPASs) may offer an alternative means of aerial application that reduces the extent of

off-target effects by providing a more accurate and precise application of herbicides.

Importantly, current Canadian regulations only permit aerial application of herbicide to
controlP. australisover standing water with the use of a helicofgRast Management
Regulatory Agency, 2020The finest grain control on aerial application footprint of an herbicide
is |Iimted by the application methodés swath
conditions (10 m above a canopy and travel at roughly 20 m/s), the effective sditicavi
range between 2530 m, depending on the nozzle type uféab et al., 2021)Consequently, to
capture alP. australisramets in an application area where patches are smaller or discontinuous,
considerable overtreatmastunavoidable. Helicoptdyased application is thus best suited to

treating large (31 ha) monocultures ¢&t. australis

Thoughnot currently approved for use over standing water to coRtratistralisin
Canada, RPASs can fly much closer toPhaustraliscanopy (~3 m above the canopy) and at

lower flight speeds (2 m/s), resulting in swath widths about an order of magnitude smaller than
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by helicopter application (approximately 3 m; Adrian Rivard, pers. comm.). Therefore, when
navigating the edges of small, irregularly shapedustralispatches, RPA®ased herbicide
application could potentially reduce the extent of overtreatment by up to 90%. Further, the lower
flight heights achievable with RPAS application will likely decrease herbicide(daift et al.,

2021) RPASbased herbicide application has the potential to optimize theaffietween
undertreatment and overtreatment and reductagjet effects, expediting native plant

community recovery aftd?. australissuppression. However, a siwvel review of the accuracy

of this technology and the resulting spatial footprint of the herbicide application are necessary to
test the extent of offarget effects and drift in a realistic setting, which regulators camuse

evaluating the safetyf RPASbased herbicide application.

In this chapter, we compare remotsinsed images &f. australisinvasions, before and
after herbicide application by an RPAS, at four different sites in provincially significant wetlands
in southern Ontario, representing model environments to test this technology. Our objectives
were: 1) to quantify application accuyaaf the RPASbased herbicide application across a range
of reatworld conditions and 2) to evaluate any pweatment effects of the herbicide
application. Application accuracy was chdesized by ortargetdamageundertreatment, and
intendedovertreatment areas. We definetangetdamageasthe agreement between whére
australiswas identified in the prereatment remotsensing image classification and theended
treatment areaxported by the RPAfight paths we define undertreatment as areas where the
intendedreatment areaso not fully cover thé. australispatch as delineated in the pre
treatment classification, and we defineendedovertreatment as areas whereititerded
treatment areasxtend beyond the border of tReaustralispatch delineated in the pteeatment

classification. Postreatment effects were characterized by-tamget plant damage and
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evidence of herbicide drift. We define ntarget plant damage as areas where vegetation that
was notP. australisin the pretreatment classification are classified as damaged from the
herbicide treatment in the peseatment classification. We define drift as classified vegetation
damage in the pos$teatment classification that occurred outside the bounds aftdreded

treatment areas

4.2 Methods

4.2.1 Study design

We completed a before and after comparison of remgtatged imagery at four
Provincially Significant CoastaMWetlandsin Ontario (Fig 4-1), with imagery collected during
peak aboveground biomass (July) of the summer before and the summer aftebddi@dS
herbicide application. Combined with the RPAS flight paths during the herbicide application, we
were able to quantify the spatial extentoflertreatmentntendedovertreatment, and extent of
spray drift. At two of the sites, we used peimttercept tansect surveys along the edge® of
australispatches to detect subtler signs of herbicide damage to native vegetation as evidence of

overtreatment and any remndhtaustralisramets as evidence of undertreatment.
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4.2.2 Field sites

Figure 4-1. Map offour Provincially Significant Wetlandssedas pilot sitegor RPASbased
applications of Habit&® Aquato invasivePhragmites australis

In addition to Rondeau Provincial Park and Baie du Doré (described in Chapter 2.0), two
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other provincially significant wetlands, Spongy Lake and Wood Drive, were imaged as part of a
site-level analysis of the RPABased herbicide applicatioRig. 4-1). Spongy Lake is a peatland

in a kettle lake depression, owned by the University of Waterloo, found east of the town of
Baden, Ontario. The development of peatland in the basin is a product of lake succession which
has caused the lake to fill in with orgamatter, creating a base that is unable to support the

weight of a person equipped with a backpack sprayer, but is too thick to allow the passage of a



boat. As the invasion d?. australisat Spongy Lake is relatively small, herbicides cannot be
sprayed by a helicopter or airplane without considerable negative impact to the many rare plant
species in the wetland. Additionally, the inaccessibility of the site prevents treatment by

backpack spaying or amphibious vehicles.

Wood Drive coastal wetland is a swamm@arsh complex located on the eastern shore of
Lake Huron. This complex hosts several species at risk turtles, snakes, and birds as well as rare
marsh vegetatio(Gilbert, 2017) yet is orphaned land with no clear ownership and
consequently, no individual responsible for its management. The wetland has been split into
three different blocks to facilitafe. australiss u ppr essi on. T(Gibert, 208t er ndbl
was selected for treatment in this study and contained nearly 34 ha oPdenstralisin 2013.
Efforts to controlP. australisat this site occurred in 2014 (herbicide treatment) and 2015
(herbicide treatment paired with burning and rolling the standing dead biomass) in areas that lack
standing water. However, as Lake Huronés wat e
long-term average between 2015 and 2(R8tional Oceanic and Atmospheric Administration,
2024) the areas permitted for herbicide treatment were limited due to restrictions ematger
herbicide application in Canadadditional herbicide treatments (backpack sprayoupurred
near the RPA®ased herbicide application ased Wood Drive in 2022impeding our ability to
distinguish overtreatment or drifue tothe RPASbased applicatiofrom treatment bypackpack
spraying.Consequentlywe excluded Wood Drive from oyrosttreatment classification of

damaged vegetation

4.2.3 Aerial imagery
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High resolution (~1.5 cm/pixel ground sampling distance) aerial images were captured by
Ontari o Power Generationds Advanced I nspectio
in July 2022, under clear weather conditions. We conducted flights atafitanging from 160
120 m above ground level to optimize image resolution and coverage. Details regarding the
RPAS units, cameras, and image specifications for each site can be fduaindieit1. To
ensure consistency across years, flight paths weergeadin WingtraHub or the DJI Pilot App
(RPAS model dependent) and were used to replicate the flights in July 2023 to capture the same

extent of the sites after the herbicide treatment.

The Advanced Inspection and Maintenance team georeferenced the images using the
reattime kinematic global navigation satellite systelpased land survey technique. This method
uses higkprecision global navigation satellite system receivers to estalblisinade ground
control points across the study area, providing centirietet positioning accuracy and
ensuring precise spatial referencing of the aerial imggeQueiroz et al., 2022ifferential
corrections were applied in retiine to correct for atmospheric errors and satellite orbit

deviations, increasing the overall georeferencing accwhithe ground control points

Following georeferencing, the aerial images were processed using Pix4Dmapper software
(Prilly, Switzerland). Pix4Dmapper is a photogrammetry tool designed for processing RPAS
imagery and generating accurate orthomosaics, among other geospatial modssétwidre
completes both radiometric and atmospheric corrections on the images to correct for any lens
distortions, atmospheric effects, and radiometric inconsiste(ieie4D, 2017) The images are
thenstitchedthrough a process called mosaicking to create a single orthomosaic of each study

site.
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Table 4-1. Summary of higkresolution imagery collection including collection date, RPAS model, camera used, image resolution,

and overlap percentage at each study site.

Site Image collection RPAS model Camera Image resolution  Overlap
date percentage
Pre-treatment  Baie du Doré July 6, 2022 WingtraOne Gen |  Sony RX1R Il 1.30 cmipixel 85 Side
42MP ground sampling 81 Frontal
distancg GSD)
Rondeau Park  July 19, 2022 WingtraOne Gen | Sony RX1R Il 1.60 cm/pixel GSD 85 Side
42MP 85 Frontal
Spongy Lake July 20, 2022 DJI Matrice 300 Zenmuse P1 45MP 1.51 cm/pixel GSD 85 Side
RTK with 35mm lens 80 Frontal
Wood Drive July 18, 2022 DJI Matrice 300 Zenmuse P1 45MP 1.26 cnipixel GSD 85 Side
RTK with 35mm lens 80 Frontal
Posttreatment  Baie du Doré July 7, 2023 WingtraOne Gen Il  Sony RX1R Il 153 cnipixel GSD 85 Side
42MP 70 Frontal
Rondeau Park  July 19, 2023 WingtraOne Gen Il  Sony RX1R I 1.65 cnipixel GSD 85 Side
42MP 85 Frontal
Spongy Lake July 20, 2023 DJI Matrice 300 Zenmuse P1 45MP 1.71 cm/pixel GSD 85 Side
RTK with 35mm lens 80 Frontal
Wood Drive July 18, 2023 DJI Matrice 300 Zenmuse P1 45MP 1.26 cnipixel GSD 85 Side
RTK with 35mm lens 80 Frontal
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4.24 RPASbased herbicide application

RPASbased application of Habi@tAqua was completed as described in Chapter 2.0. In
accordance with the Research Authorization 6B@922 issued by Health Canada to BASF, a
maximum of 2 ha oP. australiswere treated at each of the sites. Within the herbicide
application allowances, site managers provided input on aréasaobtralisto target with the
RPASbased treatment. Spongy Lake and Baie du Doré had two treatment areas and Rondeau
Provincial Park and Wood Drive had three treatment areas. Bé)ert and Rondeau
Provincial Park also had control areas that were left untreated to supfbetgnound
vegetation surveys (see section 4f/égetation survey®. Table4-2 details weather

parameters at the time of each herbicide application.

Table 4-2. Treatment dates and weather parameters during the RBR#e8l herbicide

application at each of the four pilot sites. Temperature and relative humidity were measured with
an Extech RH300 hygrthermometer (Extech Instruments, Waltham, MA, USA). Wind

direction and wind velocity were measured with a Kestrel 1000 anemometer (Kestrel
Instruments, Boothwyn, PA, USA).

Site Date of Temperature Relative Wind Wind

treatment (°C) humidity (%) direction velocity
(kph)

Spongy Lake August 31, 26.0 54.7 West 1.1
2022

Baie du Doré September 1, 25.0 53.6 West 1.7
2022

Rondeau September 14, 23.0 63.4 South 5.0

Provincial Park 2022

Wood Drive September 16, 29.0 62.9 Southwest 1.0
2022

4.25 Image classification
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To accurately map the extent®f australisbefore treatment and assess the subsequent
plant damage posteatment, we classified the remotslgnsed images with manual delineation.
We selected manual delineation over other classification techniques (e.g.ppdigiectbased)
based on severaldtors, including the extremely high resolution of the images, relatively small
geographic regions (~30 ha) to be classified, and few classeP (latestralisand damaged
vegetation from herbicide treatmemi® were interested in mapping. Manual delineation was
also found to offer the highesfassificationaccuracy folP. australisin previous research by
Marcaccio (2016)Across both years, a single interpreter classified all sets of images using
ArcGIS Pro (v. 3.1.0, ESRI, Inc., Redlands, CA) to maintain consistency and reproducibility in
the classificationsThis approach minimized potential variability in classification outcomes and
ensured reliable comparisons betweentpratment and posteatment classification3he
i nt er pr et e rimtlevepgetation suveypah Rondeau Provincial Park and Baie du Doré
(see section 4.2 Ve g et aé¢ y)pprovidedicontext to the layout of the sites and locations
of P. australispatchesprior to classifying the image®/e recordedlO0GPS coordinates in the
field across both surveyed sites to confirm the accuracy of the image classification. Coordinates
wererandomly distributed along the boundariesofiustralispatches (préreatment), and in

dead vegetation (poesteatment) to serve as ground truthing points.

4.2 6 Spatial analyses

Spatial overlay analysis

Log files capture and record the geographic location aéphayequippedRPAS during
its herbicideapplicationflight. Based on the calibrated swath wiggm)at the RPASSs target

flight height above th®. australiscanopy (Adrian Rivard, pers. comm.), we added a 1.5 m wide
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buffer to the flight lines in the log files from the RPAS to create a polygon daftidreded

treatment area. During the automated flights, the RPAS sprayed along each flight line, shutting
off when turning and shifting lineig. 4-2). Due to pilot concerns about adequately applying
herbicide to the perimeter of the delinea®edustralispatches, a serassisted flight to treat the
patch perimeter was completed after each initial automated fRght4c2; Adrian Rivard, pers.
comm.). During semassised flights, the log files track the path taken by the RPAS, but do not
record whether the RPAS is actively spraying or not. Through consultation with the pilot, the

beginning and end of active spraying during the sassisted flights was estimated.
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To quantify application accuracy, we intersected classifiedHivaustralisareas with
their correspondinqitendedreatment areas from the RPA&sed herbicide applicatig¢rig. 4
3A). To quantify undertreatment areas, we overlaidritendedreatment areand the pre
treatmen®. australisclassification and removed the areas that were coincifient4-3B). To
guantifyintendedovertreatment areas, we overlaid the-jpeatmen®. australisclassification
andintendedreatment areand removed # areas that were coincidéfig. 4-3C). To quantify

nornttarget plant damage, we overlaid the gosatment dead vegetation classification and pre
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treatmen®P. australisclassification and removed areas that were coincid@egt 4-3D). To

guantify drift,we overlaid the postreatment dead vegetation classification and their
correspondingntendedireatment areas and removed the areas that were coin@taeM3E).

All spatial overlays were completed in ArcGIS Pro3\..0, ESRI Ing.Redlands, CA) and

specific overlay functions are summarizedable4-3. In ArcGIS Pro, we extracted the area
values for each of the outputs {target, underandintendedovertreatment areas, noarget

plant damage, and drift) from the overlay analysis in the projected coordinate system North
American Datum (NAD) 1983, Universal Transverse Mercator (UTM) Zone 17 North. The UTM
projection provides a conformal mappingthd&oh r t h 6 s s ur-dimenosonabnt o a t wo
Cartesian coordinate system, allowing accurate measurements of area, distance, and angles
within the zongThomas, 2017)Using the area values, we calculated the percentage of each
output type in relation to the area of the targ&edustralispatch, as determined in the pre

treatment remotsensing image classification.
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Table 4-3. Summary of overlay function types, associated input and overlay features, and the
resultant output polygons produced by the overlay function.

Overlay Input feature Overlay feature Output

type

Intersect  Pretreatmen®. australis  Intendedreatment area  On-targetdamage
classification

Erase Pretreatmen®. australis Intendedreatment area  Undertreatment
classification

Erase Intendedireatment area Pretreatmenf®. australis Intended

classification overtreatment

Erase Posttreatment dead PretreatmenfP. australis Non-target
vegetation classification classification vegetatiordamage

Erase Posttreatment dead Intendedireatment area  Drift

vegetation classification

Drift analysis

To assess drift more comprehensively, we also calculated drift in relation to the area

sprayed with herbicide by the RPAS, to eliminate bidargferintended treatment areas result in

a larger extenof drift. We also calculated the perimetgea ratio of eacimtendedireatment

areato provide insight on the proportion of edge available for drift to occur along, relative to the

size of thantendedreatmentarea To assess the quantity of drift observed around the

application areas from the RPAfased herbicide application, we calculated the percentage of

theintendedreatmentre® s

peri meter

t h alNe exdracied the peximgieedd r e d

theintendedreatmentareain the projected coordinatesgm NAD 1983, UTMZonel7 North.

To measure the length of perimeter that drift appeared along, we used the measure distance tool

(ESRI, n.d:b) in ArcGIS Pro to trace the intersecting boundary betweemteededireatment

areaand outputted drift polygon. To ensure the entire intersecting boundary was measured, we
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enabled the snapping drawing &S5RI, n.d-c) to capture all vertices along the drift polygon as

the measure distance tool recorded the distance.

To quantify the extent of drift away from the application area, we measured the
maximum distance at whiclegetation damag®&as observedway fromeach application area.
We took measurements perpendicular to the edge aftérededreatment areahere the
greatest distance of drift was seen. Using the feature vertices to poifE$&dl n.d-a), we
established endpoints of the drift polygon. Subsequently, we measured the distance from a vertex
point to the edge of thatendedreatment areasing the measure direction distance {&3Rl,
n.d-b), ensuring that the angle of intersection withititendedreatmentareéas boundary wa
set at 90. We selected and measured the distance of five vertices considered to be the furthest
instances of drift for each application area. From the five extracted values, we recorded the
highest as the maximum drift distantée also natd he doninant wind directiorfor each site
duringapplicationaswest for Spongy lakeand Baie du Doréouth for Rondeau Provincial

Park and soutiwest for WoodDrive.

4.2.7 Vegetation surveys

In August 2022, we conducted baseline vegetation surveys at Baie du Doré and Rondeau
Provincial Park wetlands, prior to the herbicide application. We deployed 10 m long transects
(N=10 at Baie du Doré; N=20 at Rondeau Park) passing through the edgee{=2h live
stems/m) P. australispatches into the surrounding vegetation. We set up the transects in a
paired manner, so that half were established in the control areas, and the other half in the
proposed treatment areas to be sprayed with HabRgua by the RPAS. We marked the

beginning and end of each transect by placing a bamboo stake with flagged labels into the
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sediment and recorded a GPS coordimatke submeter accuracy (SXPro GNSS, Geneq Inc.,
Montreal, QC, Canadat both ends to facilitate locating the transect in the following year. We
took measurements every 20 cm following péiméercept samplingMadsen, 19990 capture

the boundary between tie australispatch and the surrounding vascular plant species along the
transects. We also recorded water depth and canopy height at each 20 cm interval. In August
2023, we conducted followp vegetation surveys at both wetlands following the same sampling

methods to ssess the posteatment state of the transects.

To determine the extent of remnant IReaustralisalong each podteatment transect,
we measured the distance between the sl lastintercepted liveP. australisramet on each
transect. Using the GPS locations of the transects starting and ending locations taken in the field,
we overlayed thentendedrreatment aresato assess the portion of each transect that was sprayed
with herbicide. Where transects extended beyond the boundaryinfahdedreatmentrea,
we omitted intercepted livie. awstralis ramets from the total distance as they were not treated

with the herbicide.

4.3 Results

4.3.1 Site factors and analysis of the RRYaSed herbicide treatmeateas

Spongy Lake had 0.25 ha of lifR australistargeted for treatment, broken into two
treatmentrea. The polygons were 0.21 ha and 0.35 ha in area and had peanegateatios of
0.08 and 0.09. The lake is bordered by deciduous trees aRddhstralispatches have little
vegetation directhpurroundinghem. Baie du Doré had 0.13 ha of IReaustralistargeted for
treatment, broken into two treatmemea. The polygons were 0.07 ha and 0.53 ha in area and

had perimetearea ratios of 0.06 and 0.IFhe site was mainly open water marsh and the
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targetedP. australispatches were surrounded principally byphax glauca(Hybrid Cattail),
floating, and submersed aquatic vegetation. Rondeau Provincial Park had 0.46 hR.of live
australistargeted for treatment, across three treatrass. The polygons ranged 0.1®.57 ha

in area and had perimetarea ratios between 0.080.16. The treatment site was a swamp
slough withP. australispatches bordered by deciduous trees. Wood Drive had 0.76 ha Bf live
australistargeted for herbicide treatmeacross three treatmesrtea. The polygons were
between 0.3%5 0.89 ha in area and had perimeteea ratios between 0.09.08. The site was a
coastal marsh with abundant stand3ygbhax glaucainterspersed and surrounding the patches

of P. australis

4.32 Spatial overlay analysis: assessment of RIBASed herbicide application accuracy on
targeted areas dPhragmites australis

Results from our overlay analysis revealed the spatial footprint of the RBgel
herbicide application in relation to the targeted areds afistralis Measurements quantifying
theapplication accuracge.g.,ontargetdamageundertreatment areandintended
overtreatment ar@¢and postreatment effects (e.g., ndargetvegetation damagarea and drift
as a percentage of tRe australisarea)for eachintendedireatmentareaareprovided inTable4-
4. Spongy Lake and Baie du Doré both had two gohs ofP. australistargeted for treatment,
while Rondeawand Wood Drivenad three polygong\cross alintendedreatmentrea, the
averagegercentagef ontargetdamagevasbetween/0i1 100% (average 91% std. =10%).
The average undertreatment area acrosstathdedireatmentarea varied from GF 30%
(average= 9%; std. =10%) of the targete®. australisarea Across all sites, the average amount
of intendedovertreatment walsetween 41 440% (average 472%; std. = 1066) of the

targetedP. australisarea.
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We assessed the pdastatment effects of the RPA#sed herbicide application with two
additional parameters, ndarget plant damage and driétcross Spongy Lake, Baie du Doré,
and Rondeau Provincial Park, the average amount efargat plant damage varied from42
229% (average = 102%; std. %) of the targete®. australisarea.The average amount of
drift observed across Spongy Lake, Baie du Doré and Rondeau Provincial Paetwesn 4

34% (average 249%; std. =10%) of the targeted. austrdis area.
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Table 4-4. Summary of RPASased herbicide application accuracy outputs from spatial overlay analysis. Output values are reported
as percentages of peatmenPhragmites australiarea. Data were collected from Spongy Lake, Baie du Doré, Rondeau Provincial
Park, and Wood Drive wetlands. Ntarget plant damage and drift were not calculated for Wood Drive due to the inability to
complete the podteatment classification of damageepetation attributed to the RPAfased herbicide application.

Site Treatment Intended Pre-treatment On-target  Undertreatment Intended Non-target plant  Drift (%)
polygon ID treatment  P. australis damage area (%) overtreatment damage area (%)
area (mf) area (mf) (%) area (%)
Spongy  SL- 3464.65 1608.48 95 5 120 113 34
Lake North
SL- 2131.51 918.57 98 2 130 65 15
South
Baiedu BDD- 5332.24 983.57 99 1 440 229 10
Doré North
BDD- 723.60 314.04 100 0 130 70 14
South
Rondeau RPR 5723.08 3651.77 83 17 74 42 13
Provincial North
Park RPR 1373.75 451.86 85 15 219 140 9
Centre
RPR 993.73 504.94 86 14 110 56 4
South
Wood WD- 7177.60 3244.16 99 1 122 N/A N/A
Drive North
WD- 3516.86 1692.75 70 30 138 N/A N/A
Middle
WD- 8908.77 2690.03 96 4 235 N/A N/A
South
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4.33 Drift analysis quantifying drift from RPA®ased herbicide application outside of
application area

Drift occurred outside of all sevantendedreatmentrea, at the three sites where post
treatment identification of plant damage was possible (Spongy Lake, Baie du Doré, and Rondeau
Provincial Park)Due to the high rates aftendedovertreatment observed from the herbicide
treatment in sectiod.32, drift was not well represented by its percentage in relation to the total
area ofP. australisthat was targeted for RPASsed herbicide application at each wetland.

Instead, weconsider the percentagéabserved drift in relation to the area of eadiended
treatmentreait occurred around, with two or moaeea receiving treatment per wetland.
Measurements characterizing theendedreatmentarea (e.g., total area and perimeter to area
ratio) and measurements quantifying the extent of drift aroundiet@ctdedreatmentreale.g.,
drift area, drift area as a percentage of sprayed area, or drift as a perceimtegalettreatment

areaperimeter) are provided ifable4-5.

Spongy Lake and Baie du Bdooth had two polygons @&f. australistargeted for
treatment, while Rondeau had three polygons. In generahtdreledreatment areasere
small (<0.6 ha), with smalleintendedreatment areahaving a larger perimeter to area ratios.
The extent of drift varied frorA1 16% (average = 6%; ste¢ 5%) of the totatreatmentarea and
was neither strongly related to the area nor perinuétéreintendedtreatment areal he extent
of drift was more consistently about a quadetheintendedreatment areperimeter (average =
24%; std =11%). The distance away from tilkendedreatment areto which drift could be

detected ranged from about 20 m (average = 8 m; std 6 m).
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Table 4-5. Summary of drift (evidence of vegetation death beyond the application area) aftefd@B&bherbicide application. Data
were collected from Spongy Lake, Baie du Doré€, and Rondeau Provincial Park wetlands.

Site Treatment Intended Perimeter- Drift Intended Perimeter Drift Drift Maximum
polygon treatment arearatio area treatment of shared percentage percentage distance
ID area (n?) of (m?) area boundary by by of drift
intended perimeter between intended  perimeter (m)
treatment (m) intended treatment (%)
area treatment  area (%)
areaand
drift
polygon
(m)
Spongy  SL- 3464.65 0.08 547.56 279.34 70.75 16 25 20.44
Lake North
SL- 2131.51 0.09 138.21 182.27 47.23 6 26 6.83
South
Baiedu BDD- 5332.24 0.06 98.52 305.02 49.02 2 16 8.11
Doré North
BDD- 723.60 0.15 43.75 105.10 21.43 6 20 4.35
South
Rondeau RPR 5723.08 0.06 489.40 347.28 163.63 9 a7 8.99
Provincial North
Park RPR 1373.75 0.13 42.30 185.23 37.16 3 20 4.38
Centre
RPR 993.73 0.16 20.46 157.61 20.21 2 13 2.94
South
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4.3.4 Analysis of fieldollected transect data

We intercepted livé®. australisramets in théreatmentrea along six of the 15 post
treatment transects we measured (40%): thrBaiatdu Doré and three Bondeau Provincial
Park.Among all treatment transects there was a total of 15 intercepts & laugstralis
representing 2% of possible intercepts on all{hesbicide application treatment transects. The
number of liveP. australisintercepts ranged from one to five per transect, with the average
number of intercepts being two to three, out of a possible 50. The average distance between the
two most extreme remnaRt australisramets on the posteatment transects was 190 cm (std. =
224cm), ranging from 0 cm to 480 cm. Byeasuring canopy height at each of the intercepts
pre- and postreatment, we were able to confirm that the intercepted?ivaustralissurvived
the herbicide application and did not arise from sed®l asistralisramets from seed has a
shorter stature and less robust morphology compared to ramets from rhizimed-6 details

the six postreatment transects that litR australiswas intercepted on.

Table 4-6. Summary of livePhragmites australi;mtercepts on treatment transects in Baie du
Doré and Rondeau Provincial Park post RA¥sSed herbicide application.

Site Transect Number of live Intercept distance from Distance between

ID P. australis start of transect (cm) live P. australis
intercepts intercepts (cm)

Baie du BDDTO1 3 200, 220, 240 40

Doré BDDT03 2 0, 480 480
BDDTO5 1 200 0

Rondeau RPPT04 2 420, 480 60

Efox'nc'a' RPPTO7 5 80, 140, 160, 440, 560 480

ar

RPPT10 2 820, 920 100

4.4 Discussion
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Our study assessed the spatial footprint of RIBASed herbicide applications to invasiie
australisin wetland environments. We aimed to evaluate the application accuracy and post
treatment effects of this application method. Thearget application rate averaged 91% of the
P. australisarea across aithtendedreatmentareas aligning with the ortarget rates observed
with groundbased patch sprayifasmussen et al., 201®)tended gertreatment was evident,
with nine out of ten ointendedreatmentrea exceeding thB. australisarea by at least 100%.

This was partly attributed to challenges in accurately identififingustralisamong other tall
emergent vegetation likByphax glauca(Hybrid Cattail) when creating application aselbut it

also represents a trad#f between capturing aR. australisramets in dreatment area and

minimizing nontarget plant damage. Similarly, in terms of fpweatment effects, netarget
vegetation damage exceeded 100% oRthaustralisarea for mosintendedireatmentarea,
particularly where noitarget emergent vegetation (as opposed to open water) bordeked the
australispatches. This tradeff is critical as any surviving. australiswill threaten longterm
suppression success, but overtreatment harms the very plants we rely on to recolonize the treated
areas and may delay the recovery of the vegetation community. Herbicide drift was variable, but
the maximum observed extent of drift (~20 m perpendicular tomtbededreatmentrea

boundary) aligns with other recommendations from studies on buffer distances forlRB&E
pesticide applicatio(Gibbs et al., 2021and is considerably smaller than the maximum extent of
drift from helicopter application. Likely, drift was exacerbalgdusingsemtassisted flights to
capture the edges of eaehaustralispatch. With refinements of RPAS flight parameters along

patch edges, drift may be reduced.

Our findings indicate that RPAS technology can effectively target herbicidesatastralis

patches with an average-target application rate of 91%. The-target application rate aligns

95



closely to the 89 96% reported for groundased patch sprayirf@asmussen et al., 2019yhen

the boom width was 3 m (in line with the swath width from our RPAS application). Several site
specific factors may have influenced the observed variance in RB#&I application accuracy
among our sites. At Rondeau Provincial Park, trees bordegrengwamp slough hampered

RPAS access along the boundary of certain tre
marsh provided an unobstructed area for the RPAS to fly for each mission. Wood Drive had the
largest area dP. australis comprising mainly small and irregularly dispersed patch&s of
australiswith varying live stem density. The spatial distributiorthe patches posed challenges

in creatingintendedireatmentarea without cutting off part of 8. australispatch or leaving

remnant ramets near the edges. Whereas at Spongy LakRe ahstralisinvasions were

clusteredn distinctpatches abppositeends of the lakesimplifying the delineation of the

treatmentareafor each patch.

Intended gertreatment values were generally higher than expected, with only one of ten
intendedireatmentarea having a total treated area less than double the footpintaafstralis
targeted for treatmerffppendix A) An important factor in the extent mitendedovertreatment
is the distribution and shape Bf australisstands within each wetland and the logistical
constraints of grouping these stands into polygons targeted for treatment and planning the flight
paths to cover these polygorSites like Baie du Doré and Wood Drive whereustralisgrew
in a more heterogenous and patchy conformation will present a greater planning challenge and
will necessitate a greater degreermténdedovertreatment tonitigateundertreatment. It can be
challenging to differentiat. australisfrom other tall emergent vegetation, especially wikere
australisstem density is thin at the patch margins. At two of our study Syg$iax glauca

(Hybrid Cattail) surrounded (Baie du Doré) or was interspiergthin (Wood Drive)P. australis
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patches, making it difficult to target australisexclusively. Herbicide applicators forced to
choose between overtreatment and undertreatment often fawetireatment as regrowth of
surviving P. australisnecessitates costly and extensive folagvtreatments. For example,
Robichaud and Roong2021a)found that remnari. australisincreased live stem density
sevenfold in a single year after herbicide treatment. Not only do fellpareatments increase
project costs and delay native plant community recovery, but they can lead to accumulation of
herbicide residues in wetlan{Breckels & Kilgour, 2018and could create conditions that

favour the evolution of herbicide resistancéiraustralisi(Government of Ontario, 2001)

Intended teatmentarea with the greateshtendedovertreatment rates also had the lowest
undertreatment rates, showcasing this taifileFor example, at Baie du Doré one of the
treatmentireashad <1% of undertreatment area, but over 40@%ndedovertreatment area.
Conversely, at Rondeau Provincial Park, the amigndedreatment area to havel®©0%
intendedovertreatment (i.e. the areainfendedovertreatment was equivalent to the areR.of
australistargeted fotreatment) had nearly 17% of tRe australispatch left untreatedt is

important to note thahe amount ointended overtreatmert attributable to flight planningnd
thesubjective nature of creating the intended treatment areas is a large contribut@rtorthe
observed. Additional training for RPAS pilots may improve the rates of intended overtreatment
however, some amount will likely be unavoidable when minimigiegotentialof

undertreatmerdrea

While intendedovertreatment refers the situationwhere thantendedireatment area
extenedbeyond the border of tHe. australispatch delineated in the pteeatment
classification nontarget plant damage refersthee case whereegetatiorother tharP. australis

is classified as damagdyy the herbicide treatment in the pastatment classificatioOn
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average, nottarget plant damage was up to an additional 100% of the tangetedtralisarea.
The extent of notarget plant damage observed in this study can be attributed to variations in the
spatial distribution of vegetation in relation to theaustralispatches at eadhtendedreatment
area. In some cases, high planget plant damage was related toitltendedovertreatment area
within a given treatmerdrea This was the case at Baie du Doré where the large proportion of
intendedovertreatmenencompassed nearfbyphax glauca and as a result, the nterget plant
damage was high (nearly 230% of the targ€tedustralisarea). However, whela. australis

was surrounded primarily by water, or other vegetation was interspersed within the tBrgeted
australisarea,ntendedovertreatment would be high, but ntarget plant damage was relatively
lower. This was evident at one of tikendedrreatment areas at Spongy Lake whatended
overtreatment was 130% of the targefedustralisarea, btinontarget damage was only 65%.
Submesedaquatic vegetation in the surrounding wattety not be as sensitive to HabRaAqua
asthe herbicide is diluted in the overlying water before contactingubeersedoliage and
rapidly photodegrades in wat@est Management Regulatory Agency, 20R@)re, even if
submersed aquatic vegetation damageurredfrom intendedovertreatmeninto water,

detection in the podteatment imagerwould not beevidentin the open wateHowever, when
the vegetation bordering. australispatches was other emergent plant speciestarget

damage more closely resemblatendedovertreatment. This neighboring ntarget emergent
vegetation damage we attributeinterlednl v t o t he
overtreatmenalong the edgesf P. australisstands necessary to capture allfhaustralis
ramets. Importantly, when ndarget vegetation was interspersed withinRhaustralispatch,

nontarget plant damage could not be characterized independentlyfraostralisdeath in the
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overlay analysis. Noselective herbicide spray applications will damage any vegetation,

including nontarget plants growing within . australispatch.

Our approach to deriving thetendedreatmenareasi nvol ved buffering t hi
path with the 3 m estimated swath width to calculate the footprint to which herbicide was applied
by the RPASwhile it wasactivelyspraying (Figure 4), so itis important to note that these
treated area values are an estimatstudy byRasmussen et al. (2019) found that log files for
groundbased patch spraying consistently overestimated the sprayed area, suggesting that where
the sprayer thought it hagralyed and evidence of spray deposition in the field were not aligned.
Contrary to the findings of Rasmussen et al. (2019), there was strong agreement between the
intendedovertreatment areas and the ftarget plant damage areas in our study, with the
exception being wheR. australiswas surrounded by open water. Based on where we think
herbicide was applied outside of tReaustralisarea from the extracted flight paths and-pre
treatment imagery, there was clear evidence of emergent vegetation morthéypost
treatment imagery. This suggests thahiendedovertreatment areas, herbicide application
occurred at a high enough concentration to effectively damagenaengentegetation in that
area. Differences imtendedovertreatment and netarget areas can be attributed to several of
our targetP. australistreatmentreas being surrounded by open water, weebenersed aquatic
vegetation are not likely to mversely impacted by Habi@tAqua applicatiorandvisual

evidence of plant mortalityx the open water dhe positreatment imageris not detectable

While pesticidedrift from RPASbased applications has been extensively studied with
indicators(e.g., Chen et al., 2020; Gibbs et al., 2021; Grant et al., 20@&cological effects of
thatdrift and thequantity of driftlikely to provoke a toxicesponse isurrounding vegetation is

comparatively understudied. In wetlands, the presenemefgennative vegetation surrounding
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P. australisprovides a distinct footprint of the effects of herbicide drift outside of the application
area. We observed a range of drift, both relative to the afeaanfstralistargetedor treatment

(47 34%), and theotal area that was sprayéy the RPAS< 271 16%). Differences in drift

rates acrosmtendedreatmentareasuggest that herbicide drift was variable, even when the
automated flight parameters were held constant. The addition ofsemsied flights completed
along the perimeter ofaeh patch after the initial automated flight was a unique factor for each
intendedtreatmentareaand may have contributed to the variation in drift rates. As the- semi
assisted flight only targetd®l australisramets along the edge that may not have had adequate
spray coverage from the initial passes, it is possible that the boundaries of the application area

were overestimated.

Spongy Lake exhibited the greatest drift (134% ofP. australisarea and 6 16% of
treatment area), despite having relatively low perimatea ratiosgpproximately0.08 at
Spongy Lake) compared to the other sites (> 0.10 at Baie du Doré and Rondeau Provincial Park).
Environmental wind was also low (1.1 kph at the edge of the lake) during this treatment due to
the lake being sheltered by trees. We do not think thssthve result of temperature inversions
despite the low wind sped@overnment of Canada, 2028gcause wind velocity measurements
in the farm field surrounding the depression in which the kettle lake is situated were roughly 30
kph before entering the lake (Janice Gilbert, pers. comm.). A possible reason greater drift was
observed at Spongy Lake ddipe the sparseness of fReaustralisstands. While no cthe-
ground measures of stem density were completed at Spongy Lake, visual examination of high
resolution aerial imagery of th& australisstands compared to Ronderovincial Park and

Baie du Doré suggests a lower stem density. A lower density of foliage for the herbicide droplets
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to intercept may leave more droplets susceptible to being pushed through the canopy or drifting

laterally outside the application argém et al., 2011)

In contrast, drift at Baie du Doré and Rondeau Provincial Park were lowdrd@% of
targetedP. australisarea and 2 9% of treatment area), with no clear relationship between drift
and patch size or perimetarea ratios. Lower drift rates at Rondeau Provincial Park were likely
related to the greater undertreatment observed (I3%6). AsP. australisgrew beneath a tree
canopy that bounded one side of the treatment patches in the swamp slough, spraying to the edge
of the patch was not alwaysgsible, reducing the opportunity for herbicide drift to 1target
vegetation along that boundary. At Baie du Doré€, the open marsh lacked obstacles like trees
whereP. australisexisted. However, the presence of open water around a large proportion of the
patches meant that herbicide drift into the surrounding water could not be detected in-the post

treatment remotsensing classification.

Drift percentage by perimeter was more consistent acrosgaaitedireatmentrea than
drift rate by area. Generally, drift occurred along approximately 25% aftdrededtreatment
ared s p er i magyestshat heibitidesapplied by the RPAS tended to drift in one
direction or to one side @nintendedreatmentrea. Inmostintendedreatmentres, a larger
drift footprint wasevidenton one side, even if smaller drift occurred along multiple sides
(AppendixB). This larger footprintmay havebeencausedy the final pass from the semi
assisted flights, potentially in combination with a wind gust inditifé direction The relative
consistency in drift proportion by perimeter of theendedreatment aa suggests it may be
better at quantifying the opportunity for drift to occur compared to patch size or perareder
ratio. This contrasts with helicopter spraying, wheraustralispatch area may play a larger

role in herbicide drift due to larger patches requiring fewer pass@sa helicopter compared to
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an RPAS. However, the larger swath widths and faster flight speeds from helicoptesuttan

in more herbicide drifting outside the targeea, especially when the patches are smaller than

the swath widt{Teske et al., 1998For example, at Baie du Doré, the smaller treatraszd
requiredapproximately seven passes by the RPAS to treat the fulliiged<1), covering the

entire 25 m of width, including the semssisted flightA helicopterwith a 251 30 m swath,

would need only one pass for the same p@telo et al., 2021)Additionally, the time between

turning the nozzlesn and offwhen flying a helicoptecanlead to additional drift perpendicular

to the swatl{Robinson et al., 200@ue to greater flight speeds. Therefore, when patches are

| arger than the RPASG6s swath width (~3 m), dr

and interiordrift is negligible as its more likely to land within theeatmentrea.

The maximum distance of drift observed from all miendedreatmentreas was
approximately 20 m, with the next highest value only near 9 m. Our average distance aligns with
the drift distance of 8 10 m reported by Chen et 020)when spraying pesticides with an
eightrotor RPAS using a medium droplet size. While the range of maximum drift distance was
large (< 3 mi 20 m), the average value was roughly 8 m, with six out of setended
treatmentarea having drift less than 10 m from the application area. This suggests that drift to
norttarget vegetation is unlikely to occur beyond 10 m from the application area in most
applications, provided similar flight parameters are used. Even when consid&entja
damage to notarget plants at a 20 m distance, drift distance from the RPAS is nearly 78% less
than the distance of vegetation damage observed with helicopter spraying of glyphosate (90 m;
Hogg, 2018and 96% less than the distance of damage tetarget vegetation that could be
observed during a helicoptbased application of Habi@tAqua toP. australis(450 m;BASF

Canada Inc., n.d.)n fact, even grountiased applications suggest a buffer zone of at least 30 m
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from nontarget vegetation when using Hab®atqua forP. australissuppressioiBASF

Canada Inc., n.d.WWhile there are currently no mandatory buffer zones for H&bajua use

in wetlands, regardless of application type, we suggest that RR#I herbicide applications
maintain a minimum buffer of 20 m from sensitive species as a precautionary measure. This
value closely aligns with the recommended buffer zone of 12m for RPASbased

pesticide application of row crops reported by Gibbs €28R1) Additionally, the use of a
semtassisted flight is valuable to ensure spray quality along the ed§eso$tralis however,

due to the increased risk of drift along the perimeter, consideration should be given to reducing
flight height(Huang & Thomson, 2018nd/or spee{Hunter et al., 201uring these

perimeter applications.

The ontargetdamagevashighest at Baie du Dorééarly100%) and lowest at Rondeau
Provincial Park (85%). Despite the variation intargetdamageaderived from the pogreatment
imagery, the ofthe-ground transects measured a similar number oHiva&ustralisstems at
each site (six at Baie du Doré and nine at Rondeau Provincial Plaek3uppression efficacy
guantified at the sitéevel for Baie du Dor@nd Rondeau Provincial Parkasroughly a98%
reduction in live stem®ifferences obseerd in the ortargetdamagesprayed and the number of
live P. australisstems may be due to streaking between flight passes caused by wind gusts or
insufficient spray quality at the edges, where the sesisted flight was unable to corrdgtth
the transect and the quadrat methsuheyed 1 rplots, Chapter 10) of surveyng agree thaP.
australissuppression efficacy was very high95%), and as high or higher than reported in
previous studiege.g., Mozdzer et al., 2008; Whyte et al., 2009; Knezevic et al., Z018)

minor difference in estimates of suppression effiqapproximately 98% from the transects and
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> 99% from the quadratsprroborates that the RPAfased herbicidapplicatiors werehighly

successful at reducir®. australislive stem density after a single treatment.

A significant tradeoff between undertreatment amendedovertreatment areas was found
in our RPASbased herbicide applicationsRo australis When many smaller patches are too
close together to justify sprayimgch individually some overtreatment may be unavoidable.
When interspersed ndarget species are also npative species (e.glyphax glaucag
Hydrocharis morsusanage etc.), the vegetation damage frortendedovertreatment may be
justified formore complete suppressionP. austrlis given its high capacity to restablishf it
survivesthe initial applicatior(Elsey-Quirk & Leck, 2021) However, where more sensitive and
desirable native plant species exist Heaaustralispatches, individual patch spraying should be
considered. Currently, such high precision for herbicide spray applications is only possible with
backpack spraying. RPAS application holds the potential to enablemaghg of smallP.
australisclugersas it can hover directly over canopies, but research is needed to test the
accuracy of spespraying. Wher®. australispatches are uniformand dense (> 20 live
stems/m), RPASbased herbicide application can effectively target the patch with a fraction of
the drift observed from helicopter spraying, achieving hig@5%o) suppression efficacy and

representing a new balance point in the trafidetween overtreatment and undertreatment.
4.5 Conclusions

RPASbased herbicide application Bo australispatches at four wetlands achieved an
average of 91% otarget accuracy. Low undertreatment rates presented adffadih

considerable overtreatment, attributed partly to the complex sh&peostralispatches and the

intermixing with nontarget plants along patch margins. Samendedovertreatment is
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unavoidable to mitigate the risk Bf australissurvival and-egrowth, but some reduction in
intendedovertreatment could have been achieved through more accurate differenti@ion of
australisandTyphax glauca Achieving accurate herbicide application while minimizing-non
target impacts represents an area where RIP#s®d herbicide application could be particularly
valuable, especially in treating patche$?ofaustralissurroundedy desirable native emergent
plants. Herbicide drift from the RPAS applications was found up to 20 m away from the
application area but was 78% less than observed vegetation damage from helicopter spraying of
glyphosate and 96% less than the possiblertistaegetation damage coulddizserved when
spraying Habita# Aqua via helicopters. Drift was possibly exacerbated by -sesisted flights
that were implemented to ensure thorough treatment afistralispatch edges. We recommend
lower flight heights andr reduced flight speeds be used during these-assisted patech
perimeter flightsUltimately, effectiveP. australismanagement requires balancing control
efforts with conservation goals. Our results highlight the promising capabilities of B&#&8l
herbicide application for uniform and derBeaustralispatches. However, the unique
distribution ofP. australisas it grows unconfined in wetlands poses challefmgzrecise
herbicide application, even with RPAS technology. Future research should focus on refining
application accuracfe.g., through spegpraying)to reducantendedovertreatment and

collateral damage to netarget species, especially where small clusteR alustralisare

irregularly distributed among other, desirable vegetation.
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5.0Conclusions andrecommendations

5.1 Thesis overview

The persistence ¢thragmites australisubspaustralisinvasions (hereaftd?. australig
in many wetlands can be attributed to limitations in available control methodsagiiepread
and dominance d®. australisthreatens sensitive species by significantly altering habitats. If left
uncontrolled, these invasions lead to a decrease in overall biodiversity and habitat degradation
(Zedler & Kercher, 2004 Phragmites australipatches that are small (< 0.01 ha), interspersed
with other vegetation, and/or inaccessible are often overlooked during wetland management.
This is due to the costs associated with controlling these invasions, which are often outweighed
by the effort and idturbance required to access the sites and complete treatment, or the
environmental impact of broagtale herbicide application. However, the likelihood of
eradicatingP. australisis greatest when targetirsgnall patches and neglecting to control
invasions at this stage allows australisto spread to patch sizes that are unlikely to be

eradicated by management effd@uirion et al., 2018)

To improveP. australiscontrol efforts, a spragquippedemotely pilotedaircraft
systems (RPASSs) applied Hab&af\qua to invasions dP. australisat four pilot sites,
representing wetland environments where traditional herbicide application has been constrained
by access, landscape features, and the presence of sensitive species. An additional site was
integrated in the following year to assesshbgbicide droplet deposition of the RPAS

application on &. australiscanopy.
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Ourgoals inthis thesis were to 1) to evaluate fheaustralissuppression efficacy of
RPASbased herbicide application in wetlands, 2) to quantify vertical and lateral herbicide
droplet movement when applied by an RPA® taustraliswith medium and coarse droplet
sizes, and 3) to assess the application accuracy antteashent effects of RPABased

herbicide applications tB. australis

5.2 Thesis summary

In the first data chapter, we evaluated the suppression efficacy of-B&#3&8 herbicide
application and characterized the extent of native plant recovery one year after herbicide
treatment. We conducted a spatially replicated vegetation sampling deisiga 36 plots at Baie
du Doré and Rondeau Provincial Park Great Lakastalwetlands. We determined that RPAS
based herbicide application effectively suppre$deaustralisby reducing both livé. australis
stem density and canopy height in the esghbl plots. However, there were concurrent
reductions in species richness, evenness, and diversity in the first year after the herbicide
application. While the mean coefficient of conservatism in the herbicide treated plots did not
change, dominance of@émative specielsnpatiens capensis nearly all plots at Baie du Doré
showed the potential for native plant recovery where intact seedbanks are present. Conversely,
secondary invasion tytydrocharis morsusanaewas observed after the first year of herdhe
treatment at Rondeau Provincial Park, highlighting the complex ecological respoRses to
australissuppression in wetland§he widespread presencetbf morsusranaein pretreatment
surveys of the targetd®l australispatches in Rondeau suggests thattpgratment surveys could

help predict where secondary invasions enés: greater risk.
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In the second data chapter, we used wsaasitive papers as indicators to quantify
herbicide droplet deposition through the vertical planeff australiscanopy and the lateral
spread of droplet drift away from the application area. We also compared these depositions
between medium and coarse droplet sizes. We determined that percent area coverage was not
different among heights within tH& australiscanopy for either droplet size, nor did droplet size
have a significant effect on the vertical peagbn. The exception to this was the volume median
diameter (VMD) of the coarse droplets was larger than the medium droplets at the lowest canopy
height, suggesting greater grodiods potential is possible with a larger droplet size due to the
combined gavitational and downward propulsion forces from the RPAS rotors. Lateral droplet
drift occurred at least 8 m away from the application area with medium droplet presence
decaying at a faster rate than the coarse droplets, even under relatively low wiitidre®nT his
contradicted the idea that smaller droplets have higher drift potential due to their lower mass and
higher susceptibility to wind displacement, suggesting RPAS downwash forces may have a
greater influence on thmovemenbf herbicide droplets compared to environmental wind
speeds, which are required to be low during application by the Pest Management Regulatory

Agencylabel instructions.

In the third data chapter, we used remotansed images of four wetlands, before and
after RPASbased herbicide application to assess the application accuracy afwkaimsent
effects on vegetation. We determined that while RBASed application wable to accurately
targetP. australisroughly 90% of the time, there was a notable traffidetween the area of
wetland subject to undertreatment ameéndedovertreatment. The netarget effects observed
after herbicide treatment corresponded well \thignintendedovertreatment area derived before

herbicide treatment, indicating that our method for estimdkiagntendedreatment area by
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buffering the RPAS flight path with the swath width was accurate. Herbicide drift resulted in
vegetation death up to 20 m away from the application area and the drift footprint could be
further reduced by lowering flight height and speed aroun® tlagistralispatch edge. We
conclude that RPA®ased herbicide application offers a viable alternative to helicopter

applications that minimizes the drift footprint outside of the intended application area.

5.3 Research implications

Our research contributes to the existing body of knowledge on-sgragped RPAS for
precision pesticide application by providing new insights into their capacity to accurately target
and effectively suppress invasiRe australisin wetland environments. Specifically, we found
that RPASbased herbicide applications achieeeglal,or higherP. australissuppression
efficacy compared to currenthvailable herbicide application methods with substantially less
off-target damage from herbicide dtiftan isexpected fronhelicopter applications. Our studies
provide a comprehensive overview of the p{@hapter 2.0), pate{Chapter 3.0), sitéevel
(Chapter 4.0) impacts of RPASsed herbicide application Boaustralis These resultwill
ultimately contribute to the evaluation of RPAS technology by the Pest Management and
Regulatory Ayeng by informing the efficacy and safety of this application methodPfor

australissuppression across Canada.

Our results are valuable for assessing RPAS technology as a new method for herbicide
application tdP. australisin sensitive wetlands. This method combih&gherapplication
precision analogous to backpaskrayingwith the advantages of aerial application for
inaccessiblé>. australisinvasions.The high precision provided by backpack spraying is the only

foliar spray method that can treat small or clustered patcHesawnistralis However, where
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these invasions exist in inaccessible areas, wetland managers are unable to effectively suppress

P. australiswithout considerable collateral damage from helicopter spragimgroving use of

this technology wuldenhancevetlandma nager 6 s ¢ a |P.auwstratisyarticdarlyc ont r o |
where available methods are limited by patch size, configuration, and/or access. RPAS

technology also shows promise for follayp treatments, with the capacity to sgptay remnant

or sparse ramets along patch boundariesowitreapplying large quantities of herbicides across

previously treated areaSuch applications present the next frontier for this research.

Currently-available methods fd?. australiscontrol range in their relative precision (e.g.,
individual ramet spading being the most precise and herbicide application by helicopter being the
least). While contromethodselectionwill depend on thsize anddensity ofP. australisstands,
accessibility of the site to be treated, and presence of sensitive sgiezigighest precision of
control cannot always be employed based orextensive current distribution &f australis
invasionsand the rate athich it can spread in wetlan@Satling & Mitrow, 2011) Use of
herbicides is often necessary for effective inlBabustralissuppressiofiHazelton et al., 2014)
however, overtreatment from helicopter spraying represents an unbalanceafftradeetland
restoration. One of the reasons there are currently constraints in our ability to control many
inaccessiblé>. australisinvasions is because RPAS technology is not yet approved for aerial
herbicide applications tB. australis Approving this application methadould reduce labour
requirements and cthrget impacts to surrounding vegetation and proamadditional tool in
wetland restrmation enabling wetland managers to better balance the tfhitetween
overtreatment and undertreatmespecifically, we recommenaldoptionof RPASbased
herbicide application for controlling small, clustefedaustralispatchesn wetlands that

previously persisted due to constraints in avail&kldicideapplication methods.
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5.4 Future work and recommendations

This thesis represents an integrated assessment of RPAS technology for precision
herbicide applications tB. australisin wetland environments. Our research encompassed the
first-ever RPASbased herbicide application Bo australisin Canada, unveiling the initial
suppression efficacy, herbicide droplet deposition, andesrtd treatment effects. Importantly,
our findings have instigated further research opportunities to continue refinement of this novel

herbicide application metkio

The first year of postreatment vegetation monitoring represents a starting point for
continuous monitoring of vegetation community changes. Howeverté&ngmonitoring of
RPASbased herbicide treated plots is recommended to ensastatdishment dP. australis
does not occuand to determine if the plant community follows a recovery trajectory and
timeline similar to those reported in the literat(#@anmerman et al., 2018; Bonello & Judd,
2020) Continuedmonitoring will also provide insight on the secondary invasiodyafrocharis
morsusranaeat Rondeau Provincial Park and the establishmempdtiens capenset Baie du
Doré or identify if colonization by other species occurs in the open niche left after herbicide
treatment. The dynamic water levels in the Great Lakes may influence species establishment
after herbicide treatment in Great Lakes coastal wetlanaking longterm monitoring of these

conditions crucial for understanding the factors afifgctheir plant community recovery.

Our assessment of RPAfased herbicide applications involved the use of two
guadcopters (Hylio Inc. equipped with eigkiXR110015 spray nozzlaa Chapters 2.0 and 4.0;
DJI equipped withour TT110015n0zzles in Chapter 3.0). As our experiments occurred in

different years and with different RPAS models, cohesion among the suppression efficacy, post
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treatment effects, and-iireld application data collected could not be synthesized. We
recommend that further studies on RPB&ed herbicide applications use multiple indicator
types (e.qg., fluorescent or colorimetric tracer) to overcome the limitdtimmsa single indicator
(e.g., those reported for wateensitive papers). Indicators should be placed in areas where field
sampling, remote sensing, or other techniques are being used to evaluate herbicide treatment
effects. This approach will allow theigntification of the amount of herbicide applied necessary
to achieve a given sufficient suppression efficacy, along with the minimum effective dose of

herbicide able to damage ntarget vegetation.

A critique in the literature pertaining to RPAS technology is the lack of consistency in
parameters across or within studies. These parameters can be diverse, with countless
configurations of nozzles, numbers of rotors, types of nozzles, flight heighits siheeds, and
sizes of RPASOGs that coul d bPeaudralipHutorg studiesf or he
should focus on optimizing parameters to enhance foliar coverage, while reducinglgssasd
and lateral drift. A specific focus should heegted to how much to lower flight heights and
speeds along. australispatch edges to minimize product drift that was observed in our study

(Chapters 3.0 and 4.0).

We assessed the performance of Ri¥aSed herbicide applications witbzzles placed
directly kelow the rotors andll actively sprayingo create a swath over the targeedustralis
patches. However, by employing only one or a few nozzles at a time, RPAS technology holds the
potential as a highbrecision spasprayer for use in followap treatmentsStudies are needed on
how accurately an RPAS could target and spray individual or small grofphsostralis
ramets. Challenges in spgpprayingP. austrdis may include being able to identify remnant

ramets if secondary control efforts do not remove standing dead biomass and understanding how
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rotor propulsion affects the ability for the RPAS to taf@eaustralisat this finegrain level of
control. Spotspraying herbicide with an RPAS could improve follaw control efforts by
reducing environmental risk and labour requirements when remnant ramets are dispersed.
Additionally, RPAS technology would address the rieedollow-up treatments in inaccessible

sites that may be overlooked after initial breaele herbicide treatment.

These studies were the first to evaluate RPAS technology to apply herbicides to invasive
P. australisin wetlands. Our research fills specific gaps in the literature regarding the
suppression efficacy of RPA&ased herbicide application, its performance &n australis
canopy, and the resulting footprint of herbicide treatment effects. Our results provide valuable
information forP. australismanagement, demonstrating how this tool can optimize suppression
of the target species while minimizing damagéwsurrounding environment. This ultimately
addresses concerns associated with excessive overtreatment from helicopters, currently the only

permitted aerial application method for useRoraustralisin wetlands.
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Appendices

Appendix A. Maps ofundertreatment andtendedovertreatment a®ciated with thentended

treatment areas by an RPAS at Spongy Lake, Baie du Doré, Rondeau Provincial Park, and Wood
Drive wetlands. Maps depittr e at me nt p-dlorth @) SL-Sduth (B BOD®North

(C), BDD-South (D), RPMNorth (E), RPPCentre (F), RPFouth (G), WBNorth (H), WD

Middle (I), and WDSouth (J) Bas emap i magery was coll ected by
Advanced Inspection and Maintenance team ir2202
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