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ABSTRACT

Nitellopsis obtus#s a nornative macrophyte introduced into the Laurentian Great
Lakes in 1974. Over the last decade, increasing reports emerijedtbbusavithin lakes
in the Great LakeBasin. Desjte N. obtusaeing in North America since the 1970s, little
is known abouthe ecosystemand communitylevel impacts upon establishment.
My thesis aimed to elucidate these potential effects by focusihgtbrwithin-lake
and regional scald. obtusgpopulations.| conducted @omprehensive investigation
into ecosystem impacts N. obtusaacross 12 sites inake Scugog, Ontario, Canada,
from spring to fall over four years (20B®19). UponN. obtusaestablishment,
diversity across lower aquatic foaeb(LAFW) communities significantly (walue
< 0.05 multiple linear regressigmecreasedespitecommunity diversity decreased
across the LAFWMicrocystisspp. blooms emerged where they were previously
unreported To assess drivers of bloodevelopment, atructural equation model
demonstrated thalN. obtusahad a direct faciliatory (walue < 0.05) role in
Microcystisspp. blooms. In additionN. obtusabiomass was anoderately strong
negative predictor of nedred oxygen concentration {R 0.59, pvalue< 0.001)
which likely promoted internal loading of phosphorus. Supporting this conclusion
was a strong predictive model showing tNabbtusebiomassexplained 90% of pore
water soluble reactive phosphorus concentratiorfs<(R.90, pvalue < 0.001).
During a narrow sampling window (3 weeks) in 2019, | sampl@tbkes across a
geological transition zone in Ontario, Canada. Calcium iblfabtusathus a strong

response related to calcium availability was expectdidellopsis obtusawas



documented at 37 sites in 19 of the study lakes. Interestingly, an ecological niche model
demonstrated that depth and the cations potassium, magnesium, and sodium were better
predictors ofN. obtusapresence than calcium. Strong pies associations betwed.
obtusaand native Characeae members were revealed through general linear latent variable
modelling in addition to strong negative associations witier macrophyte taxa such as
Myriophyllum spicatumin combinationthese fimingsindicatethatN. obtusamay bean
ecosystem engineer in invaded lakes by affecting key Ekenents andaltering

community compositiothroughoutthe LAFW community.

Keywords: Nitellopsis obtusalnvasive specie€cological niche modelnternal loading;

Ecosystem Engineer
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Chapter 1. General Introduction

1.1 Introduction

Freshwater is essential for supporting life on Earth. However,tawalyand a half
percent of Earthoswaradre.r Gan adan sh aledse d2 0F % ec
freshwaterresources in a variety of ecosystems including lakes, streams, rivers, and
wetlands. In Ontario alone, there are 250,000 lakes, which are under increasing threat

every day. Threats range from climate change, habitat loss, poliictionasive species.

Organisms that are transported to habitats previously not occoftiel through
anthropogenic vectorandestabli self-sustainingpopulations arélescribedas invasive
species Invasive species are known to negatively impact ecosystems throughout the
world (Schultz & Dibble, 2012)but are often difficult to manade diminish effectson
natural ecosystems and biodivers®ptential effects can range from untraceable to
dramatic affecting multiple levelof organizatiorgiventhe invasive species ofterest
(Mack et al., 2000)Taxa specific interactions, both native and+mative, can be
disrupted upon introduction of a new npativespeciesvhich maytriggertrophic
cascade§Simon & Townsend, 2003)esulting in dramatishifts of food web dynamics
Additionally, introduction of nomative speciesan alsaesult inecosystertevel
consequences, oftaiffectingthe movement of energy and nutrients within a given

habitat(Simon & Townsend, 2003)

Understanding the biology of new invaders can provide a comprehensroacpp
for identifying management strategies and mitigating impacts on natural systems.

Nitellopsis obtusas arelatively newnonnativespecies to Ontario lakes. This thesis aims
1



to elucidatethe invasion biology and associated effectslobbtusaby foausing on both

within-lake and regional scale populations.

1.2 Nitellopsis obtusa

1.2.1 Taxonomic Classification

Nitellopsis obtusas the only extant member of the gemitellopsisandbelongsto
the Characeae family. Characeae are composed of sgrarpk of green (Chlorophyceae)
algae, which share a common ancestor with land p(&@msham, 1993)Characeaare
referred to as stoneworts or brittlewottst include 400 species worldwideB1 a gen | i | ,
Stevanovil, Bl agen]l Unfortunasly, dder 80%aohthesei tdxa are2 0 0 6 )

now considered endangered due to climate change and anthropogenic Siré&s$os g e n | i |

et al., 2006)

Traditionally, N. obusa had been classified under several different genieoa
instance, Deslongchamps initially categoridédobtusaas a member of the genGbara
in 1810. Thereaftel. obtusavas dassified as member of four different genera including
Lychnothamnus Tolypellosis Nitella, and Nitellopsis (Larkin et al., 2018) Due to
inconsistentgrouping the subtribeNitellopsinaewas recommendedwhich joined the
remaining genera from the subtribdarinae(Wood, 1962) Historically, there were 16
designatedspecies within the genuNitellopsis however, uporreview many of these
gpecies were moved to other genexpart of CharaceagWood, 1962) The genus

Nitellopsisremained distinct, consisting Niitellopsis obtusandNitellopsis sarcularisas



members are ecoctite, with slim bract cells separate from the branching (ded,

1962)

1.2.2 Native Distribution and Status

The native distribution dfl. obtusaextends from Britain through most of Europe and
Asia, including Japan. Acrosrost ofits native range\. obtusas classified as threatened
or endangered (Table1). Nevertheless, due to climate change, new populatioms of
obtusa are being found with the native range, leading to the-examination of
conservation status within many countrigsarkin et al., 2018) Most notably, new
populations ofN. obtusawerereportedin the Jura Mountains of Switzerland and France
(Bailly, Ferrez, Guyonneau& Schaefer, 2007)In addition, new populations were
identified in eastern and southern Fra(Bailly & Schafer, 2010; Mouronval et al., 2015)
Similarly, N. obtusgpopulatonshave been found to residenewly developed floodplains
within Germany, and large eutrophic lakes in Switzerl@Rdy-Boissezon & Auderset
Joye, 2015Larkin et al., 2018 New populations oN. obtusahave also been discovered

in Japan, where it was previously believed extiKetto et al., 2014)



Table 11. Conservation status dfitellopsis obtusacross its native range.

Location Conservation Status Reference

Switzerland Near Threatened Auderset Joye & Schwarzer, 201

Germany Vulnerable Critically Hamann & Garniel, 2002; Kabus

Endangered & Mauersberger, 203 XKorsch,

Doege, Raabe, & van de Weyer,
2013

Eastern Regionally Extinct Blagenl|lii et al

Europe Gabka, 2009

Nordic Vulnerable Johansson et al., 2010

Countries

Britain Critically Endangered United Kingdom Legislation, 198:

Japan Critically Endangered Kato et al., 2014

1.2.3 Morphology

Dependingon environmental conditiondl. obtusacan appear bright green to

yellowish-brownwith slender thalliThis macroalga is a dioecious speclasg is known

for its conspicuous white stahapedulbils, which serve as asexual reproduction

structuregFigure 11) (Bharathan, 1987)rhe bulbilsarise from the rhizoid nodes and

monofilamens, which are typically suspended above the lake baoffogure 11).

Identification based only on the presence of these characteristic bulbils can prove

difficult, as bulbils are only found withimature established bed8onis & Grillas,

2002)

When bulbils are lackindN. obtusacan be identifiedby its tanglednassappearance.

Thalli can be encrusted in a thick marl, composed of calcium bicarbonate and phosphorus
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(Blindow, 1992) Although representatives of tlinaraceaéamily producea characteristic
sulfurous or musky smell. obtusadoes not exude prominent odour. Branchlets can
grow up to nine cm in length, and be arranged five to eight per whorl in two to three
segmentgKarol & Sleith, 2017) Each node can form solitary or paired gametangia.
Despite oogonia not being observed within North America, they can vary in colour from
light greenred, andappearalmost spherical with the presence of a {vefled coronula

(Larkin et al., 2018)Antheridia that have matured can be orange to bright red (Figire 1

Figure 1.1. General field and morphological observations farobtusa throughout this researéhDepicts a lakeake
collectionof a monoculture stand ®. obtusaB. Classic rough calcareous branch morphology obse@eilypical
form ofN. obtusaafter washing with reverse osmosis water. Note the monofilament and presence offthulbige of
the male antheridia present on teamples collected throughout the stulyHigh growth characteristic ofN. obtusa
where these dense benthic mats grew from the sediment water interface into surfacéw@leseup image of the
white starshaped bulbils present on a monofilamentendthage was taken prior to rinsing off detritus.



1.2.4 Reproduction Biology and Dispersal

Members of the Characeae family undergo both asexual and sexual reproduction.
Within N. obtus@& shative range, reproduction occurs primarily through vegetative
fragments consisting of calcified asexual and sexual components deposited within the
sediments, referred to as propagul@digula, 1897) Sediments can host transient
propagule banks that reproduce within one year of depogittoompson & Grime, 1979)
or persistent propagule banks that can last up to 89 wearpossibly moréBonis &
Grillas, 2002) Despite the ability to persigtithin sediments for extended periods of time,
propagules must remawithin the surface sedimentsttie potential to germinateusually
lost (Bonis & Grillas, 2002) This is likely due to the requirement of light and anoxia at the

sedimentswhich are essdial for propagule germinatiofBonis & Grillas, 2002)

In contrast, a shift in reproduction has been observed Whewbtusacolonizes
shallow environment@rause, 1985)The development of gametangia and fertility within
such environments has been linked to warmer water temperatures, and sunny growing
seasongWillén, 196Q Boissezon, Auderset Joye, & Garcia, 2018owever, desipe
sexual reproduction being beneficial within shallow environments, low fertility has been

reported as early as the 18@Migula, 1897)

Initial reports suggest both male and female specimem& obtusawere present
within North America, however, examination of suspectegoniarevealed that they were
male antheriadim (Sleith, Havens, Stewart, & Karol, 201®)urrently, only specimens that
do not produce sexual organs male individualshave been documented in North America

(Mann, Proctor, & Taylor, 1999; Sleith et al., 2018prmally, male specimens have been

6



recognized to emerge first, while females ar&gerlin the growing seas¢Boissezon et
al., 2018) Thereforg it is postulatedthat there are no female specimensNofobtusain
North America due to unfavourable environmental conditions or protghdriin et al.,
2018) Populations ofN. obtusain North America appear to be a result of clonal

reproduction and dispersal thus far.

Within the naive range, propagules have been known to be dispersed through
epizoochoryand endozoochoryBonis & Grillas, 2002) However, there is mounting
evidence that the majority df. obtusadispersion within North America is due to the
movement of watercraft. Midwoaet al, (2016)demonstrated th&l. obtusavas found in
areas with higher dock densities. Clump#&lobbtusawhich are often found on watercraft
and trailers, remain viable for clonal reproduction after several(@&igson et al., 2019)
Furthermore, research from invaded regions within the United States demonstrite that

obtusapopulations are not found in isolated lakBkeith et al., 2015)

1.3 Nitellopsis obtusdnvasion History

The means by whicN. obtusawas introduced into North America is not know
however, it has been hypothesized that unintentional introduction occurred via the
ornamental gardening trade and tramsanic shippingKay & Hoyle, 2001; Padilla &
Williams, 2004) The first record ofN. obtusawithin North America comes from a
specimen catalogued at the N#ark Botanical Garden, New York, USA. This specimen
was collected from the St. Lawrence River near Montreal, Quebec, in 1974, but was first
misidentified asa Charaspp.(Karol & Sleith, 2017) In 1978,N. obtusavas documented

in New York State, along the St. Lawrer{€eis, Schumacher, Raynal, & Hyduke, 1981)
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andpresence was confirmed within the St. GRatroit River system in 198&chloesser,

Hudson, & Nichols, 1986Griffiths, Thornley, & Edsall, 1991

By 2005, N. obtusahad successfully moved into inland lakes of New Y&tate
USA (Sleith et al., 2015)Meanwhile, from 202 i 2015, N. obtusawas discovered in
Pennsylvania, Indiana, Michigan, Wisconsin, Minnesota, and Vermont inland llakks
et al., 2018)In Ontario,N. obtusavas found in Lake Simcoe as early as 2(B&n, Dias,
& Fleischaker, 202), and within Preu 0i | e Bay of La@a&woBht ari o
Darwin, Ho,Rokitnicki-Wojcik, & Grabas, 2016)Currently, there are confirmed reports

of N. obtusan seven states and two provingkarkin et al., 2018)

With increasing awareness of this new invasive macrophyte, anecdotas refdrt
obtusabegan to surge over the last decade across the southern GreaBasikes North
America. Currently, reports from Ontario include Sturgeon, Pigeon, Upper Buckhorn,
Lower Buckhorn, Ston(e)y, and Big Cedar Lake (Kawartha Lake Stevastgationper
comms.). Severaleportsare now suggestindyl. obtusahas become prolific throughout
most of the TrenBevern waterway and Kawarthakes. However, theseccurrences

require investigatiorasN. obtusas frequently misidentifiedLarkin et al., 2018)

1.4 Ecologyand Growth Characteristics of Nitellopsis obtusa
1.4.1 Native Range
Nitellopsis obtusas found in a variety of habitats within its native ranigeluding
channels, rivers, gravel pits, estuaries, and lakes. Gendtallyaceae have been known
to colonize a variety of depths upwards of 65Spence, 198K ufel & Kufel, 2002. The

ability to colonize such depths has been :
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tolerance, antheability to regulate buoyancy while growing towards light soufgesel

& Kufel, 2002) Despite the ability to withstand shaded environments, light is a critical
component for Characeae establishn{&ufel & Kufel, 2002) As such, Characeae, and
N. obtusa are frequently found within shallow environments ranging fromi 0155 m
(Janauer, Schmigtlumm, & Schmidt, 2010)With a high affinity for cold wateras well

as the capability to survive over wint@Boissezon et al., 2018N. obtusahas been

classified as a boreal taxdiorillion, 1957).

For N. obtusato become dominant within a given habitat, hard water is required.
Stroede(1937) stated the minimum concentration of calciumacessaryfor N. obtusa
establishment inraenvironmentwas between 15 and 25 mg *.LCalcium cations of
hardwater lakes are generally accompanied by bicarbonate anions, which are the main
source of inorganic carbon for most macrophykastel & Kufel, 2002) Characeae have
abetteraffinity for bicarbonate compared to vascular macrophytes, with bicarbonate being

exhausted within dense charophyte mead@¥tchinson 1975).

Initially, elevatedphosphorus was thought to be toxic to members of Characeae
(Forsberg, 1964; Hough & Putt, 1983 owever, Blindow(1992) documented that
Characeaare able to withstand soluble reactive phosphorus (SRP) concentratiomdsipwa
of 370 mg P m3. Interestingly,N. obtusahas been used as an indicaspeciesfor
oligotrophic to mesotrophic systems in the istsaki, 1962)Nevertheless$\. obtus has
also beerfound in mesotrophic to eutrophiecosystemswithout a decline of biomass
(Balilly et al., 2007; Hutorowicz & Dziedzic, 200&s suchN. obtusas now recognized

as a nutrient tolerant species.



Macrophytes are an integral part of aquatic ecosystems, providbitatto several
other aquaticcommunities.Characeae have been regatdas important components to
shallow lake dynamicgKufel & Ozimek, 1994; Van Den Berg, Scheffer, Coops, &
Simons, 1998; Christensen, Sajehsen, & Staehr, 201&enerallyCharaceae are known
to prevent internal loadingby stabilizing the sedimentsnd increasing water clarity
(Sgndergaard et al., 199Q)sually, internal loadingesults in phosphorus being released

from the sedimentsnder hypoxieanoxic conditions.

Characeae modify miient cycles in several way€ssential otrients such as
phosphorus and nitrogen are taken up and incorporatedChcaceadiomass,which
limits available nutrients for otherganismgKufel & Kufel, 2002) Generally, Characeae
decompose more slowly than vascular macrophytes, which increases retention time of
sequestered nuénts (Kufel & Kufel, 2002) When Characeae precipitate the marl
encrustation, phosphorus is-precipitated into the mixter, further removingavailable

phosphorus from oth@rganismgOtsuki & Wetzel, 1972Murphy, Hall, & Yesaki, 19883

1.4.2 Invaded Regions

Within invaded regionsyl. obtuséhas been found iseveral differenbabitats ranging
from Great Lakesoastd wetlands(Midwood et al., 2016)to inland lakegSleith et al.,
2015 Ginn et al., 202)L Nitellopsisobtusapopulations have been reported at a variety of
depthsextendingfrom shallow littoral environmenté< 1 m) to depths of 7 m within
occupied lake$Geis et al., 1981; Pullman & Crawford, 2010; Sleith et al., 2@Eibn et

al., 202). Pullman& Crawford(2010)have suggested thit obtusgpreferentially takes

10



over skallow habitats within invadeedcosystems, and only when there is no further

available space, will the taxa begin invading deepereache®f alake

Generally,N. obtusaalso tends to avoid growing in boat lanes, until all other
habitable area is crowed (Pullman & Crawford, 2010)as macrophyte stands in these areas
are prone talisturbanceandremoval Due to the high shade tolerance of Characeae, n
preference for clearwater systems within invadeglores has beermbservedPullman &
Crawford, 2010) Nitellopsis obtusas found within mesotrophic to eutrophic hard water
systems, with calcium concentratiog@ingas high as 190 mg -L(Pullman & Crawford,

201Q Larkin et al., 2018

The overall ecological threat thBt obtusapresentsn freshwater ecosystems of
North America is similar to other namtive invasive macrophyt¢Bullman & Crawford,
201Q Hackett, Caron, & Monfils, 2014; Brainard & Schulz, 2R1Rullman& Crawford
(2010)have stated thad. obtusas the most aggressive macrophyte ever observed within
Michigan State USA, including all invasive spexs such adyriophyllum spicatum
Potamogeton crispysandCambomba carolinianaThe invasion biology oN. obtusain

Ontario, and other parts of North Americamaindargely unknown.

Nitellopsis obtus#das been suggested to modi&dsnent dynamicafter successful
establishmentPullman & Crawford, 2010)Dense mats dfl. obtusaare thought to create
a layer of anoxia at theedimentswhich would facilitate internal loading and the release
of bioavailable nutrients from the sedime(®allman & Crawford, 2010)Consequently,

anecdotal evidence also suggests cyanobacterial blowresse in occurrencithin
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invaded lakepostN. obtusaestablishmenfPullman & Crawford, 2010)f N. obtusavere
to facilitate benthic anoxia, negative impacts on macroinvertebrate and fish communities
would beexpectedqCaraco & Cole, 2002; Murphy, Schmieder, Baastsyohr, Pedersen,

& Sand Jensen, 2018)

The gructural complexity of macrophyte communities assentialfor ensuring
habitat heterogeneityhat in turn supportgiverse aquatic systanCharaceaare rapid
colonizers as theywre superior competitors over vascular macrophytes for space and
nutrients (Blindow, 1992; Van Den Berg et al., 1998)aturally, N. oldusa has been
observed to grow taller than other Characeae species, growing into surface waters, while
forming thick benthic mats (Figure.l} (Larkin et al., 2018) Characeaecan reduce
phytoplanktondensity by competing for available spadaking available nutrients into
their biomass and marl precipitatd produceillelopathic substances to inhibit growth

(Blindow, 1992 Berger & Schagerl, 2004

Competing macrophytes haueeen known to decline upoN. obtusainvasion
(Pullman & Crawford, 201,0Brainard & Schulz, 2017; Ginn et al., 202However, some
macrophytes such adtricularia vulgaris and Ceratophyllum demersymhave been
observed to reach nuisance levels witNinobtusabeds(Pullman & Crawford, 2010)
Regardlessyegativeimpacts on fish spawning habitat are probable due to the formation of
a physical barrier, reducing nesting area, and spawning acti{ftidenan & Crawford,

2010)

12



Despite extensive discussion emphasizingppsed impacts dfl. obtusanvasion
on aquatic communities and ecosystem processes, very little quantitative information is
available. Most of the information available for community impacts remains anecdotal.
For instance, even witR. obtusabeinglabded as the most aggressive macrophyte
introduced into North America, only 2 pe@viewed studies have reported effects
exerted on macrophyte communities across invaded re(Boamard & Schulz, 2017;
Ginn et al., 202). No studies have investigated the suggested effects to ecosystem
services, includindnypoxiaanoxia at the sediment water interface and internal loading.
Furthermore, the full extemif N. obtusadistribution acros®©ntarioand Canadeemains
unknown. InOntario, only 2 confirmed populations have been reported within Lake
Simcoe and Presquébéile Bay, yet there are i
proximity and within the TrenSevern Waterwaywith Characeae altering their
appearancbasedor nvi r onment al conditions, and Ont a

skilled investigation and confirmation of reports is essential.

1.5 Research Obijectives

The overall goals of my thesis research were to (1) document the distributibn of
obtusain southcentral Ontaridakesto determine the scope of invasion, as well as (2)
assess the potential role Bf obtusaas an ecosystem engineer in invaded lakes. A
ecosystem engineer is defined as an organism that has direct or indirect effects on
ecosystem processesusingsignificant habitat modification or destructiodMy thesis
researchaimed toachieve these goalsy focusing on both withitake and regional scale

populations ofN. obtusa Lake Scugoga headwater reservoinas selected as a sentinel
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lake studysystem because aonfirmedreports ofN. obtusabeginningin 2015 This
provided an ideal opportunity intensively study the intriake distribution and dynamics
of N. obtusaover space (12 sites) and time (annual and seas®halyegional scale study
involved a synoptic survey of 60 lakegth notable shifts in calcium availabiligcross a
geologicalgradient.Cations such as calcium are img@ot in supporting the growth of all
macrophyte species, boértainCharaceaspeciesare especially dependent on adequate

concentrations being available.

Several lines of investigation wetensideredhecessaryo provide evidence that.
obtusais an ecosystem engineencluding data from the sentinel lake study and the
regional 60 lake studyelow are my thesis research objectives, whiaprimarily aimed
at collecting and analyzing field data to determieobtus®é s r ol e as an

ergineer:

1. Evaluate the impact dfl. obtusainvasion onthe lower aquatic footveb
and habitat conditiom Lake Scugog;

2. Determine the role oN. obtusain emergingMicrocystisspp. blooms in
Lake Scugog

3. Map the distribution oN. obtusan southcentral Ontaridakes, and identify
regionalhabitat constraints; and

4. Distinguishthe role of spatial and environmental factorsNnobtus@ s

influence ormacrophyte communés
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These objectives provide a unigoggportunity to answer critical questions about the

invasion and impact dfl. obtusaasa nonnativespecies within Ontario such as:

1. How prevalent idN. obtusaacrossa representative sample®©htario lakes?

2. What are the physical and chemical habitatati@ristics that promote and
constrainN. obtusadominance in Ontario lakes?

3. How isN. obtusadisrupting ecosystem cycles and lower aquatic fwed
communities?

4. Is N. obtusaan ecosystem engineer in Ontario lakes?

To visualize the central rold. obtusamay have as an ecosystem engineer in lakes
where it has successfully invaded in Ontario, | developed a conceptual model (Fxyure
To be considered an ecosystem enginderpbtusawould need to significantly alter
ecosystem processes, such as sedimiegeochemistryandmodify habitat resulting in
biotic assemblage changes. | propose thabbtusawill impact two key lakeecosystem

compartments: sediments and the aquatic el (Figurel.2).
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Figure 1.2.Proposed conceptual model for the rolehbfobtusaas an ecosystem engineer in Ontario lakes. Divact
of arrows reflect the direct influence of a model compartment on another compattntesigjed arrows indicate dual
interactions between model compartnseiihe black box is representative of an ecosysizate

By exploring the invasion biology dfl. obtusain Ontario lakes, the subsequent
chapters aim to address the previously identified research gaps. Chapter 2 investigates the
lower aquatic foodveb (LAFW) community dynamics of Lake Scugog, in respondd.to
obtusaestablishmentChapter 3 reveals hoM. obtusais altering the biogeochemical
cycles of oxygen and phosphorus at the sediments, a key lake ecosystem compartment.
Chapter4 considers the emergence Microcystisspp. blooms within Lake Scugog in
response t?N. obtusainvasion. Chapter 5 determines the distributio™Nobbtusawithin
Ontario lakes, and the habitat preferences associated\withitus® s | n Firralyyj o n .

Chapter 6focuses on theffect of N. obtusaon macrophyte communitiegrossOntario.
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Chapter 2. Evaluating changes to the lower aquatic food web followinditellopsis
obtusaestablishment in Lake Scugog
2.1Introduction

The spread and impact of invasive species is a global ([Ssteltz & Dibbk, 2012)
Lake Scugog, a large, shallow lake in Southern Ontario, Canada has had its share of
invasive species introductions due to its connection to the expansive Trent Severn
Waterway, which links lakes Huron and Ontario in the Great LBkes#n. Thogh Lake
Scugog has established populations of Wwelwn nonnative invaders such as
Myriophyllum spicatunEurasian watermilfoil) anBreissena polymorph@ebra mussel),
the lake has generally been considered productive, supporting a populaiistougt
industry for many decades (Kawartha Conservation, 2010). In recent years, however,
Nitellopsis obtusdstarry stonewort), a nomative species, hdsecone established in the
lake, coincidingwith observed changes in lake water quality and algal bloom eruptions

(Chapterd).

A member of theCharaceae familyiN. obtusais classified as threatened through
critically endangered in parts of its native rangEumasial Bl a g e n| i jAuderset al . |,
Joye & Schwarzer, 2012; Korsch et al., 2013; Kato et2@ll4. The first report oiN.
obtusain North America was in Quebec, Canada, where it was found in the St. Lawrence
River in 197 (Karol and Sleith, 2017 Over the intervening 40 yeald, obtusaseemed to
be relegated onlyte mb a y ntleroughdéus the lowetaurentian Great Lakes, but this is
now thought to have been an artifact of uAdgrorting due to misidentificatiofiarkin et

al., 2018) Over the last decade, there has been increased repdrtslifisaestablishment
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in dozens of inland lakes throughout the southern portion of the Great Balsas
(Midwood, Darwin, Ho, RokitnickWojcik, & Grabas, 2016Larkin et al., 2018; Ginn,

Dias, & Fleischaker, 2021

Despite emerging reports of expansion and establishment in North American lakes,
there have been very few studies evaluating the impddt obtusaon lake communities,
particularly from the point of earl establishment to dominance in the macrophyte
community. Some authors have suggested Rhaibtusacould have negative effects on
communities (phytoplankton, macroinvertebrates, and macrophytes) throughout the lower
aqguatic food welgPullman & Crawford, 201;,0Larkin et al., 2018 These suppositions are
based on observations of lower macroinvertebrate and digindance in or near
macrophyte beds dominated by obtusa Of the few quantitative studies performed,
Brainard & Schulz (2017) documented negative effectsNofobtusaon macrophyte
richness in four lakes in New Yarkimilarly, Ginn et al, (2021) confrmed that
macrophyte communities in Lake Simcoe, Ontario shifted in respond$é¢ twmbtusa
invasion. However, the broatale effects oN. obtusaafter establishment on the LAFW

community hae not been evaluated.

To understand the effects b obtusaestablishment and emerging dominance on
LAFW community structurel conducted a fouyear study (201-2019) in Lake Scugog
that concurrently surveyed phytoplankton, macroinvertebrates, and the macrophyte
communites at 12 sites distributed throughout th&da The goal of this study was to
evaluate spatial and temporal variation in LAFW community structure as a functin of

obtusa abundance. Additionally] wanted to distinguish the influence of abiotic
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environmental parameters from speciesocourrence sidrivers of LAFW structure. By
assessing a suitd latent variables, wasable to elucidate the key role tht obtusahad
in changing LAFW community composition and structure over the course of the study

period.

2.2Methods
2.2.1 Study Location

Lake Scugog is a large (68 K but shallow (mean depth = 1.4 m) hardwater lake
locatednear Port Perry irsouthern Ontario, Canada. The land e i n Lake Scu
catchment is largely agricultural, with some natural cover and urban development (Figure
2.1). Twelve sampling sites werselectedwithin the pelagic zone ofake Scugog
representingritical fish spawnindocations Additionally, stes wereselected to cover the
two lake basins equally, but also reflect continuous accessibility. Only sites 5 aate 9 w
inaccessible by boat once each year (September) due to lower water levels and dense
macrophyte standbield sampling occurred monthly from M&eptember over four years

(n = 232,20162019).
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Figure 2.1 Map of Lake Scugog with delineatedtershed and landse features. Sampling site locations are
numbered 412. Map and landuse delineation was performed in QGIS version 3.12.0

2.2.2 Field Measurements and Sample Collection

Depth was measured using a Hawkeye handheld depth finder (DT1H, Hawkeye
Electronics, Stuart, Florida, USA), while Secchi depth was determined with a standard
Secchi disc at each site. Dissolved oxygen (my-ltemperature (°C), conductivity
(uS-cntt), and pH were measured by a YSI 6 series multiparameter sonde at 0.5 m (YSI
Inc., Yellow Springs, Ohio, USA). Water was collected at 0.5 m using a 4 L Van Dorn
sampler. Lake water was transferred into 3 1 L Nalgene bottles and a 120 mL amber
borosilicate bottle. The Nalgene bottles were detergmshed using phosphditee
detergat and acidwashed, rinsing with MilkQ filtered water to remove any residual acid

prior to collection. Following collection, the Nalgene bottles were placed in a cooler with

20



ice,and ~1®2 0 dr ops of Lugol 6s sol uti onottlwter e ad
preserve the phytoplankton communiyguatic macrophyte samples were collected using

the lakerake method of Ginn (2011konsisting of three rake tosses extending to the
lakebed This method was determined to have easier application and comepasiits

with ponarbased method$inn, 2011) Snorkeling or pulling macrophytes from quadrats

in a large lake such as Scugog was not a practical aghpfoa this study. All material

captured on the rake (macroinvertebrates and macrophytesgaollectedin Ziplock bags

and placed in a cooler.

2.2.3 Sample Processing

Water and biological samples were transported back to teakaioy on the day of
collection and stored in a walik refrigerator overnight. All samples were processed within
24 hours of collection. Each of theLINalgene bottles served as a technical replicate in
determining chloride and chlorophyllh U mea
were determined using an Orion iealective electrode (ThermoFisher Scientific,
Waltham, Massachusetts, USA). Total phosphorus concentrations Yjugalere
determined following a modified ascorbic acid method of MurghyRiley (1962)
developed by th@©ntario Ministry of Environment (1983). Total nitrogen samples were
sent to an accredited analyticaldastory(SGS Canada, Lakefield, Ontario) for processing
and measurement. Lastly, 300 mL of each technical replicate was filtered through 47 mm
GF/A glass fibre filters to collect seston and then extract chlorophyding 90% acetone

(Kirkwood, ChowFraser, & Mierle, 1999)
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Phytoplankton genera were quantified in a 0.98 mL nanoplankton settling chamber
using an EVOS XL core phasentrast microscope (ThermoFisher) at 400 x magnification.
Identification to genus and species (when possible) pearmedfollowing Prescott
(1962), and Wehr et al.(2015). Macroinvertebrate taxa were carefully removed from
macrophyte masses and rinsed in reverse osmosis Wetepreservedn 70% ethanol.
Identification to species, where possible, was completed following Merrit €1296)and
Paulson (2011). Macrophytes were rinsed in reverse osmosis water, sorted, dried in a
convection oven at 80 °C and weighed to determine relative abundance from dried biomass
(Carr, Bod, Duthie, & Taylor, 2003Macrophyte taxa were identified using a QZE stereo
microscope (Walter Products, Windsor, Ontario) follaj@harophytes of North America
(Wood, 1962) the common aquatic plants of Michigan  guide

(https://wwwmichigan.gov/documents/deg/wathcCommonPlant 408518 7.9df and

status and strategy for Starry Stonewdlitéllopsis obtusgDesv. In Loisel.) J. Groves)

managemeniHackett et al., 2014)

2.2.4 Statistical Analyses
Statstical analyses were conducted in the epemrced software platform R version
4.0.3(R Core Team, 2019Y o ensure figures were accessible for colour blindness, colour
palettes were applied from the R package RColorBréeunwirth, 2014) Phytoplankton
and macroinvertebrate count datand macrophyterelative abundansewere used for
Simpson diversy calculations (4D). Nitellopsis obtusaabundance waexcluded from
diversity calculationsto avoid confounding effecssN. obtusawas used as a predictor

variablewithin diversityanalysesTo determine whether it was appropriate to pool data, or
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if the hierarchal study design resulted in dependence between time pointsga&hitest

of independence was conducted £9951.4, pvalue = 0.45). This confirmed that running
multiple linear regression was appropriate fioy dataset. A multiple linearegression
between Simpson diversity and log (x + 1) transformed water quality parameters, including
N. obtusabiomass (dry weight g), asperformed using the vegan packg@&sanen et al.,
2013) To ensure variables included in the multiple linear regression did not exhibit
collinearity, variance inflation factors were determined as prelyodescribed (James,

Witten, Hastie, & Tibshirani, 2013).

RedundancynalysegRDA) for each community apart of the LAFWere used to
visualize and assess variation across study years. RDA was chosen because a detrended
correspondence analysis found tbagest gradient to be < 3. Hellinger transformations
were used on phytoplankton and macroinvertebrate community data as this gave low
weights to rare species. Macrophyte relative abundances were log transfdiphadsite
scores reflect weighted sumkspecies, as this measure is more robust to noise within the
environmental variable$he RDA distance matrix was based on B@yrtis dissimilarity.

The resulting RDAs were prepared using the packages sfiiigkham, 2019) dplyr
(Wickham & Francois, 2016}idyr (Wickham & Henry, 2019)andvegan(Oksanen et al.,
2013) and plotted in ggordBeck, 2016) A permutationalanalysis of variance
(permanovawas used to distinguish whether a significant shift in community composition

was present between yeé@®ksanen et al., 2013)

Assessing interactions between taxa acrcesimunities is often difficult and

complex. A relatively new multivariate approach that was developed to address this
23



challenging issue is generalized linear latent variable modeling (GLLVM). A GLLVM is
an extension of a general linear model applied ttivamiate data using a factor analytic
approach, which includes latent variables representative of water quality for each site
complementetby species specific factor loadings to ascertain correlations between species
(Niku, Hui, Taskinen, & Warton, 2019)n general, the latent variables can be interpreted
as ordination axes|l while using standard model selection tadlsii, Taskinen, Pledger,
Foster, & Warton, 2015An important advantage of this modelling technique is the ability

to handle many species at once, compared to alternative methods, as the covariance model
scales linearlyfWarton et al., 2015)Data for the top ten abundant taxa from each LAFW
community were used in the GLLVM to reveal taxgpecific interactions, while still
accounting for influences exerted by water quality parameteasacterized as latent

variables.

The resulting GLLVM model was constructed followiiniku et al.,(2019) To
determine whether mixed effects were requirethéxGLLVM model, a Chisquared test
of independence was conductec? X 6873.7, pvalue = 0.07). Poisson, Tweedie, zero
inflated Poisson, and negative binomial distributions weréofithe data. Information
criterion, DunASmyth residual plots, and normal quantjigantile plots with 95%
confidence intervals were used to assess fit for LAFW community distribytibkis et
al., 2019) A negative binomial distribution was identified to be the best fit and thus used
in the production of the model. Environmental parameters as latent constructs were added
into themodel, to determine which latent variables had influences on species interactions.

A model that used eight of the latent water quality parameters (depth, Secchi, temperature,
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TP, TN, chloride, chlorophyl |l U, auiich pH)
indicated the most suitable meeaariance relationship for responses. The resulting
estimations for correlation patterns across frequently occurring species were plotted using

the corrplot and gclus packaggturley, 2005 Wei et al., 201y

2.3 Results

Summary statistics faheenvironmental parameters at each of the 12 sampling sites
are presented in the supplementary materials (TableMtBllopsis obtusancreased in
relative abundance from 20% in 2016 to just over 80% in 2019 (Figure 2.2). Howewver, i
evident over the 4ear study period tha¥l. spicatummaintained about a 20% share of

macrophyte community biomass (Figur@)2.
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Figure 2.2. A comparison of mean relative abundance with standard error barblifelopsis obtusgorange) and
Myriophyllum spicatum(grey) aross study years (204219).

Redundancy analysis allowdk visualizationand evaluabn of community profile
shifts for each LAFW community over time. An RDA of the phytoplankton community
shows axisone explaining63.8% of the variance (Figure3a). In comparison, it was
revealed that axis one explained 92.27% of the variance in the macroinvertebrate
community, (Figure 8B), and 39.3 % of the variance within the macrophyte community
(Figure 23C). Axis two explained 18.73 % of the variance for pipj@nkton (Figure
2.3A), 3.35 % of the variance for macroinvertebrates (Figu8B)2 and 25.01 % of the
variance for macrophytes (Figure3@). Interestingly, over the course tife study, |

observed shifts in community composition across the LAFVWasbtusaprevalence
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increased (Figure.3). A permanovaonfirmed thathe LAFW had statistically significant
community shiftdbetweenyears for the phytoplankton community (Figut8A) (F1,230=
28.37, pvalue < 0.001), macroinvertebrate community (FiguBBP (F1,230 = 20.56, p

value < 0.001), and macrophyte community (FiguBER (F1 230= 12.57, pvalue < 0.001).
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environmental variableTN = total nitrogen, DO = dissolved oxygen, TP = total phosphorus, Con = conductivity, Cl = chloride, Temp = temp@&tatargyrbidity,

CHLa =

chlorophyl | U,

and

Secchi =

Secchi

28

dept h.



Table21Mul ti pl e | inear regression models of Simpsonds divers
parameters aniitellopsis obtusdiomass (dry weight) as independent variabkdl variables were log (¥ 1) transformed
prior to analysis (n = 232).

Phytoplankton Macroinvertebrates Macrophytes
(R?=0.37) (R?=0.33) (R>=0.21)

Estimate t-value p-value Estimate t-value p-value Estimate t-value p-value

Depth -0.67 -6.01  7.37%° -0.32 -2.89 0.0043 -0.40 -3.59 0.00054
Secchi 0.88 495  1.44% -0.29 -1.61 0.11 -0.39 -2.18  0.030
Total Phosphorus ~ 0.06 1.57 0.12 -0.11 -2.70  0.0075 -0.031 -0.79 0.43
Total Nitrogen 0.30 2.55 0.011 0.042 0.35 0.72 0.084 0.70 0.49
Chloride -0.03 -0.79 0.43 -0.072 -1.87  0.063 -0.035 -0.89 0.37
Temperature -0.52 -1.54 0.12 0.24 0.70 0.48 -0.51 -1.49 0.14
pH 0.05 0.41 0.68 0.11 0.94 0.35 -0.013 -0.12 0.91
Conductivity -0.19 -1.46 0.15 -0.23 -1.74  0.083 -1.00 -0.75 0.45
N. obtusa -0.05 -2.25  0.026 -0.11 -5.21  4.27 -0.035 -1.69  0.083
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When assessing the environmental drivers of LAFW diversity, regression models
revealed significant predictor variables (Table 2.1). Secchi depth anadhitodglen were
positive explanatory variables, and depth and temperature were negative explanatory
variables of phytop!l &rKR.87p MacBinveremaendidessityd i v er
was negatively influenced by total phosphorus and deptl (R33). Qily Secchi depth
and depth were found to have a negative influence on macrophyte diversityO(R1).
Interestingly,N. obtusabiomass was a negative explanatory variable of diversijl the
multiple regression models, and statistically significantX of the 3 communities (Table

2.1).
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Figure 24. General linear latent variable model output matrix to visualize spespEzific interactions across the top

10 abundant taxa in lower aquatic food web communities of Lake Scugog wheqguaditgr(i.e., environmental €o

variates) have been accounted for= 232) The GLLVM model represents a negative binomial distribution, with eight

of the original environmental covariates included in the analysis: depth, Secchi, temperature, TP, TN, phioy | | U,
and pH. A heatmap depicting the strength of the correlation between the resulting species covariates is presented.
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Generalized linear latent variable modelling revealed that most taxa had weak to
moderately strong positive @xcurrence relationshipsxcept forDreissena polymorpha
(Figure2.4). In contrastN. obtusamainly had significant negative interactions ws#veral
phytoplankton, macroinvertebrate, and macrophyte taxa. Most interestingly, the long
established invasive macrophye spicatumhad largely positive interactions with other
taxa in theLAFW yet had a significant (walue < 0.001) negative assoaatiwith N.
obtusa(Figure 2.4). Myriophyllum spicaturmalso had negative interactions with native
macrophytes such &tuckenia pectinataand Utricularia vulgaris, whereas these taxa
were positively associated witH. obtusa(Figure 2.4). FurthermoreM. spicatum had
negative interactions witMicrocystis spp.Chironomus chironominiandD. polymorpha

while N. obtusahad positive associations with these taxa (Figuie

2.4 Discussion

Over the course othe 4-year study,N. obtusanot only increased in mean
abundance from 20 80 % of the macrophyte communitfFigure 2.2) but LAFW
communities, particularly phytoplankton and macrophytes, shifted in community
composition (Figure.). To assess the role Nf obtusan these commuty level changes,
| determined thal. obtusai s a signi ficant negative dri ve
LAFW communities, although thigffect on macrophyte diversity was marginally
significant (pvalue= 0.083). The GLLVM was a powerful joint modeltj approach that
allowed me to apply many response variables while concurrently demonstrating the

correlations between them. The results showed important species relationships when
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accounting for water quality, including the generally negative relationstiyweenN.

obtusaand other LAFW taxa.

The overall impact to LAFW community structure reported here is in line with the
few studies that have looked at commuiétyel effects, albeit in macrophyte communities
only. Brainard& Schulz (2017) found that ne& and nomative macrophyte richness
declined in central New York state lakes whireobtusawas present, and Ginn et,al.
(2021) documented reduced biomass of macrophytes coinciding with the colonization and
establishment dN. obtusan Lake Simcoe. fere are likely several mechanisms by which
N. obtusadisplaces other macrophyte species. The first is the abilit obtusao form
dense benthic mats which can suppress the growth of emerging vasadaphytes
(Larkin et al., 2018) The second is the ability ®f. obtusato grow throughout the entire
water column across a range of depths, causing aliigited environment for other

macrophytegLarkin et al., 2018)

In my study,N. obtusahad a significant negative -@xcurrence with the nemative
invasive macrophyt®. spicatum as well as the native taxdviyriophyllum silricum.
Previously, M. spicatumwas believed to be the most invasive aquatic macrophyte
introduced to North Americ§Smith, Smith, Barko, & Barko, 1990)but Pullman&
Crawford (2010) noted thdN. obtugs was the most aggressive macrophyte they had ever
documented in Michigan lakes. imy study,N. obtusaappeared to be a superior competitor
to M. spicatumby increasing in relative abundance year over year (Fig@jeA recent
study in Lake Simcoe, arige inland lake in Ontarjalso had a similar pattern, wheve

spicatumdeclined in abundance Bk obtusabecameestablishedGinn et al., 202).
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It is important to note that there were several native macrophyte species that
positively ceoccurred with N. obtusa including Stuckenia pectinafaPotamogeton
crispus Najas flexilis andUtricularia vulgaris. Interestingly, in the technical report of
Pullman& Crawford (2010), they noted a unique interaction betweéevulgarisandN.
obtusain Michigan lakes, where both species increased to nuisance levels when-they co
occurred. Interestingly,observed a weak negative-cocurrence between the native taxon
Chara vulgarisand N. obtusa Ginn et al. (2021) also recently reported a reductioh
native Chara spp. in Lake Simcoe aN. obtusaincreased in abundance. In contrast,
Brainard& Schulz(2017) found thatN. obtusawas oftendiscoveredwithin C. vulgaris
beds in their study lakeWithin its native range, it has been reported Matbtusaand
Chara globularis can ceoccur in stands dominated b§eratophyllum demersum
(Pegechat ykaczP20ld)AlthoughC.&enkersurwas observed in this study, it
was a rare member of the communitthink these similarities and differences found across
studies reflect different times of establishment and dominaneey ktudy,| wasable to
confirm that asN. obtusaincreased in dominance, several earlyocourrences shifted to

negative relationships witN. obtusa

The negativeeffect of N. obtusa on phytoplankton and macroinvertebrate
community diversity (Tabl@.1) as well as certain taxa (fire2.4) is a novel finding. In a
study fromN.obtus® s nat i v e &rSehaggre(2004Bdemogstrated tNabbtusa
can secrete allelopathic compounds, which selectively inhibited growth of several
phytoplankton strains within a laboratory settiNgtellopsisobtusahas been observed to

grow into the surface waters, allowing direct competitatm phytoplanktorfor available
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light, habitat, and nutrientd.arkin et al., 2018)The GLLVM results identify a possible
synergistic relationship betwedd. obtusaand Microcystis spp., coinciding withthe
observations of emergence in recenarge(Figure 21). This relationship is investigated
further in Chapted, but Berge& Schagerl (2004) did shoMicrocystisaeroginosao be

tolerant ofN. obtusaallelopathic compounds, unlike the other phytoplankton strains tested.

Despite the lack of sties investigatingthe impact ofN. obtusainvasion on
macroinvertebrate communities from macrophyte beds, the formation of Neonttusa
mats andanticipateddecrease in oxygen concentrations are thought to be a detrimental
environment for sensitive meoinvertebrate tax@.arkin et al., 2018)The GLLVM results
showedN. obtusahaving a positive association wi€@hironomus chironominiGenerally,
Chironomidspp.are bioindicators of lake oxygen concentrations, whereraéspecies are
tolerant of low oxygen conditionfDavis, Golladay, Vellidis, &Pringle, 2003) The
GLLVM also showed a positive association betwBembtusaand the nomative bivalve
D. polymorphaAnecdotal reports (e.gRullman & Cawford, 2010have mentioned the
proliferation ofD. polymorphaon N. obtusalikely because the calcified architecture\of
obtusa is ideal for D. polymorphaattachment. Indeed, throughout this study,

polymorphawas consistently found attached lnobtusaspecimens.

In summary my findings show for thdirst-time significanteffectsof N. obtusaat
the speciesto communitylevel across the LAFW in an invaded lake in North America.
Despite reducing the overall diversity of the LAFW, obtusaalso had positive
associations with certain taxa, including native and-mative speciesin combination,

these results suggest thdt obtusamay act as an ecosystem engineer from the time of
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establishment to dominance in macrophyte b&tsts in lake prductivity and energy
flow across the LAFW are expected due to the alteration of communities has
important implications for the fish community in Lake Scugagd by extension, other
lakes invaded biN. obtusaThe LAFW communities are essential tbfish species in the
lake since parts @il theirlife cyclesdepend on the LAFW for food and/or habitat. Further
research will be necessary to determinél.ifobtusainvasion poses a threat to the fish

community, especially in lakes like Lake Scugog that support an important sport fishery.
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Chapter 3. Low Benthic Oxygen and High Internal PhosphorusLoading are
Strongly Associated with the Invasive Macrophye Nitellopsis obtusan Lake Scugog
3.1 Introduction

Nitellopsis obtusgDesv.) J. Groves, 1919, is a Roative invasive macrophyte in
lakes and coastal wetlands of eastern North America. Native to Eudasibtusais a
macroalga belonging to the Characeae family. Initially identified in the St. Lawrence River
in 1974(Karol & Sleith, 2017) rapid expansion to lakes of the United States and Canada
began just over a decade g@jarkin et al., 2018)In Ontario,N. obtusgpopulations have
been confirmed in Lake Simcoe as early as Z@8n etal., 2021) and Presquodi |l
2015(Midwood et al., 2016)Despiteanincreasing range of distribution in the Great Lakes
Basin, information pertaining to the negative effects on ecosystem processes, habitat
structure, and biota associated with obtusainvasion are in tsort supply and remain
largely anecdotal.

When dense beds of. obtusaform in invaded lakes, other macrophyte taxa,-non
native and native alike, are displaced and native fish habitat is severely, atesegn in
Chapter Zand reported by othe(Bullman and Crawford, 2010; Brainard and Schulz, 2017,
Ginn et al., 2021)TheN. obtusanvasion of Lake Scugog, a large, shallow lake in southern
Ontario, Canada, likely occurred in the e&2B00s, but was first documented in 2015.
From 2016 2019, monitoredN. obtusaand have seen a clear increase in the dominance
of this invasive species in the macrophyte commui@tyapter 2. | also documented the
first knownoccurrence®f Microcystisspp.blooms in Lake Scugog, and determined that

N. obtusawas a significant biological driver dicrocystisspp.biomasqChapterd).
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To improveour understanding of the ecosystéevel impacts oN. obtusaand its
role in Microcystisspp.blooms in Lake Scugod,analyzed thregears (2017 2019) of
benthic dissolved oxygen (DO) and sediment soluble reactive phosphorus (SRP) data from
sites spanninthe entire lake. Given the emergence of tiNclobtusabeds in Lake Scugog
over the study period, wanted to test the hypotheses that (1) low benthic oxygen
concentrations across Lake Scugog were associatedNwittbtusapresence, and (2)
benthic DO deased in response to increasiNg obtusabiomass. Although benthic
anoxia hagreviouslybeen reported under charophyte bégsfel & Kufel, 2002) there
have been no studies to date showing benthic anoxia or low DO occurring\urudeusa
beds in its native or introduced ranges.

Additionally, | examined sediment poveater SRP in responselfb obtusabiomass,
based on th premise that depleted benthic DO concentrations would enhance internal
phosphorus loadinake, Coolidge, Norton, & Amirbahman, 200The hypolimnion of
productive lakes can typically become anoxic by sudhmer due to high biological
oxygen demand. When oxygen is gpd near théakebed redox conditions shift and
trigger sedimentelease of dissolved phosphorus, including SRP. Lake Scugog is a highly
productive lake, but due to a long fetch and shallow ruegath, it has been designated as
polymictic with no persient thermal stratification throughout the summer months
(Kawartha Conservation, 201Mlowever, with dense beds Nf obtusanow occurring in
parts of the lakd, conjectured that water column mixing with the atmosphere may be more

subdued at those sites.
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Here | reportfor the firsttime clear differences in benthic DO at sites with and
withoutN. obtusal also detected strong statistical relationships between DO and SRP with
N. obtusabiomass, respectively. These results infer a mechanistic role for this invasive
macrophyte that impacts ndaed habitat condition. A stabilized water column and internal
loading of phosphorus are also conditions known to pronwitzocystis spp. blooms
(Chung, Imberger, Hipsey, & Lee, 2018ased on the physical effect that dense beds of
N. obtusacould have on water column mixing and rbad biogeochemistryl, propose
thatN. obtusamay be an ecosystem engineer in invaded lakeésvatiands.
3.2Methods

Lake Scugog is a large (68 Rmshallow (mean depth = 1.4 m) headwater reservoir
located in southern Ontario, Canada (Fig2ud. Twelve sampling sites were monitored
as described in Chapter\ith site depths spanningi 13 m. DO measurements were taken
at 0.5 m depth intervals at eashthe 12 sites using a YSI 6 series multiparameter probe
(YSI Inc., Yellowsprings, Ohio, USA). Benthic DO concentrations were measured 0.5 m
above the sedimentater interface to minimize sedimedisturbance during the reading.
The sonde was suspended at each depth until the reading stabilized, before recording the
value.

Sediment cores were taken at each site using an NLA Gravity Corer (Hoskin
Scientific, Burlington, Canada). The top 10 cm offeaediment core assectioned into
acid washed tubes and stored on ice until returning to tbeatiryon the same day.

Tubes were acivashed to remove residual nutrients and were well rinsed with-@illi

water to remove residual aciflediment cores we collectedo measure poreater
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phosphorus concentrations at each site using a NLA gravity Corer (Hoskin Scientific,
Burlington, CanadaSediment samples were centrifuged at 12,000 rpm for 10 minutes to
separate the pore water and particulate sediment. Pore water was sta28d@tuntil

phosphorus was analyzed as described in Chapter 2.

Statistical analyses were conducted in R verdiorO(R Core Team, 2019jsing the
packages ggpuhiKassambara, 2020and ggplot2(Wickham, 2016) To ensure visual
accessibility of the oxygen profiles, an accessible palette was applied from the
RColorBrewer packagéNeuwirth, 2014) DO profiles were averaged for each sampling
date and separated by year for sites with and withdlt obtusa presence.SRP
concentrations were separated into two categorical classificatibhs optusa
present/absent) and a Krusk#hllis H test was conducted.non-parametric test wassed
as SRP concerdtions for sites withoull. obtusgoresence often had values lower than the
methods detection limitl(ug - L. To assess differences in benthic dissolved oxygen
between sites with and withobhit obtusa a WedstavAs@used due to unequal sample
sizes. Linear regressions were performed Witlobtusabiomass (dryweight in grams) as
the independent predictor variable of benthic oxygen concentrations (Mg arid
sediment porevater SRPify - LY).
3.3Results and Discussion

Studies documenting connections between aquatic macrophytes and sediment anoxia
are limited (Atapahthu, Parveen, Asaeda, & Rashid, 2018pwever, dense stands of
macrophytes, including those of Characeae ahgiophyllum spicatum are often
described to regulate dissolved oxygen profilsodge, Thomas, & Pauley, 1990;
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Cardinale, Burton, & Brady, 199" inmuth, Lillie, Dreikosen, & Marshall, 200&ufel &

Kufel, 2002) Consistently over the thrgear study, sites with. obtusahad lower DO
concentrations throughout the water column (FiduieA, C, E). Generally, sites without

N. obtusa frequently dominated byM. spicatum had DO concentrations in the
supersaturated range, and maintained higher concentrations throughout the water column
than sites witiN. obtusgFigure3.1 B, D, F).
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Figure 3.1 Averaged dissolved oxygen profiles (mg) for sites with(n = 138)and without(n = 36) N. obtusgpresence
per month and yea’. 2017 dissolved oxygen profiles for sites withobtusaB. 2017 dissolved oxygen profiles for
sites withoufN. obtusaC. 2018 dissolved oxygen profiles fiteswith N. obtusaD. 2018 dissolved oxygen profiles for
sites withoufN. obtusaE. 2019 dissolved oxygen profiles for sites wWithobtusaandF. 2019 dissolved oxygen profiles
for sites withoulN. obtusa
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Bentt DO concentrations wer e -testgyalueki cant |
0.001) between sites with and withdutobtusgFigure3.2). Similar tomy results, Unmuth
et al.,(2000) demonstrated dense standsMf spicatumwithin a Wisconsin lake often
resulted in super saturated dissolved oxygen concentrations. Furthermore, Atapaththu et

al.,(2018)concluded that hypoxianoxic conditions negatively affelet. spicatungrowth.
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Figure 3.2 Boxplots comparing benthic aygn concentrations for sites with (n = 138) and without (n =I86pbtusa
presence.-t AstWewabbdesseéed to compare sample means (U = 0.05

Unlike other macrophytes, the life cycle and reproductive strategies of some

Characeae are dependent on hypanoxic events at the sedimemater interface.
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Generally, Characeae that reproduce through vegetative propagules rely on viable
propagule banks within the sedime(¥igula, 1897) Propagules can persist in sediments
for extended periods of time, however, when buried deeper than 2 cm, the potential to
germinate is los{Bonis & Grillas, 2002) This is attributed to the necessity ofploxic-
anoxic conditions at the sedimemater interface to initiate germinatigBonis & Grillas,
2002) The strong association of reduced benthic DO with incredsindptusaabundance
in thisstudy suggests thBkt obtusamay alter local habitat conditions to promote propagule
bank germination. This positiieedback system may explain whly obtusais initially
delayed in becoming dominant in the macrophyte community because it takes time for there
to be sufficient biomad® induce hypoxi@anoxic conditions for propagules to germinate.

Not only was low benthic DO associated withobtusgoresence, buNl. obtusavas
also associated with significantly elevated concentrations of SRP within the segorent
water (p-value < 0.05, KruskalWallis H test). Furthermore N. obtusabiomass was a
negative explanatory variable for benthic DO? (R0.59) (Figure3.3A) and positive
explanatory variable for sediment pavater SRP (R= 0.90) (Figure3.3B). These results
clearly showa distinct water quality profile associated wikh obtusain Lake Scugog,
whereN. obtusaappears to be a driver of benthic hypearexia,a necessary condition
for internal loading of bioavailable phosphorus from sediments.

Brainard & Schulz (2017) sggsted that when dense benthic matdNofobtusa
undergo senescence, nutrients are released from sediments. Dspiteusa not
undergoing senescence in this stuly,obtusabiomass was a very strong predictor of

sediment porevater SRP concentrationaBed on the negative relationship with DO, it is

42



likely that N. obtusais indirectly facilitating sediment phosphorus release into the water
column. Internal loading of bioavailable phosphorus is regarded as a primary driver of
cyanobacterial bloomg Bor man s, Mar g 81 e Khus,tBis pdominegntu | a ,
association betweeN. obtusaand internal phosphorus loading in Lake Scugog infers an

indirect faciliatory role irMicrocystisspp.bloom development (Chapter 4).
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Figure 3.3 A. Scatter plot with regression line visualizing the relationship between Log transformed benthic NO and
obtusadry-weight (R = 0.59, pvalue < 0.001)B. Scatter plot with regression line visualizing the relationship between
porewater SRP ané\l. obtusadry-weight (R = 0.9, pvalue < 0.001)n = 138)
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Nevertheless, given the strong inference fragresults thalN. obtusds altering the
biogeochemical fate of oxygen and phosphorus in Lake Scligwmgpose thalN. obtusa
is acting like an ecosystem engineer of internal biogeochemical processes. With increasing
biomass and dominance in aquatic weed bEdsbtusamay be reducing wateolumn
mixing and exchange with atmospheric oxygen. Although depleteebedddO is knan
to drive internal phosphorus loading in lakes, there is also the negative impact that water
column hypoxiaanoxia can have on biota. Studies are now emerging that show the negative
effects ofN. obtusaon aquatic communitie®.g., Brainard and Schulz, 2017; Ginn et al.,
2021)asdiscussedn Chapter 2but muchremains unknown about the effectd\bfobtusa
on the aquatic food web, especially fish. Considering the extent of hypoxia to anoxia
reported here in a lake designated as polymictic, this poses serious concerns regarding the
quality of sportfish habitat.

These findings not only raise questions about habitat condition in Lake Scugog, but
other lakes in the region whelke obtusahas become established. With the distribution of
N. obtusaexpanding across Ontario lakghapter 5)my study provides clear
observational data that raise serious concerns for biogeochemical cycles, benthic habitat
structure, and other biota in invaded lakes. These results also support previous work,
which implicatedN. obtusaas a biotic driver oMicrocystisspp.blooms in Lake 8ugog
(Chapterd). Herel provide evidence of a possible mechanism for promoting bloom
development, wherehly. obtusadrives down benthic DO to facilitateternal
phosphorugoading from sediments as well as possjilopagule germination. Further

studiesshould be conducted to verify if these inferred effectdlbgbtusan Lake
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Scugogare occurring in other invaded lake ecosystems in North America. If such notable
Impacts to lake biogeochemistry are documented regida, there will be more

certainty hatN. obtusas acting as an ecosystem engineer in invaded lakes.
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Chapter 4. Elucidating the Role ofNitellopsis obtusan the Recent Emergence of
MicrocystisBlooms in Lake Scugog.
4.1 Introduction

Aquatic invasive species in Canadian inland waters are an increasing problem that
pose significant soctecological impacts. The invasive musBetissena polymorphie
no exception, and was first discovered in the Laurentian Great Lakes ifH&I&&t,
1989) Dreissena polymorphhas been shown to have negative effects on ecosystem
biodiversity and functionincluding: biofouling(Clarke, 1952; Greenshields & Ridley,
1957; Morton, 1969Af anas 6y ev &), displacensest of native $pces
(Sebestyen, 1938; Arter, 1989), and alteration of nutrient dyndB8tasczykowska,
1977; Stanczykowska & Planter, 198Bnother nomative invasive gecies from
Eurasia ifNitellopsis obtusaa freshwater macroalga first introduced to the Laurentian
Great Lakes Basin in the 1970s, when it was discovered in the St. Lawrenc@<nzr
& Sleith, 2017) By the 1980sN. obtusavas documented in Lake Ontario and Lake St.

Clair ( Schloesser et al., 198@idwood et al., 2016

Over the intervening decadd3, polymorphahas successfully invaded inland
lakes in Ontario such as Lake Simcoe and the Tsaviern Waterway (TSWit
was confirmed in 1991 th&t. polymorphahad invaded Lake Scugog, a large headwater
reservoir to the TSWHincks & Mackie, 1997) I n f act , lerckeeisttyc ugo g o
was determined to be ideal for dreissenid mussel invasion, but the prevalsofte of

substratehroughout the lake has likely kept numbers in check. This assumption is based
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on anecdotal reports by the Scugog Lake Stewards, which deSciploé/morphaas

known to be present, but not at nuisance levels.

Fewpublished reports have documented the spre&t obtusao inland lakes in
the Great Lakes Basin. However, by the #@00s, conspicuous stands became apparent
in Michigan and New Yorkakes(Larkin et al., 2018)On the Canadian side, there has
been mounting anecdotal reportd\bfobtusan Ontario inland lakes connected to the
TSW, including Lake Simcogsinn et al., 2021)The scarcity of data dN. obtusaspread
and establishment in North America is likely due to both a lack of awareness ajrthis n
native taxon, as well as frequent misidentificaijbarkin et al., 2018)There is growing
consensus, however, that it has become the dominant aquatic macrophyte in many inland

lakes across the eastntral United StasgLarkin et al., 2018)

As a member of the Ghaceae family, N. obtusacan undergo both sexua and
asexual reproduction, depending on environmental conditions(Schloesser et al., 1986)
Although a dioecious organism, N. obtusais more commony asciated with its white
sta-shaped bulbils, which function as asexua reproductive and hibernation organs. The
overal ewmlogical threat thatN. obtusgposesin North America is similar to othernon-
native invasivemacrophyte taxa(Pullman & Crawford, 201,0Hackett et al., 2014;
Brainard & Schulz, 2037 In shallow emsystems,N. obtusahas keen observed to grow
taller than otherCharaceae species and vasculamacrophytescausing native
speciesto beamelight limited (Larkin et al., 2018)When densebenthic matsof N.

obtusaform in lakes, they typically displace native macrophyteg¢Pullman & Crawford,
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201Q Larkin et al., 2018causing a decline ispeciesichness(Brainard & Sclhlz,

2017)

Nitellopsis obtusavas first reported and confirmed in Lake Scugog, Ontario in 2015
by the Scugog Lake Stewards. A large headwater reservoir of the TSW dyatem,
Scugoghas been a marophyte-dominated ecosystem since its impoundment in the early
1800g(Irwin, 1984. Simil ar to othermaaophyte-domireted eamsystems(SandJensen &
Borum, 1991)algal blooms have generally not been an issue in Lake Scugog, as far as
reports go. In support of this assumption is the fact that there havadéestorical
reports of phytoplankton blooms in the lake. As a weedy laddes Scugog has also

supported an economically importaport fishery (Kawartha Conservation, 2010).

To address concerns about the establishment of a newatioe macrophyte in
Lake Scugog, particularly a species with the potential to impact fish h@udanan &
Crawford, 2010Larkin et al., 2018 | initiated a 3year study in 2016. The goal of this
study was to document the spatial distribution and temporal dynanfitsobtusan
relation to the lower aquatic food web community (i.e., phytoplankton,
macroinvertebrates, drmacrophytes). Not only would this offer some insight into the
establishment successf obtusan Lake Scugog, but it would serve as the first

systematic survey targetimd} obtusan a large inland lake in Canada.

Over the 3year study period, thereane periodic eruptions dflicrocystisspp.
blooms in Lake Scugog that were captured during the sampling regime. Since algal

blooms had not been historically reported in the lake, and the occurreMogr@tystis
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spp. blooms was regarded as a new phenombythe Scugog Lake Stewards and the

lake monitoring agency Kawartha Conservation, a primary focus of my research turned to
assessing the possible driverdvitrocystisspp. blooms in Lake Scugog. Here | present

for the firsttime supporting evidence ah invasive species facilitation scenario, where

the invasive specids. obtusgositively influenced. polymorphaandMicrocystisspp.

blooms in a large, shallow lake ecosystem.

4.2 Methods

4.2.1 Sampling Location and Processing

The12 study sites presentea this chapter are the same as Chapter 2, which are
depicted in Figur@.1. Environmental parameters were collected and analyzed as
described in Chapter 2. In addition to environmental parameters discussed in Chapter 2,
monthly precipitation data spangithe field season (Mdy September) over three years
(20167 2018) was obtained from the Government of Canada historical climate data
website fttp://climate.weather.gc.ca/historical _data/search_historic_data ).bsnlg
the Oshawa airport station. This weather station was the closest to the Lake Scugog
region that had consistent data spanning the course of this study. Monthly precipitation
averages were used in all subsequent statistical analps2317 and 2018, sediment
cores were collecteals described in ChapterBotal phosphorus and soluble reactive
phosphorusveredetermined from pore water isolated from sediment cores as described

in Chapter2.
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4.2.2 Statistical Analyses

All statistical analyses were conducted using the @oemced software platform R
version 3.5.1R Development Core Team 3.0.1., 2018nalysis of Variance (ANOVA)
and Pearson correlation analyses were performed using theiléhemental variables
presented in Tablé 1. Biological data were logransformed to comply with parametric
assumptions of normality. Resulting correlation coefficients were plotted as a heatmap

using ggplotaZWickham, 2016)

4.2.3 Structural Equation Modelling (SEM)

Structural Equation Modelling (SEM) is a useful approach in assessing direct and
indirect biotic and abiotic interactions in ecological commun(fidischell, 1992) In this
study, SEM was used @malyze the role of the lower food web community in facilitating
Microcystisspp. blooms. Even in complex models, SEM allows for a complete
explanation using each variable, while also using confirmatory factor analysis as a
multivariate approach to testt@ractions between factof@/an, 2002) SEM was
conducted using the R packages: lavaan, semPlot, OpenMX, tidyverse, knitr, kableExtra,
and GGally(Boker et al., 2011; Rosseel, 20Xte, 2012;Epskamp, 2015V ickham,

2017; Zhu, 2018Schloerke et al., 2020Multivariate normality was evaluated in R with
the MVN package using the Mardia appro@€brkmaz, Goksuluk, & Zararsiz, 2014)
However, because construction of this modelling technique involvad bgilogical data
with a negative binomial distribution, the SEM was constructed using a maximum

likelihood (ML) model estimator.
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A ML estimator was chosen as it is considered to be relatively robust for models
with deviations away from multivariate norhty (Diamantopoulos & Siguaw, 2000
Bollen, 2014. Furthermore, Mont€arlo experiments have shown no significant
differences in constructed SEM that use the ML estimator with varying skewands
kurtosis levels defining multivariate normalifigeinartz, Haenlein, & Henseler, 2009)
Multi-collinearity of variables was assessed as described above and bootstrapping was
performed to determine if it could help with multivariate normgRyeacher & Hayes,
2004) Notably, there were no differences between the bootstrajgiacind data used
for the construction of the SEM. The final SEM presented is based on assumed theoretical

relationships between factors, as recommended by Fan et al., (2016).

To ensure the resulting SEM was not over or under specified, a combinatwn of
fit indices were used as suggested by Hu & Bentler (1999). Standardizedaaot
square residual (SRMR) and the comparative fit index (CFI) were used to evaluate the
final SEM. In brief, SRMR is a fit index to represent a badness of fit, where feidext
fit and 1 shows the model does not fit the data gBatlwne & Cudeck, 1992; Hu &
Benter, 1999) This fit index was chosen because it is useful in identifyingspesified
models and is less sensitive to sample size (unlike thedtiaired test), while also being
comparable between models. A value less than 0.09 was chosen to awaldihtef the
SEM as previously describédu & Bentler, 1999) The CFl was also chosen as it is less
sensitive to sample sizeath the Chisquared teqtFan, Thompson, & Wang, 1999;

Tabachnick & Fidell, 2007)The CFI represents the amount of variance that has been
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accounted for within the covariance matrix, using a minimum of 0.95 to evaluate the fit of

the SEM(Hu & Bentler, 1999)

4.3 Results

Average physical and water quality variables for each sampling site oveyéae 3
study period are prested in Tabl&.1. An ANOVA determined that only chloride and
pH were significantly different between sites\g@ue< 0.05). Sites closest to urban
development in the west basin (sites 3) tended to have higher chloride concentrations
than the east basin sites. All sites shared average values within the same order of
magnitudeapart fromsediment phosphorus (TSPER8SRP). Sediment phosphorus was
highly variable across sites, but some sites had notably higher concentrations (Sites 5, 9,

and 11). No appreciable trends in nutrients were noted overytbar3tudy period.

Population trends faN. obtusa D. polymorphaandMicrocystisspp. over three
years are presented in Figyrd. Generally, all taxa increased from 2016 to 2018
(ANOVA, p-value< 0.05).N. obtusaandMicrocystisspp. median biomass was highest
in 2018, whereab. polymorphamedan density was highest in 2017. However, all taxa
experienced maximum levels in 2018 (Figdr®. When assessing potential relationships
between environmental variables and each study taxon on aanmteal basis, Pearson
correlation analysis deemed seal parameters statistically significant, but only in a
single year (2017) (Figu.2). In 2017, precipitation weakly correlated with obtusa
and conductivity withMicrocystisspp Several environmental variables strongly
correlated withD. polymorphan 2017, including chlorophyll a), depth (+), Secchi

depth (+) and turbidity-} (Figure4.2).
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Table 4.1. Seasonal means (MaySeptember) reflecting-Bears of pooled data (20:2®18) for twelve physical and water

guality parameters measured concotlsein Lake Scugog, Ontario. Standard deviation is in brackets. Temp = temperature,

Con = conductivity, DO = dissolved oxygen, TN = total nitrogen, TP = total phosphorus, TSP = total sediment phosphorus,

SSRP = sediment soluble reactive phosphorus,ahdCa = chl or ophyl | U. Note that TSP
(2017 & 2018) and that sample size was slightly smaller for sites 5 and 9 because they were consistently inaccessible in
September throughout they8ar study.

Site No. Depth Secchi Temp pH* Con Chloride* DO TN TP TSP SSRP Chla
n (m) (m) (°C) (uS-cntt) (mg-L™) (mg-L")  (mg-L?) (Mg-L™) (Mg-L™) (hg-L? (Mg-L™)
1 15 1.16(0.67) 1.3(0.38) 21.54(2.97) 7.7(218) 492(165) 101.1(105.4) 10.1(3.1) 0.77(0.91) 41(34.4)  61.4(44.9) 255(18.6) 91.9(25)
2 15 1.06(0.65) 1.04(0.35) 21.90(3.3) 7.78(2.21) 530(199) 171.4(144.4) 11.7(5.2) 0.78(1.08) 65.1(53.7) 106.4(77.9) 13.7(10)  41(56.5)
3 15  1.68(0.9) 1.48(0.60) 22.37(2.72) 7.73(2.17) 531(182) 139.8(133) 10(2.4) 0.61(0.69) 38.4(39.2)  55(40.3)  38.7(28.3) 22.7(49.2)
4 15  1.71(0.94) 1.62(0.49) 22.15(3.05) 7.63(2.16) 540(181) 114.5(93.4) 9.1(1.4) 0.76(0.98) 42(46.9)  58.2(42.6)  9.1(6.7)  99.7(340)
5 12 0.72(0.69) 0.75(0.41) 22.11(2.55) 7.43(2.15) 534(224)  96.4(70.9) 8.9(5.6) 0.82(0.85) 72.4(65.3) 127.4(93.3) 74(54.1)  14.4(41.7)
6 15 1.59(0.85) 1.5(0.51)  21.98(3.4) 7.57(2.14) 475(156)  97.3(90.6) 9.2(1.6) 0.96(1.77) 45.9(54.1) 83.8(53.4) 56.9(38.5) 11.9(78.1)
7 15  1.19(0.62) 1.23(0.41) 22.18(3.14) 8.1(0.42)  477(163)  70.7(56.3) 9.6(2.5) 1.19(2.2) 31.6(41.8) 53.7(35.8) 52.6(38.9) 23.1(28.9)
8 15  1.45(0.88) 1.31(0.48) 22.41(3.11) 8.32(0.33) 442(164)  68.3(71.5) 10.5(2.5) 1.12(0.79) 39.7(41.3) 58.3(44.4) 26.5(14.6) 14.2(74.4)
9 12 0.95(0.57) 1.08(0.37) 22.67(2.92) 8.20(0.39) 365(142) 28.5(56.3) 9.4(2.3) 0.90(1.27) 37.7(31.3) 148(183.6) 64.7(47.4)  6.4(40.8)
10 15 1.31(0.82) 1.11(0.56) 21.77(2.35) 8.24(0.32) 482(170)  74.6(94.6)  9.7(2)  0.63(0.8)  46.2(56) 89.1(89) 16.4(3.9) 27.8(71.4)
11 15  1.38(0.71) 1.32(0.45) 22.22(2.39) 8.19(0.34) 461(173) 83.6(91.3) 9.6(2.8) 0.71(1.07) 37.3(35.7) 146.9(109) 35.7(19.7) 16.2(25.3)
12 15  1.9(1.1)  1.46(0.61) 22.48(2.56) 8.25(0.37) 492(183)  69.4(95.9) 9.5(4.6) 0.82(1.29)  38.2(43) 80(54.7) 2.4(6.9)  23.3(33.9)
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The SEM results presented in Figdr8 show the direct positive and negative

relationships between the abiotic and biotic variables included in the model. Depth was a

statistically sigrficant positive explanatory variable for all biotic components, including
N. obtusaD. polymorphaandMicrocystisspp In addition to depth, two other abiotic
factors (precipitation and chloride) were positive explanatory variablglscobcystis
biomass. Total nitrogen was a negative explanatory variablé. fobtusaand
Microcystisspp Most interestinglyN. obtusawvas the only biotic factor to serve as a
positive explanatory variable for boih polymorphaandMicrocystisspp. Overall, the
SEM explained 27 % (palue< 0.05) of the variation iMicrocystisspp. biomass in

Lake Scugog.

—p  Positive Effect — == == p  Negative Effect

CFI=0.99
SRMR =0.025

P-value < 0.05
R2=0.27

Y 0.24* .

[ D.polymorpha

-ﬂ.lS*I

[ Precipitation Total Nitrogen |

[ Temperature Microcystis sp. Conductivity )&
[ Chloride Total Phosphorus ]0'—01

Figure 4.3. Structural equatioa model (SEM) path diagram showing explanatory variables and their negative and
positive effects on each other a¥iicrocystisspp. (n = 174). Solid lines represent positive effects, and dashed lines
represent negative effects. Path coefficients are peavidr each factor in the model, and asterisk (*) signify

statistically significant relationships (-rakansquare 05) .

residual.
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4.4 Discussion

Most inland lakes in Ontario are not monitored on a regular basis for water quality
and biota, and as such, it is not known if the increasis abtusaD. polymorphaand
Microcystisreported here reflect a regiovide trend. With respect tdicrocystisspp.
blooms, | could not find any reports on regwite trends in Ontario since 20Q0&inter
et al., 2011)Therefore, it is difficult to ascertain if the population increases documented
in my study reflect a larger, regional pattern across the TSW. Increases in invasive
species in Lake Scugog, howeverednot bode well for danstream lakes in the TSW,
especially when considering that boat traffic is a known vector for invasive species in the
TSW (Kelly, Wantola, Weisz, & Yan, 2013YThus, the popular navigation route between
Lake Scugog and the TSW likely serves as an important conveyanceapdtni.

obtusaandD. polymorpha

As a first step in elucidating potential associations between water quality variables
and each study taxon, Pearson correlation analyses detected some weak to moderate
relationships, but for only one study year (2017QFe4.2). This shows a large degree
of inter-annual variation, which can influence the strength of potential drivers of taxa
abundance. Even with differences in environmental conditions across years, the SEM was
able to pull out direct drivers of eacludy taxon (Figurel.3). Depth was a positive
explanatory variable for all study taxa, which is quite interesting considering depth across
sites only varied betweer3m. Depth largely infers available habitat space, so this
finding suggests that increagidepth, even at a small scale, promoted the growth of all

taxa. Precipitation and chloride were positive explanatory variabl@gifoocystisspp.
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biomass, which is consistent with the literature. Several studies have shown a positive
relationship betweaeprecipitation and/licrocystisspp. bloomgReichwaldt &

Ghadouani, 2013;2Pick, 2016, where the underlying mechanism is presumed to be
increased nutrient loading with heavy rain events. In systems such as Lake Erie, it has
been shown that the frequency and intgnsitrainfall events can be an important model
predictor ofMicrocystisspp. bloomgMichalak et al., 2013)Chloride at high enough
concentration is toxic to algae, dtcrocystisspp.aremore tolerant of chloride than

other freshwater speci€fonk, Bosch, Visser, & Huisman, 2007)

Interestingly, Total Nfogen was a negative explanatory variable for bbtbbtusa
andMicrocystisspp.in the SEM. Although nitrogen is an important nutrient for algae,
elevated concentrations of specific forms of nitrogen (e.g., ammonia) can inhibit algal
growth (Turpin, 1991) Alternatively, algal communities can shift in composition in
response to shifting N:P due to physiological differences between sfi€leiasmeler,
Litchman, Daufreshna, & Levin, 2004)ot knowing the form of nitrogen makes it
difficult to ascertain the underlying mechanism of this negative relationship between
Total Nitrogen and the study algae. Even so, &rrthvestigation is warranted to assess
whether particular forms of nitrogen are playing a role in controlling nuisance algal

growth in Lake Scugog.

Despite other studies showing clear positive relationships between water or
sediment phosphorus aMicrocystisspp. biomasg§Jacoby, Collier, Welch, Hardy, &
Crayton, 2000; Winter et al., 201Rick, 2016, my study did not show a strong link. This

Is not particularly surprising given the high watetumnand sediment phosphorus
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concentrations, which reflect eutrophic to hypertrophic conditi@aslson, 1977in

Lake Scugog. The relationship between algal biomass and phosphorus tends to asymptote
at high phosphorus concentrations due to other limiting fa¢@rsw-Fraser, Trew,

Findlay, & Stainton, 1994)which likely explains the lack of a significant relationship

betweerMicrocystisspp. and phosphorus in this study.

The only biotic factor found teerve as an explanatory variable for bbth
polymorphaandMicrocystisspp. biomass wds. obtusa This finding is particularly
noteworthy, because it is the fitsine that a possible facilitative effect Nf obtusaon
other species has been shown in a North American ecosystem. Anecdotal reports (e.g.,
Pullman & Crawford, 2010) have mentioned the proliferatioB.gbolymorphaon N.
obtusa likely because its calcified architecture is idealDopolymorphaattachmat.

Indeed, in this studyD. polymorphawvas consistently found attachedNoobtusa

specimens. Although other studies have shBwpolymorphao have a positive effect
on Microcystisspp.(Vanderploeg et al., 200Raikow, Sarnelle, Wilson, & Hamilton,
2004; Sarnelle, Wilson, Htailton, Knoll, & Raikow, 2005)D. polymorphadid not play

an explanatory role in this study.

The SEM delineatell. obtusaas being a direct explanatory variableMi€rocystis
spp.biomass in Lake Scugog. | hypothesize thabbtusacould facilitateMicrocystis
spp. growth in several ways. One mechanism relates to th&lwahtusacan alter
sediment water chemistrif.has been suggested that when forming dense stands,
obtusacan create hypoxic to anoxic conditions at the sedimeter interfaceas

demonstrated in chapterBullman & Crawford, 2010MWhen charophytes likH. obtusa
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create anoxic conditions, this stimulates internal phosphorus loading from the sediments
(Kufel & Kufel, 2002) A significant relationship between sediment phosphorus and
Microcystisspp.was not captured in this studyt Microcystisspp. resting cells are

known to benefit from their proximity to sediment phosphorus in other ecosystems

(Brunberg & Bostrom, 1992; Nalewajko & Murphy, 2001)

Another potential facilitation mechanisinvolves allelopathy. Charophytes like
obtusaare known to exude bioactive substances that inhibit select phytoplankton species,
in order to minimize competition for nutrients and ligBerger & Schagerl, 20Q0Berger
& Schagerl, 2004 Studies have shown thidt obtusacan produce and exude allelopathic
substances that inhibit some aquatic plants and algae, while facilitating (@ledsw,
Hargeby, & Hilt, 2014)In one particular study, bioactive exudates fidnobtusa
inhibited severaphytoplankton taxa, but ndlicrocystis aeruginoséBerger & Schagerl,
2004) Therefore, it is possible thiticrocystisspp, being tolerant of both chloride and
allelopathic compounds produced Hyobtusacanerupt in blooms in Lake Scugog

because competition from other phytoplankton has been reduced.

In summary, | have documented increasds.ipolymorphaandMicrocystisspp. in
a lake where historicallyhese species were not reported at nuisance |lévefdying an
SEM approach allowenheto evaluate a network of relationships between abiotic and
biotic variables in a relatively complex dataset. The resulting model explained 27% of the
variation inMicrocystisspp. biomass, highlighting key abiotic (depathloride,
precipitation, Total Nitrogen) and biotidl( obtusa drivers.SEM also revealed a possible

facilitative role forN. obtusan supporting bottD. polymorphgoopulation growth and
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Microcystisspp. blooms in Lake Scugog. These findings raise eoader other lakes in

the region, including Lake Simcoe and the Kawartha Lakes, which have all been invaded
by N. obtusa Even though nutrients and climate change are established drivers of
Microcystisspp.blooms in other lakes, my results indicate tdabbtusamay be an

additional factor to consider. Further studies across lake ecosystems that have both
obtusaandD. polymorphashould becompletedo confirm the relative role of each

invasive species oMlicrocystisspp.bloom formation.
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Chapter 5. Establishing the Distribution and Habitat Characteristics ofNitellopsis

obtusain Ontario Lakes.

5.1. Introduction

Nitellopsis obtusaDesv.) J. Groves, 1919, is an ecorticated charophyte species
native to Eurasiairst documented in North America along the St. Lawrence River in 1974
(Karol & Sleith, 2017)HowN. obtusawvas introduced to North Amerigs.not known, but
unintentional introduiton via the ornamental gardening trade and t@reanic shipping
is suspecte(Kay & Hoyle, 2001; Padilla &Villiams, 2004) Although known to be in the
lower Great Lakes since the 7%, it was only about a decade dbatfirst reports of\.
obtusain inland lake®f the United States began to emefigarkin et al., 2018)In Canada,

N. obtusawas reported as early as 2008 in Lake Sin{&ian et al., 202), with the first
documentation of establishment in Lake Scugog in ZBhapter 2. The fortyyear latency
between initial introduction and the gerf reports in inland lakes is not well understood,
but may bedue to its frequentnisidentification asChara spp.during early colonization

and establishmeiftarkin et al., 2018)

The common name of starry stonewort is due to conspicuous whitshafzed
bulbils (Figure 1.}, which serve as asexual reproductive and hibernation structures.
Members of the Characeae can undergo both sexual and asexual reproduction, depending
on environmental condition&arkin et al., 2018)Within its native rage,N. obtusaends
to reproduce primarily through vegetative propagMgula, 1897) WhenN. obtusa
colonizes shallower watg, a shift to sexual reproduction has been obsefieause,

1985) AlthoughN. obtusabulbil viability is not known, thegan berelatively shorived
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(a few months)YBonis & Grillas, 2002 Boedeltje, Bakker, Bekker, Van Groenendael, &
Soesbergen, 20D3or persist for severalears(Bonis & Grillas, 2002)Bulbils can only be
found within established beds Nt obtusawhich can disrupt identification during early
establishmentBonis & Grillas, 2002) When bulbils are lackingN. obtusacan be
identified through itddisheveled look, with long slender thalli heavily encrusted in marl,

composed of calcium bicarbongilindow, 1992)

In its native rang, N. obtusais valued as habitat and food for native fish, but it is
also classified as threatened or endang@héldilife and Countryside Act, 198B 1 agen | i |
et al., 2006; Caisova & Gabka, 2009; Kabus & Mauersberger, 20iderset Joye &
Schwarzer, 2012Kato et al., 2014)In contrastN. obtusaposes an ecological threat to
North American freshwater ecosystems, includingsance growth and the displacement
of native speciegPullman & Crawford, 201,0Hackett et al., 2014; Brainard & Schulz,
2017. In shallow lakes and coastal wetlandi, obtusacan grow taller than other
Characeae speci@sarkin et al., 2018)The formation of dense benthic matd\ofobtusa
displaces other macroalgae and vasculacrophytes(Pullman & Crawford, 2010
Brainard & Schulz, 2017; Ginn et al., 202Dense beds dfl. obtuseaeffectively displace
other macrophytes, but they also may serve as an effectiviemusink, which limits
nutrient availability to other taxéBlindow, 1992) This has important implications for
benthic habitat structa, since submerged macrophytes provide substrate, food, and refuge
for most members of the aquatic commuiiiNipordhuis, Varder Molen, & Van den Berg,

2002; Van Nes, Scheffer, Van den Berg, & Coops, 2003)

63



To improve our understanding of the habitat preferencés obtusan eastern
North American laked, selected 60 candidate lakes along a natural geological transition
zone insouthcentral OntaripCanada. The study area includes a region known
colloquially as The Land Between, because it reflects a south to north shift in limestone
dominated (St. Lawrere Lowlands) to granitdominated (Canadian Shield) surficial
geology. The Land Between geological transition zone is a mosaic of both bedrock types,
which strongly influence the edaphic and physiographic characteristics of the region. As
such, lakes situad in the transition zone reflect gradients in water hardness and nutrients.
SinceN. obtusarequires ecosystems with a minimum concentration of calcium between
157 25 mg - LY, documentindN. obtusadistribution along a natural calcium gradient in
the ame geographic and climatic region offered an ideal study lod@torede 1937).
Additionally, the Land Between has varying lamsk type and intensity (e.g., agriculture,
urban development) that contribute to anthropogenic water quality gradients @heros
region. Based on this study desigjmasable to not only document the distributionNaf
obtusaa n Ont ar i o006 s i n-tinerodtl wasalkoalsle td determinelthe kef/ i r s t
environmental factors influencing. obtusé® s di st r iateacdlogicalmiches i n g

model approach.

5.2Methods
5.2.1 Study Design
A synoptic survey of 60 lakes spanning a large geographic region (~8&16pth
Ontario, Canadavas conducted over a constrained thrneek period from August-22,

2019. Due to the mix of underlying bedrock and unique physiographic features in the
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study region, there is a distinct water hardness gradient that variesdfowaterto very
hardwater. Since calcium carbonate is requiredNopbbtusagrowth, and harevater

lakes are known to be a preferred habitatertaincharophytes, selecting lakes along a
broad calcium gradient within the same geographic and climatic region was expected to
reveal the relative importance of calcium and water hardnd¢s to o Isinvassoa 0

SuUcCcess.

Candidate lake selection was aided by Geographic Information System (GIS)
analyses (QGIS Development Tear016) to minimize candidates with surface
connectivity between lakes. Out of the 60 lakes in the study, only 3 were indirectly
connected via surface water flow in the same catchment. Historicatdédiam data
garnered from a variety of sources (The Land Between Charity, Kawartha Conservation,
and the Ontao Ministry of Environment, Conservation, and Parks) were used to ensure a

broad calcium gradient was captured in the final set of study lakes.

Based on a summary of previously published calcium concentrations Mhavausa
was found in its invaded ran@earkin et al., 2018)candidate lakes were divided into three
groups: calcium concentrations below thresholdZ00 md), optimal conditions (20
40 myd), aAd alhove threshold (4 5 mdg). WihinLthese ategories, 20 candidate
lakes wereselectedto ensure a balanced study design representing the entire calcium
gradient The historical calcium gradient present throughout the candidate le&asbe

observed in Figure 5.1.
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The lowest lake calcium concerttra o n  wa s “panditi®e highgst vlas 3.7
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Figure 5.1. Dotplot of historical calcium concnetrations for the 60 candidate lakes selected within this Gtloyr
corresponds to one of the three categorical classificaitons each lake was placed into. Green represents below threshold
(<20 mg - %), blue corresponds to the optimal concentration range4@0ng - 1Y) and salmon corressponds to above
threshold (> 40mg - [%).

5.2.2. Sampling Collection and Field Measurements

A consistent sampling effort occurred at four sites in each lake along a transect

starting adjacent to the boat launch area. Sampling near the boat launch was intentional
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based on previous workhich showed an association betw&erobtusaand proximity to

boat launch sitegMidwood et al., 2016)However,samplingdid notoccurdirectly in a

boat lane, as frequent traffic and harvesting would introduce biaghetsamples, instead

| sampled in the area adjacent to the boat launch. Sampling sites were along a transect
which was based on known degifofile bathymetry between 0.5 to 15 m, and ran
perpendicular to the shoreline. Depth bathymetry wgasheredfrom opensource
bathymetric maps and the Anglers Atlas (https://www.anglersatlas.cddepth was
verified usinga depth finder adescribed in Chapter Zhe distance between sampling sites

in each lake was determined using GPS coordinates in QGIS(Q@&lI& Development
Team, 2016)The distance from boat launch variable corresponds to the measured distance
betweersampling sites, fronthefirst site. Environmental parameters that were measured

in the field were assessed as described in Chapthr iAstances where conductivity
readi ngs wer e 1, iadfitiona] readifgs Were@aken Backeanthe lab avith

separate YSI-8eries multiparameter probe to confirm measurement accuracy.

Water samples were collected with a Van Dorn sampler ah@éross all sampling
locations. Samples were decanted into four 50 mL conical tubes. All tubes were previously
acidwashed anttandled as described in Chapter2acrophytes were collectaesing the

lake rake methodescribed in Chapter 2.

5.2.3. SampleProcessing

Samplesvere transferretb the laboratoryand processed as described in Chapter 2.
Total organic carbon (TOC) and total nitrogen (TN) were determined following a

combustion catalytic oxidation method using a TOC5000 series TOC analyzer (3ijmad
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Kyoto, Japan) at York University, Toronto, Canada. Water samples earmarked for cation

analyses were shipped to an accredited analytical lab (SGS Canada, Lakefield, Ontario).
Cations that were investigated in this analysis include: calcium (Ca), magné¢ig),

sodium (Na), potassium (K), iron (Fe), and manganese (Mn). Analyses for TP, TN, and

cation suites were done on unfiltered water samples.

4.2.4 Statistical Analyses

All statistical analyses were performed using the egmmced software R version
3.5.1(R Development Core Team 3.0.1., 2Q1B)vironmental and biological parameters
were logtransformed to comply with parametric assumptions of normality. In order to
assess statisal differences for each of the 16 environmental variables between sites with
confirmedN. obtusapresence and those that did not hilveobtusa a generated linear
mixed model (glmm) using binomial error was constructed with the gimmTMB package
(Magnusson et al., 2020)Furthermore, since environmental conditions overlapped
between sites with and withotit. obtusa a principal component analysis was done to
assess cwariation of variables between site categories (i.e. presence versus absence) using
the packages FactaMeR, factoextra, and ggplo(R€é, Josse, & Husson, 2008; Wickham,
2016 Kassambara & Mundt, 20L7Environmental parameters were standardized and
corresponding ellipses depicting multivariate noitgalvere displayed. A permutational
analysis of variance was used to distinguish if a significant difference existed between site
categories present within the principal component analysis using the vegan package

(Oksanen, 2017)
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To determinethe ecological niche dfl. obtusain Ontario, boosted regression tree
(BRT) modelling was performed. This method differs from traditional pasious
models by using regression and decision trees, while boasimginesseveral simple
models together to improve predictive performafieih et al., 2006; Leathwick, Elith,
Francis, Hastie, & Taylor, 200&eathwick, Elith, Chadderton, Rowe, & Hastie, 2008)
Boosting within a BRT model originates from machine learri®chapire, 2003)out has
been accepted within the statistical community as an advanced form of regression
(Friedman, Hastie, & Tibshirani, 2000By fitting multiple trees, BRT modelling
overcomes limitations of single tree moddklith, Leathwick, & Hastie, 2008)
Furthermore, the process of building a BRT is stochastic, and this stochasticity improves
predictive performance while reducing the variation observed in the final iffotiman,

2002) During model fit, new trees are built upon previously fitted trees, which increases
the models focus on the hardest observations to predict, which in turn provide a BRT that
supports ecological insigfElith et al., 2008)This statistical approach was chosen because

it can fit complex nodinear relationships, and the data used does not need to be
transformed. BRT also has a high predictive capability when compared tcstattistical
approachegqElith et al.,, 2008) BRT modelling has been used to demonstrate which
environmental factors were associated, and useful in predicting invasive gmiés,

van Klinken, Yokomizo, & Buckley, 20%11Altartouri, Nurminen, & Jolma, 20}4
including the presence df. obtusan a coastal wetland in Lake Onta(ididwood et al.,

2016) and predicting the distribution ®f. obtusain the Midwest of the United States

(Muthukrishnan, Sleith, Karol, & Larkin, 2018)
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A random subset of 180 sampling points for the 16 environmental parameters were
used to fit a series of BRT models to determine the beseval each of the required
parametes (bag fraction (BF), learning rate (LR), and tree complexity (TC)). BRT models
were constructed using TC (3, 5, 7, 10, 20), LR (0.01, 0.005, 0.001), and BF (0.5, 0.6, 0.75).
The resulting models were tested with thenaeing 60 sampling points, and the model
with the highest area under the curve (AUC) and highest-gadskation coefficient (CV)

was investigated further.

Optimal parameters for BRT model construction were a TC of 10, a LR of 0.001,
and a BF of 0.75. fiis model resulted in an AUC of 1 and a CV of 0.8 create a less
complex model foN. obtusathe BRT model was simplified usimggpm.simplifyfunction
as described by Elith et a(2008). Upon simplification, five environmental parameters
were removed from the model whititludedFe, TOC, conductivity, TN, and DFBL.

The analysis and construction of the BRT modeNoobtusavas done following Elith

et al, (2008) using the dismpackaggHijmans & Elith, 2013)
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5.3Results

Summary statisticof each lake can be foundappendix B;TableB1. Overall the

presence oN. obtusavasdocumentedt 37 sites in 19 of the 60 study lakes (Figui®.

X

/ \1;{ ol : : L >
AN L i
@ M. obtusa absent Diorite Calc-silicate gneisses

@ . obtusa present Dolostone and sandstone Granite
Alkalic syenite Iron formation Il Inland waterways 0 50 100 km
Biotite gneisses Limestone I Great Lakes L, —
Sandstone and shale Calc-silicate marble

Figure 5.2 Map of candidate lakes with underlying geology. Candidate lakes are shown as circles, where Black circles
denote lakes withl. obtusaand grey circles are lakes whelke obtusawas not documented. Underlying geology shape
files were obtained from the Omi@a Geological Survey (2011), which represents a 1: 250 000 scale in bedrock geology.

Lakes that hadN. obtusapresentinclude Big Cedar, Buck, Camden, Canal,
Charleston, Chemong, Couchiching, Dalrymple, Dickey, Eugenia, Loughborough, Lower
Buckhorn, Opiicon, Otter, Rice, Scugog, Simcoe, Wagner, and Vest. Eleven of the
study lakes had no macrophytes present at the time of sanifieippsis obtusaresence
occurred over a relatively broad Ca concentration (5.9 . 9 “H &ix dut of. the 16

environmental variables measured were significantly different between sites with and
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without N. obtusaincluding: depth, Secchi, Ca, K, Na, and Mg (gimmvagtue < 0.05)

(Figure5.3).
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Figure 5.3.Boxplots comparing environmental parameters that wererdéted to be significantly different with respect

to N. obtusgpresenceyes n = 37) and absence (nm = 203 using a general linear mixed model with binomial error
(p-value< 0.05). Parameters includa. Ca |l c i W)B. Magnesiumd(md -1 C. Potassium (mg - 1) D. Sodium

(mg - ) E. Depth (m)F. Secchi (m). One sample per lake was sent for cation analysis (n = 60), while environmental
parameters had a measurement at each of the four sites (n = 240).

Environmental concentrations of Ca, K, Na, and Mg were significantly higher at sites
with N. obtusaIn contrast, depth, and Secchi depth were significantly lower at sites with
N. obtusgFigure5.3). A principal component analysis demonstrated that ptdiemis (TP
and TN), DFBL, TOC, Na, Mg, K, and Ca were positively associated Mitlobtusa
presence (Figur&.4). In contrast, variables such as depth, Secchi, Fe, and conductivity

were negatively associated with. obtusapresence (Figuré.4). The chental and
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morphometric properties between site classificatifiered significantly for sites withN.

obtusapresencedermanovap-value< 0.05) (Figures.4).
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Figure 5.4. Principal component analysis using standardized environmg@at@meters showing differences between
sites with(n = 37) N. obtusapresent to those withoyh = 203) Relative contribution of each of the environmental
parameters are visualized along a gradient, as well as vector transparency. Ellipses for eactatédhédcal groups
represent multivariate normality. TP = total phosphorus, TN = total nitrogen, TOC = total organic carbon, DFBL =
distance from boat launch

The final ecological niche model (BRT) included 9 of the 16 environmeatibles
and had an AJC score of 0.99 (Figuré.5. This model consisted of 2700 trees and
accounted for 91% of the variationf obtusan the study lakes. Interestingly, depth and
potassium had the highest relative influenc&lonbtusan the model, contributing 43.5%

(Figure 5.5. In contrast, calcium had a relatively small influence (5.5 %) and was the
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lowest contributing parameter (Figugeb). Depth, magnesium, potassium, and total
phosphorus contributed 64.6 % of the relative influence out of the nine factorsig¢fiai
ecological niche foN. obtusan the study lakes (Figurg5). The ecological niche model

infers thatN. obtusaprefers habitats with shallower depths and higher concentrations of
magnesium, potassium, and sodium in the study region (Fdprélitellopsisobtusaalso

seems to prefer habitats with lower manganese concentrations, and lower Secchi depths

(Figure5.5).

AUC: 0.99 Correlation Value: 0.91

Depth

Potassium 19.7%

Magnesium 12.2%

TP 8.9%

Sodium 8.4%

Manganes 8.2%

Secchi 7.4%

pH 6%

Calcium 55%

T I 1
10 15 20

o
)]

Relative influence

Figure 5.5. Relative influence depicting the contribution each environmental variable has obtusawithin the
simplified ecological niche model. AUC corresponds to the area under the curve obtained during model testing.
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5.4Discussion

Commonly, most inland lakes in Ontario are not systematically monitored for
invasive species, thus nomtive invaders likeN. obtusacan go unnoticed until it
dominates the community it has invaded. The factitdatumentedN. obtusan one third
of the study lakes is in stark contrast to what lb@snreported in Ontario. Most reports
refer toN. obtusainvasion in lakes idectly connected to the Trent Severn Waterway
(TSW), as in Chapter @ arkin et al., 2018)For the firsitime, | report here thall. obtusé s
distribution across centr@ntario extends beyond lakes directly connectethéoTSW
(Figure5.2). With other lakes in Ontario havwg favorable habitat conditions to suppbit
obtusaestablishment and growtimanagement is essentidherefore, it is my intention
that the ecological niche model, be made available for Apelying the forecasting
component of the BRT, using long term water quality monitoring data, carvaetus
stake holders to identify vulnerable areas fér obtusainvasion thus directing

management and future research endeavours.

Dispersal and establishmeot N. obtusawithin the Great Lakes Basin is poorly
understood. Generally, invasive macrophytes can be transported to new ecosystems by
viable propagules or vegetative fragmegiRsynolds, Miranda, & Cumming, 2016reen,

2016. Within the native range, propagules of charophytes have been known to be dispersed
through epizoochoryBonis & Grillas, 2002) However, there is mounting evidence that

the spread df. obtusanto inland lakes is driven by watercraft movement and deployment
across the Great Lakes Bagiidwood et al., 2016)Sites wherdN. obtusavas detected

were closer to boat launches along sampled transects (FHd@résenerally, removing
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plant material can be an effective strategy for mitigating transport of invasive ma@sphyt
although recreational boaters often fail to follow clean and drain instructions
(Rothlisberger, Chadderton, McNulty, & Lodg201Q Cimino & Strecker, 20183
Furthermore, Glisson et a{2020) found that clumps ®f. obtusasimilar to what is found

on watercraft trailers, can remain sufficiently wet for days. Given the popularity of boating
culture in Ontario, and the proxity of the study lakes to the Trent Severn Waterway, it is
likely that recreational boaters are serving as a vectd\. adbtusaspread throughout

Ontariobds inland | akes.

Pullman & Crawford (2010) found thaL obtusausually colonizes shallower water
(0.57 1.5 m) before moving to deeper sites as paiitsoinvasion pattern. The highest
biomass ofN. obtusadetected in this study was from sites less than three meters deep
(Figure 5.3). Within its native rangeN. obtusais found in both deep and shallow
ecosystemgJanauer et al., 2010; Korsch et al., 20t8Jonizing depths upwards of 65 m
(Spence, 1982Kufel & Kufel, 2003. Depths reported for the invaded range, whére
obtusahas become established, range from 0.5 to 7 m@eis et al., 1981; Sleith et al.,
2015) Considering the prevalence Mf obtusaat shallower sites and sites closer to boat
launches in this study, it is possible tizit obtisais in the early stages of invasion in
Ontario inland lakes. This coincides well with emerging repstasting in 2015, and recent
conclusions of other authofs.g., RomeréAlvarez, Escobar, Varela, Larkin, & Phelps,

2017)

In its native rangd\. obtuséhas been class#d as threatened to critically endangered

due mainly to eutrophicatiofWatanabe, 2005Further,N. obtusahas been classified as
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an indicator species for oligotrophic to mesotrophic ecosyi€asaki, 1962)Yet in this

study, N. obtusawas found at sites with higher TP concentrations in the mesutrophic
range. Further studies are necessary to determine the key role of nutribintshtusa
invasion and spread, but it is clear fromg study thaiN. obtusas tolerant ofa broad range

of nutrient concentrations, and TP is a moderate, but statistically significant predictor

variable in the BRT ecological niche model.

Until this study, calcium concentration has been denoted as a primary driving factor
in N. obtusaestablishmen{Olsen, 1944; Puthan & Crawford, 2010Auderset Joye &
Rey-Boissezon, 2015ReyBoissezon & Auderset Joye, 201%itellopsis obtusawas
indeed found to be associated with higher calcium concentrations in the study lakes, but
most interestinglylN. obtusawas also foundo be associated with higher concentrations of
other cationsincluding potassium, sodium, and magnesium. As fdrlkasw, no other
studies have investigated the role of other cationsNinobtusa distribution and
establishment. Inhe BRT analysis, calom was determined to be a minor predictor
variable compared to potassium, sodium, and magnesium. Given the broad range of cation
concentrations captured in this stuthserendipitously wsable to tease out the relative

importance of cations in predicgiN. obtusgpresence/absence across the study region.

It is not clear why cations such as potassium and magnesium would play a stronger
role than calcium iN. obtusadistribution. Katsuhar& Tazawa (1988) did find thay.
obtusaconcentrated potassiumthe cytoplasm as a mechanism of salt tolerance. However,
N. obtusasamples collected from an oligohaline lake revealed the inability to accumulate

potassium within the cytoplasm to regulate tur@mter et al., 1999)More recent work
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has explored whiX. obtusadiffers in turgor regulationampared to other charophytes, and
perhaps this relates to differential cation requiremg@tnieriene, Lapeikaite, Pupkis, &
Beilby, 2019. Interestingly, the ecological niche model also indicated thabbtusa
presence was associated with lower levels of manganese. Although no studies have yet
investigated the biological role that manganese plajs mbtusabiology, manganese has

been shown to have an inhibitory effect at higher concentrations for other charophytes
(Lambert & Davy, 2011)Further studies are required to determine what ecophysiological

role these cations play M. obtusagrowth and establishment.

Although earlier studis have modelled the distributionf obtusan the Great
Lakes Basin, they are limited to either a specific coastal area (e.g., Midwoq261 ).
or defined geographic region (e.g., Muthukrishnan e2@lL8). In fact, Muthukrishnan et
al., (2018)noted that ecological niche models based on one area should not be used for
predicting occurrence in external regions. Sineasable to exploit a geological
transition zone in one large geographic region agosticentral Ontaripthis served as
a ndural experiment to assess the relative influence of wadging habitat
characteristics within the same climatic zone. As sbefasable to confirm that habitat
characteristics such as calcium concentration do indeed play a Mil®lmusgresence,
but it was found not to be a particularly important predictdd.obbtusgporesence.
Ultimately, | have been able to show for the fitshe on the Canadian side of the Great
Lakes Basin what the possible physical and chemical constraiNtsobtusanvasion
are, and these findisgvill inform the development of both a policy and guidance

framework forN. obtusamanagement that currently does not exist in Ontario.
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Chapter 6. Evaluating the impact of Nitellopsis obtusaon macrophyte diversity and

community composition in lakes across a heterogeneous geological landscape
6.1 Introduction

Nitellopsis obtusais a nonnative specig in North America belonging to the
Characeae family. Generally, Characeae are referred to as stoneworts or brittleworts, due
to the common marl encrustation of thalli, which includ#0 species worldwide
(Bl agen] i |.Usfdrtunadly, over 0% @f@hese taxa, includigobtusa are
now considered endangered in their native ranges due to climate change and persistent
anthropogenic stressofsB| a gen| i | . Téd natiad distribut®rd &N6 Jbtusa

extends from Britain through most of Europe and Asia to Japan. Throughout its native

range,N. obtusais classified as threatened or endanggi¢édmann & Garniel, 2002;

Bl agenl|il et al., 20 0M®hans®m étsalo 2@0; KabuS &b k a ,

Mauersberger, 201JAuderset Joye & Schwarzer, 2Q01Rorsch et al., 2013Kato et al.,

2014).

How N. obtusacame to NorthAmerica is not known, howeveit has been
conjectured that accidental introduction occurred via the ornamental gardening trade and
transoceanic shippingKay & Hoyle, 2001; Padilla & Williams, 2004J he first record of
N. obtusawithin North America is from a specimen catalogued at the New York Botanical
Garden, New York, USA. This specimen was collected along the St. Lawrence River near
Montreal, Quebec, in 1974, but was first misidentifie@laraspp., a common occurrence
for N. obtusaKarol & Sleith, 2017) In Ontario,N. obtusahas been documented in Lake
Simcoe as early as 2008inn et al.,, 2021) wi t hin Presquédile Bay
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2015(Midwood et al., 2016)andin Lake Scugog as early as 2015 (Chapter 2). Recently,

N. obtusawas confirmed in 19 lakes across seaémtral Ontario (Chapter 5).

The common name of Starry Stonewort originates from the conspicuotes stdw
shaped bulbils. These bulbils arise from the rhizoid nodes and monofilament, and serve as
hibernation cells and asexual reproductive structBigrathan, 1987)Despite the
presence of bulbils being an important diacritical feature for distinguishing between
Characeae, identification solely on thegence of bulbils may prove difficult, as bulbils
are only found within established bedd\bfobtusaBonis & Grillas, 2002) When bulbils
are absent\. obtusacan be identified through its characteristic tangieks appearance.
Thalli are long and slendencrusted in a thick marl, composed of calcium bicarbonate and
phosphorugBlindow, 1992) Branchlets are arranged irB5er whorl, and pw upwards
of 9 cm(Karol & Sleith, 2017) Furthermore, in spite of other Characeae giving off a
characteristic sulfurouaroma N. obtusadoes not exde a prominent sme{Pullman &
Crawford, 2010 Hackett et al., 2004 Generally,N. obtusaresemblesNitella spp.and
Charaspp.due to the whorled branches that arisenfrstem nodes. The high degrees of
similarity betweerN. obtusaand native Characeae make identification difficult, leading to

repeated misidentification and underreporting of this invasive taxon.

The threat thalN. obtusaposes towards North American stevater ecosystems is
thought to be similar to other narative macrophytedullman & Crawford, 2010; &ckett
et al., 2014; Brainard & Schulz, 201 Aullman and Crawford (2010) concluded after
several years of lake monitoring thét obtusawas the most aggressive macrophyte ever

observed within Michigan, United States. The invasion biolog\N.obbtusain North
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America is largely unknown. Few studies have documented commutmigcosystem
level impacts oN. obtusafrom early colonization to full establishmeftowever, some
studies have observed displacement of other macroalgae and vasaateaphytesipon

N. obtusaestablishmentPullman & Crawford, 2010; Brainard & Schulz, 2017; Ginn et al.,

2021)

To improve our understanding Nt obtwsainvasion biology and associated impacts
on macrophyte communities, | surveyed 60 lakes across Ontario, Canada to (1) document
the occurrence and abundanceNof obtusaand (2) evaluate macrophyte community
composition and diversity as a function of enuwimental conditions ard. obtusebiomass.
The study area stretches across a notable geological gradient, where the limestone
dominated bedrock of the St. Lawrence lowlands shifts to the gidonténated bedrock
of the Precambrian shield. By sampling osach a geologically diverse landscape, | was
able to capture a wide range of habitats that helped to elucidate not only environmental
drivers of macrophyte community structure, but also the biotic interactions between

macrophytes within the study lakes.

6.2 Methods
6.2.1 Sample Collection and Processing
A survey of 60 lakes spanning a large geographic region (~ 6&@dn Ontario,
Canada was conducted within a narrow time frame (Augu®212019) to minimize
seasonal effects. Candidate lakiest wereinvestigated are outlineid Chapter 5Figure

5.2).
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Briefly, lake selection was based on capturing a broad water hardness gradient using
historical calcium data collected from a variety of sources (The Land Between Charity,
Kawartha Conservain, and the Ontario Ministry of Environment, Conservation, and
Parks), while also minimizing surface connectivity through Geographic Information
System (GIS) analysiSQGIS Development Team, 2016Water and macrophyte
communities were sampled along a depth transectdescribed in Chapter. Bll

environmental and biological samples werlemted as described in Chapters 2 and 5.

6.2.2 Statistical Analysis

Statistical analyses were done using the egmemced platform R version 4.0(R
Core Team, 2019)To ensure colodpalette accessibility, figure colours were selected and
applied using the R package RColorBre@éeuwirth, 2014)Macrophyte taxa abundance
was averaged for each | al)X)was afculeedfodeachlal&i mp s o
using the vegan packa@@ksanen et al., 2013)itellopsis obtusdgiomass was removed
from the macrophyte community matrix prior to Simpson diversity calculatmasoid
confoundingeffects, ad\. obtusapresence was used as a possible explanatory variable
Diversity for each candidate lake was split into three categariasskifications:No N.
obtusapresence, loviN. obtusgpresence (< 50 ¥elative abundangeand highN. obtusa
presence (> 50 %elative abundange A KruskalWallis H test was used to determine
whet her Simpsonbdbs diversity significantly
Redundancy analysis (RDA) was used to visualize the variation in piggteocommunity
structureas described in Chapter@n RDA was chosen based on the results of a detrended

correspondence analysis, which found the longest gradient to be < 3. Biplot scores are
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representative of the weighted sums of species, as this rmeagobust to noise within
environmental variables. RDA analysis was conducted using a@reis dissimilarity
matrix. The resulting RDA was prepared using the packages stfWigkham, 2019)
dplyr (Wickham & Francois, 2016}idyr (Wickham & Henry, 2019)vegan(Oksanen et
al., 2013) and plotted in ggor(Beck, 2016)A permanovavas used to distinguish whether
a significant difference was evident within macrophyte comity composition based on

N. obtusgoresenc€Oksanen et al., 2013)

A GLLVM model was constructeds described in Chapter]lowing Niku et al.,
(2019). Briefly, Poisson, Tweedie, zeioflated Posson, and negative binomial
distributions were fit to the data. Information criterion, D«8myth residual plots, and
normal quantilequantile plots with 95% confidence intervals were used to assess the fit for
macrophyte community distributiorisliku et al., 2019) A negative binomial distribution
was identified to be the best fit for the data and was used in the following analysis.
Environmental parameters were added into the model, to account for the effects on species
interactions. A model that used five of tevironmentaparameters (calcium, potassium,
pH, manganese, and depth) were chosen based on residual analysis indicating the most
suitable meatvariance relationship for the responses. Estimations for correlation patterns
across species were plotted udiing corrplot and gclus packadeéturley, 2012; Wei et al.

2017)

6.3 Results
Nitellopsis obtusavas found in 19 fothe 60 study lakes (FigureZ. The

community proportion thall. obtusacomprised in each of the invaded lakes varied from
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1% to 90% (Figure 6.1). Lakes Scugog, Simcoe, and Couchiching had the highest
proportiors (> 80%) ofN. obtusabiomass (Figure 6)1In contrast, lakes Canal, Eugenia,
and Opinicon had the lowest proportions (< 5%INobbtusabiomass in this study
(Figure 6.1). The remainint@ study lakes hadll. obtusaat variable proportions < 50%

of the total macrophyte community (Figure 6.1).
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Figure 6.1. Macrophyte community taxa plots for the 19 lakes wherebtusawvas identified in candidate lakes across
southcentral Ontario

Redundancy analysis alloweteto evaluate whether there were distinct community

profiles associated witN. obtusgpresence across Ontario. The RDA biplot shows that axis

one explained 34.67 % of the variation observed and axis two explained 22.82 % of the
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variation observed (Figure.®. Macrophyte communities tended to have distinct
community profiles whem. obtusawas present/absent (Figure 6.IPcreased eveloped

and agricultural landise in the watershed positively -earied with macrophyte
communities that hadN. obtusapresen (Figure 6.2). Additionally, concentrations of
sodium, potassium, magnesium, and calcium were positively associatell.wotitusa
presence within communities (Figure 6.2). In contrast, depth, Secchi depth, and iron
concentrations were positively assoethtvith macrophyte communities that did not have

N. obtusgpresent (Figure 6.2). Aermanovaonfirmed that the macrophyte communities
had distinct profiles wheN. obtusawas present or absent in those communities (Figure

6.2) (F47=4.18, pvalue = 0.02).
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Figure 6.2. Redundancy analysis (RDA) biplot presenting macrophyte community compositionsNwindrtesais
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Macrophyte diversity was highly variablerass the study region, particularly at

sites withoutN. obtusan the community (Figure 6.3). In the IdW obtusagpresence
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classification, macrophyte diversity was demonstrated to be significantlp =
0.023, KruskalWallis) higher than other clagsations (Figure 6.3). In contrast,
communities with high abundanceMf obtusaended to have lower macrophyte
community diversity (Figure 6.3). Overall, theveresignificant differences (palue =

0.023, KruskaMallis) across the macrophyte comniyrgategories (Figuré.3).

Kruskal-Wallis, p-value = 0.023
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have been accounted for. The GLLVM model represents a negative binomial distribution, incorporating influences from
five of the water qualitparametersgcalcium, potassim, pH, manganese, and depth. A heatmap depicting the strength

of the correlation between the species covariates is presented.

The GLLVM model demonstrated significant -¢plue < 0.05) positive eo
occurrences betwedd. obtusaand native Characeae suchNitella acuminata Nitella

mucronata Chara vulgaris and Tolypella intricata(Figure 6.4). Significant @alue <
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0.05) positive associations betweln obtusaand other macrophytes were also found
including Elodea canadensid?otamogeton foliosysand Nuphar lutea(Figure 6.4). In
contrast,N. obtusahad significant (psalue < 0.05) negative eaccurrence patterns with

the majority of other macrophyte taxa in the study lake communities, and most notably with

Myriophyllum spicéum (Figure 6.4).

6.4 Discussion

In three of the nineteen study lakes whdreobtusawas found, it represented over
80% ofmacrophyte biomass. This is the fitshe that neemonoculture dominance of.
obtusain the macrophyte community of several Canadian lakes has been reported. In
Ontario, aquatic ecosystems are not systematically monitored faratwme species, until
dramatic communityevel shifts are observed. Since most of the study lakes, including
those with ideal growth conditions (Chapter 5), hadNnobtuseor less than 50% relative
abundance, it is possible that theobtusanvasion front in Ontario lakes is still in its early

stages.

A sleeper population is defined as a f@tive speciesgrsisting at low abundances
until environmental changériggers subsequent population increasg3pear, Walsh,
Ricciardi, & Zanden, 2021}t is also plausible tha¥l. obtusahas been inhabiting Ontario
lakes for decades as sleeper populations. Generally, when a population explosion of a new
nornative species occurs, it is assumed that the introduction occurred réSgaar et
al., 2021) The premise of nenative species persisting within habitats for lengthy periods
of time prior to population eruption is often overlooK&pear et al., 2021 Within my

study, | observedllinstances wherbl. obtusgpopulations were at low abundance, often
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mixed within beds of native Characeae. Givéistory of misidentification, it is likely that

N. obtusahas been present in inland lakes within the Great Lakes Basin well beyond the
last decadeand were missed due to inadequate community monitoring and skilled
identification. Populations oN. obtusadiscovered across the study period all had the
presence of the stahaped bulbils. Typically, bulbils can only be found within established
beds, thus | conclude thaL obtusahas established populations within the study lakes
(Bonis and Grillas, 2002).Uture paleolimnological studies may be able to ascertain the

periodof initial colonization in invaded lakes via fossilized tissues, including bulbils.

The earliest record dfl. obtusawithin North America was first misidentified as a
Chara spp. collectedalong the St. Lawrence River of Montreal, Quebec, and was later
corrected through herbarium reco(#arol & Sleith, 2017) In this studyN. obtusahad
strong positive cabccurrences withChara vulgaris Nitella accuminata and Nitella
mucronata These species are among the genera that are often misthkerbaissayhich
are commony found in tangled masses ™. obtusa This intermingling can thwart
identification in the early stages of invasion by lake users and practitionergRalikean
& Crawford, 2010) A distinctive feature oN. obtusas the presence of whistarshaped
bulbils connected to the monofilament rhizoid. However, relying on bulbils alone for
classification can prove difficult, as bulbils are only found within established beads of

obtusa(Bonis & Grillas, 2002)

Although dispersal oN. obtusawithin invaded regions is not well understood, it is
thought to occur through distribution of propagules and vegetative frag(Raytsolds et

al., 2015 Green, 201p Propagules are known to spread through epizoodtiRogis &
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Grillas, 2002) however, therés growing evidence that the bulk B obtusatransfer is
occurring by the movement of watercraft. Supporting this idea are several lines of evidence
including one study that surveyed isolated ecosystems within invaded regions of the United
States, but filed to detectN. obtusapopulations(Sleith et al., 2015)Furthermore,
Midwood et al., (2016) noted thiit obtusawvas found in areas with higher dock déas,

and docks are strongly tied to recreational watercraft activity. Mas$esaiftusafound

on watercraft and trailers remain viable after several days, suggesting that proper clean and
drain protocols are not being followd@lisson et al., 2019)In addition, | found that
populations oflN. obtusaended to have the highest biomass at sites nearest boat launches
(Chapter 5). Given thproximity of invaded laks documented in this study to the Trent
Severn Waterway, it is probable that boats serve as an important vedtaibéissspread.

The TrentSevern Waterway is a lal@nal navigation system that allows free movement

of watercraft between Lake Huron ahdke Ontario, and has been implicated as an
important conveyance system for invasive species spi€alty et al., 2013; Masson,

Brownscombe, & Fox, 2016)

As more studies are published, it is becoming apparenithabtusacan displace
other macroalgae and vascular macrophyadlman & Crawford, 2010; Brainard &
Schulz, 2017; Ginn et al., 202T)otal and native macrophyte biomass decreased in
response tdN. obtusain invaded regions within the United Stai@vainard & Schulz,
2017) In Ontario, Ginn et al., (2021) also described the displacement of native and invasive

macrophytes upomN. obtusaestablishment within Lake Simcoe. Similarly, the initial
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identification and subsequent increasgfeN. obtusawithin Lake Scugog, Ontario, has

resulted in the displacement of native and invasive macrophytes (Chapter 2).

In my regionwide study across souttentral Ontario, | observed a reduction in
macrophyte diversity with higN. obtusaabundance, however, there was still considerable
variation. When examining the speemgecific interactions revealed by GLLVIM.
obtusahad negative coccurrences with most members of the macrophyte community, but
also had significant positive assoamais with native Characeae across Ontario. Based on
these findings, and the possibility thét obtusais still in its early stages of an invasion
front, it is too early to conclude th&l. obtusahas caused diversity loss and species
displacement across @mio lakes. However, more comprehensiva@apth lake studies
such as those done in other invaded sys{@rainard & Schulz, 2017; Ginn et al., 2021)
do offer supporting evidence of. obtusé s negati ve i mpacts to

diversity.

In other invaded region€eratophyllum demersumand Utricularia vulgaris were
observedto reach nuisance levels in conjunction with obtusagrowth (Pullman &
Crawford, 2010) Furthermore,N. obtusahas also beemlocumentedin stands ofC.
demersumwithin its natve range( Pe e c hat y . latOntaad, my reshl3 1 4)
demonstrateN. obtusanegatively ceoccurs with these taxa, along with most other
members of the macrophyte community. Notably, this study highlights a negative
relationship betweenMyriophyllum spicatum a normally aggressive narative
macrophyte long established in many Ontario lakes over the last 60 years. Within two

invaded systemm Ontario, Lake ScugofChapter 2)and Lake Simcoe, similar negative
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relationships have been observed between these twoatime macrophyte€sinn et al.,

2021).

Overall,Nitellopsis obtusanay be the most enigmatic, roative macrophyte
species to be introduced into North America. Early identification and mitigation is often
foiled whenN. obtusas present within stands of native Characeae (Brainard and Schulz
2017). The reduction in magrbyte diversity shown to occur in this study and others,
coupled with the frequent misidentificationdf obtusawarrant increased monitoring
efforts. Early detection, as with most invasive species, will be critical for lake
management efforts aimed attigating the negative ecological effectshbf obtusa

establishment and increasing dominance in inland North American lakes.
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Chapter 7. General Discussion and Conclusions

There werdwo maingoalsfor my thesigesearchthe first of whichwas to deternme
thedistribution and prevalena# N. obtusan southcentralOntario lakes. The second goal
was tocollect several lines of evidence to evaluate and determMdedbtusafulfills the
criteria forbeingan ecosystem engineer. To achieve these gosés,dut to address four
main research objectives that included:édaluating the impact dil. obtusainvasion on
the lower aquatic food wednd habitat conditiom Lake ScugodChapters 2 and 3§2)
determining the role dfl. obtusan emergingMicrocystisblooms in Lake Scugo@hapter
4); (3) mappingthe distribution oN. obtusan southcentral Ontario lakes, and identiiyg
regional habitat constraini€hapter 5) and (4) distinguishingthe role of spatial and
environmental factors oN. obtusé s i nf |l uence on ies(€haptas hyt e cC
Chapter2 i 6 addressll my research objectives, and in combination provide supporting
evidencethat N. obtusais acting as an ecosystem enginén Ontario lakesparticularly
with respect to changing habitat conditions (Amed hypoxisanoxia and internal
phosphorus loading) and affecting aquatic community diversity and community structure

(Figure 7.1).
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Figure 7.1.Conceptual model for thele N. obtusehas as an ecosystem engineer in Ontario lakes. Direction of arrows
reflect the direct influence of a model compartment on another compartmestdegoarrows indicate dual interactions
between model compartments.

7.1 Mapping the Prevalenceof Nitellopsis obtusan Ontario Lakes

Previously, he distribution olN. obtusan Ontario lakesvaslargelyunknown
Prior tomy thesisresearchN. obtusawasmost recentlyconfirmedin two Ontario
| ocati ons: (Ridwea gtuad,i2016)and) leake Simco€Ginn et al.,
2021). Althoughconfirmed presence ®f. obtusan Ontario lakes has remained low,
unconfirmed reports have emerged with claims of widespread distribution (ex. Drew
Monkman, the Peterborough Examine@iven the difficulty in differentiating
between Characeaéaxa especially in early stages of invasion, additional
investigation was required to confirm its presemdg.investigation foundN. obtusa

at 37 sites in 19 sty lakes(Figure 5.2) This is in stark contrast to what has been
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confirmed within OntarioThiswas notsurprisingas lakes in Ontario are rarely monitored
for invasivemacrophytesuntil drastic ecosystem changes occur. Unconfirmed reports of
N. obtusanfestation continue to emerge, often referring to lakes directly connected to the
Trent Severn Waterway (TSWNlonethelessthis study confirmed for the firdime that in
Ontarig N.o b t udssa@iliutson extends beyond lakes connected to the THyure 5.2)

Given the history of misidentificatioof N. obtusawithin invaded regions\l. obtusdikely

hasinvadedseveral othelakes across Ontartban what could capture in my studyesign

Generally, when rapid increases of invasive species occur, it is thoughhéhat
introduction of the nonnative specieoccurredrecently (Spear et al.,, 2021)Within
communities wher@. obtusavas presenn this studyN. obtus@& eelative abundance was
generallylow. ThisinfersthatN. obtuseaeitherrecently colonized these lakes and is in the
early stages of itmvasion front, or thalN. obtusawvas introducedlecades aggersisting
as a sleeper species until ecosystem disturbance provided a competitive adi@ntage
subsequent population increag8pear et al., 2021Bulbils of Characeae are only present
within established beddonis & Grillas, 2002) however, all populations dfl. obtusa
throughout this study hadpparentbulbils. This providesevidence thaiN. obtusais
establishedn lakes where it was detectegven at lowbiomass and haslikely been
overlooked due to the lack afonitoringand/or ability to correctly identifjN. obtusain

Ontaria

Historical misidentification and reporting inaccuracies farobtusawithin Ontario
have likely occurred as strong positive eoccurrences with native Characebktélla

spp.,Charaspp., andlolypellaspp.) were observed this study(Figure 64).
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Identificationis known to be confounded by native Charad@ag/man & Crawford,
201Q Brainard & Schulz, 2017; Ginn et al., 2Q2&specially wheiN. obtusagrows
within stands of native Characedwringthe early stages of invasigifullman &
Crawford, 2010; Brainard & Schulz, 2017; Ginn et al., 20%4i}h Ontario h&ing an
abundant and diverse native Characessemblagea concerted effoghould be mad®
disseminate information abobit obtusacharacteristicsincludingkey aspects for

differentiatingN. obtusarom similarCharaceaspecies

7.2 Habitat Characteristics that Promote and ConstrainN. obtusaPrevalence in

Ontario Lakes

Until this study, calciumconcentration hadbeen considered the primary driving
factor for N. obtusaestablishmensuccess ifakes(Olsen, 1944; Pullman & Crawford,
2010;Auderset Joye & Reoissezon, 2015Rey-Boissezon & Auderset Joye, 201%)
minimum calcium concentration between 125 mg - ! is required forN. obtusato
occupy a given habitat (Stroed€37).Due to capturing a&ery broad calcium gradient in
my synoptic lake survey, confirmed thatN. obtusawas limited to lakes witltalcium
concentrations above 15 mg * (Figure5.3, 5.5. However,| was also able to elucidate
the roleof other cationsn N. obtusaestablishment and distribution withime study region
In contrast to previous reports, it was determined that other cations such as potassium and
magnesium had a stronger influence Mnobtusaoccurrenceg(Figure 5.5). Regardless
calcium was still an egntial contributing factor in explainidy obtusalistribution across
Ontario LakegFigure 5.5) but the influence of other cations must also be considered in

the future.
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It is not clearwhy cations such as potassium and magnesuwonld playa large
role thancalcium fordeterminingN. obtusapresence irOntariolakes,but Katsuhara&
Tazawa (1988) found thall. obtusaconcentrated potassium in the cytoplasm as a
mechanism of salt tolerance. With populationblobbtusabeing associated with increased
urban development, the relationship observed may be a physiological response for higher
chloride concentrations present within these systems. Interestingly, the ecological niche
model also indicated thal. obtusapresence was associated with lower levels
manganeséFigure 5.5). Although no studies have investigated the biological role that
manganese plays . obtusabiology, manganese has been shown to have an inhibitory

effect at higher concentrations for other charophfitambert & Davy, 2011)

Within invaded regions of the United States, it has been determindd. tbhtusa
generally colonizes shallow water prior to moving to deeper ¢iess et al., 1981;
Pullman & Crawford, 2010; Sleith et al., 2018)ithin the native rangé&y. obtusas found
within both shallow and deep habitats, reaching depths upwards of(6pence, 1982
Kufel & Kufel, 2002; Janauer et al., 2010; lsoh et al., 2013 In Ontario, Ifound the
highest densities df.. obtusamainly within shallow environment&.5- 3 m). The pattern
of N. obtusacolonizing shallow water prior to moving into deepeashas been
documented in th&nited Statesthusit is possible thaN. obtusais still within the early

stages ofninvasionfrontin Ontario.

The preferential colonization of shallow habitats observed throughout this study
hindered the ability to quafyi the influential role that temperature and light haveNon

obtusaestablishment and persistence in Ontario lakesvever,N. obtusais classified as
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a boreal taxon, due to the high thermal tolerance, and the ability to persist during under ice
conditions(Corillion, 1957;Boissezon et g12018. Nitellopsisobtusawas found to occupy

sites where temperaturapproache®0 °C andas suchit is likely temperature is not a

critical constraint folN. obtusainvasion of Ontario lakesat least currentlyrurthermore,

with an abundance of light at the sedimentsconnection between light arid. obtusa
establishmenivas identified This is likelybecausdight levels were not growth limiting at

sampling locationsvithout established beds bf. obtusaRegardless, light is required for
propagule germinatiom some Characea@onis & Grillas, 2002) and asN . obt usads
invasion extends to deeper sites of Ontario, the crucial role ohtigimtaining populations

may become evident.

7.3 Ecosystem Services andabitat Disruption Following N. obtusaEstablishment

One of the mairoutcomes of assessiMy obtusaas an ecosystem engineer within
Ontario lakes wasletemining the associated changes tioe lake benthic zondt was
confirmed that low benthic oxygen amntrations were associated withobtusgresence,
and benthic DO decreased in response to incredsimgptusabiomass. Sediment pore
water SRP also increased with obtusabiomass, indicating that internal loading was
occurring in response to rising. obtusabiomass.Reduced benthic oxygemnd light
triggerspropagulegerminaion within Characeae that are actively using propagules within
the sedimentéBonis & Grillas, 2002)The strong association of reduced benthic DO with
increasing\. obtusaabundance in this study suggests tabbtusamay alter local habitat
conditions to promote propagule bank germination. This podiedback system may

explain why N. obtusais initially delayed in becominghe dominant species in the
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macrophyte community because it takes time for there to be sufficient biomass to induce
hypoxicanoxic conditions for propagules to germinaiéevertheless this research
demonstrates thdd. obtusahas a direct link to the internal loading of nutrients leading to

eutrophi cat i onwhzhhashotbeem docudented peekorsty

Interestingly,N. obtusas used as an indicator species for oligotrophic to
mesotrophic ecosystems within theimatrangg(Kasaki, 19@), where it is classified as
threatened to critically endangered due to eutrophic@idatanabe, 2005)n this study
N. obtusawas found at sites with higher TP concentrations in the f@egophic rane,
and TP was significant positiveexplanatory variable identified within the ecological
niche model DespiteN. obtusabeing associategith facilitating the increasef
phosphorus concentratiows internal loadingit is not known whether exposure to high
phosphorus concentrations will have a detrimental impabt. mbtusgpersistence within
Ontario lakesither directly or through competition with weedy sped®ser the course
of this studyit did not appear thavea detrimental effegcsuggestindN. obtusas

tolerant to high phosphorus concentrations in Ontario lgkegsLake Scugog)

Generally, Characeae have been regarded as important components to the
biogeochemical cycling of phosphorus, often resgltiin decreased phosphorus
concentrationslue to marl productio(Blindow, 1992; Kufel & Ozimek, 1994Kufel &

Kufel, 2009. NeverthelessN. obtusanot orly maintained hypoxi@noxic conditions at
the sediment water interface in Lake Scugog, but also caused a noticeable increase in
Dreissena polymorphpopulations which have also beaecognizedo alter phosphorus

cycles within invaded systeni€haptes 2 and 4. Althoughthe SEM results did not reveal
100



adirectpositive relationship betweafieissenidnussels and phosphorus (Chagigiit is
possiblethatD. polymorphas contributing to SRP release due to its increased abundance
associated wittN. obtusa(Chaptes 2 and 4. The excretion of phosphorugh feces and
psuedofeces is known #ffect phosphorus cyclg€araco, Cole, & Likens, 1990; Mosley
& Bootsma, 2015)A fraction of the soluble reactive phosphorus that was documanted
this study could bdue toegested materiatgch in bioavailable phosphorusimilar to what
has beerfound in other studiefLi et al., 2021) Further research is required to elucidate
the direct, ad indirect, mechanism(s) by whidh obtusas affecting the biogeochemical
cycling of phosphorus within invaded lakes.
7.4 LAFW Community Response td\. obtusaPresence and Abundance

The second mechanidoy which N. obtusas acting as an ecosystem engineer is
its associated alteration bAFW communitiesjncluding a decrease overall
communitydiversity (Chapters 2 and 6PespiteN. obtusabeingintroduced tdNorth
Americaover 40 years ageery few quantitative studsehave looked dtAFW effects
(Pullman & Crawford, 201Mrainard & Schulz, 2017; Ginn et al., 202My thesis
researcltlearly demonstrates thiit obtusas associated with notable changes to resident
aguatic communities, including phytoplankton, macroinvertebrates, and mge®ph
The surprising outcome from this research was the positive links revealed bBtween
obtusaand other problematispecies such d3. polymorphaandMicrocystisspecies
(Chapter 4)Not only was a direct positive relationshiptected betweeN. obtusaand

Microcystisspp, but henotable association betweBin obtusaand internal phosphorus
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loading also infers an indirefaciliatory role in Microcystisspp.bloom development that

has not been previoustgported

7.5Implications for Future Range Expansionn North America

Establishmendf nonnative invasive species can have considerable spatial variation
in agiven habita{Hunt & Behrens Yamada, 200BgRivera, Ruiz, Hines, & Jivoff, 2005;
Jones & Ricciardi, 2005Y his locationdependent variation is driven by the environmental
parameters of a givesite often reflecting the physiological tolerance of the invasive
speciegDunson & Travis, 1991; Moyle & Light1996; Von Holle, 2005)This is not to
say invasive species cannot be fobegiondtheir ideal habitat, but their ability to establish

and persisbutside transient populationrssuch environments typically rare

Several othe studylakes had idal habitat characteristics fbl. obtusanvasion, as
identified by the ecological niche model, INitobtusgpopulations were natetectedlt is
possible established populations were missed, since sampling intensity in each lake was
restricted to only 4&ites, but lack of detection still may reflect unoccupied niche space.
Several lakes within Ontario have conducive habitat conditions to supparbtusa
establishment and growthherefore, it is my intention that an important deliverable from
my thesigesearch, thecological niche modebe made available for use bgrious stake
holders to identifywulnerable area®r N. obtusanvasion. Unfortunately, more ecosystems
will likely become susceptible to invasion as increasing stressorscfiomte change, and

a changing landscape effect ecosystem resili@Rmciardi & Macisaac, 2010)

Despite most othe candidatéakesbeing relativelypristine, with large portions of

thar watershedremainingundeveloped, thstresghatclimatechangeand landuseexers
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on a giverecasystemare expected talter the ecological impacts of invasive speaiethe
coming years(Hellmann, Byers, Bierwagen, & Duke2008; Rahel & Olden, 2008;
Walther et al., 200Ricciardi & Macisaac, 2010)n Ontario, aghe landscape continues
to change (i.e., moreonversion of lands for urban and perban developmept
biodiversity losswill be unavoidablewhich hasbeensuggested tmake ecosystemsnore
susceptible to invasiofBrauman, Daily, Duarte, & Mooney, 200Rands et al., 2010;
Foley et al., 2011)Increased developmemind agricultural landisewi t hi n a | ak
watershed had a positive association with the presendeatitusan this study, indicating
tha Ontario lakes are already impacted bych stressrs, making invasionand
establishment more likelfFigure6.3). When nomative taxa are introduced into impacted
ecosystems, diversity is further degraded similar to wiaaobserved across this study
(Table 2.). In lakes wherd. obtusabecame establishedpmmunitydiversity decreased

(Table 2.).

Habitat heterogeneity is important to support healthy functional ecosystems, with a
decrease in diversifythe stability and health cdn ecosystem is call into question.
However, recent debate has questioned whether heterogenous habitats are more susceptible
to invasioncompared tdhomogeneous habitafPavies et al., 2005; Kestrup & Ricciardi,

2009) Heterogeneousecosystemsfacilitate species cexistence, but also offer
neighbouringhabitat that an be suitable for nativer nonnative speciegChesson &
Huntly, 1997;Chesson, 200Mavies et al., 2005; Kestrup & Ricciardi, 2009hus, a
heterogenous environmemay offer refuge for inferior competitors within a given

community a componentthat is largely overlooked for understanding the invasional
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success of nenative speciesipon introductionHunt & Behrens Yamada, 200Bavies
et al., 2005; DeRivera et al., 2005; Mitchell et al., 2006; Melbourne et al., Reé6#Fup &

Ricciardi, 2009)

This premise can be observed throughout my study of Lake Scagthon the first
two years, 2016 and 2017, the qomeitonof t he Lake Scugogb6s mact
wassignificantly more diverseFigure 2.2¢ (Appendix A, Figure A9A12). However, as
N. obtusagained a foothold, and increased in prevalence 20462019, diversity and
habitat heterogeneity drastically decreag€dble 2.1, Figure Al12). Unfortunately,
invasional mechanisms faquatic macrophytes haveceived limited attentigriargely
focusing on management and eradication strategies, dnsteaderstanding the invasional
biology of a particular species. Dispersal of mative invasive macrophytes is one of the

leaststudied andinderstood mechanisin invasion biology.

Yet, insight on dispersal may be the most important factor for nesmeugt ofN.
obtusain Ontario.Even though @persal and establishment lf obtusawithin invaded
regions is poorly understood, macrophyte dispersal usually occurs through viable
propagules or vegetative fragme(®eynolds et al., 201%5reen, 2016 Characeae have
also been known to be dispersed through epizoodBogis & Grillas, 2002) Thusfar,
there is increasing evidence that the majority of spread.fobtusawithin invaded regions
is occurring through anthropogenic vectors,irdsrred by this study(i.e., recreational
watercraft) Supporting this notion is the fact thaitwn invaded regions of the United
States,N. obtusapopulations were not found within isolated laK&seith et al., 2015)

Furthermore, Midwood et al2016)documented an association between dockiteand
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N. obtusapr esence within Presquodil e B.aoptusa f L ak
detected irthis study werdound mostfrequently at siteslosestto boat launches. Given

the popularity of boating culture in Ontario, it is likely that recrewtidboaters are serving

as a vector ofN. obtusas pr ead t hroughout Ont ari obs I
management programs that target boat launches may be effective in preMertibigsa

spread, while also providing early detection for new populatiotisnnOntario lakes.

7.6 Study Limitations and Future Directions

As in all field-based studies, certain tradis are inherent in the final study design.
For examplethe synoptic survey wadesigred tooptimizefinding N. obtusgpopulations
while also dentifying key habitat characteristicacross a large spatial extesdring a
constrained periotb minimize seasonal effectadmittedly thiswas doneat the cost of
more frequent samplingithin each study lake and additional lakes to the sampling pool.
Although an increased sampling effort would have invariably detected Moobtusa
populations | still think the study design, which exploited a geological gradient, allowed
me to capture the environmental factors that influe¥icebtusaestablishment. Not only
was this evident in the ecological niche model, but | was also able to capturerediditio

factors €.g.,cations).

To further characterize the habitat preferences Nof obtusa additional
environmental parameters could be investigatedllman & Crawford (2010)have
suggestd N. obtusapopulations within MichigarState United States colore sediments
composed of sand, gravel, and unconsolidated organic nmtatterever, there is a lack of

consensus for a preference of sediment types within invaded regions, hence inquiry into
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sediment preference could provide further informat@onsiderig that this study showed

N. obtusabeing strongly associated with sediment peater SRP irLake Scugogfurther
experimental studies could confirmhether internal loading will occur in all invaded
systems, or only within systems with a certain sedimgme. With additional
characterization of theedimentsthe importance of propagule banks and their role in
maintaining consisten. obtusapopulations in Ontario lakes calso be ascertained.
Although beyond the scope of my thesis research, the newtiédge gaphat should be
addressed is the direct and indirect effectNofobtusainvasion on fish communities
Considering the notable effects to the LAFW and dissolved oxygen in Lake Scugog, it is
not unreasonable to conjecture that fish communitiesidvbe affected byN. obtusaas

well.

7.7 Final Thoughts

Overall, my thesis researatemonstrated thad. obtusas more broadlyestablished
in Ontario inland lakethan previouslyhought ananay beacting as an ecosystem engineer
by altering thebenthic biogeochemistry, as well mlucing diversity across the LAFW.
This study also provides further evidence that dispersal is likely due to anthropogenic
vectorssuch as recreational watercrafturrenly, no management strategies are in place
for mitigatingN. obtusawithin Ontario, however, by increasing education and awareness
of this nonnative taxon, and enforcing cleadrain and dry protocols,dispersal,and

successful establishment Nf obtusacould be diminished.

In closing, | think my thesis researghovided important documentation dime

distribution ofN. obtusan Ontariolakes angrovided several lines of evidence supporting
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the designation dfl. obtusaasan ecosystem engine@verall these findings improveur
collective understanding of the invasion biology Mf obtusathat is not only specific to

Ontario lakes, but throughout the Great LaRasin.

References

Af anas o6y ev tasoB A. AX1987). &harBctenstics oDaeissengpopulation in
the periphyton of a nuclear power plant cooling pdigtrobiological Journal

23(6).

Altartouri, A., Nurminen, L., & Jolma, A. (2014). Modeling the role of the cies®e
effect and environmental variables in the occurrence and spr&ddagmites
australisin four sites on the Finnish coast of the Gulf of Finland and the
Archipelago SeaEcology and Evolutiarhttps://doi.org/10.1002/ece3.986

Arter, H.E. (1989). Effect of eutrophication on species composition and growth of
feswater musseldVollusca Unionidae) in Lake Hallwill (Aargau. Switzerland).
Aquatic Sciencesl0i:10.1007/BF0087226

Atapaththu, K. S. S., Parveen, M., Asaeda, T., & Rashid, M. H. (2018). Growth and
oxidative stress response of aquatic macropliytieophyllum spicatunto sediment
anoxia.Fundamental and Applied Limnolagy91(4).
https://doi.org/10.1127/fal/2018/1070

Auderset Joye, D., & Schwarzer, A. (2012). Liste rouge Characées. Especes menacées en
Suisse, état 2010.néenvi ronnement pratique

Auderset Joye, Dominique, & Rdoissezon, A. (2015). Will charophyte species
increase or decrease their distributiomichanging climateRquatic Botany
https://doi.org/10.1016/j.aquabot.2014.05.003

Bailly, G, Ferrez, Y., Guyonneau, J., & Schaefer, O. (2007). Etude et cartographie de la
flore et de la végétation de dix lacs du massif jurassien. 132 p. + annexes.

Bailly, Gilles, & Schéfer, O. (2010). Guide illustré des Characées duesbidk la
France. Conservatoire botanique national de Fra@Gcmete.

Beck, M. W. (2016). ggord: Ordination Plots with ggpld@2Package Version 0.11

Berger, J., & Schagerl, M. (2004). Albpathic activity of CharaceaBiologia, 59(1), 9
15.

Berger, Johanna, & Schagerl, M. (2003). Allelopathic activitZlodra aspera
Hydrobiologig 501 https://doi.org/10.1023/A:1026263504260

Bharathan, S. (1987). Bulbils of some charophyResceedings: Plant Sciences
107



https://doi.org/10.1007/BF03053351

Bl agenl|lil, J., Stevanovil, B., Blagenlil,
charophytes in the BalkarBiodiversity and Conservan.
https://doi.org/10.1007/s1053105-20085

Blindow, I. (1992). Decline of charophytes during eutrophication: comparison with
angiospermg-reshwater Biologyhttps://doi.org/10.1111/j.1365
2427.1992.tb00557.x

Blindow, 1., Hargeby, A., & Hilt, S. (20104 Facilitation of cleamwater conditions in
shallow lakes by macrophytes: differences between charophyte and angiosperm
dominanceHydrobiologia Vol. 737. https://doi.org/10.1007/s107803-1687-2

Boedeltje, G., Bakker, J. P., Bekker, R. M., Van Groenendael, J. M., & Soesbergen, M.
(2003). Plant dispersal in a lowland stream in relation to occurrence and three
specific life-history traits of the species in the species pamlrnal of Ecology
https//doi.org/10.1046/j.1362745.2003.00820.x

Boissezon, A., Auderset Joye, D., & Garcia, T. (2018). Temporal and spatial changes in
population structure of the freshwater macrodgallopsis obtusgDesv.)
J.GrovesBotany Letters1651). https://doi.orfl0.1080/23818107.2017.1356239

Boker, S., Neal e, M. , Maes, H., Wil de, M. ,
OpenMx: An Open Source Extended Structural Equation Modeling Framework.
Psychometrika76(2). https://doi.org/10.1007/s11383.0-92006

Bollen, K. A. (2014). Structural equations with latent variable&ttactural Equations
with Latent Variableshttps://doi.org/10.1002/9781118619179

Bonis, A., & Grillas, P. (2002). Deposition, germination and spatioporal patterns of
charophyte propaguleanks: A reviewAquatic Botany
https://doi.org/10.1016/S0368¥70(01)00203

Bor mans, M. , Mar g81I1 ek, B., & Janl ul a, D. (
loading in lakes by physical methods to reduce cyanobacterial blooms: a review.
Aquatic Ecologyhttps://doi.org/10.1007/s1048A59564x

Brainard, A. S., & Schulz, K. L. (2017). Impacts of the cryptic macroalgal invader,
Nitellopsis obtusaon macrophyte communitigsteshwater Science
https://doi.org/10.1086/689676

Brauman, K. A., Daily, G. CDuarte, T. K., & Mooney, H. A. (2007). The nature and
value of ecosystem services: an overview highlighting hydrologic senfices.
Rev. Environ. Resoyr32, 67 98.

Browne, M. W., & Cudeck, R. (1992). Alternative Ways of Assessing Model Fit.
Sociologi@al Methods & Researc¢l21(2).
https://doi.org/10.1177/0049124192021002005

108



Brunberg, A. K., & Bostrom, B. (1992). Coupling between benthic biomass of
Microcystisand phosphorus release from the sediments of a highly eutrophic lake.
Hydrobiologiag 235 236(1). https://doi.org/10.1007/BF00026227

Caisova, L., & Gabka, M. (2009). Charophytes (Characeae, Charophyta) in the Czech
Republic: Taxonomy, autecology and distributibottea
https://doi.org/10.5507/fot.2009.001

Caraco, N., Cole, J., & Likens, G. E. (1998 comparison of phosphorus immobilization
in sediments of freshwater and coastal marine sys®iomgeochemistry9(3), 2771
290.

Caraco, N. F., & Cole, J. J. (2002). Contrasting impacts of a native and alien macrophyte
on dissolved oxygen in a large eivEcological Applications12(5).
https://doi.org/10.1890/1050761(2002)012[1496:CIOANA]2.0.CO;2

Cardinale, B. J., Burton, T. M., & Brady, V. J. (1997). The community dynamics of
epiphytic midge larvae across the peldgtoral interface: Do animalsspond to
changes in the abiotic environme@&nadian Journal of Fisheries and Aquatic
Sciences54(10). https://doi.org/10.1139/f9¥38

Carlson, R. E. (1977). A trophic state index for lakesnology and Oceanography
22(2). https://doi.org/10.4319/I6977.22.2.0361

Carr, G. M., Bod, S. A. E., Duthie, H. C., & Taylor, W. D. (2003). Macrophyte biomass
and water quality in Ontario riverdournal of the North American Benthological
Society https://doi.org/10.2307/1467991

Chesson, P. (2000). General theory of competitive coexistence in spadigligg
environmentsTheoretical Population Biologp8(3).
https://doi.org/10.1006/tpbi.2000.1486

Chesson, P., & Huntly, N. (1997). The roles of harsh and fluctuating conditidime i
dynamics of ecological communitiesmerican Naturalist150(5).
https://doi.org/10.1086/286080

ChowFraser, P., Trew, D. O., Findlay, D., & Stainton, M. (1994). A test of hypotheses to
explain the sigmoidal relationship between total phosphorustancophyll a
concentrations in Canadian Lak€anadian Journal of Fisheries and Aquatic
Sciences51(9). https://doi.org/10.1139/f9208

Christensen, J. P. A., Saddnsen, K., & Staehr, P. A. (2013). Fluctuating water levels
control water chemistry andetabolism of a charophyt#ominated pond.
Freshwater Biologyhttps://doi.org/10.1111/fwb.12132

Chung, S. W., Imberger, J., Hipsey, M. R., & Lee, H. S. (2014). The influence of physical
and physiological processes on the spatial heterogeneitylmfracystisbloom in a
stratified reservoirEcological Modelling289.
https://doi.org/10.1016/j.ecolmodel.2014.07.010

109



Cimino, S. A., & Strecker, A. L. (2018). Boater Knowledge and Behavior Regarding
Aquatic Invasive Species at a Boat Wash Statimrmthwest Sa@nce
https://doi.org/10.3955/046.092.0308

Clarke, K. B. (1952). The infestation of waterworksirgissena polymorpha
freshwater mussel. Inst. Water Eng. Sa, 370 379.

Corillion, R. (1957) . L e s OCllentale. Bull.ySoce e s d e
Sci. Bretagne 32:1471.

Coutts, S. R., van Klinken, R. D., Yokomizo, H., & Buckley, Y. M. (2011). What are the
key drivers of spread in invasive plants: Dispersal, demography or landscape: And
how can we use this knowledge to aidmagementBiological Invasions
https://doi.org/10.1007/s1053110-99225

Davies, K. F., Chesson, P., Harrison, S., Inouye, B. D., Melbourne, B. A., & Rice, K. J.
(2005). Spatial heterogeneity explains the scale dependence of theexatice
diversity relationship Ecology 86(6). https://doi.org/10.1890/64196

Davis, S., Golladay, S. W., Vellidis, G., & Pringle, C. M. (2003). Macroinvertebrate
Biomonitoring in Intermittent Coastal Plain Streams Impacted by Animal
Agriculture.Journal of Environmental @ality. https://doi.org/10.2134/jeq2003.1036

DeRivera, C. E., Ruiz, G. M., Hines, A. H., & Jivoff, P. (2005). Biotic resistance to
invasion: Native predator limits abundance and distribution of an introduced crab.
Ecology 86(12). https://doi.org/10.1890860479

Diamantopoulos, A., & Siguaw, J. A. (2000). Introducing LISREL: A guide for the
uninitiated.Journal of the Electrochemical Society29

Dunson, W. A., & Travis, J. (1991). The role of abiotic factors in community
organizationAmerican Naturalist1385). https://doi.org/10.1086/285270

Environmental Assistance Center, EGLE. (2021). Common Aquatic Plants of Michigan.
https://www.michigan.gov/documents/deg/vadcCommonPlant_408518 7.pdf

Elith, J., Leathwick, J. R., & Hastie, T. (2008). A working guide to boosted regression
trees.Journal of Animal Ecologyhttps://doi.org/10.1111/j.1365656.2008.01390.x

Elith, JaneH. Gr aham, C. , P. Ander son, R. , Dud? k,
Zi mmer mann, N. (2006). Novel met hods | mp
from occurrence dat&cography https://doi.org/10.1111/j.2006.090%90.04596.x

Epskamp, S. (20153emPlot: Unified Visualizations of Structural Equation Models.
Structural Equation Modelin®2(3).
https://doi.org/10.1080/10705511.2014.937847

Fan, X., Thompson, B., & Wang, L. (1999). Effects of sample size, estimation methods,
and model specificatioan structural equation modeling fit index&sructural
Equation Modeling6(1). https://doi.org/10.1080/10705519909540119

110



Fan, Y., Chen, J., Shirkey, G., John, R., Wu, S. R., Park, H., & Shao, C. (2016).
Applications of structural equation modeling (SEN)ecological studies: an
updated reviewEcological Processed/ol. 5. https://doi.org/10.1186/s137016
00633

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M.,
€ Zaks, D. P. M. (201gdanetNaBieUdg736D).ns f or
https://doi.org/10.1038/nature10452

Forsberg, C. (1964). Phosphorus, a maximum factor in the growth of characeae [42].
Nature https://doi.org/10.1038/201517a0

Friedman, J. H. (2002). Stochastic gradient boos@ugmputationalStatistics and Data
Analysis https://doi.org/10.1016/S01&#73(01)0006%2

Friedman, J., Hastie, T., & Tibshirani, R. (2000). Additive logistic regression: A
statistical view of boostingAnnals of Statistics
https://doi.org/10.1214/a0s/1016218223

Frodge J. D., Thomas, G. L., & Pauley, G. B. (1990). Effects of canopy formation by
floating and submergent aquatic macrophytes on the water quality of two shallow
Pacific Northwest lakeg\quatic Botany38(2i 3), 231 248.

Geis, J. W., Schumacher, G. J., RayialJ., & Hyduke, N. P. (1981). Distribution of
Nitellopsis obtusgCharophyceae, Characeae) in the St Lawrence River: a new
record for North AmericaPhycologia https://doi.org/10.2216/i0033884-20-2-
211.1

Ginn, B. K. (2011). Distribution and limnologal drivers of submerged aquatic plant
communities in Lake Simcoe (Ontario, Canada): Utility of macrophytes as
bioindicators of lake trophic statukournal of Great Lakes Research
https://doi.org/10.1016/}.jglr.2010.05.004

Ginn, B. K., Dias, E. F. S., &leischaker, T. (20D. Trends in submersed aquatic plant
communities in a large, inland lake: impacts of an invasion by starry stonewort
(Nitellopsis obtush Lake and Reservoir Management
https://doi.org/10.1080/10402381.2020.1859025

Glisson, W. J., Wagner, C. K., Verhoeven, M. R., Muthukrishnan, R., ConRaragel,
R., & Larkin, D. J. (2019). Desiccation tolerance of the invasive alga starry
stonewortJournal of Aquatic Plant Management

Graham, L. E. (1993). Origin of land plan@rigin of Land Plants
https://doi.org/10.2307/3243470

Green, A. J. (2016). The importance of waterbirds as an overlooked pathway of invasion
for alien speciediversity and Distributionshttps://doi.org/10.1111/ddi.12392

Greenshields, F., & Ridley, E. (1957). Some researches on the control of mussels in

111



water pipesJournal of Institutional Water Engineersl, 300 306.

Griffiths, R. W., Thornley, S., & Edsall, T. A. (1991). Limnological aspects of the St.
Clair River.Hydrobiologia https://doi.orgl0.1007/BF00024749

Hackett, R., Caron, J., & Monfils, A. (2014). Status and strategy for starry stonewort
(Nitellopsis obtusgNA Desvaux) J. Groves) managemeviichigan Department of
Environmental Quality, Lansing, Michigan

Hamann, U., & Garniel, A. (ZI2). Die Armleuchteralgen SchleswiktplsteinsRote
Liste. Landesamt fur Natur und Umwelt des Landes Schleswig Holstein.

Hebert, P. (1989). Ecological and genetic studieBraissena polymorphéPallas): A
new mollusc in the Great LakgSanadian Journalb . é
https://doi.org/10.1139/f8202

Hellmann, J. J., Byers, J. E., Bierwagen, B. G., & Dukes, J. S. (2008). Five potential
consequences of climate change for invasive spec@sservation BiologyVol. 22.
https://doi.org/10.1111/j.1528739.2008.00951.x

Hijmans, R. J., & Elith, J. (2013). Species distribution modeling with R Introduction.
October

Hincks, S. S., & Mackie, G. L. (1997). Effects of pH, calcium, alkalinity, hardness, and
chlorophyll on the survival, growth, and reproductive success of relsael
(Dreissena polymorphan Ontario lakesCanadian Journal of Fisheries and
Aquatic Science®4(9). https://doi.org/10.1139/f9714

Hough, R. A., & Putt, D. A. (1988). Factors influencing photosynthetic productivity of
Chara vulgarisL. In a modertely productive hardwater lak@ournal of Freshwater
Ecology 4(4). https://doi.org/10.1080/02705060.1988.9665192

Hu, L. T., & Bentler, P. M. (1999). Cutoff criteria for fit indexes in covariance structure
analysis: Conventional criteria versus new aléimes.Structural Equation
Modeling 6(1). https://doi.org/10.1080/10705519909540118

Hui, F. K. C., Taskinen, S., Pledger, S., Foster, S. D., & Warton, D. I. (2015). Model
based approaches to unconstrained ordinati@thods in Ecology and Evolutipn
6(4). https://doi.org/10.1111/204210X.12236

Hunt, C. E., & Behrens Yamada, S. (2003). Biotic resistance experienced by an invasive
crustacean in a temperate estudiplogical Invasions5(1i 2).
https://doi.org/10.1023/A:1024011226799

Hurley, C.(2005). The gclus Package.

Hutchinson, G.E. (1975). A Treatise on Limnology, Vol. lll. Limnological Botany.
Wiley, New York, 660 pp.

Hutorowicz, A., & Dziedzic, J. (2008). LoAgrm changes in macrophyte vegetation after

112



reduction of fish stock in a shallolake.Aquatic Botany
https://doi.org/10.1016/j.aquabot.2007.11.002

Irwin, R.W. (1984). Mariposa, the banner township: a history of the township of
Mariposa. Victoria County, Ont. Ross Irwin Enterprises.

Jacoby, J. M., Collier, D. C., Welch, E. B., Har#fy J., & Crayton, M. (2000).
Environmental factors associated with a toxic bloorMafrocystis aeruginosa
Canadian Journal of Fisheries and Aquatic Scienb&gl).
https://doi.org/10.1139/f9234

James, G., Witten, D., Hastie, T., & Tibshirani, R.J2)0An introduction to statistical
learning(Vol. 112, p. 18). New York: springer.

Janauer, G. A., Schmidldumm, U., & Schmidt, B. (2010). Aquatic macrophytes and
water current velocity in the Danube RivEcological Engineering
https://doi.org/10.1016£coleng.2010.05.002

Johansson, G., Aronsson, M., Bengtsson, R.
Willéen, E. (2010). AlgeirAlgae. Nostocophyceae, Phaeophyceae, Rhodophyta &
ChlorophytaRddlistade Arter i Sverig01Q 223.

Jones, L. A., & Ricciali, A. (2005). Influence of physicochemical factors on the
distribution and biomass of invasive mussélsefssena polymorphandDreissena
bugensi¥in the St. Lawrence Rive€anadian Journal of Fisheries and Aquatic
Sciences62(9). https://doi.org/10.139/f05096

Kabus, T., & Mauersberger, R. (201L)ste und Rote Liste der Armleuchteralgen
(Characeae) des Landes Brandenburg 2QJndesumweltamt Brandenburg.

Karol, K. G., & Sleith, R. S. (2017). Discovery of the oldest recomit#llopsis obtusa
(Charophyceae, Charophyta) in North Amerigaurnal of Phycology
https://doi.org/10.1111/jpy.12557

Kasaki, H. (1962). On the distribution Nitellopsis(Charophya). Acta Phytotax Geobpt
20, 285 289.

Kassambara, A. (2020). ggpubr: nAggplot206 B
version 0.2Https://CRAN.RProject.Org/Package=ggpubr

Kassambara, A., & Mundt , RHopicD&Omkened . Packag

Kato, S., Kawai , H., Taki mot o, M., Suga, H
(2014). Occurrence of the endangered spéddiedlopsis obtusdCharales,
Charophyceae) in western Japan and the genetic differences within and among
Japaneseqgpulations Phycological Researchnttps://doi.org/10.1111/pre.12057

Katsuhara, M., & Tazawa, M. (1988). Changes in sodium and potassium in Nitellopsis
cells treated with transient salt stréB&nt, Cell & Environment
https://doi.org/10.1111/1365040.¢911604878

113



Kawartha Conservation. (2010). Lake Scugog Environmental ManagementiRtsay,
Ontario.

Kay, S. H., & Hoyle, S. T. (2001). Mail order, the internet, and invasive aquatic weeds.
Journal of Aquatic Plant Management

Kelly, N. E., Wantola, K., Wisz, E., & Yan, N. D. (2013). Recreational boats as a vector
of secondary spread for aquatic invasive species and native crustacean zooplankton.
Biological Invasions15(3). https://doi.org/10.1007/s10580.2-03030

Kestrup, A. M., & Ricciardi, A. (2009Environmental heterogeneity limits the local
dominance of an invasive freshwater crustacBasiogical Invasions11(9).
https://doi.org/10.1007/s10539-9490-8

Kirkwood, A. E., ChowFraser, P., & Mierle, G. (1999). Seasonal mercury levels in
phytoplarkton and their relationship with algal biomass in two dystrophic shield
lakes.Environmental Toxicology and Chemisthitps://doi.org/10.1897/1551
5028(1999)018<0523:SMLIPA>2.3.CO;2

Kisnieriene, V., Lapeikaite, 1., Pupkis, V., & Beilby, M. J. (2019). Mougthe action
potential in characedditellopsis obtusaEffect of saline stres&rontiers in Plant
Sciencehttps://doi.org/10.3389/fpls.2019.00082

Klausmeler, C. A., Litchman, E., Daufreshna, T., & Levin, S. A. (2004). Optimal
nitrogento-phosphorustsichiometry of phytoplanktoriNature 4296988).
https://doi.org/10.1038/nature02454

Korkmaz, S., Goksuluk, D., & Zararsiz, G. (2014). MVN: An R package for assessing
multivariate normalityR Journa) 6(2). https://doi.org/10.3261443014031

Korsch, H., Doege, A., Raabe, U., & van de Weyer, K. (2013). Rote Liste der
Armleuchteralgen (Charophyceae) Deutschlands 3. Fassung, Stand: Dezember 2012.
Hausknechtia

Krause, W. (1985). Uber die StandortsansprichedasdAusbreitungsverhalten der
SternArmleuchteralge Nitellopsis obtusa (Desvaux) J. Grovearolinea 42, 311
42.

Kufel, L., & Kufel, I. (2002).Charabeds acting as nutrient sinks in shallow lakés
review.Aquatic Botanyhttps://doi.org/10.1016/S08e8770(01)00204

Kufel, L., & Ozimek, T. (1994). Ca@harac ont r o | phosphorus cyeclir
G u k n @jpland) Hydrobiologia https://doi.org/10.1007/BF00026718

Lake, B. A., Coolidge, K. M., Norton, S. A., & Amirbahman, A. (2007). Factors
contributing to the internal loading of phosphorus from anoxic sediments in six
Maine, USA, lakesScience of the Total EnvironmeB732i 3).
https://doi.org/10.1016/}.scitoter006.12.021

Lambert, S. J., & Davy, A. J. (2011). Water quality as a threat to aquatic plants:
114



Discriminating between the effects of nitrate, phosphate, boron and heavy metals on
charophytesNew Phytologisthttps://doi.org/10.1111/j.1468137.2010.03548

Larkin, D. J., Monfils, A. K., Boissezon, A., Sleith, R. S., Skawinski, P. M., Welling, C.
H., é Karol, K. G. (2018). Biology, &ecol
(Nitellopsis obtusaCharaceae): A Relisted Eurasian green alga invasive in Mort
America.Aquatic Botanyhttps://doi.org/10.1016/j.aquabot.2018.04.003

L&, S., Josse, J., & Husson, F. (2008). FactoMineR: An R package for multivariate
analysisJournal of Statistical Softwardttps://doi.org/10.18637/jss.v025.i01

Leathwick, J. R., Hih, J., Chadderton, W. L., Rowe, D., & Hastie, T. (2008). Dispersal,
di sturbance and the contrasting biogeogr
non-diadromous fish specie3ournal of Biogeography
https://doi.org/10.1111/].1368699.2008.01887.x

Leahwick, J. R., Elith, J., Francis, M. P., Hastie, T., & Taylor, P. (2006). Variation in
demersal fish species richness in the oceans surrounding New Zealand: An analysis
using boosted regression tre®krine Ecology Progress Series
https://doi.org/10.335Meps321267

Li, J., lanaiev, V., Huff, A., Zalusky, J., Ozersky, T., & Katsev, S. (2021). Benthic
i nvaders control the phosphorus cycle in
Proceedings of the National Academy of Sciences of the United StatesichAme
118(6). https://doi.org/10.1073/pnas.2008223118

Mack, R. N., Simberloff, D., Lonsdale, W. M., Evans, H., Clout, M., & Bazzaz, F. A.
(2000). Biotic invasions: Causes, epidemiology, global consequences, and control.
Ecological Applications1(Q(3). https://doi.org/10.1890/1051
0761(2000)010[0689:BICEGC]2.0.CO;2

Magnusson, A., Skaug, H. , Ni el sen, A., Ber
Brooks, M. (2020). ®@anckage O0 gl mmTMB . 0

Mann, H., Proctor, V. W., & Taylor, A. S. (1999). Towards a biggaphy of North
American charophytedustralian Journal of Botany
https://doi.org/10.1071/BT97087

Masson, L., Brownscombe, J. W., & Fox, M. G. (2016). Fine scale sjeatiporal life
history shifts in an invasive species at its expansion fBiatogicd Invasions
18(3). https://doi.org/10.1007/s1058051047-4

Melbourne, B. A., Cornell, H. V, Davies, K. F., Dugaw, C. J., EImendorf, S., Freestone,
A. L., €& Holl and, M. (2007) . l nvasi on in
coexistence or hostile takeovdt@ology Letters10(1), 77 94.

Merritt, R. W., & Cummins, KW. (Eds.). (1996)An introduction to the aquatic insects
of North AmericaKendall Hunt.

115



Michalak, A. M., Anderson, E. J., Beletsky, D., Boland, S., Bosch, N. S., Bridgeman, T.
B. , € Zagor ski , -9dting &gal biodnOnlL&ke Erie ¢aadego r d
agricultural and meteorological trends consistent with expected future conditions.
Proceedings of the National Academy of Sciences of the United States of America
11Q(16). https://doi.org/10.1073/pnas.1216006110

Midwood, J. D., Darwin, A., Ho, Z. YRokitnicki-Woijcik, D., & Grabas, G. (2016).
Environmental factors associated with the distribution ofmative starry stonewort
(Nitellopsis obtuspin a Lake Ontario coastal wetlanthurnal of Great Lakes
Researchhttps://doi.org/10.1016/j.jglr.20161M05

Migula, W. (1897). Die Characeen Deutschlands, Oesterreichs und der Schweiz; Unter
Ber¢cksichtigung aller Arten Europas BIKryptogamenflora Von Deutschland,
Oesterreich Und Der Schweiz. Kmyptogamenflora Von Deutschland, Oesterreich
Und Der Sclveiz

Mitchell, C. E., Agrawal, A. A., Bever, J. D., Gilbert, G. S., Hufbauer, R. A., Klironomos,
J. N., €& V8zquez, D. P. (2006£Ekcologi ot i c
Letters Vol. 9. https://doi.org/10.1111/j.14631248.2006.00908.x

Mitchell, R. J. (1992). Testing Evolutionary and Ecological Hypotheses Using Path
Analysis and Structural Equation Modellirfgunctional Ecology
https://doi.org/10.2307/2389745

Morton B. S. (1969). Studies on the biologylaeissena polymorphRall: I11.
Population dynamicsJournal of Molluscan Studie88(6), 471 482.

Mosley, C., & Bootsma, H. (2015). Phosphorus recycling by profunda quagga mussels
(Dreissena rostriformis bugenim Lake MichiganJournal of Great Lakes
Research4l. https://doi.org/10.1016/gjr.2015.07.007

Mouronval, JB., Baudouin, S., Borel, N., SoulMarsche, I., Klesczewski, M., &
Grillas, P. (2015)Guide des Characées de France méditerranée@ffece national
de la chasse et de la faune sauvage.

Moyle, P. B., & Light, T. (1996). Fismvasions in California: Do abiotic factors
determine succes&tology 77(6). https://doi.org/10.2307/2265770

Murphy, J., & Riley, J. P. (1962). A modified single solution method for the
determination of phosphate in natural wat@rsalytica Chimica Acta
https://doi.org/10.1016/S0085670(00)88444%6

Murphy, F., Schmieder, K., Baasti$p o h r , L., Pedersen, O., &
Five decades of dramatic changes in submerged vegetation in Lake Constance.
Aquatic Botanyhttps://doi.org/10.1016/j.aquabot.2017.10.006

Murphy, T. P., Hall, K. J., & ¥saki, I. (1983). Coprecipitation of phosphate with calcite
in a naturally eutrophic lakéimnology and Oceanograph28(1).
https://doi.org/10.4319/10.1983.28.1.0058

116



Muthukrishnan, R., Sleith, R. S., Karol, K. G., & Larkin, D. J. (2018). Predictioraafyst
stonewort Nitellopsis obtuspinvasion risk in upper Midwest (USA) lakes using
ecological niche modelé&quatic Botany
https://doi.org/10.1016/j.aquabot.2018.08.001

Nalewajko, C., & Murphy, T. P. (2001). Effects of temperature, and availability of
nitrogen and phosphorus on the abundand&nabaenaandMicrocystisin Lake
Biwa, Japan: An experimental approacimnology 2(1).
https://doi.org/10.1007/s102010170015

Neuwirth, E. (2014). RColorBreweR Package Versionl-4

Niku, J., Hui, F. K. C., Tskinen, S., & Warton, D. I. (2019). gllvm: Fast analysis of
multivariate abundance data with generalized linear latent variable models inr.
Methods in Ecology and Evolutiohttps://doi.org/10.1111/204210X.13303

Noordhuis, R., Van der Molen, D. T., & Yalen Berg, M. S. (2002). Response of
herbivorous watebirds to the return d€harain Lake Veluwemeer, The
NetherlandsAquatic Botanyhttps://doi.org/10.1016/S03e8¥70(01)002168

Oksanen, J. (2017). Vegan: ecological diverskyackage Version 24

Oksanen, J., Bl anchet, F. G., Kindt, R.
Wagner, H. (2013). Package vegan: Community Ecology PackaBepadckage
version 2.31. https://doi.org/10.4135/9781412971874.n145

Olsen, S. (1944Danish Charophw: Chorological, ecological and biological
investigations

Ontario Ministry of Environment. (1983). Handbook of analytical methods for
environmental samples. Laboratory Services and Applied research Branch, Ontario
Ministry of Environment, Toronto, Ontari@€anada.

Otsuki, A., & Wetzel R. G. (1972)Coprecipitation of phosphate with carbonates in a
marl lake Limnology and Oceanographyol. 17.
https://doi.org/10.4319/10.1972.17.5.0763

Padilla, D. K., & Williams, S. L. (2004). Beyond ballast water: Aquarand ornamental
trades as sources of invasive species in aquatic ecosybtemters in Ecology and
the Environmenthttps://doi.org/10.1890/1540
9295(2004)002[0131:BBWAAQ]2.0.CO;2

Paulson, D. (2011pragonflies and Damselflies of the E&8bl. 80). Princeton
University Press.

Pegechaty, M. , Pronin, E., & P Gédatophyllum A.
demersunstandsHydrobiologia https://doi.org/10.1007/s107813 16226

Pick, F. R. (2016). Blooming algae: A Canadian perspecn the rise of toxic
cyanobacteriaCanadian Journal of Fisheries and Aquatic Scienég’).

117

(2



https://doi.org/10.1139/cjfa®0150470

Preacher, K. J., & Hayes, A. F. (2004). SPSS and SAS procedures for estimating indirect
effects in simple mediation malels.Behavior Research Methods, Instruments, and
Computers36(4). https://doi.org/10.3758/BF03206553

Prescott, G. W. (1962). Algae of the Western Great Lakes with an lllustrated Key to the
Genera of Desmids and Freshwater DiatdBnewn, Dubuque, LA

Pdlman, G. D., & Crawford, G. (2010). A decade of starry stonewort in Michigan.
Lakeline

QGIS Development Team. (2016). QGIS Geographic Information SyS§ipen Source
Geospatial Foundation Project

R Core Team. (2019). R: A language and environment &tisstal computingR
Foundation for Statistical Computing

R Development Core Team 3.0.1. (2013). A Language and Environment for Statistical
Computing.R Foundation for Statistical Computing

Rahel, F. J., & Olden, J. D. (2008). Assessing the effects of climate change on aquatic
invasive speciegConservation Biologyol. 22. https://doi.org/10.1111/j.1523
1739.2008.00950.x

Raikow, D. F., Sarnelle, O., Wilson, A. E., & Hamilton, S. K. (20@Hminance of the
noxious cyanobacteriumicrocystis aeruginosin low-nutrient lakes is associated
with exotic zebra musselsimnology and Oceanograp/¥9(2).
https://doi.org/10.4319/10.2004.49.2.0482

Rands, M. R. W., Adams, W. M., Bennun, L., Butch&ttH. M., Clements, A., Coomes,
D., é Vira, B. (2010) . Bi odi verSiencggy cons
Vol. 329. https://doi.org/10.1126/science.1189138

Reichwaldt, E. S., & Ghadouani, A. (2012). Effects of rainfall patterns on toxic
cyanobacteal blooms in a changing climate: Between simplistic scenarios and
complex dynamicsWater Researchvol. 46.
https://doi.org/10.1016/j.watres.2011.11.052

Reinartz, W., Haenlein, M., & Henseler, J. (2009). An empirical comparison of the
efficacy of cova@ncebased and variandesased SEMlnternational Journal of
Research in Marketin@6(4). https://doi.org/10.1016/j.ijresmar.2009.08.001

Rey-Boissezon, A., & Auderset Joye, D. (2015). Habitat requirements of charophytes
Evidence of species discriminatidmaough distribution analysig\quatic Botany
https://doi.org/10.1016/j.aquabot.2014.05.007

Reynolds, C., Miranda, N. A. F., & Cumming, G. S. (2015). The role of waterbirds in the
dispersal of aquatic alien and invasive spedxgersity and Distributions
https://doi.org/10.1111/ddi.12334

118



Ricciardi, A., & Macisaac, H. J. (2010). Impacts of Biological Invasions on Freshwater
Ecosystems. Ilifrifty Years of Invasion Ecology: The Legacy of Charles Elton
https://doi.org/10.1002/9781444329988.ch16

RomercAlvarez, D., Escobar, L. E., Varela, S., Larkin, D. J., & Phelps, N. B. D. (2017).
Forecasting distributions of an aquatic invasive spedidsl(opsis obtuspunder
future climate scenario®LoS ONE https://doi.org/10.1371/journal.pone.0180930

Rosseel, Y. (2012). Lavaan: An R package for structural equation modiurgal of
Statistical Software48. https://doi.org/10.18637/jss.v048.i02

Rothlisberger, J. D., Chadderton, W. L., McNulty, J., & LodgeMD(2010). Aquatic
Invasive Species Transport via Trailered Boats: What is Being Moved, Who is
Moving it, and What Can Be DonEisheries https://doi.org/10.1577/1548446
35.3.121

SandJensen, K., & Borum, J. (1991). Interactions among phytoplankésiphyton, and
macrophytes in temperate freshwaters and estuamgestic Botany41(11 3).
https://doi.org/10.1016/0363770(91)90042

Sarnelle, O., Wilson, A. E., Hamilton, S. K., Knoll, L. B., & Raikow, D. F. (2005).
Complex interactions between théor musselPreissena polymorphand the
harmful phytoplanktenMicrocystis aeruginosa.imnology and Oceanography
50(3). https://doi.org/10.4319/10.2005.50.3.0896

Schapire, R. E. (2003The Boosting Approach to Machine Learning: An Overview
https://dd.org/10.1007/97&-387-215792_9

Schl oer ke, B., Cook, D. , Lar marange, J.
Wickham, H. (2020). Ggally: Extension to ggplot2.

Schloesser, D. W., Hudson, P. L., & Nichols, S. J. (1986). Distribution and habitat of
Nitellopsis obtusdCharaceae) in the Laurentian Great Lakalrobiologia
https://doi.org/10.1007/BF00010806

Schultz, R., & Dibble, E. (2012). Effects of invasive macrophytes on freshwater fish and
macroinvertebrate communities: The role of invasive plaitistiHydrobiologia
https://doi.org/10.1007/s1075111-0978-8

Sebestyen, O. (1938). Colonization of two new faeleanents of Pntusrigin
(Dreissena polymorphRall. andCorophium curvispinunGO Sars forma devium
Wundsch) in Lake Balaton. Int. Verein. @dr. Angew. Limnol. Verhandl.

Simon, K. S., & Townsend, C. R. (2003). Impacts of freshwater invaders at different
levels of ecological organisation, with emphasis on salmonids and ecosystem
consequencesreshwater Biology48(6). https://doi.org/10.10464365
2427.2003.01069.x

Sleith, R. S., Havens, A. J., Stewart, R. A., & Karol, K. G. (2015). Distribution of
119



Nitellopsis obtusg§Characeae) in New York, U.S.Brittonia.
https://doi.org/10.1007/s12228 593726

Smith, C. S., Smith, C. S., Barko, J. W.B&rko, J. W. (1990). Ecology of Eurasian
watermilfoil. Journal of Aquatic Plant Management

Sendergaard, M., Jeppesen, E., Mortensen, E., Dall, E., Kristensen, P., & Sortkjeer, O.
(1990). Phytoplankton biomass reduction after planktivorous fish reduntin i
shallow, eutrophic lake: a combined effect of reduced interhahéing and
increased zooplankton grazirtdydrobiologig 200(1), 229 240.

Spear, M. J., Walsh, J. R., Ricciardi, A., & Zanden, M. J. Vander. (2021). The Invasion
Ecology of Sleeper Populations: Prevalence, Persistence, and Abrupt Shifts.
BioSciencg71(4). https://doi.org/10.1093/biosci/biaal68

Spence, D. H. N. (1982). The Zormat of Plants in Freshwater Lakésdvances in
Ecological ResearcHL2(C). https://doi.org/10.1016/S00&504(08)60074X

Stanczykowska, A. (1977). Ecology Dfeissena polymorphBivalvia in lakesPolskie
Archiwum Hydrobiologii

Stanczykowska, A., & Plaet, M. (1985) Factors affecting nutrient budget in lakes of the
jorka river watershed masurian lakeland Poland. Role of the nids=iskena
polymorphain nitrogen and phosphorus cycl&kologia Polska

Stroede, W. (1937). Okologie déharaceen. Berlin, 114 pp.

Tabachnick, & Fidell. (2007). Using Multivariate Statistics Chapter 18lsing
Multivariate Statistics

Thompson, K., & Grime, J. P. (1979). Seasonal variation in the seed banks of herbaceous
species in ten contrasting habitdtke Journal of Ecology893 921.

Tonk, L., Bosch, K., Visser, P. M., & Huisman, J. (2007). Salt tolerance of the harmful
cyanobacteriunMicrocystis aeruginosaAquatic Microbial Ecology46(2).
https://doi.org/10.3354/ame046117

Turpin, D. H. (1991)Effects of inorganic N availability on algal photosynthesis and
carbon metabolismlournal of PhycologyVol. 27. https://doi.org/10.1111/j.0022
3646.1991.00014.x

United Kingdom Legislation. (1981). Wildlife and Countryside Act. Chapter 69. Updated
August 9, P18. URLhttps://www.legislation.gov.uk/ukpga/1981/69

Unmuth, J. M. L., Lillie, R. A., Dreikosen, D. S., & Marshall, D. W. (2000). Influence of
dense growth of Eurasian watermilfoil on lake waéenperature and dissolved
oxygen.Journal of Freshwater Ecologg5(4).
https://doi.org/10.1080/02705060.2000.9663772

Van Den Berg, M. S., Scheffer, M., Coops, H., & Simons, J. (1998). The role of
120



https://www.legislation.gov.uk/ukpga/1981/69

characean algae in the management of eutrophic shallew.Jakirnal of
Phycology https://doi.org/10.1046/}.1528817.1998.340750.x

Van Nes, E. H., Scheffer, M., Van den Berg, M. S., & Coops, H. (2003). Charisma: A
spatial explicit simulation model of submerged macrophyeslogical Modelling
https://doi.org/10.1016/S036B00(02)00278

Vanderploeg, H. A, Liebig, J. R., Carmicha&l. W., Agy, M. A., Johengen, T. H.,
Fahnenstiel, G. L., & Nalepa, T. F. (2001). Zebra mu$3ai§sena polymorpha
selective filtration promoted toxidicrocystisblooms in Saginaw Bay (Lake Huron)
and Lake ErieCanadian Journal of Fisheries and AquaBciencess8(6), 1208
1221. https://doi.org/10.1139/cjf&8-6-1208

Von Holle, B. (2005). Biotic resistance to invader establishment of a southern
Appalachian plant community is determined by environmental conditionsnal of
Ecology 93(1). https://ai.org/10.1111/j.002D477.2004.00946.x

Wal t her , G. R. , Roques, A., Hul me, P. E. ,
(2009). Alien species in a warmer world: risks and opportunifiesids in Ecology
and Evolution Vol. 24. https://doi.orgf.1016/j.tree.2009.06.008

Wan, T. T. H. (2002)Evidencebased health care management: Multivariate modeling
approachesSpringer Science & Business Media.

War t on, D. I ., Bl anchet, F. G., OO0Hara, R.
C., & Hui, F. K. C. (2015). So Many Variables: Joint Modeling in Community
Ecology.Trends in Ecology and Evolution
https://doi.org/10.1016/j.tree.2015.09.007

Watanabe, M. M. (2005). Threatened states of the Charales in the lakes oAlggan.
Culture Collections ad the Environmen®217 236.

Wehr, J. D., Sheath, R. G., & Kociolek, J. P. (2015). Freshwater Algae of North America:
Ecology and Classification. llrreshwater Algae of North America: Ecology and
Classification https://doi.org/10.1016/C204B666648

Wei, T., Simko, V., Levy, M., Xie, Y., Jin, Y
Visualization of a Correlation MatriXStatistician

Wickham, H, & Henry, L. (2019). tidyr: Tidy Messy Daf.Package Version 1.0.0

Wickham, Hadley. (2016). ggplot2:egjant graphics for data analysisJurnal of the
Royal Statistical Society: Series A (Statistics in Socibttps://doi.org/10.1007/978
3-3192427t4

Wi c k ham, Hadley. (2017). R package Atidyve
ATi dy vRePackge.Vérsion 1.2.1

Wickham, Hadley. (2019). stringr: Simple, Consistent Wrappers for Common String
Operations. R package version 1.£@an.

121



Wickham, Hadley, & Francois, R. (2016). The dplyr pack&€ore Team

Willén, T. (1960). The charophytéitellopsis obtusdDesv.) Groves found fertile in
central SwederSvensk Botanisk Tidskrii4(2), 360 367.

Winter, J. G., Desellas, A. M., Fletcher, R., Heintsch, L., Morley, A., Nakamoto, L., &
Utsumi, K. (2011). Algablooms in Ontario, Canada: Increases in reports since
1994.Lake and Reservoir Managemg2i(2).
https://doi.org/10.1080/07438141.2011.557765

Winter, U., Kirst, G. O., Grabowski, V., Heinemann, U., Plettner, I., & Wiese, S. (1999).
Salinity tolerance imNitellopsis obtusaAustralian Journal of Botany7(3).
https://doi.org/10.1071/BT97091

Wood, R. D. (1962)New combinations and taxa in thevzison of Characead AXON
11(1). https://doi.org/10.2307/1216853

Xie, Y. (2012). knitr Graphics Manudlocumentation

Zhu, H. (2018). Create Awesome HTML Table with knitr::kable and kableEtemte
Awesome HTML Table with Knitr::Kable and KableExtra

122



Appendix A.

Table Al. Seasonal means (M&eptember) reflecting four years of pooled data (ZZA10) for 11 physical and water quality
parameters measured concurrently in Lake Scugog, Ontario (n = 20). Sites five and ninasgessible each year of sampling
in the month of September due to water levels (n = 16). Standard deviation is presented in parenthesis. Temp = ter@perature, D

= dissolved oxygen, Con = conductivity, Tur = turbidity, TP = total phosphorus, TN =tetabrgte n, CHLU = ¢ hl

= chloride.
Site Depth Secchi Temp DO pH Con Tur TP TN CHLU Cl

(m) (m) (°C) (mg - L% (uS - cmt) (Mg - LY (Mg - LY (Mg - LY (mg - L7

1 1.18(0.60) 1.18(0.38) 21.87(2.66) 10.79(2.90) 8.06(1.96) 521.07(161.60) 0.0027 (0.0002) 47.44(31.82) 0.77(0.73) 87.64(83.44) 124.06 (117.75)
2 111(061) 1.03(0.34) 22.06(2.93) 12.32(4.69) 8.23(2.04) 577.62(199.62) 0.0061 (0.0014) 61.92 (46.93) 0.79(0.87) 305.67 (470.37) 219.57 (148.75)
3 1.80(081) 1.53(0.57) 22.14(2.82) 10.17(2.14) 7.95(1.94) 566.05(182.74) 0.0024 (0.0022) 37.34 (35.02) 0.65(0.55) 85.61(96.03) 181.04 (143.78)
4 1.89(0.89) 1.61(0.49) 21.96(3.03) 9.427(1.38) 7.88(1.93) 571.00(178.66) 0.0028 (0.0025) 42.12(40.96) 0.75(0.81) 246.85 (493.40) 144.57 (99.67)
5 092(062) 081(0.41) 22.36(241) 10.28(6.16) 7.74(2.16) 583.75(236.79) 0.0029(0.0036) 90.06(89.88) 0.85(0.72) 304.15(658.14)  120.95(78.05)
6  079(079) 1.51(0.39) 21.91(2.85) 9.80(2.02) 7.86(1.92) 500.94(159.32) 0.0019(0.0022) 45.58(49.44) 0.94(1.45)  70.89(71.08)  124.07(98.36)
7 1.25(057) 1.23(0.38) 22.30(3.33) 9.87(2.13) 8.21(0.53) 500.66(162.53) 0.0027(0.0021) 33.42(30.51) 1.08(1.33)  62.09(54.69)  86.50(55.30)
8  1.63(0.83) 1.36(0.45) 22.31(2.87) 10.61(2.27) 8.43(0.51) 469.57(158.95) 0.0025(0.0019) 38.77(36.79) 1.04(159) 92.81(85.74)  86.86(82.22)
9 1.03(048) 1.08(0.31) 22.49(2.68) 10.26(2.66) 8.43(0.67) 383.91(115.39) 0.0024(0.0023) 38.15(29.63) 0.84(1.18) 123.02(145.29) 32.28(21.76)
10 1.40(0.68) 1.10(0.51) 21.65(2.85) 9.95(2.00) 8.31(0.43) 506.38(172.27) 0.0035(0.0025) 60.03(88.86) 0.64(0.66)  73.01(58.16)  94.00(79.48)
11 1.48(0.74) 1.25(0.49) 22.10(2.68) 9.81(1.67) 8.27(0.44) 494.45(166.69) 0.0025(0.0022) 36.12(30.90) 0.70(0.86)  70.78(57.19)  106.79(88.84)
12 1.89(0.99) 1.42(0.58) 22.29(2.47) 9.77(1.66) 8.31(0.41) 522.13(180.11) 0.0030(0.0025) 38.26(38.32) 0.80(0.96)  68.54(52.58)  85.95(94.56)
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Taxa
Acanthes spp. . Closterium spp. Gleococcus spp. Mougeotia spp. . Selanastrum spp.
Anabaena spp. . Coelosphaerium spp. Gleocystis spp. . Nanoflagellate spp. . Sphaerocystis spp.
Ankistrodesmus spp. . Cosmarium spp. Gleothece spp. . Navicula spp. . Spirogyra spp.
Aphanizomenon spp. . Crucigena spp. Golenkia spp. . Nephrocytium spp. . Spondylosum spp.
. Aphanocapsa spp. . Cryptomonas spp. . Gomphonema spp. . QOchromonas spp. Staurastrum spp.
. Aphanothece spp. Cyclotella spp. . Gomphosphaeria spp. . Qocystis spp. Stramenopila spp.
. Arthrospira spp. Cymbelia spp. . Gymnodinium spp. . Oscillateria spp. Synedra spp.
. Asterionelia spp. Desmidium spp. . Haematococcus spp. . Others Synura spp.
. Bitrichia spp. Dictyosphaerium spp. Hemidiscus spp. . Paramastix spp. . Tabellaria spp.
Catsria spp. Dinobryon spp. . Lagerhermia spp. . Pediastrum spp. . Tetraedron spp.
Ceratium spp . Dispora spp Lepocinciis spp. . Phacus spp. . Trachelomonas spp.
Chilamydomonas spp. . Elaktothrix spp. . Lyngbya spp. . Phormidium spp. . Tribonema spp.
chioretaspp. | Evastum spo Matamonas sop. || Pranktosphaeriasop. [ Volvox spp.
. Chromuiina spp . Elgiena spp. . Melosira spp. Quadriguia spp. Zygnema spp.
. Chroococcus spp. - Fragilaria spp. pedia spp. RA. spp.
. Cladophora spp. . Glenodinium spp. . Microcystis spp. Seenedesmus spp.

Figure Al. Taxa plot for the phytoplankton community across the five months of sampling@degmber) in 2016 for Lake Scugog.
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Taxa

Acanthes spp. Closteriunm spp. Gleococcus spp.

Anabaena spp. Coelosphaerium spp. Gleocystis spp.

Aphanizomenon spp. Crucigena spp. Golenkia spp.

|
|
Ankistrodesmus spp. . Cosmarium spp. Gleothece spp.
|
|

Aphanocapsa spp. Cryptomonas spp. . Gomphonema spp.

. Aphanothece spp. Cyclotella spp. . Gomphosphaeria spp.
. Arthraspira spp. Cymbelia spp. . Gymnodinium spp.
. Asterronelia spp. Desmidium spp . Haematococcus spp.
. Bitrichia spp. Dictyosphaerium spp. Hemidiscus spp.
Cateria spp. Dinobryon spp. . Lagerhermia spp.
Ceratium spp. . Dispora spp. Lepocinclis spp.
Chiamydomonas spp. . Elaktothrix spp. . Lyngbya spp.
Chiorella spp. . Euastrum spp. Malamonas spp.
. Chromulina spp. . Euglena spp. . Melosira spp.
. Chroococcus spp. . Fragiiaria spp. Merismopedia spp.

. Cladophora spp. . Glenodinium spp. . Microcystis spp.
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Mougeatia spp.
. Nanoflagellate spp.
. Navicula spp.
. Nephrocytium spp.
. QOchromonas spp
. QOocystis spp.
. Oscillateria spp.
. Others
. Paramastix spp.
[ Pediastrum spp.
. Phacus spp.
. Phormidium spp.
. Planktosphaeria spp
Quadrigula spp.
Rhabdoderma spp.
Scenedesmus spp.
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Selanastrum spp.
Sphaerocystis spp.
Spirogyra spp.
Sponaylosum spp.
Staurastrum spp.
Stramenopila spp.
Synedra spp.
Synura spp.
Tabeliaria spp.
Tetraedron spp.
Trachelomonas spp.
Tribonema spp.
Volvox spp.
Zygnema spp.

Figure A2. Taxa plot for the phytoplankton community across the five months of sampling@degmber) in 2017 for Lake Scugog.
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Taxa
Acanthes spp. . Closterium spp. Gleococcus spp. Mougeotia spp. Selanastrum spp
Anabaena spp. . Coelosphaerium spp. Gleocystis spp. . Nanoflageliate spp. . Sphaerocystis spp.
Ankistrodesmus spp. . Cosmartum spp. Gleothece spp. . Navicula spp. . Spirogyra spp.
Aphanizomenon spp. . Crucigena spp. Golenkia spp. . Nephrocytium spp. . Spondylosum spp.
. Aphanocapsa spp. . Cryptomonas spp. . Gomphonema spp. . Ochromonas spp. Staurastrum spp.
. Aphanothece spp. Cyciotella spp. . Gomphosphaeria spp. . Qocystis spp. Stramenopila spp.
. Arthrospira spp. Cymbelia spp. . Gymnodinium spp. . Oscillateria spp. Synedra spp.
. Asterionella spp. Desmidium spp. . Haematococcus spp. . Others Synura spp.
. Bitrichia spp. Dictyosphaerium spp. Hemidiscus spp. . Paramastix spp. Tabellaria spp.
Cateria spp. Dinobryon spp . Lagerhermia spp. . Pediastrum spp. . Tetraedron spp.
Ceratium spp. . Dispora spp. Lepocinclis spp. . Phacus spp. . Trachelomonas spp.
Chlamydomonas spp. . Elaktothrix spp. . Lyngbya spp. . Phormidium spp. . Tribonema spp.
Chlorella spp. . Euastrum spp. Malamonas spp. Planktosphaeria spp. . Volvox spp.
. Chromulina spp. . Euglena spp. . Melosira spp. Quadrigula spp. Zygnema spp.
. Chroococcus spp. . Fragilaria spp. Merismopedia spp. Rhabdoderma spp.
. Cladophora spp. . Glenodiniun spp. . Microcystis spp. Scenedesmus spp.

Figure A3.Taxa plot for the phytoplankton community across the five months of sampling@degmber) in 2018 for Lake Scugog.
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Taxa
Acanthes spp. . Closterium spp. Gleococcus spp. Mougeotia spp. Selanastrum spp.
Anabaena spp. . Coelosphaetium spp. Gleocystis spp . Nanoflageliate spp. . Sphaerocystis spp.
Ankistrodesmus spp. . Cosmarium spp. Gleothece spp. . Navicula spp. . Spirogyra spp.
Aphanizomenon spp. . Crucigena spp. Golenkia spp. . Nephrocytium spp . Spondyiosum spp
. Aphanocapsa spp. . Cryptomenas spp. . Gomphonema spp. . Ochromonas spp. Staurastrum spp.
. Aphanothece spp. Cyclotella spp. . Gomphosphaeria spp. . Oocystis spp. Stramenopila spp.
. Arthrospira spp. Cymbella spp. . Gymnodinium spp. . Osciliateria spp. Synedra spp.
. Asterionelia spp. Desmidium spp. . Haematococcus spp. . Others Synura spp.
. Bitrichia spp. Dictyosphaerium spp. Hemidiscus spp. . Paramastix spp. Tabellarta spp.
Cateria spp. Dinobryon spp. . Lagerhermia spp. . Pediastrum spp. . Tetraedron spp.
Ceratium spp. . Dispora spp. Lepocinclis spp. . Phacus spp. . Trachelomonas spp.
Chlamydomonas spp. - Flaktothrix spp. . Lyngbya spp. . Phormidium spp. . Tribonema spp.
Chlorella spp. . Euastrum spp. Malamonas spp. . Planktosphaerta spp. . Volvox spp.
. Chromuting spp. . Euglena spp. . Melosira spp. Quadrigula spp. Zygnema spp.
. Chroococcus spp. . Fragilaria spp. Merismopedia spp. Rhabdoderra spp.
. Cladophora spp. . Glenodinitim spp. . Microcystis spp Scenedesmus spp.

Figure A4. Taxa plot for the phytoplankton community across the five months of samplingédegmber) in 2019 for Lake Scggo
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Taxa
Aminicola grana Dreissena polymorpha . Gamorus spp. . Physelta magnalacustris . Vaalvata piscinalis
Aminicola fimmosa Dreissenia bugensis [\ Gioiovdeiia eiongata [ Prysena vinosa B vavotasinera
Amphipoda spp. Ephemerellidae Gyraulus parvus . Pianorbella binneyi . Valvata tricarinat

Anisoptera Euhyrchiopsis lecontei Laevapex fuscus . Planorbelta trivolvis Viviparidae

Birgella subglobosa Ferrissia fragilis Limnephilidae Promentus exacuous

Bithyniidae Fontigens nideliniana Lymnaeidae Stagmicola winnebaroensus

Fossoria dalli . Others Umbilieaelius spp.
Frontipoda . Palaeagapetus spp. . Valvala perdepressa

Campeloma decisum

[
[ |
|
Bulimnea megasoma . Fossaria parva Marstonia decepta . Trichoptera
|
|

Chironomus chironomini

Figure A5. Taxa plot for the macroinvertebrate community across the five months of samplin@éltaynber) in 2016 for Lake Scugog.
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Taxa
Aminicola grana Dreissena polymorpha . Gamorus spp. . Physella magnalacustris . Valvata piscinalis
Aminicola limnosa Drei ia bugensi . Gloiobdella elongata . Physella vinosa . Valvaia sinera
Amphipoda Ephemerellidae Gyraulus parvus Planorbelia binneyi . Valvata tricarinat
. Anisoptera . Euhyrchiopsis lecontei Laevapex fuscus Planorbella trivolvis Viviparidae
. Birgefla subglobosa . Ferrissia fragilis Limnephilidae Promentus exacuous
. Bithyniidae . Fontigens nidefinfana Lymnaeidae Stagmicola winnebaroensus
. Bulimnea megasoma . Fossaria parva Marstonia decepta . Trichoptera
. Campeloma decisum . Fossoria dalli . Others Umbilicaelius spp
Chironomus chironomini . Frontipoda . Palaeagapetus spp. Valvata perdepressa

Figure A6. Taxa plot for the macroinvertebrate community across the five months of samplin@éltaynber) in 201for Lake Scugog.
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Sample
Aminicola grana Dreissena polymorpha . Gamorus spp. . Physella magnalacustris . Valvata piscinalis
Aminicola limnosa Dreissenia bugensis . Gloiobdelia elongata . Physella vinosa . Valvata sinera
Amphipoda Ephemerellidae Gyraulus parvus . Ptanorbella binneyi . Valvata tricarinat
. Anisoptera . Euhyrchiopsis lecontei Laevapex fuscus . Ptanorbella trivolvis Viviparidae
. Birgella subglobosa . Ferrissia fragilis Limnephilidae Promenius exacuous
. Bithyniidae . Fontigens nideliniana Lymnaeidae Stagmicola winnebaroensus
. Bulimnea megasoma . Fossaria parva Marstonia decepta . Trichoptera
. Campeloma decisum . Fossoria dalli . Others Umbilicaelius spp.
Chironomus chironomini - Frontipoda . Palaeagapetus spp. . Valvata perdepressa

Figure A7. Taxa plot for the macroinvertebrate community across the five months of samplin@éltaynber) in 2018 for Lake Scugog.
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Taxa
Aminicola grana Dreissena polymorpha . Gamorus spp. . Physella magnalacusiris . Valvata piscinalis
Amiricola limnosa Drefssenia bugensis . Glojobdella elongata . Physella vinosa . Valvata sinera
Amphipoda Ephemerellidae Gyraulus parvus . Planorbella binneyi . Valvata tricarinat
. Anisoptera . Euhyrchiopsis lecontei Laevapex fuscus . Pianorbella trivolvis Viviparidae
. Birgella subglobosa . Ferrissia fragilis Limnephilidae Promenius exacuous
. Bithyniidae . Fontigens nideliniana Lymnaeidae Stagmicola winnebaroensus
. Bulimnea megasoma . Fossaria parva Marstonia decepta Trichoptera
. Campeloma decisum . Fossoria dalli . Cthers Umbilicaelius spp.
Chironomus chironomini . Frontipoda . Palagagapetus spp. Valvata perdepressa

Figure A8. Taxa plot for the macroinvertebrate community across the five months of samplinGélayber) in 202 for Lake Scugog.
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Taxa
Ceratophyllum demersum . Myriophyillum spicatum Others . Potamogeton nodusus . Utricularia vulgaris
Chara vulgaris . Myriophyilum verticullatum Potamogeton amplifolius . Potamogeton perfoliiastus Vallisneria americana
Elodea canadenis - Najas flexilis Potamogeton crispus . Potamogeton pusilus
Heteranthera dubia . Nitellopsis obtusa . Potamogeton foliosus . Potamageton zosteriformis
. Myriophyllum sibiricum Nuphar lutea . Potamogeton natans . Stuckenia pectinate

Figure A9. Taxa plot for the macrophyte community across the five months of samplingé@gmber) in 2016 for Lake Scugog.
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Figure A10.Taxa plot for the macrophyte community across the five months of sampling@gdmber) in 2017 for Lake Scugog.
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