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PREFACE

This Master of Science thesisonsists oftwo data chapters with a general
introduction and conclusion to provide additional context.As thefirst author for both data
chapters(CH2 and CH3)under the supervision ofDr. Patricia ChowFraser, | am
responsible fordata analysis and preparatiorof the initial draft and finalization of all drafts
for inclusion in my thesis As well, | collected all fieldsamplesfrom 2020 z 2022 inclusive
and carried out all laboratory processing of water samples.Some of thehistorical data
were provided to me bymy supervisor (who received the data from the Ontario Ministry of
Environment in 2007) and by the Severn Sound Environmental Associationnder a dae-

sharing agreement.



GENERAL ABSTRACT

Georgian Bay isvell known for its excellent water quality and recreational beauty;
however, some regions are showing signs of degradation and eutrophicatighreating the
way of life for residents and cottagersThe goal ofmy thesis is to provide the Dwnship of
Georgian BayTGB)with updated resources, including information on their water quality
and a sampling protocol thatlocal community memberscan use, so water quality can be
effectively managed and protected. Firstye investigatedthe changes in water quality from
a historic period (2001 z 2009) to the current period (2020 z 2022). Wefound that 80% of
sites had a decrease i&t. coli(EC)between periods likely associated with increased
dilution from an approximately 1 m increase in water levelsSecondly, weexamined
regional variation within TGB and found thatHoney Harbour and Oak Bahad the highest
mean EC andotal phosphorus (TP) concentrations and therefore are of greatest concern.
Next, wewanted to understand what potential factors could be influencing this regional
variation and found that mean EC and TP wengositively and significantly correlation with
road density andthe percentage ofmodified area.Lastly, we designed a novel method for
monitoring nutrient status in nearshore waters using periphyton that can be used by local
community members We found that the periplate results are sensitive to areas of high
human disturbance and may be used in volunteer monitoring programsrhe results of this
study can help theTGBand other similar municipalities make informed management

decisions andpolicies to protect the excellent water quality of Georgian Bay.
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CHAPTER 1: GENERAL INTRODUCTION

7A0AO0 AT OAOO xpb 1T £ %AOOESO O0O0O0OA&A@WAds, AOGO 1 A
2019). Despite its réatively small quantity, freshwater plays a vital role in supporting
biodiversity and ecosystem healthasit is home to 6% of all specie¢Dudgeon et al., 2006)
Not only is freshwater essential for the survival of many terrestrial and aquatic species, but
it is also critical to humans who rely on it for drinking, health, sanitation, navigation and
economic benefits like tourism and fishing. In Canada alone, sace fresh water is the
primary drinking source for approximately 28 million Canadians(Statistics Canada, 2021)
Due to the fundamental need for clean water, in 2010, the United Nations declared access
to clean water a human right(De Albuquerque, 2014)

The largest source of freshwater within Canada is the Laurentian Great Lakes,
AAAT O1T OET ¢ A& O ¢mnb I (@verimdnt of Cadddad 2008)AgE AdnE x AOA O
supplyingl T A OEEOA 1T £ #A1T AAEAT O xEOE AOET EET C xAOR
OA A OA A OE i(KraAtiberd\8OBdd,2@06) The use of recreational waters provides
many health and economic benefits to North Americans and have been specifically
protected under the Great Lakes Water Quality Agreement (GLWQEPA & ECCC, 2012)
Around the world, excellent water quality is highly valued by the public and is assoc¢é
with better general and mental health, with people willing to travel an hour further for
cleaner water(Keeler et al., 2015; Keniger et al., 2013; White et al., 201Recreational
water also has huge economic benefits. In the Great Lakes alone, recreational boating is

valued at $2.2 billion and the commercial, recreational, and tribal fisheries are worth $7.5

billion annually (Krantzberg & Boer, 2006)



Theserecreational benefits, however, are reduced when water quality is degraded.
Fish populations suffer, human health ishreatened and property values decrease upwards
of 22% when located neaturbid and algal infested water(Gibbset al., 2002; Wolf &
Klaiber, 2017). Unfortunately, fresh water is under immense threat from anthropogenic
activities and from extreme weather events linked to climate change; in fact, it has been
classified as the most threatened resource on the planet, and inland waters specificatlye
most at risk of being degradedDudgeon et al., 2006; Garcia Moreno et al., 2014As vast
as the Great Lakeare, climate change and human activities have led to degradedter
guality due to pollutants in runoff from agricultural and urban development, as well as
industrial and domestic effluents(Dudgeon, 2019; Kerr et al., 2016; Reid et al., 2019)
particularly in the more highly populated southem Great Lakes (Erie and Ontario) and
southern Lake Michigan(Host et al., 2019) One notable exception is Georgian Bay, the
eastern arm of Lake Huron, which has been assessed as generally having excellent water

guality and having great recreational appeal to tourist¢Sly & Munawar, 1988)

Georgian Bay, the Sixth Great Lake

Georgian Bay is located entirely within Canada and covers approximately 15,000 km
(Sly & Munawar, 1988) making it almost 80% the size of Lake Ontario (19,@km?2;
Herdendorf, 1982). Named in honour of King George IV by CaptainAU ZAZE AT A6 O | Al EOA
survey of 181922 (Landon 1944 inSly & Munawar, 1988, it is joined to the main part of
Lake Huronby a channelformed by Manitoulin Island to the north and the Bruce Peninsula
to the south, withawidth of ~30 km. There are, however, several large islands in the
channel, namely Fizwilliam Island and Cove Island, and the longest distance of unimpeded

water is ~14 km (measured in GIS)Unofficially, Sly& Munawar (1988) called it the sixth
2



Great Lake die to its relatively large sizeand James Barryx OT OA A AT Gebrgidhl OEOI A
Bayg OEA 3 E @ Omoting tbah $aduel dd EhArplain, the famous explorer, called it

OEA O&OAOExAOAO 3AAG x(Eahy, 1985AIn Wbk, Ge AT AT O1 OAOA
emphasized that Georgian Bay is not merely an appendage or arm of Lake Huron, but a

body of water with as big a history and character as other Great Lakétis worth

mentioning that this naming of Georgian Bay as the Sixth Great Lake peeles the brief

period in 1998 during which Lake Champlain(surface area of only 1,269 kr#) was

declared by the U.S. Senate as the sixth Great Lake.

Georgian Bay is great in other respectas well. In recognition of the 30,000 islands in
eastern GeorgiarBay (from Port Severn to French River), making it the largest freshwater
archipelago in the world, he United Nations Educational, Scientific and Cultural
Organization designatedt as a Biosphere ReserveThis highlightsits importance as an area
for migratory and island-nesting birds and overall high biodiversity which includes 840
native plant species, 170 types of breeding birds, 44 mammal species and 34 species of
reptiles and amphibians(50 of which are species at riskGeorgian Bay Biosphere, n.d.lts
world class trophy muskellunge fishery is also oéconomic and ecological importance
because it isthe only selfreproducing muskellunge fishery in the Laurentian Great Lakes
(Leblanc et al. 2014) Another unique feature ighe Precambrian Shield bedrock and thin
acidic sal that underlies this region,making it unsuitable for agricultural development
(Weiler, 1988) and thus free of the negative effects of agricultural runoff. The many stands
of windswept white pine that grow between rock outcropshave been captured in the iconic
paintings of the Group of Seva and have become instantly recognizable as a syl

Georgian Bay



Until the 19t century, the only human settlements in Georgian Bay were by
Indigenous communities that had lived there for 9000 year§Stone, 2008) During the
1600s, the Huron people settled on the southern shores of Georgian Bay and began to farm
and trade with the early French explorerdKetcheson, n.d.) Fur trade was very lucrative
during the 17t and 18h centuries, but European villages did not become established
around the many furtrade posts until the 19h century. As fur trade declined, however,
European settlers began to exploit the abundant fish, including a thriving commercial
fishery of lake trout and whitefish, as well as pickerel, pike, sturgeon, herring, and bass
(Ketcheson, n.d.) The Georgian Bay Lumber district began in 1872 and was the most
important district for producing pine lumber in Ontario (Electric Canadian Company, n.d.)
Pine lumber operations were active in eastern Georgian Bay until largescalédfires
(Meek, 1991)and dwindling stock eventually led to their demise by thet920s (Scott,
2018). According to McCuaig2004), the Ministry of Natural Resources estimated that
there was almost complete removal of th virgin stands of pine, hemlock and yellow birch
from 1880 until the early 1940s.

During the late 1800s, freight and passenger vessels began to transport goods and
people tovarious parts of eastern Georgian Bay and this allowed development of fishing
camps, general stores and cottages; more and more steamship passengers liked what they
saw and expressed an interest in overnight stays, and this led to the building of summer
resorts and hotels such as the Bellevue, Ojibway and Skerryvore Hotels during first
decade ofthe 20™ century in Pointe au Baril (McCuaig 2004 seeFigure 1.1). Further south
in the hamlet of Honey Harbour, the Victoria House located in the present day Delawana

Inn, opened in 1897, and the Royal House was opened in 19(&one, 2008) Because of



lack of roads, guests of these hotels had to take a steamer from Victoria Harbour (near
Midland) to Honey Harbour and other points north (i.e. Go Hoe Bay and Parry Sound;
Floren & Gutsche, 1994)

BecauseGeorgian Bays primarily a summer destination, few cottages have been
built for year-round use and manycottagesare still only accessible by boat due to the
limited road development.Both of these factors explain why thevater quality of Georgian
Bay has been kept in excellent condiin compared toLakes Erie and Ontaripand isalso
the primary reasonwhy there is highbiodiversity (DeCatanzaro et al., 2009; Maynard &
Wilcox, 1996; Weiler, 1988) To maintain good water quality thetwo townships
responsible for the quality of nearshore wates establishedlong-term monitoring
programs totrack changes in water qualitybeginning inthe 2000s. Twelve Mile Bay is the
boundary between the two townships; theTownship of the Archipelago (TOA) stretches
from Twelve Mile Bay north to the French Riveand includes the city of Parry Soundvhile
the Township of Georgian Bay (TGB) stretches south from Twelve Mile Bay to Severn
Sound and includes the towns dPort Severn and Honey Harbou(seeFigure 1-1). Being
located closer to large urban centers isouthern Ontario, TGB haghe highestcottageand
road densities, and attracts thegreatest number of summer visitors, particularlyin Honey

Harbour and Severn SoundFischer & Associates & Murray Consulting, 2014)

Water-Quality Monitoring Programs

Water-quality monitoring programs vary greatly according to the type of water
bodies being surveyed and the purpose of the monitoring. Typical parameters in surface
water monitoring programs include physicochemical variables (e.g. temperature, specific

conductance, pH, dissolved oxygen, and water toidity, total alkalinity), primary nutrient
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concentrations (e.g. forms of phosphorus and nitrogen), major anions and cations (e.g.
calcium, carbonate, bicarbonates, chloride, sodium, potassium, sulfate), biotic variables
(e.g. fecal bacteria, planktonic ashperiphytic chlorophyll, zooplankton and benthic
invertebrates), and sometimes trace elements and meta(glexander et al., 1998; Chow
&OAOAOh ¢mnmen /6" OEAT AO Al 8h c¢mpoen 6AO0OEOOEA
For recreational use in areas such as Georgian Baypst monitoring programs tend to
focus onpresence of pathogensuch asbacteria and viruses thatcan cause health issues in
humans including cholera, gastroenteritis, typhoid fever, diarrhea and skin irritation
(Dufour, 1984; Payment et al., 2003; Wade et al., 200Bven though these pathogens tend
to occur in low densities, presence of only a small number will pose a risk to human health
(Ishii & Sadowsky, 2008; Rodrigues & Cunha, 20174 common indicator of fecal
pathogens isEscherichia col(EC), which itself is not necessarily pathogenic, but which
resides in the intestinal trads of animals where fecal pathogeneriginate. Another concern
is elevated levels of phosphorus, the most limiting nutrient in freshwater, which can result
in eutrophication and lead to algal bloomsteduced water clarity, depleted dissolved
oxygen levelsand aquatic dead zone¢Bhateria & Jain, 2016; Conley et al., 20D9n
extreme casessuch as irSturgeon Bay(TOA) and Port Severn(TGB),toxic blue-green
algae bloomgalso referred to as cyanobacteriajpave occurred agecently as2021 (see
Figure 1.1 Conley et al., 2009; Heisler et al., 2008T herefore early detection oincreased
concentrations of total phosphorus (TP)s particularly important in Georgian Bay to

prevent cultural eutrophication (Lambert et al., 2008)



Volunteer monitoring programs

Successful monitoring programs have often involved volunteers and local citizens
(Stepenuck & Genskow, 20185uch programs often use simplified tools (e.g. Secchi disk)
and/or methods that rely on use of bioindicator species that are sensitive to environmental
conditions (Holt & Miller, 2010; Rasenberger et al. 2008. These alternative methods must
be inexpensiveand require minimal training and laboratory equipment. For nearshore
waters of Georgian Baythe two target variables of interest are densities of EC and
concentrations of TP Traditional methods used to measure these variabldgve involved
tedious protocols, expensive equipment and caustic chemicals that are not suitable for
volunteer programs (Byappanahalli et al., 2012; Schang et al., 201@he Coliplate™
(Bluewater Biosciences, Toronto, ON) waisitroduced asan alternative to the traditional
culture-based, membrane filtration methodusedto quantify fecal coliform densitiesand
has proven to beeffective for quantifying E. colidensity in inland streams and rivers
(Gibson et al., 2021)The biomassof benthic algaegrowing on rocks and sediment
(periphyton) and or on leaves of plants (epiphyton) have beerelated to the concentration
of TP inwetlands (McNair & ChowFraser, 2003)and streams(Tedeschi & ChowFraser,
2021) because these singlkeelled algaerespond quickly to changing nutrient status(Lowe
& Pan, 1996; Rosenberger et al., 2008)herefore, they may be a good biouticator of TP

concentration in freshwater ecosystemgAloi, 1990; Lambert et al., 2008)

Existing Monitoring Stationsn Georgian By
Besides the question of what to monitor, there is also the question of where to
monitor. For Georgian Bay, sampling stations have been established in the bay since April

2000 as part of the Great Lakes Water Quality Monitoring and Surveillance Data Pram
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(Environment and Climate Change Canada 2023)owever,location of these stations do

not align well with the nearshore zone of eastern Georgian Bay. By comparison, the
provincial Great Lakes Nearshore Assessment (GLNA) was conducted by the Ontario
Ministry of the Environment, Conservation and Parks between 2003 and 2005, with the
objective of documenting ambient water quality conditions (nutrients, majorions, and
physico-chemical parameters) incoastal areas of easterand northern Georgian Bay
(OMECP 2023). Of the 132 locations surveyed, 69 occurred along the nearshore zone of the
TOA, while 40 occurred along the nearshore zone of the TGB; all were sampled primarily in
the spring, summer and fall of 2004 and 2005. The Severn Sound Environmental
Association (SSEA; unpublished data) has alswonitored nutrient concentrations in Severn
Sound,including water surrounding the Town of Honey Harbour North Bay, South Bay,
Honey Harbour, Oak BayfFigure 1-2). By far, the only comprehensive dataset for fecal
bacteria in nearshore waters offOA and TGBad been surveyed by Schiefer and Schiefer
(2009 and 2010, respectively), who monitored E@ensitiesthroughout the summers
between 2000 and 2009at over 100 sites in these townships. There are also accompanying

TP concentrationsat the end of the summer for most sites.

Provincial Guidelines

In 2022, the Canadian governmenteleased updated waterquality guidelines for
primary contact recreation with respect to fecal bacteria. Primary contact activities are
those that involve intentional or incidental immersion in natural waters (e.g. swimming,
children wading in water) and do not apply to secondary contact activities such as

canoeing, kayaking, fishingHealth Canada, 2022)For EC, the Beach Action Value (BAV;,



single cultured sample) is235 colony -forming units (CFU) per 100 mL . Health Canada
(2022) indicates that the basis of these guidelines is the link between EC densities &hd
increased risk of adverse human health outcomes from exposure to human sewage. When
recreational areas are impacted by wildlife/birds and not by hunan or ruminant fecal
pollution, then the risk of gastrointestinal illness may be lower at the same EC densities
because fewer human pathogens are expected to be present. Therefore, microbial source
tracking methods should be used to determine probable soaes of fecal contamination to
help characterize exposure risks in different areas of contamination. Further, Health
Canada recommended that when there is very low risk of human or ruminant fecal
contamination, development of alternative criteria may be beeficial on a sitespecific
basis.
There is no guideline for TP in regards to recreational usehowever,the Ontario
Ministry of Environment, Conservation and Parks recommends that TP concentrations
should notexceedc m t C¥, OI elaydl gtowthAODBEODAEAOI A 11 0 AGAAA
to protect against aesthetic deterioration(MOE, 1998) The Canadian Council of Ministers
of the Environment (CCME) has recommended a tiered approach where TP concentrations
should not i) exceed predetermind OOOECCAO OAT CAO6 AlsdndvdEq ET AOA
the baseline level{ CCME, 2004)Using these recommendations, the Severn Sound
Environmental Associ® ET 1 j 33 %! qh DHOI T OAA A OAOCAO T £ p:
(Severn Sound Environmental Association, 2023yhich is in alignment with the TP
guidelines from BritishCd O1 AEA8 O - ET E OO O (BritishEolOribia Mtistr) E OT 1 1 A

of Environment, 2019). Lastly, there are no national or provincial guidelines foplanktonic



bil T AGO T O #(,1 Ai1TAAT OOAOCEI T ON EIT xAOGAOh OEA
shouldOAT AET A A (Skvern Sopun@ Environmental Association, 2021)
SpecificGuidelines for Georgian Bay

During the synoptic surveys conducted byschiefer & Schiefe(2009, 2010) in the
nearshore regions @ eastern Georgian Bay, they found that in undisturbed open water,
background levels of EC tended to be below 10 CFU/100 mL and TP concentrations were
below 10 pg/L. These findings, as well as the importance dhaving good water quality to
maintain the lifestyle and economy ofGeorgian Bay prompted Schiefer & Schiefer to
recommend specific Georgian Bay Water Quality Objective€BWQO) of 10 CFU/100 mL of

%# AT A pm tC¥, 1 /&£ 408

Thesis Objectives

The overarching objective of this thesis is to r@ssess the current waterquality
status of nearshore waters of the Township of Georgian Bay atmlcompare howEC
densitiesand TP concentrationshave changed sinc¢he last survey bySchiefer and
Schiefer.As well,we wanted to determine if environmental conditions (e.g. yeato-year
water levels, weather conditions, etc) and anthropogenic activities (shoreline modifications
and recreational development) are influencing water qualityin six broad regions within the
Township. To achieve these objectives, the Chefraser labdeveloped a sampling program
during the summer of 2020that included most of the sites sampled by Schiefer and
Schiefer and added somadditional sites thatwere of current concern to theTownship of
Georgian BayFor this thesis,we calculatedmeanseasonal densities of EC and
concentrations of TP in sixnajor regions within the nearshore waters of the TGBetween

2020 and 2022 (majority in 2021 and 2022) and compared these thistoric data
10
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(mentioned previously). We also correlated pollutant levels with variables of human
disturbance (e.g. road density, building density and dock density) to investigate tltivers
of water-quality impairment in this region. Finally, we developed and tested a novel
method for tracking changes imutrient statusin nearshore watersusing periphyton as a
bioindicator. This new methodcould be easilycarried out by volunteers with limited
training in community -based monitoring programs.Information on current hotspots of
fecal bacteria and TP should be followed up with microbial source tracking so that the
Township will be able to confirm the source of the pollutants and take sps to protect and

preserve the excellent water quality of Georgian Bay.
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Figure 1.1: District boundaries of the townships along the southeastern shoreline of
Georgian Bay and location of the major towns. The size of the circle is
proportional to the seasonal population of the towns.
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Figure 1.2: Monitoring stations in the nearshore of the Township of Georgian Bay sampled
by the Ontario Ministry of the Environment and Energy (currently Ontario
Ministry of Environment Conservation and Parks) during the Great Lakes
Neashore Assessment between 2003 and 2005 as well as those sampled by
the Severn Sound Environmental Association.
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ABSTRACT

The Township of Georgian Bay (TGB located in the southern portion of eastern
Georgian Bayincludes six major regions(Twelve Mile Bay (TMB), Wah Wah Taysee (WW),
Go Home Bay (GB)), Cognhashene (COG), Honey Harbour (HH) and Oak Bay (OB))iard
very popular cottage and tourist destination, known for its excellent water quality, diverse
recreational opportunities, and striking natural beauty. Despite the importanceof good
water quality, there is no ongoinglong-term monitoring program in TGB except in the
most southerly region near the town oHH, themost recent longterm study of the entire
shoreline in the TGBhaving been carriedout between 2001 and 2009(Period 1). Between
2020 and 2022 (Period 2) we re-sampled36 long-term sites for E. coli(EC)densitiesand
total phosphorus (TP)concentrations inHH, COG, GH&hd TMB (which includes WW.
Here, we compareEC and Thhetween Periods 1 and 2using onlydata collectedunder fair-
weather conditions during peak sunmer months. For 80% of the siteshat had been
sampled at least twice we found ageneral decrease in EEom Period 1 to Period 2 and we
attribute this to effects ofdilution associated with a mean increase irwater levelsof over 1
m betweentime periods. Honey Harbour and Oak Balgad the highest mean EC and TP
valuesandthe greatest exceedances with respect to théeorgian Bay Water Quality
| AEAAOEOA 1T £ pmn # &5 THe Significant pgositike cormelatipn®@tweed £ 4 0 8
EC and TRwith r oad density and percentage modified land ussupports our hypothesis
that cottage and recreational developmenhas been the driver of waterquality impairment
and that increased use and access tottageshave led to failing septic systems and

subsequent mllution of nearshore waters byfecal bacteria and nutrients.
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INTRODUCTION

GeorgianBap OEA AAOOAOT AOi 1T &£ , AEA (00T Th
, A Eiff@ymally by scientists (Sly & Munawar, 1988)and by historians(Barry, 1995). Itis
well known for its excellent water quality, making it a hotspot for cottagers and tourists
who are drawn to diverserecreational opportunities that include swimming, water sports,

fishing and appreciating nature Therefore, goodwater quality is important for survival of

the diverse fish and wildlife populations, but also for maintaining the lifestyle and economy

of the township (Fischer & Associates & Murray Consulting, 2014An important first step
to protecting recreational water in Georgian Bays to regularly monitor its water quality
and trackincremental changes over timgDudgeon, 2019; Myers, n.d.)lt is also important
to understand the spedfic drivers of water-quality impairment in Georgian Bay so that the
management agency can create policies and{gws to prevent degradation.

An important variable to monitor in recreational waters is fecal bacteria(FB), which
in high densities can indicate the presence of human pathogens that could cause severe
gastrointestinal illnesses(Health Canada, 2022)FB groups that have been used as fecal
indicators include coliform bacteria measured as Total Coliform (TC) d&. coli(EC) and
Fecal Enterococcus (FE). TC refeto a group ofgram-negative bacteria within the
Enterobacteriaceadamily that posses [ -galactosidasg(Payment et al., 2003and are
found in the intestinesof warm-blooded animals,but alsooccur naturally in nutrient -rich
water and decaying plant materialstherefore, TC is not specific for fecadathogensand is
rarely usednow for evaluating risk to human health(Rodrigues & Cunha, 2017)FEis a
group of grampositive bacteria(28 species) thatpossess the_ancefield group D antigenit

is also found in the intestines but do not occur naturallyFisher & Phillips, 2009; Payment
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glucuronidaseenzymes, is only found in the intestines of warablooded animals and has
been used extensively as amdicator of fecal pathogenn freshwater (Kiran et al., 2018;
Payment et al., 2003) It can beaccuratelydetectedand is often the bacteria of choice for
monitoring freshwater in many countries (Health Canada, 2012; US EPA, 2012; Wade et al.,
2003). For marine ecosystems, howevelEis the bacteria of choicebecausethey have a
greater salt tolerancecompared to EQHealth Canada, 2012; US EPA, 201P)espite these
findings, both EC and Flhave been used atecalindicators in freshwater, and there is
equivocalevidencethat these FBcan be used interchangeablyGotkowska0 € AAEOA A O
(2016) showed a positive correlation between thesé&B, but others have found contrasting
results and concluded that theyshould notbe used interchangeablyJeng et al., 2004;
Kinzelman et al., 2003)

The presence of fecatoliform bacteria in surface waterscan be detectedn several
ways. The gold standard for enumerating=Bis by serial dilution of the sampleand then
using membrane fitration to concentrate the bacterig after which the filter is cultured on
selective medium incubated at35°C andcolonies are counted(Byappanahalli et al., 2012)
Even though this method is accuratet can take up to 48 hours for conclusive results to be
reached and this lag time can expogée public to unacceptable health riskgByappanahalli
et al., 2012; Schang et al., 2016Jhe ColiplatéMis an alternative to culture-based and
membrane filtration methods that uses definedsubgrate technology todetect theenzymes
in EC ¢ -D-galactosidase ang -D-glucuronidase), turning these blue and fluorescent under
UV light (Edberg et al. 1991)Growth of EC only requires a 24 incubation period, and EC

densities are calculated based on the Most Probable Number meth@dPN). Investigators
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who compared results of themembrane filtration and culture method with those obtained
with Coliplate™ found no significant differences (Lifshitz & Joshi, 1998) however,
limitations of the Coliplate™ include subjectivity with deciding if a well is blue or
fluorescing, and the logistical difficulty of having a singlendividual processing a large
number of samples(Gibson et al., 2021)The TECTA BL6 (Pathogen Detection System,
Kingston, ON; henceforth referred to athe TECTA), is a rapid microbial detection system
that detects the twoenzymes specific to EC (mentioned above)nvestigators found no
significant differences among resultof the three methods Bramburger et al., 2015; James
et al., 2007; Schang et al., 201&)ut the TECTAwas able b quantify ECdensities within a
maximum of 18hours and detect exceedances of the provincial standard within four hours
(Bramburger et al., 2015) The drawback of the TECTA is its high cost, but its small
footprint (making it highly portable) ,and lack of user bias are great advantagéSchang et
al., 2016)

The density of EC in recreational waters can be influenced by several natural and
anthropogenic factors, and it is important to determine their individual effects to ensure
proper interpretation of results, especiallywith several data sourcesPollutants suchas
nutrients and FBcan vary temporally with hydrological conditions. High water levelscan
result in a dilution of nutrients (Montocchio & ChowFraser, 2021) and these lower
concentrations can be misinterpreted as an improvement in watequality conditions. As
well, when water level risesthe dispersal of FBis dampened regardless of an actual
increase inFBdensity or not (Oglesby, 1968; Welch et al., 1992ncreased water levels
may also reducehe amount of wind -resuspendedFBfrom the sedimentand

simultaneously increasethe amount of flushingfrom the open water of GB inteenclosed
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bays, further decreasing bacterial densitiegKann & Walker, 2020; Wang et al., 2022PDn
the other hand, high water levels mayead to increased density oFBentering the bay via
point sourcesand increase thdikelihood of septic systems being flooded when they are
located close tathe shoreline (Butler & Payne, 1995) Low water levek can reverse the
effects of high water leveldy concentrating nutrients andFB, decreasing thevolume of
enclosedbaysand reducingthe dispersal of pollutants; as well, there is increased
probability of nutrients and FBin bottom sediments being stirred up(Leira & Cantonati,
2008; Wang etal., 2022)

Precipitation is anotherfactor that canincreaselevels ofnutrients and FB in surface
waters (Ackerman & Weisberg, 2003; Coulliette & Noble, 2008; Lyautey et al., 2011)
Rainfall can increase runoff, bringing excess nutrients and other pollutants iothe water,
as well as resuspend sediments that may contain these pollutantisevy et al., 2018;
Powers et al., 2021; Silva et al., 2014Runoff may also contain sewage from failing septic
systems that have become inundated with stormwatefWithers et al., 2014) These
scenarios worsenwhen extreme rain events occur after long periods of droughtecause
rainwater does not percolateasreadily into the soil when the velocity of the runoff is high
(Strauch et al., 2014)Since climatechange is expected to increase both the frequency and
magnitude ofextreme precipitation eventsduring the summer, this factor will likely
increase the level of nutrients and FB in Georgian Bélgendergrass & Knuttj 2018; Prein
et al., 2017)

Modification of the shoreline related tocottage and recreational developmentan
also have a negative effect on surfaseater quality. Numerous studies have shown a

positive correlation between increased FB and nutrients ath percentage urbanized land in
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watersheds(Hawbaker et al., 2005; Mallinet al., 2000; Powers et al., 2020; Simpson et al.,
2021). Other studies have also shown an increase in pollutants witharinasj + EOAUZ 31 EOE
& White, 2006) and road density(Campbell & ChowFraser, 2018; DeCatanzaro et al., 2009;
Hawbaker et al., 2005; Houlahan & Findlay, 2004; Simpson et al., 202Ihis is because
landscape modifications lead to increasetmpervious surfaces anddecreasedriparian
vegetation (Strauch et al., 2014) Impervious surfacescanlead to ahigher volume and
frequency of polluted runoff entering GB compared witmatural land coverand vegetation
(Jacob & Lopez, 2009; Malii et al., 2000) Runoff amount andconcentration of pollutants
further increaseswhen there is a direct connection between urbanized areas argfreams
(Hatt et al., 2004) With increased cottage developmet, there is increased possibility of

raw sewage entering GB from failing septic systems due to improper maintenance, overuse
and/or inadequate sizing(Rodrigues & Cunha, 2017US EPA, 2006

Lastly, increased nutrient and FB concentrationsan be found inboating anchorages
which are often enclosed bay$Schiefer & Schiefer, 2010; Sobsey et al., 2008) such
enclosed bays, water circulation can be limitedand thisallows nutrients and FBto
accumulate(Campbell & ChowFraser, 2018; Payment et al., 2003)This can be worsened
by sewagebeing leaked from holding tanks orive-aboard boatsor if there isillegal
dumping of blackwater.

Good waterquality in the nearshore zone okoutheastern Georgian Bay isf great
importance to the Township of Georgian BayTGB)because all aspects of the economy,
culture and lifestyle of its residents depend onhis. Despite the importanceof goodwater
quality, there is no ongoing longterm monitoring program in TGB except in the most

southerly region near the town of Honey Hebour. The most extensivesampling program
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had beencoordinated by Schiefer and Schiefe(2010) between 2001 and 2009, in which
over 100 siteshad been sampled by volunteergor EC and TRluring the summer
throughout the Township (including inland lakes) There has been no replacement
program since thisended over a decade agd his isproblematic because since 2009, there
has been increasedisage ofcottagesyear-round, as well asintensive recreational
development including a residential and goHcourse development in Oak Bay. Secondly,
between 2009 and 2020, there has been an approximately 1m increase in water levalsS
Army Corps of Engineers, 2023)both of which may havedd to changes irthe nutrient
status and FB densities in GB

Localgovernance is the most effective way to manage water qualitfVithanachchi et
al., 2018) therefore, the TGB municipal government is the most appropriate political body
to develop programs,policies,and regulations to address waterguality issues in
southeastern Georgian Bay. e objective of this thesis chapter is tavork closely with the
TGB Council to develop a sampling program to monitor the nearshore surface waters in the
same areas that had been sampled by Schiefer and Schiefer (20Bpecifically,we will
assemble the neessary information to asses$ong-term changes in EGlensitiesand TP
concentrations between Period 1 (2001-2009) when water levels were near record low,
and Period 2 (20232022), when water levelswere ~1 m higher. Secondlywe will identify
hotspots of EC densities and TP concentrations within the TGB, and thirdiye will
investigate thepotential drivers influencing regional variation in FBand nutrients. These
results should allow the TGB Council to determine further steps they need to o

protect and preserve the excellent water quality of Georgian Bay.
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METHODS

Description of Study Site

We sampled in nearshore areas of six major regions of the TGB. We will refer to each
region according to the closest waterbody or cottage associati@s follows (from south to
north): Oak Bay (OB), Honey Harbour (HH), Cognashene (COG), Go Home Bay (GHB), Wah
Wah TaySee (WW) and Twelve Mile Bay (TMBTJ#&ble 2.1; Figure 2.2). Of the six cottage
regions, OB is accessible by road while COG, GHB and WWbalgaccessible by boat, and
HH and TMB have a mix of boadccessible and roaehccessible cottages. We used ArcGIS to
measure the shoreline length within each region and applied a buffer ofkim to calculate

the area of the coastal zone for each regioiféble 2.1).

Historic data sources for longterm comparison

The first objective was to determine how current water quality in nearshore waters
of the TGB compares with historic waterquality conditions in the same regions during the
2000s. We found four primary data sources with data ofB (E. coli(EC);colony forming
units (CFU)/100 mL) and/or total phosphorus (TP; pg/L) that could be combined to
represent water-quality conditions between 2001 and 2009 in five regions of the TGB.€.,
all except OBTable 2.2). The largest and most comprehensive datasetas from Schiefer &
Schiefer (2010), who recruited dozens of community volunteers to sample in five
nearshore regions(all except OB)between 2001 and 2009 forECand TP.This dataset had
been collected by Schiefer & Schiefer to specifically track changes in watgality of
nearshore waters of TGBThe second dataset comes from P. Cheflwaser (unpub. data),
who sampled coastal wetlands and nearshore areas of eastern Georgian Bayn 2003 to

2019. The sampling locations and variables collectediffered each year depending on the
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purpose of the research projectswe only used data for EC and Tédllected between 2004

and 2009. The third dataset was assembled by the Ontario Ministry of the Environment
(currently the Ministry of Environment, Conservation and Parks)who surveyed nearshore
waters that corresponded to the TGB during 2005 (Great Lakes Nearshore Assessment; see
Chapter 1); their dataset included many variables and sites, but we only used TP for leng
term comparisons. The last dataset comes frothe Severn Soundenvironmental

Association (SSEAaNnd containsTP concentrationscollected at various locations in Severn

Sound since2003 to present.

Differences in samplinoschedule

Historic (Period 1)

When all data sources were combined, there wastatal of 126 sites that had been
sampled on 2103 occasionsbetween 2001 and 2009n five regions of TGB (all regions in
Figure 2.2 except OBTable 2.3). For simplicity, we will refer to this time interval as
Period 1.EC densities were available for 88ites (sampled 1704 times) whereas TP
concentrations were available for only 69 sites (sampled 383 times). These sites had been
sampled from one to twelve times between May and November (day 123 to day 314) over
the 9 years. While EC samples were collectédrom 1 to 6 times over a single year, TP was

generally sampled only once a year in late summer (early to mileptember).

Current(Period 2)
Between 2020 and 2022, we sample87 siteson 907 occasions in all six regions of
the TGB (all regions inTable 2.3; Figure 2.2). For simplicity, we will refer to this time

interval as Period 2.The siteswe sampledincluded a subset othose sampled in Period 1
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by3 AEEA £A O Q010) AsEnellagafewsdeSthat were identified as being areas of
concern by the TGBCouncil These new sitesncluded those associated with increased
recreational activity and whereseptic systemswere at risk of beingflooded during Period

2 in the five historic regions. As well, we included sites If©B,where a golf course and
condominium complex had been built after 2009 andhat had NOTbeen previously

sampled by Schiefer and SchiefeDuring Period 2, we visited 78 sites and analyzed 428
water samples forECdensities; in addition, we visited 85 sites and analyzed79 samples

for TP concentrations Alldata were collectedbetween mid-Juneto early September @ay
156 to day 252). See Appendix 1 for a complete list of sites and Appendix 2 and 3 for maps
of all sites We aimed tosample all hotspots (sites with elevated values) in all regions at
least once a year during Period 2nd to sample sentinel sites (site that had high EC and TP

values in Period J from 2 to 4 additional timeseach year

Differencesn timing of sampling
SAEEAZAO AT A B3AEEAZEAOGO j¢nmpmq AAOA xAOA
various community associations who volunteered their time, and in many cases their boats,
to collect water samples for testing; however, moreletailed and intensive waterquality
sampling in the HH and COG areas were carried out by graduate students under the
supervision of Dr. Michael Goss, University of Guelph, during 2002 and 2003. Bacterial
testing was frequently conducted following intensive use in mooring bays (Sunday every
or Monday morning) in mooring bays and following major rain events in bays with high
cottage density. By comparison, we carried out our sampling between 08:00 and 20:00,

during fair-weather conditions and before, during and after rain events.
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Sampling methods

Water samples for EC were collected in sterile containers from a depth of ~30 cm
(approximately where adult volunteers can submerge their arms from a boatpll water
samples were placed in a cooler containing a freezer paakd then brought to acottage
(historic) or lab (in current period) for processing, usually within 8 hours of collection. If
processing had to be delayed, samples were kept in a refrigerator and processed within 12
hours of collection. Water samples for TP were collected in ¢hsame way as for EC except
that sample containers were previouslyacid washedto avoid contamination. Water
OAiI I AO AT 11 AAOGAA AU O11 01 6AAOO ET 3AEEAZAO
coolers and sent to be analyzed by Maxxam Laboratories (Missauga, Ontario) or the
OMOE laboratory (Dorset, Ontario). Samples collectéa Period 2were kept in a freezer in

a lab in Honey Harbour and transported tdVicMaster Universityat the end of the season.

Analytical methods

E. coli

Volunteers inPeriod 1usedColiplate™ Test Kits (https://bluewaterbiosciences.com// ),

which uses the defined substrate method to deted. coli The plates contain substrate with
4-methylumbelliferyl -3-D-glucoronide, which is selective for detection oB-glucoronidase
activity when E. coliis present.The 96 wells ofthe Coliplates™ were filled with raw water
and incubated at $°Cfor 24 hours; after incubation, we determined the number of wells
that turned blue, which were interpreted as positivefor Total Coliform (TC)and the
number of blue wells tha fluoresced under UV light, which were interpreted agositive for
EC.The number of postive wells were counted and converted to density (colony forming

units (CFU)/100 mL) based on theMost Probable Number (MPN)&ble. Fecal bacteria
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samples were generly processed within 4-6 hours ofwater collection. In Period 2,E. coli
sampleswere enumerated with the Pathogen Detection System (PDS) TECTALB. The
TECTAIs an automated microbiological platform that uses Polymer Partition technology
(Bramburger et al., 2015) Our unit was professionally installed by PDS iatemporary lab
spacethat wasmade available forthis project by the TGB CouncilAs recommended, we
performed calibrations using local water at the start of the2020 sampling period and used
a validation cartridge each week before the first set of tests were rulVe poured al00-mL
aliquot of raw water into a PDS cartridgecontaining proprietary media for E. coliand
swirled it gently until all the reagents had been dissolvedsamples were incubated for a
period of 2 to 18 hours at a temperature 085°C, highly contaminated sampleswith E. coli
could elicit a pogtive result within two hours, whereas uncontaminated sampleg< 0

CFU/100 mL)would remain negativewhen incubated forup to 18 hours.

Total Phosphorus

All water samples were stored fozen until the day they were processed for TP. First,
samples were taken out of the freezer to thaw, and once they reached room temperature,
we digested 50 mL of unfiltered raw water withpersulfate in an autoclave After the sample
cooled, we used the molybdeam method of Murphy and Riley(1962) to measureTP
concentrations. Sanples submitted toMaxxam Laboratories andhe OMOE laboratory at

Dorsetwere also analyzed for TP with aersion of the molybdenumblue method.
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Standardizing data for comparison

Coliplate’MvsTectafor EC

We had to first determine if theColiplate™ and Tecta yielded EC densities that were
directly comparable.For this direct comparison, wecollected 38 water samples from OB,
HH and GHB during July and August 2021 and 2022 These samples were split and
measured with boththe Coliplate™ and TECTA. We found a highly significant relationship
between EGectaand ECeolipiate (r2= 0.626; p<0.0001 Figure 2.3a); we also found a
significant relationship between TGectaand TColipiate, although there wagyreater
unexplained variation (r2= 0.151; p<0.0144 Figure 2.3b). We appliedEquation 1to
convert EGectato ECeoliplate t0 facilitate long-term comparison of EC densities between

Periods 1 and 2.

Eq 1: ECGrecta= 0.3667 + 0.7455 E€siiplate R2-value =0.626, P<0.0001

Effect ofrain intensity
Since sample$ad beencollected under different weather conditions, and effects of
rain events on water quality are well establishedAckerman & Weisberg, 2003; Coulliette
& Noble, 2008; Lyautey et al., 2011 we had toinvestigate the specific effect &
precipitation on EC density and TP concentrations our regions. We first classified rain
AOGAT 66 ET O o O2AET )1 OAT OEOGUS6 AAOACIT OEAON
fallen immediately beforeor during sampling. Categories 0, 1, 2, and 3 corresponded to O
mm, <2.5 mm, 2. 7.5 mm and >7.6 mm, respective\eC Data froml9 sitesand TP data

from 17 sites were used to test the effect of rain intensity. Weonfirmed a significanteffect

of precipitation categorieson both TP (Kruskal Wallis test; 0.0007) and EC da{&ruskal
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Wallis test; p=0.@5) (Figure 2.4a and b). These results indicated that we must control for

the effect of precipitation when conducting comparisons across time.

Monthly differences

We also compared differences in EC and TP valusm®ong months(June, July and
August), and given the possible confounding effect of precipitation, we only included fair
weather datafor this comparison. We used EC data fro283 sites in 2021 and 15 sites in
2022 and TP data froml6 sites in each of 2021 and 2022Figure 2.4c and d). In 2021, we
found no significant differences in TP concentrations among the three monthEigure
2.4c) but found significantly lower values forJuneEC compared withJuly (SteetDwass
test; P=0.0009; Figure 2.4d); it is noteworthy, however, that the lower valuescollected in
June were all collected during the first half of the monthlhere was no significant
difference betweenEC densities in July and AugusE{gure 2.4d). In 2022, we found no
significant differencesamong months for either EC or TRNe also notedthat the June EC
samples had been collected during the second half of the monifhese results indicated

that data from mid-June to end of August would be comparable.

Steps to facilitate comparisons among datasets

We usedEg. 1to convert EC densities Bumerated with the TECTA to be directly
comparable with Coliplate™ data. To avoid confounding effects of rain intensity, we used
archived daily rainfall data to exclude data from the historic data sourcehat had >1 mm
rain immediately before or on the day of sampling. We similarly excluded any data we
collectedduring Period 2 that corresponded to >1 mm rain. Finally, we restricted data to

only those sampledbetween June 19 (lay 170) and September 7 (lay 250) to minimize
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seasonal variation associated with level of cottage activitie8Ve had to extend the time
period to early September because almost all of the TP samples collected in Period 1

occurred once per year between end of August and September 9.

Anthropogenic disturbance factors

We first downloaded the relevant shapefiles for the TGB from Scholars GeoPortal

(Scholars GeoPortah.d.) The layers included the Ontario RoaNetwork (ORN; with data
as recent as January 2023) and th&outh-Central Ontario Orthophotography Project
(SCOOP; pixel = 16 cm resolution) imagery acquired in the spring and fall of 2018/2019
under snow-free and leafoff conditions. Within each region, we further delineated focal
areas based on location of sites and spatiaharacteristics such as density of cottages in the
area and presence of buitup areas (e.g. commercial properties) (se€able 2.1). We used
the 2018 SCOOP image in ArcGIS Pro (v. 3.03; ESRI Inc., 2022) to trace the shoreline of the
TGB and waterbodies (i.elakes, rivers) and to digitize the location of each dock and
building within the township. Finally, we delineated areas such as lawns, marinas, trailer
parks, golf courses and parking lots and commercial areas and will refer to these as
Oi TAEEEAA AOAAOOS

To calculate densities of roads, cottages, docks, etc, we createldkan buffer around
the landward side of the shorelineWe also calculated densities using 56 and 2km
buffers but found the 1km buffer produced the most ecologically relevant information. We
then calculatedthe total area of the buffer(ha) andthe total area of water (ha)and
subtracted the latter from the former. Thisremoved bodies of water, like lakes and
streams, from the total areasince these landcover features are not devel@a/modified .

Finally, buildings and dock densities (#/ha), road density (m of roads/ha)and area of
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modified and commercial land were calculated for each focal areethin the six regions

(Table 2.4).

Statistical Analysis

We usedSAS JMP 15.2for PC (SAS Institute In¢.2020z 2021) to conduct all
statistical analyses, which included theno® A OAT AOOEA 3 DPAAOI AT 8O #1 OO0/
regression analyss, the KruskatWallis test and theSteelDwass test for multiple
comparisons. Prior to analyse, we logtransformed EC,TPand TCvalues and arcsine

transformed proportions . All means reported are arithmetic.

RESULTS

Long-term Changes

E. coli

To conduct a direct comparison between Periods 1 and 2, we first standardized the
datasetto remove datacollected during rain events as well as those sampled outside the
period from mid-June to early September. There were 77 sitéom Period 1(2001 z 2009)
and 56 sitesfrom Period 2 (2020 z 2022), and of these36 siteshad been sampledat least
twice in both periods (Figure 2.5). They were distributed unevenly throughout the
Township, with 2 in TMB,9in GHB,6 in COGand 19in HH.During Period 1, all samples
taken exceeded the GBWQO of 10 CFU/100 mL) whereas during Perioth2,
overwhelming percentage of samples (81%) had mean EC densities <10 CFU/100 mL
(Table 2.5). There were 4 sites that exceeded the BAV guideline (235 CFU/100 mL) during
Period 1 compared with only 2 sites in Perio@. In pairwise comparisonsmeanEC

densitiesamong regionswere significantly lower in Period 2 than in Period 1(Table 2.6).
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Despite the overallreduction in EC densitiegdduring Period 2,19% (7 sites) of the siteghat
had exceeded the GBWQI@ Period 1continued to be above 10 CFU/100 mH-uring Period
2 (seeFigure 2.6). In fact, at three sites, theravas an increase between Periods 1 and ih
Bloody Bay(TMB), mean densities increased from 14.7+1.0) CFU/100 mL inPeriod 1to
71.6 (£64.9) CFU/100 mL inPeriod 2; similarly, the mean of 19.1(x2.0) CFU/100 mL in

& OA A AUB QCaF iAcrehsd to 95.8:94.8) CFU/100 mL from Period 1 to Period 2
and within a bay south ofthe North Bay Wetland(HH), mean densities increased from 16.6
(¥1.82) CFU/100 mL in Period 1 to 31.q+30.0) CFU/100 mL in Period 2(Figure 2.7;

Table 2.5).

Total Phosphorus

After standardizing the datafor meteorological conditions and timing of sampling (i.e.
during mid June to early September)wve found very little overlap between Periods 1 and 2,
with only 3 sitesthat had been sampled in both periodspf the 58 sitesthat had been
sampled forTPin Period 2(2020 z 2022), only 2 sitesfit the criteria (i.e. having been
sampledat least twicein both periods) (Figure 2.8). These sites were Cow Island and Inner
North Bay, both inHH. TP concentrations in both sites had decreasedvith Inner North Bay
falling from a mean of 12.§+0.45)t C An,Period 1to a mean of 9.§+2.11)t C An,Period
2, while TP concentrationsfor Cow Islandfell from a mean of 14.3+0.96)t C An,Period 1
to a slightly lower mean of 13.0(x2.62)t C An,Period 2. Only Cowlsland had a meanTP
concentration that exceedecdo m t C¥, ET Al OE PAOEIT AO xEAOAAO

TP concentration<p 1t t CHeriod EFigure 2.9).
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Current Areas of Concern

E. coli

Fifty-six sites had been sampled deast twice during fair-weather conditions within
the peak summer montrsin Period 2. Two sites were locatedin TMB, 9 in GHB 7 in COG
34in HHand 4 in OB Of these 70% were below 10 CFU/100 mL.but 11% had a mean
between 10-25 CFU100 mL, 5%had a mean between 2550 CFU100 mL, 5%had amean
between 50-100 CFU100 mL and 9%had amean >100 CFUL00 mL (Table 2.7; Figure
2.10). When ranked in descending order of mean EC densities, HH was the region with
highest density, followed by TMB, OB COGand GHB(Table 2.8). By comparison, when we
sorted the regions according to percentage of sites that exceeded the GBWQO, OB was
highest, followed by TMB, HH, COGnd GHB.Therefore, HH, OB, andTMB consistently had
higher mean EC and a higér percentage exceedanceompared to the other regions We
must point out, however, that only two sites inTMB were included in this comparison and
only one site (Bloody Bay) accourdd for all elevated EC densitis. Based on the generally
low EC densities measured at other TMB sites during Periods 1 and 2, we believe Bloody

Bay isnot representative of other sites inTMB.

Fifteen samplescollected at9 monitoring stations exceeded theBAVof 235 CFU/100
mL for a single samplg(Table 2.8). 3 A0AT 1T £ OEAOA xAOA ET (( ATA
North Picnic Island Marina, North Bay Wetlandasite locatedi OOOEAA 1T £ - AAAUS O
xAOI ATA AT A o xEOEET OEA xAOI AT AN AT OGaAO 11T A
Bloody Bay in TMBThere were also 8 sites that had a mean EC density >50 CFU/100 mL.
Six of these were in HHand 1 each in OB and COG. Specifically, they weréSalf Course

Point (51.8 CFU/100 mL), Outer Macey Bay (143.6 CFU), Macey Bay wetlahtha open
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water site (1354.2 CFU/100 mL) Macey Bay wetland afloating vegetation (127 CFU/100
mL) and Macey Bay wetland aémergent vegetation (352 CFU/100 mL)The three
remaining siteswere in the small bay south oNorth Bay wetland (111.4 CFU/100 mL),

&OAAAUBO #EATTAI jwu8oc #&5Fpmnm ),qQ ATA "11T1TAU

Total Phosphorus

We standardized the dataset according toain events and timing of sampling during
Period 2. Of theb8 sitesincluded in this analysis, 2 were distributed in TMB,7 in GHB,6 in
COG, 38 HH and5 in OB(Figure 2.10; Table 2.9). Sixty-two percent (36 sites) of the
sites met the GBWQQOwhile 29% hada mean TP betweerdO-¢ 1t C Fhadha mean TP
between20vm t CT, AT A dmPcofcdnikatiohthat ékdeédedv 1t (Eifure
2.10; Table 2.9). The region with the greatest mean Tias OB, followed by HH, TMB, GHB
and COQTable 2.10). Similarly, the region with the highest percentagexceedances was
OB followed by TMB, HH, GHBand COTable 2.8).In general, sitesn OB, HHand TMB
consistently had higher mean TP and a higér percentage of exceedancesompared with
those sites in COG and GHB. As was the case for EC densities in alVBevated TP
concentrations in TMB were measured aBloody Bay.

Of the 21sitesthat had TP concentratiors exceedingp 11 {, TL% were in HH, 14%
were in OB,10% in COGand 5% in TMB; notably, none werdn COETable 2.10). Thirteen
siteshad a mean TP concentratiorrp U { \@hith idithe trigger point for classifying a
water body aseutrophic and five sites had a mean TP concentration >2@/L, the
provincial water quality guideline. Sites exceeding 1% C Zvere Golf Course Point19.8
t¢r, qh ETTAO AT A 10088t h@AZ| ¢y Ol ARADAAOEARAU
Pond(18.8t C ¥ BagMew Marina Resort (26.8 pg/L), South Bay Cove Marina (17.6 pgiL)
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I OOAO - ARATEY anddi@ll three sitesin the Macey Bay Wetlandspecifically

in open water (29.1ug/L), in floating vegetation (65.7 ug/L) and in emergent vegetation

(31.41 C 7. Of@he remaining two, onavas in Woods Landing Wetland25.2t C¥, @ AT A OE/
other in the Sand Run 28.71t C ¥ Th€@aximum TP concentrations in these sites all

exceeded 18.0 pg/L, some in excess of 100 ug/L.

Potential drivers of water-quality impairment

To investigate potentialdrivers of water-quality impairment within the TGB, we
organized the databaseccording to13 focal areas base@n metrics that reflected the
degree of human development along the shoreline. Theetrics included building density,
dock density, road density, percerdgemodified land-useand percentagecommercialized
land (which is part of the modified land-use) (Table 2.4; Figure 2.2). In general,highest
building density was associated withBC highest dock density with IHH, and highest road
density with OB.Areas with little to no road density were located in GHB, COG and WW.
The percentage modifiedland usewas highest in OB, and only slightly lower in BC and IHH,
while very minimal land-use alterationwas associated with COG, GHB, ant/B. In general,
the five most northern focal areas (TMB, WW, GHB, C@al CL)experiencedthe lowest
human disturbances (ow cottage and dock densies, no road density, and <1% of modified
and commercializedland along the shoreling while the focal areasn the two most
southern regions generally had high cottage and dock densisghigh road density and a

high percentage of modified and commercialized area {14%).

When we correlated the two pollutants(TP and EGwith the metrics of human
disturbances, we found a significanpositive correlation between both mean TP and mean

ECand road density (0.75 and 0.63 respectively)Table 2.11). Mean EC (0.50) and TP
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(0.66) were also postively correlated with the proportion of modified land use butonly the
correlation with TP was statistically significant. No other pairwise correlation was

statistically significant.

DISCUSSION

Temporal changes

Of the 36 sites that were eligible for comparisons between period8,1% had lower EC
densitiesin Period 2. This generakeduction in EC densitiess likely a reflection of the
dramatic increase in Georgian Bay water levels betwegreriods rather than an actual
reduction in loading of fecal bacterian recent years Yearto-year water levelsin Lake
Huron have historically fluctuated byalmost2 m over a cycle of 8 to 12 years; in 1999,
water levels dropped and stayed at record low levels for 14 years, and then steadily rose
(Montocchio & ChowFraser, 2021) reaching historic highs in 2020, and has continued to
be relatively high until 2022 (US Army Corps of Engineers, 2022)igh water levels have
increased the volume of water in embayments so that even without redurgy loading of
nutrients and suspended solids, concentrations of total P and turbiditievelsin wetlands
and embaymentswould be decreased(Chen2022; Wang et al., 2022)A greater volume of
water and more flushing between enclosed bays and the open water of G&s probably
allowed for greater dispersal of fecal bacteriaand led to reduced bacterial densitiegKkann
& Walker, 2020; Wang et al., 2022)

There can be exceptions to the diluting effect dfigh-water levels. For example, rising
water levels couldflood septic systems (septic tanks and/or drainfields) and disrupt the

proper treatment of waste effluent(Butler & Payne, 1995; Withers et al., 2014)especially
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when they are sitedtoo closeto the high water mark. This mayhaveled to untreated
sewagedirectly contaminating bay water with fecal bacteria and nutrients(Butler & Payne,
1995; Withers etal., 2014) Three sites in Period 2 had higher EC densities in Period 2
compared with Period 1, and thesewerg 1 T T AU " AU ET 4-"h &@AAAUBSO
abay south of North Bay Wetland withinHH. Ofthese? 1 T T AU " AU AT A &OAAAUS
measured EC densities that exceeded the BAV for a single sampié three sites have
relatively high cottage densities. In additionBloody Bayis road accessible andhas a public
boatramp while& OAAAUG O #EAT T Al EO A -AdoddboasQeei 11T OET C
satellite images of these sites ifrigure 2.11). Weattribute the elevated densities of fecal
bacteria to therelatively high cottage densities and high recreational activitieassociatd
with these sites
For the two sites thatwe could compare directly between time periods, we foundP
concentrationsto be lower in Period 2 Like what we observed for EC densitieswe
attribute these lower concentrations to the diluting effect of increaed water volume
associated with the tm increase in water levels between time periodgViontocchio &
Chow-Fraser (2021) also found noobvious change in land use or reduction in population
size to account for such a drop in nutrient concentratiofin coastalmarshes in Georgian
Bay.Therefore, weexpectnutrient concentrations to increase agairnin the short term when

water levels return to low levels

Current Areas of Concern

Majority of measured EC densities (70%) and TP concentrations (62%) welelow
the GBWQroposed by Schiefer and SchiefdR010), indicating that overall water quality

in the nearshore surface water of TGB still in very good condition. Nevertheless some
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sites in HH, OB and TMBonsistently exceeded the GBWQO fdaoth EC and TRseeTable
2.8 and 2.10). Since only a single site was responsible for all elevated pollutant levels, we
believe the waterquality impairment is restricted to Bloody Bayin the TMB region. For HH
and OB, however, the problem seems to be more widespreal except one of eleven sites
thathad TPAT T AAT O OA O E (a trigher ginvfor pu@adbphication) were within OB
and HH.The three sitesin Oak Baywere adjacent the Oak Bay Golf and Marina Community
(Figure 2.11). Golf coursesare known be significant sources of nutrient loading to both
groundwater and surface water(Baris et al., 201Q Lewis et al., 2002) Bock and Easton
(2020) estimated typical losses of 1.5 kg/haly of P and 2-20 kg/haly of N, although there
is a large variation in export rates of up to 23 orders of magnitude. They emphasized the
need for best management practices to reduce nutrient leaching dmunoff, including the
installation of vegetative stream buffers

Fifteen of our sites had ECdensities thatexceeded the BAV (235 CFU/100 mL), which
Health Canada uses as a basis for public health advisor{@022). Sevenof them were in
HH and four of thesewere in wetlands (Macey Bay WetlandFigure 2.13 and North Bay
Wetland; Figure 2.12). Macey Bay Wetland is adjacernb a former 165-acretrailer park,
where there had been 35 trailersand two sewage lagoons, and where currently there is a
site plan agreementfor 180 new trailers. Chow-Fraser (unpub. data)used the Tecta B16 to
measure EC densities i3 wetlands throughout southern Ontarioand Georgian Bay
during the summer of 2018 figure 2.15). Only two of these exceeded the BAV guideline,
these being Grenadier Pond and the Tommy Thompson Embaymentdgated inthe
heavily urbanized city of Toronto.Notably, EC densities irthree of the B wetlandswere

well below those ofMacey Bay and North Bay wetlands. Therefore, there is no reason to
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assume that all wetlandswvould have high EC densities. Microbial source tracking should be
used to identify the fecal sources contaminating the North Bagnd Macey Bay Wetlands to
ensure that the source is not from human sewage

All but one of thel3 sites that had elevated TP concentrations15 pg/L were found
in HH and OBTwo of the 3 OBsites werewetlands abutting the Oak Bay Golf CourseHole
#6 straddles thePotato Island Wetland), and 5 of the HH sites were also wetlands.
Wetlands tend to have higher TP concentrations than adjacent open waters, even when
they are pristine (deCatanzaro & ChowFraser, 2011) with mean TP concentrations of 16.4
pg/L (range from 9.3 to 33.8 ug/L);however,on averagemaximum TP concentrations
reached 72 ug/L,with the Macey Bay wetlanchaving the highest TP concentration 0£219.9
Mg/L, values that are excessively higher than unimpacted GB wetlands. TWacey Bay
Wetland has dense vegetation and low flushingate. It is located< 400m from an old
sewage lagoorof the trailer park, and during rain events, may receive some runoff from the
lagoon.Both Lily Pond and Woods LandingVetlandsare located at the end of narrow
channelsin close proximity to marinas and trailer parks.There were23 marinasin TGB as
of 2014, and19 (83%) of these weresited in HH (Fischer & Associates & Murray
Consulting, 2014). Previous studies have shown that impervious surfaces associated with
marinas and trailer parks can lead teelevated nutrients, especially during rain events
(Hawbaker et al., 2005; Simpson et al., 2021)

In general, the pollutant levels in GHBnd WW have met the waterquality guidelines
proposed by Schiefer and Schiefer (2010) and have not changed over the past two decades.
By contrast, bothHH and OBhave hotspots with elevated EC densities and TP

concentrations that should be investigated ftther . Some isolated bays in TMEBloody
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Bay)and COG & OA A A U Oavé $héwin bighs ofldegradationSchiefer and Schiefe
(2010) alsofound the highest levels oECand TPto be atHH sitesduring their almost
decadelong surveillance program and thg attributed this to high levels of lakeshore
development and human activity. NBwhich is road accessibleand SB, with several
marinas and trailer parks,were specifically mentioned in the report aexamples ofareas
with high levels of lakeshore developmenand low flushing, which has beenconfirmed to
impact water quality by Campbell and ChowFraser (2018). Therefore, drivers of water
quality impairment should be related to indices of human development (road density,

building density, % impervious surfaces).

Indices of human development

The significant positive correlations between mean TR/sroad density, TP vs
proportion of modified area, andEC vs road densityare consistentwith the literature that
show impervious surfacesare a significant source of fecal and nutrient loadin¢Hatt et al.,
2004; Jacob & opez, 2009 Powers et al. 2020. Precipitation falling on bare pavement and
unvegetated surfacesespecially those with a direct connection to water bodiegre more
rapidly conveyed into water bodies(Strauch et al., 2014)carrying with it nutrients and
other pollutants that would otherwise be filtered out by vegetation( Mallin et al., 2000)
This effect is increased when there is a direct delivery mechanism to water bodies, like boat
ramps, pipes,or roadways since there are naiparian zonesto impede the flow. Secondly,
roads allow greater access to the GB shorelin@creasingfrequency of cottage use and
extending the season when cottages can be usddawbacker et al(2005) found that as
roads becameestablished, housing and cottage development soon folled across 19

predominantly forested counties in northern Wisconsin
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Roads also allow for ggreat number of people to visitcottages at a higher frequency
compared to cottages that are only accessible by bo&hiandet & Shermar(2014) found
that the number of residences increased dramaticallgue to increased road access HH
over the past several decade With increased cottage useseptic system usage also
necessarily increasesThis is important in the TGB as residents rely heavily on septic
systems to treat wastesince theonly piped sewer services are located in MacTier and Ro
Severn(Fischer & Associates & Murray Caulting, 2014). When aging septic systems are
not maintained properly and begin to fail, they can dischargentreated sewage directly

into GB(Butler & Payne, 1995; Withers et al., 2014)

Future SamplingRecommendations

Long-term water-quality monitoring is vital to understand how conditions have
changed overtime however, the type of synoptic surveys conducted in regular surveillance
programs by Schiefer and Schiefer (2010) and by us cannot be used to pinpoint the exact
location of leakages from cottages or from liv@board boats in boat anchorages, because
sites @annot be sampled with sufficiently high temporal and spatial resolution to detect
leakages. As well, leakages tend to be amplified during storm events and most sampling
programs are conducted during fairweather conditions for comparison purposes. Thse
synoptic programs can, however, identify hotspots of elevated EC and TP that should then
be strategically sampled. Since the highest percentage exceedances for both EC and TP
were associated with the HH and OB regions, a future strategic sampling program st
focus on these two regionsln addition,” 1 T T AU " AUh & OAAAUG €houldE AT T Al
also be sampled more frequently and during storm events to determingources of the fecal

bacteria and/or elevated TP concentrations.
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Within the HH and OB regionswe recommend sampling near locations with
increased human development sinc@P and EC levels are positively correlated witlroad
density andpercentagemodified area This includes continued sampling at Hidden Glen in
HH (enclosed bay with a trailer parf, Woods LandingMarina in HHand" OAT AU O #1 OA
Marina in HH. The TGB should be prepared for increased pollutant levels again whemter
levels decreasesincedispersal of pollutantswill be reduced (Leira & Cantonati, 2008
Montocchio & ChowFraser, 2021). TMB is a long, narrow bay withimited mixing with GB
proper, especially at the east endgCampbell & ChowFraser, 2018) It is also the only bayin
the northern region of the township with road access. Asiscussedearlier, road access
leads to increased development and cottage useéhich can expog GB water to increased
levels of fecal bacteria and nutrientgHawbaker et al., 2005) This could be more
problematic for cottages inTMB with steep shorelinesand shallow soils, which are less
than ideal for proper siting of septic systems.

Health Canada (2022) recommends that Microbigdource Tracking (MST)be
conductedwherever elevated EC densities are tmd. FBin recreational water can come
from numerous sources including discharged sewage, wilend domesticated animals,
runoff from agricultural and urban areas andfrom swimmers (Health Canada, 202). Host-
specific microbial DNA markers including humansewage andgulls, are used to determine
the source of FBand has been used to successfully source EC in the Humber River in
Toronto (Staley et al., 2016) Toronto Harbour andthe Don River(Edge et &, 2021).
Sourcing FBallows governments to make informed decisiongn terms of safeguarding
public health and site remediation since pathogens from humanwaste are considered to

have the most significant risk to human healtl{Edge et al., 2021; Health Canada, 2022

49



the high counts of EC are due to humaewage, then TGB would be well advised to inspect
all septic systems in the affected area to ensure that failing systems are fixed to prevent
further leakages.Monitoring water quality during and after rain events should also be
conducted within TGBbecaug rainfall can mobilize pathogendgrom the land, especially
after prolonged dry periodsthat canconcentratethem (Levy et al., 2018) Increased
surface runoff from rain events can lead to elevated FB in standing water and in beaches
(Levy et Powers et al., 2021; Silva et al., 203 4urface runoff can increase EC in urban
creeks and stormwater outfalls from illegal sewage hookupéEdge et al., 2021; Staley et al.,
2018).

Health Canada recommensladopting management strategieso reduce water
quality impairment by identifying factors that may lead tathe introduction of harmful
pollutants before remediation is required(2022). One way is to limit the number ofoad-
access lots along the shoreline since regions that are only accessible by boat (like COG, GHB
and WW) have lower incidence of exceedances and appear to have better water quality
overall. Policies and programs should belevelopedto ensurecottage ownes inspect their
septic systemsregularly and maintain them properly. Future research should focus on
understanding how increased rainintensity and duration may affectwater-quality

impairment, especially in areas that do not have good water exchange wi@B water.
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Table 2.1: Description of sampling stations (with abbreviated codes in bracket) in théve
regions and focal area# this study. Bolded numbers are the shoreline length
and area of thecoastal zone See locations in Figure.l

Region Focal Area

Description

Oak Bay (OB)
31 km, 1000 ha

Oak Bay (OB)

Most southern region, not sampled historically;
near golf course anccondominium
development

Honey Harbour
(HH)

Macey Bay (MB)

Marsh adjacent former trailer home park and
sewage lagoon, not sampleduring Period 1

120km, 5050 ha 6 AT T EBRYQ\BD

Open water outside Vennings Bay, not samplec
historically

Severn Sound Open Wate|

(SSO)

Open water of Severn Sound

Quarry Island (QI)

Shoreline and shoals of Quarry Island

"OAT AUBO #1 0O

"OAT AUBO #1 OA - AOET Ah
Bay; near Yachting Centre, surrounded by
cottages and docks

Inner Honey Harbour
(IHH)

Church Bay, Nautilus Marina, Picnic Island,
shoreline of Honey Harbour and Mermaid
Island;

National Park (NP)

Shoreline of Beausoleil Island, Georgian Bay
Islands National Park; Chimney Bay, Long Bay
Treasure Bay, open water

North Honey Harbour
(NHH)

Channel to Cognashene; Frying Pan Bay, Deel
Island Channel

South Bay (SB)

East of Inner Honey HarbourSouth Bay Cove
Marina, South Harbour Marina; cottages

North Bay (NB)

Northeast of Inner Honey Harbour; Woods
Landing Marina, Hidden Glen Trailer Park,
community centre; cottages

Cognashene (COG) Cognashene (COG)

Open water and boating anchorages; Longuiss
"AUuh (1T AEAU 30EAE " AU

150 km, 3770 h
m a Cognashene Lake (CL)

Rocky lake with cottages and access to greatet
Cognashene

Go Home Bay (GHB' Go Home Bay (GHB)
110 km, 2930 ha

Open water and narrow bayprimarily with
cottages

Wah Wah TaySee
(Ww)

Wah Wah Taysee (WW)

Open water and islands, American Camp, King
Bay Marina

91 km, 2580 ha Tadenac Bay (TB)

Owned by private fishing club

Twelve Mile Bay
(TMB)

81 km, 3020 ha

Twelve Mile Bay (TMB)

Most northern region, long and narrow bay;
Moose Deer Point Marina
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Table 2.2: Data sourcedor long-term comparison of fecal bacteria and nutrients in the nearshore waters of the Georgian Bay
Township. SSEA = Severn Sound Environmental Association, OMOE = Ontario Ministry of Environment (now the

Ministry of Environment, Conservation and Parks).

#of #of
Source Years Location Sampling Frequency Month Day of Year Variables Sites Samples
Schiefer 2001 HH, COG, GHB, WW TMI Between 1z 8times  June-Sept 1817246 EC, TP 46 235
2002 HH, COG, GHB, WW, TM Between 1z 8times  June-Sept 1817261 EC, TP 36 147
2003 HH, COG, GHB, WW, TM Between 1z 9times  May- Sept 13772257 EC, TP 42 252
2004 HH, COG, GHB, WW, TM Between 1z 6times  June-Sept 1827250 EC, TP 40 160
2005 HH, COG, GHB, WW, TM Between 17 12 times June-Sept 1787265 EC, TP 50 242
2006 HH, COG, GHB, WW, TM Between 1z 6 times  July- Sept 1847253 EC, TP 68 271
2007 HH, COG, GHB, WW, TM Between 1z 8times  June-Sept 1817264 EC, TP 65 290
2009 HH, COG, GHB, WW, TM Between 17 10 times May - Oct 1792279 EC,TP 66 271
Chow- 2004 OB Once June 154 - 160 TP 3 3
Fraser 2005 HH Once Aug 243 TP 1 1
2008 OB Once July 184 TP 3 3
2009 HH Once June 161 TP 1 1
This 2020 OB, HH, COG, GHB, TME Between 1z5times  Junez Aug 1707232 EC,TP 51 91
study 2021 OB, HH, COG, GHB, WW Between 1z 8 times  Junez Sept 1567252 EC, TP 82 303
TMB
2022 OB, HH, GHB, TMB Between 1z 7times  JunezSept 1717244 EC,TP 63 165
SSEA 2003 HH Biweekly Mayz Sept 1427273 TP 3 24
2005 HH Biweekly May z Oct 1237301 TP 3 38
2008 HH Biweekly May z Oct 1277302 TP 3 33
2009 HH Biweekly May z Nov 1257314 TP 3 38
OMOE 2005 HH, COG, GHB, TMB 3 times a year End of April, 115-300 TP 31 93
July and Oct
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Table 2.3: Frequency, location, and time o$ampling for EC and TP in all years in the nearshore waters of TGBindicates no
samples were collected.

Sampling # of # of
Year Region Variable Frequency Month Day of Year sites samples
2001 HH EC 1z 8times Julyz Sept 1917246 13 46
TP Once Sept 3 3
COG EC 5z 8times Julyz Sept 1917 246 10 70
GHB EC 7 times June- Sept 1817244 7 49
ww EC 7 times Junez Aug 181-241 5 35
TMB EC 5 times Junez Sept 201-244 6 30
2002 HH EC
TP Once Sept 7 7
COG EC
TP Once Sept 1 1
GHB EC 6 times Julyz Aug 1827217 11 66
TP Once Sept 6 6
WW EC 7 or 8 times Julyz Sept  195- 261 5 37
TMB EC 3 or 4 times Junez Aug 1817243 6 23
TP Once Sept 6 6
2003 HH EC 7 or 8 times Mayz Sept 137 7 257 8 62
TP 1 or 8 times May z Sept 142 7 27 6 27
COG EC 7 or 8 times Mayz Sept 137 7257 5 36
GHB EC 8 or 9 times Junez Sept 1727245 12 99
TP Once Sept 6 6
wWw EC 4 times Julyz Aug 2027243 4 16
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Table 2.3 continued

Sampling # of # of
Year Region Variable Frequency Month Day of Year sites samples
2003 TMB EC 4 times Julyz Aug 1867242 6 24
TMB TP Once Sept 6 6
2004 OB EC
TP Once June 154, 160 3 3
HH EC 1 or 5times Julyz Sept 192 7 250 6 26
TP Once Sept 244 7 7
COG EC 4 or 5 times Julyz Sept 1927 250 4 17
GHB EC 4 or 5 times Junez Aug 182-236 14 69
WWwW EC 2 times Aug 218, 228 3 6
TMB EC 5 times Julyz Sept 186 - 250 6 30
TP Once Sept 6 6
2005 HH EC 52712 times Julyz Sept 1837253 11 72
TP 1716 times Mayz Oct 115-301 12 66
COG EC 6 times Julyz Sept 1857 253 8 48
TP 3 times Mayz Oct  116-300 4 8
GHB EC 276 times Junez Aug 1787241 14 69
TP 3times Mayz Oct 116z 300 4 8
WWwW EC -- -- -- -- --
TP 3 times Mayz Oct 1177299 3 9
TMB EC 5 times Julyz Sept 206 7 265 6 30
TP 3 times Mayz Oct 1177299 11 27

64



Table 2.3 continued

Sampling # of # of
Year Region Variable Frequency Month Day of Year sites samples

2006 HH EC 5 or 6 times Julyz Sept 184 7 253 18 96
TP Once Sept 13 13

COG EC 5 times Julyz Sept 186 7 246 8 40

TP Once Sept 5 5

GHB EC 5 times Julyz Aug 184z 240 14 70

Ww EC 4 times Julyz Aug 1997243 4 16

TMB EC 4 times Julyz Aug 190z 240 6 26

TP Once Sept 6 6

2007 HH EC 5 or 6 times Junez Sept 1817251 19 103
TP Once Sept 12 12

COG EC 2 or 5 times Julyz Aug 1837242 8 37

TP Once Sept 2 2

GHB EC 6 times Julyz Sept 1837 264 14 84

TP Once Sept 5 5

WW EC 8 times Julyz Aug 1907 243 2 16

TMB EC 4 times Julyz Aug 18827230 6 24

TP Once Sept 6 6

2008 OB EC
TP Once July 184 4 4

HH EC

TP 11 times Mayz Oct 12727302 3 33

2009 HH EC 1 or 6 times Junez Sept 1797249 19 74
TP 1z 15 times Mayz Nov 1257314 14 56

COG EC 5 times Julyz Aug 1847239 8 45

TP 1 or 2 times May, Sept 3 5

GHB EC 6 times Julyz Oct 2017279 14 84
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Table 2.3 continued

Sampling # of # of
Year Region Variable Frequency Month Day of Year sites samples

2009 GHB TP 2 times May, Sept 5 10
WWwW EC 4 times Julyz Sept 199 - 248 6 24

TMB EC 2 times Julyz Aug 190z 235 6 12

2020 OB EC
TP 1z 3 times June-Aug 1757232 2 4

2020 HH EC 1z2times July, Aug 202, 230 22 24
TP 1z 5times June-Aug 1707230 28 53

COG EC 1z2times Aug 218, 226 8 10

TP 1z 3times June-Aug 1707226 9 17

GHB EC Once Aug 224 5 5

TP 1z 3times June-Aug 1817224 7 10

TMB EC Once Aug 231 2 2

TP 172 times June- Aug 1817231 2 3

2021 OB EC 5 times June- Sept 158 7 250 4 20
TP 1, 6 times June- Sept 158 7 250 5 25

HH EC 177 times June- Sept  156- 251 39 141

TP 177 times June- Sept 156 - 251 38 118

COG EC 177 times June- Aug 159-231 11 39

TP 1z 7times June- Aug  159-217 8 31

GHB EC 27 5times June- Sept 167 - 252 11 46

TP 2277 times June- Sept 167 - 252 9 40

WWwW EC

TP 2 times June, Aug 167, 221 2 2

TMB EC 1 or 5 times June- Sept 167 - 252 4 8

TP 1z 6times June- Sept 167 - 252 4 10
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Table 2.3 continued

2022 OB EC 37 5times June-Aug 172-228 4 16
TP 175 times June-Aug 172-228 5 18

HH EC 177 times Junez Sept 171-244 46 110

TP 1z7times Junez Sept  171-244 52 138

GHB EC Once July 195 4 4

TP Once July 195 5 5

TMB EC 3 times Junez Aug 173-221 1 3

TP 3 times June-Aug 173-221 1 3
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Table 2.4: Mean EC (CFU/100 mL) and Total P (TP; pg/L) measured durifgriod 2

(2020-2022) in focal areas in nearshore waters of th&@ownship of Georgian
Bay. Building density(count/ha), dock density (count/ha), road density (m/ha),
% area modified (MOD; e.gmarinas, trailer parks, golf courses, parking lots,
lawns) and %commercial area COM)within 1 km circular buffer around the
shoreline of each focal area.

Focal Mean Mean  Building Dock Road
Region Area EC TP Density  Density Density %MOD  %COM
OB OB 31.2 15.7 0.88 0.51 0.0474 13.49 12.89
HH IHH 12.2 9.9 0.05 2.09 0.0030 11.09 6.85
SB 5.3 14.3 0.48 0.24 0.0166 1.57 0.77
NB 30.6 9.5 0.74 0.61 0.0057 2.88 2.13
MB  358.7 36.7 0.61 0.08 0.0276 1.60 0.52
BC 3.9 9.5 1.79 1.48 0.0033 11.29 4.61
NP 0.7 15.0 0.17 0.09 0.0000 0.18 0.00
COG COG 18.2 6.3 0.25 0.06 0.0000 0.01 0.00
CL 2.8 4.8 0.25 0.25 0.0000 0.00 0.00
GHB GHB 3.0 9.5 0.13 0.04 0.0000 0.02 0.00
ww ww 1 5.0 0.11 0.16 0.0011 0.68 0.18
B 1 2.2 0.01 0.01 0.0000 0.00 0.00
TMB T™MB 40.1 9.3 0.11 0.03 0.0060 0.40 0.18
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Table 2.5: Mean® SE of EGcolony forming units (CFU)) in nearshore waters of the TGB
for focal areas sampledetween Period 1(2001-2009) and Period 2 (2020-
2022). N refers to the number of samples used to calculate meawndl surface
water sampleswere collected under rain-free conditions between June 19 and

Sept 7inclusive. All historic sites exceeded 10 CFU.

% > 10
FocalArea ID Nperiod 1 NPeriod 2 Mearperiod 1 Meanperiod 2 Period 2
BC 1001 10 7 33.3°6.7 4.0° 1.3 0
1002 2 4 175° 2.1 6.5°5.5 25
1003 10 7 36.1°55 6.7° 5.2 14
1049 6 4 21.5°55 2.0°1.2 0
1050 8 6 76.7 ° 40.8 2.8° 2.0 17
1053 6 7 35.2°6.7 1.4° 0.8 0
IHH 1007 10 5 21.4°1.9 8.4° 43 40
1008 10 6 197.8 ° 168.0 30.8° 23.6 50
1051 6 7 38.6 ° 5.9 11.0° 7.7 29
Ql 1054 6 3 27.0° 4.3 0.7° 0.3 0
1074 6 5 29.6 ° 6.7 11.4° 8.8 20
1075 7 3 20.6 ° 4.2 1.0° 0.0 0
1076 4 4 14.2 ° 0.8 3.3°1.9 0
NB 1055 10 2 19.9° 25 1.0° 0.0 0
1057 9 2 16.6 ° 1.82 31.0° 30.0 50
2024 6 3 13.4°1.0 4.0° 1.7 0
NHH 1013 15 5 21.2° 24 16.6° 9.6 40
1058 14 2 18.4° 1.6 0.5° 0.5 0
0SS 1052 8 4 15.0° 2.8 0.3° 0.3 0
CL 1019 10 3 149°1.0 4.7° 4.2 33
COG 1015 13 2 22.7 ° 3.0 6.0° 5.0 50
1016 29 2 175°1.9 1.0° 0.0 0
1018 24 3 19.1 ° 2.0 95.3°94.8 33
1038 21 4 101.2 ° 80.5 53°2.8 25
1069 21 2 17.2 ° 0.8 0.5° 0.5 0
GHB 1022 38 2 18.3°1.6 1.0° 0.0 0
1023 39 2 165°1.2 0.0° 0.0 0
1024 31 2 16.0 ° 0.9 8.5°85 50
1025 39 2 175°1.2 0.0° 0.0 0
1027 28 3 16.4° 0.9 7.3°4.1 33
1070 33 3 26.6 ° 7.5 0.7° 0.7 0
1071 21 3 149 ° 0.9 6.3° 1.7 0
1072 38 3 19.7° 2.1 1.3° 0.7 0
1090 36 2 21.1° 3.7 2.0°1.0 0
TMB 1035 19 2 17.3° 1.0 1.0° 0.0 0
1036 20 5 14.7 ° 1.0 71.6 ° 64.9 60
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Table 2.6: Change in distribution of sites in density categories of E@CFU100 mL) in
nearshore waters of the Township of Georgian Baypr samples measured
during both Period 1 (2001-2009) and Period 2(2020 z 2022). The Beach
Action Value (BAV) is 235CFU/100 mL (Health Canada 2022). Numbers in
bracket correspond to mean EC densities (CFU/100 mL).

% of sites in density category

EC Densities
CFU/100 mL Period 1 Period 2
<10 0% 81%
10-25 72% 8%
25-50 19% 6%
50-100 3% 6%
>100 6% 0%
Exceeding BAV  Musquash Channel (COG &OAAAUBO #
@y (COG) (285)
7 | A OAIl AUDO Bloody Bay
(HH) (354) (TMB) (331)

North Picnic Island Marina
(HH) (1709)

Monument Channel
(GHB) (257)
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Table 2.7: Mean® SEEC densitie CFU100 mL) in nearshore waters of the Township
of Georgian Bayneasured duringPeriod 2 (2020 z 2022). Samples were
collected at least twice between June 19 and Sept 7d9arface water during
rain-free days.Bolded sites have EC density > 10 CFU.

Focal Ste # of
Region Area Number  Samples Mean® SE % > 10
HH OB 1011 6 51.8 ° 32.6 50
1012 6 7.2 ° 4.6 17
1205 6 43.2 ° 149 67
1206 6 225 °94 50
HH BC 1001 7 40°13 0
1002 4 6.5°5.5 25
1003 7 6.7 ° 5.2 14
1049 4 20°1.2 0
1050 6 2.8°2.0 17
1053 7 1.4°0.8 0
HH IHH 1007 5 8.4°43 40
1008 6 30.8 ° 23.6 33
1009 3 23°13 0
1010 3 1.7 ° 0.7 0
1051 7 11.0 ° 7.7 29
HH MB 1004 5 143.6 ° 63.4 80
1005 4 9.3°41 50
1006 3 0.3°0.3 0
2080 5 1354.2 ° 1260.8 100
2081 6 127.0 ° 64.2 50
2082 6 352.0 ° 157.3 83
HH Ql 1054 3 0.7°0.3 0
1074 5 11.4 ° 8.8 20
1075 3 1.0° 0.0 0
1076 4 33°19 0
HH NB 1055 2 1.0°0.0 0
1057 2 31.0 ° 30.0 50
1059 2 4.0° 3.0 0
1065 2 16.5 ° 15.5 50
1066 2 45°45 0
1067 4 1.8°0.3 0
1068 5 111.4 ° 108.9 20
2024 3 40°17 0
HH NHH 1013 5 16.6 ° 9.6 40
1058 2 0.5°05 0
HH NP 1020 3 0.7°0.3 0
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Table 2.7 (continued)

Focal Site # of
Region Area Number  Samples Mean® SE % > 10
HH SB 1064 3 10.0 ° 9.0 33
HH SSO 1052 4 0.3°0.3 0
COG CL 1019 3 4.7° 4.2 33
COG COG 1014 3 1.3°0.3 0
1015 2 6.0 ° 5.0 50
1016 2 1.0°0.0 0
1018 3 95.3 ©94.8 33
1038 4 53°28 25
1069 2 05°0.5 0
GHB GHB 1022 2 1.0°0.0 0
1023 2 0.0°0.0 0
1024 2 8.5°8.5 50
1025 2 0.0° 0.0 0
1027 3 7.3°4.1 33
1070 3 0.7°0.7 0
1071 3 6.3°1.7 0
1072 3 1.3°0.7 0
1090 2 20°1.0 0
TMB TMB 1035 2 1.0°0.0 0
1036 5 71.6 ° 64.9 60
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Table 2.8: Comparison of EC densities (CFU/100 mL) in each site or region measured
in samples collected in Period 2 under fatweather conditions. Sites that
were highestare bolded. BAV=Beach Action Value @35 CFU/100 mL. Site
codes are in bracketg see explanatim of site code in Appendix 1. Sites that
are underlined are marinas whereas sites that are bolded are wetlands.

Category OB HH COG GHB TMB

Mean EC 31.2 82.6 17.9 3.2 51.4
% sites exceeding GBWQC 75% 35% 14% 0% 50%

# sites above BAV 0 7 1 0 1
(1001) (1018) (1036)
(1004)
(1008)
(1068)
(2080)
(2081)
(2082)

Mean EC densities > 50 1 6 1 0 1
(1011) (1004) (1018) (1036)
(1057)
(2080)
(2081)
(2082)
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Table 2.9: Mean® SETotal Phosphorus (TP{ g/L) concentrations in the nearshore waters
of the Township of Georgian Baguring Period 2 (2020 z 2022). Samples were
collected at least twice between June 19 and Sept 7 in the surface water during
rain-free days.Bolded sites have a mean TP concentratio>10t g/L.

Focal Site # of
Region Area Number  Samples Mean ° SE % > 10
HH OB 1011 6 174 ° 2.0 100
1012 8 10.0° 1.7 50
1202 2 8.6 °1.3 0
1205 6 235 °2.0 100
1206 6 15.6 ° 2.0 83
HH BC 1001 9 9.4°0.6 44
1002 4 9.6 ° 0.7 50
1003 8 11.0 ° 0.7 75
1049 3 76°25 33
1050 5 59°1.1 0
1053 5 85°12 60
HH IHH 1007 8 11.2 ° 25 38
1008 7 10.1 ° 0.7 43
1009 6 9.0°1.3 50
1010 7 9.0°14 43
1051 5 6.4°0.8 0
2017 2 164 ° 1.2 100
HH MB 1004 9 215 ° 3.3 89
1005 5 15.1 ° 1.9 100
1006 2 9.0°3.9 50
2080 5 35.8 ° 6.6 100
2081 6 88.7 ©29.8 100
2082 6 35.3 ° 5.6 100
HH Ql 1054 2 10.1 ° 3.6 50
1074 4 6.4°1.7 0
1075 2 6.2°0.4 0
1076 3 8.8°1.7 33
HH NB 1055 2 40°11 0
1057 2 5.2°0.7 0
1059 3 89°34 33
1065 2 45°0.1 0
1067 4 8.0°11 25
1068 5 14.6 ° 3.2 80
2019 3 18.8 ° 3.9 100
2023 4 6.7 ° 0.7 0
2024 4 96°21 25
2025 3 8.7°14 33
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Table 2.9 (continued)

Focal Site # of
Region Area  Number  Samples Mean ° SE % > 10
HH NHH 1013 5 5.1°0.9 0
1058 2 6.8 ° 0.2 0
HH NP 1020 2 15.0 ° 7.0 50
HH SB 1064 3 144 ° 2.6 100
2026 3 13.0 ° 2.6 67
HH SSO 1052 3 76°17 0
COG CL 1019 2 48°1.1 0
COG COG 1014 4 53°0.6 0
1015 2 6.8 ° 4.6 50
1016 2 6.4°1.1 0
1018 2 9.1°0.8 0
1038 3 6.3 °0.9 0
GHB GHB 1022 3 6.8°04 0
1024 2 99°45 50
1027 5 16.3 ° 6.2 60
1070 2 2.6° 2.6 0
1071 2 2.6°1.8 0
1072 3 8.7°14 33
1090 3 12.8 ° 2.5 67
TW TW 1035 2 8.1°0.6 0
1036 6 12.1 ° 3.3 67
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Table 2.10: Comparison ofmean TP concentration (ug/L) in each site or region
measured in samples collected in Period 2020 z 2022) under fair-
weather conditions. Sites that were highesare bolded. Site codes are in
brackets? see explanation of site code in Appendix Bites that are
underlined are marinas whereas sites that are bolded are wetlands.

Category OB HH COG GHB TMB
Mean TP 15.6 14.9 6.3 9.9 11.1
% sites exceeding GBWQC 60% 40% 29% 0% 50%
# sites with TP >10 pg/L 3 15 0 2 1
(GBWQO)
# sites with TP > 15 pg/L 3 9 0 1 0
(Trigger for (1011) (1004) (1027)
eutrophication) (1205) (1051)
(1206) (1064)
(2017)
(2019)
(2080)
(2081)
(2082)
# sites with TP > 20 pg/L 1 4 0 0 0
(Provincial Guideline) (1205) (1004)
(2080)
(2081)
(2082)
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Table2.11: 3DPAAOI AT 60O 2ATE #1 OOAI AOGET 1T #1 AEEEAEAT O
and mean EC densities with road density, dock densitiguilding density,
proportion of modified area and proportion of commercialized aredor the
13 focal areas

Factor Variable P-value
Building density Mean EC 0.4069 0.1676
Mean TP 0.4875 0.0910
Dock density Mean EC 0.0935 0.7612
Mean TP 0.3260 0.2771
Road density Mean EC 0.7499 0.0032*
Mean TP 0.6252 0.0223*
Proportion of modified area Mean EC 0.4972 0.0838
Mean TP 0.6611 0.0139*
Proportion of commercialized area Mean EC 0.5314 0.0617
Mean TP 0.4739 0.0564
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Figure 2.1: Water-level changes (m) between 1918 to 2022 for Lake MichigaHAuron. The
average water level for this period (red line) is 176.45 mPeriod 1 (big-dotted
line) and Period 2 (small-dotted line) are indicated. Data retrieved fromUS
Army Corps of Engineers, 2022

(https://www.Ire.usace.army.mil/Missions/Great -LakesInformation/Great -
LakesInformation -2/Water -LevelData/).
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Figure 2.2: Location of the regions and focal areas of the Township of Georgian Bay in
relation to the Great Lakes and Toronto, Ontario. See abbreviation list in
Appendix 1.
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Figure 2.3: Relationship between Tecta v&€oliplate™ for a) E. coliand b) Total coliforms. There were 38 water samples
collected inearly July and August of 2021 and 202 OB HH and GHBIn the Township of Georgian Bay
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Figure 2.4: Effects of rain intensity ona) total phosphorus (TP; pug/L)andb) E. coli(EC;
100 CFU/100 mL) during 2021. Monthly differences in c) total phosphorus
(TP; ng/L) andd) E. coli(EC; 100 CFU/100 mL) during 2021 and 2022. We
only included data from sites that had been sampled for TP or EC a minimum
of 3 occasions at different rain intensities for a) and b). Similarly, we only
included data from sites that had been sampled for Tér EC at least once
during June, July and August for c) and d)
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Figure 2.5: Location of sites sampled foECduring Period 1 (historic: 2001 z 2009; open
circles) and Period 2 (current: 2020 z 2022; open square$, and those sampled

in both periods (solid squares) in the nearshore waters of the Township of
Georgian Bay.
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Figure 2.6: MeanEC(Colony Forming Units(CFU)/100 mL) measured during the a)Period 1(2001-2009) and b) Period 2

(2020-2022) at sitessampled at least twice in both periodsn nearshore waters of the Township of Georgian Bay.
No samples duringPeriod 1were below 10 CFU
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Figure 2.7: Changes irk. coli(EC) densities fromPeriod 1 (2001 z 2009) to Period 2
(2020 7z 2022) in the nearshore waters of the Township of Georgian Bay. Sites
with high EC (>10 CFU/100 mL) in botlperiods are indicated by a solid circle;
sites that were high only inPeriod 1are indicated by an open circle andsites
that had an increasd in EC densitiesfrom Period 1 to Period 2are indicated
by a solid star. CFU = colony forming units.
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Figure 2.8: Location of sites sampled for total phosphorug¢TP) in the nearshore waters of
the Township of Georgian Bay durindPeriod 1 (historic: 2001 z 2009; open
circles) and Period 2(current: 2020 z 2022; open squares)and during both
periods (solid square).
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Figure 2.9: Total Phosphorus (TP{ g/L) measured during a)Period 1(2001-2009) and b) Period 2(2020-2022) at sites
sampled at least twice in both periodsn the nearshore waters of the Township of Georgian Bay.
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Figure 2.10: Mean a)E. coli(Colony Forming Units; CFU) and b) total phosphorug ¢/L) measured during Period 2(2020-
2022) at sites sampled at least twice in the nearshore waters of the Township of Georgian Bay.
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Figure 2.11: Satellite images ofturrent hotspots (TP concentrations >15 g/L AND/OR EC
densities > 50 CFU/100 ml.in Oak Bayin the Township of Georgian Bay. a)
Golf Course Pointb) Potato Island Wetland (Innerand Outer). Numbers in
upper right corner refer to site numbers(see Appendix 5).



Figure 2.12: Satellite images of current hotspots TP concentrations >15 g/L AND/OR EC
densities > 50 CFU/100 ml.in Inner Honey Harbourand North Bayin the
Township of Georgian Bay. apay South of North Bay Wetlandb) North Bay
Wetland. c) Lily Pond d) Woods Landing Wetland Numbers in upper right
corner refer to site numbers (see Appendix 5).
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2080, 2081, 2082

Figure 2.13: Satellite images ofturrent hotspots (TP concentrations >15 g/L AND/OR EC
densities > 50 CFU/100 ml.in Macey Bay in the Township of Georgian Bay.
a)/ OOAO - AAAUBSO " Alb)ObénAvatd &f thé Maceg Ba® " A U
Wetland, amongst the emergent vegetation of thelacey Bay Wetland and in
the floating vegetation of the Macey Bay WetlantdNumbers in upper right
corner refer to site numbers (see Appendix 5).
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Figure 2.14: Satellite images of current hotspots TP concentrations >15 g/L AND/OR EC
densities > 50 CFU/100 ml.in Cognashene, Go Home Bay and Twelve Mile
Bayin the Township of Georgian Bay. a8 OA A A U 8 O b)th&SahdRuA. |
c) Bloody Bay Numbers in upper right corner refer to site numbers(see
Appendix 5).
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Figure 2.15: EC densities measured in wetlands throughout southern Ontario and in
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ABSTRACT

The economy ofGeorgian BayGB), the eastern arm of Lake Huron, ifieavily reliant
on excellent water qualityas it isneeded to sustain diverse recreational activities.
Unfortunately, increased cottage and recreational development can threaten the excellent
water quality that is the basis of this lifestyle, because loading of phosphorus)(@an
increase from aging or impoperly sited septic systems, grey water discharge from live
aboard boats, and runoff from modified landThis form of cultural eutrophication is
challenging to monitor because it § anon-point source,and a comprehensive monitoring
program is often tooexpensive for governmentswith limited budgets. Here, weinvestigate
using the amount of periphyton (benthic algae)to assess thenutrient status of waters in
nearshore GB We hypothesize thatthe amount of accumulated algae (measured as
chlorophyll) grown on glass slides (periplates) that aresuspended in the water column for
a standardized incubation period(2 weeks) should be proportional to nutrient status at the
site. We incubated sets of periplatest five sites in Honey Harbour 1) a busy channel
exposed to wind and heavy boat traffic, 2) a busy marina near a loading dock, 3) al@ang
rocky shoreline with minimal boat traffic, 4) a dock protected from wind, and 5) a wetland
behind the cottage of thedock. The anount of periphytic chlorophyll were similar at sites 1
and 2 and significantly highest, while those in sites 3 and 4 were similar and significantly
lowest, and the amount measured at site 5 was intermediat&he trend in periphytic algae
matched that for the grab sample of planktonic chlorophyll collected after the incubation
period but did not match that for the single sample of total Plhis bioassay could be a
volunteer-friendly method for cottagers to assess and track longerm changes in narient

status at sentinel sites in GB.
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INTRODUCTION

Globally, recreational water isavaluable resource thatimproves human health and is
a large contributor to local, national, and global economig¥eniger et al., 2013;
Krantzberg & Boer, 2006; White et al., 2013 Cultural eutrophication, however, degrades
water quality needed to support the diverse recreational opportunities, including
swimming, boating, fishing and wilderness appreciation since increased nutrient loading
can lead toagal blooms, reduced water clarity, depleted dissolved oxygen levels and
aguatic deadzones(Bhateria & Jain, 2016)Phosphorus (P) is the most limitingnutrient in
freshwater ecosystemgCorrell, 1999; Elser et al., 2007; Schindler, 1978nd total P (TP) is
traditionally measured to indicate trophic status of lakes. Methodto measure TPare costly
and time consuming agrequent sampling is needed to get an accurate picture of wex
quality (Holt & Miller, 2010). Therefore,beginning in the 1960s researchers begamising
bioindicators to monitor nutrient status (Barinova & Dyadichko, 2022; Burger, 2006; Holt
& Miller, 2010).

Bioindicators areorganismsthat are relatively abundant and moderately tolerantof
changes intheir environment (Burger, 2006; Holt & Miller, 2010; Markert et al., 2003)
Typically, they are a lowcost method that provides a picture of the health of the biotic
community and can be usd to make an infererce ofthe general water qualityof an area
(DeNicola & Kelly, 2014) Numerous bioindicators have been used historically to estimate
water quality including macroinvertebrates (Burton et al., 1999; Nichols et al., 2016)

zooplankton (Lougheed & Chowfrraser, 2002)and periphyton (McCormick & Stevenson,
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1998; McNair & ChowFraser, 2003; Tedeschi & Chowraser, 2021). For this study, we will
be focusng on using periphyton as aioindicator.

Periphyton is algae that grows on submerged surfaces rather than in the water
column (Goldsborough et al., 1986; Parker, 2018)t can grow on a variety of substrates
including rocks, wood, pants, silty sediment and sand(Aloi, 1990; Lambert et al., 2008}s
well as on artificial substrates like glassit relies on light and nutrient availability to grow
and can be effected bjlow rate and theabundance and species of invertebrate grazers
present (DeNicola & Kelly, 2014; Hansson, 1992; Parker, 2018h oligotrophic bodies of
water, periphyton can be responsible for 99% of the primary production, playingn
important role in the cycling of nutrients within aquatic ecosystemgVadeboncoeur &
Steinman, 2002) It is the trophic link betweenthe chemical and biotic componentsn the
aquaticfood web as itassimilatesnutrients like P and is also the source of food for
numerous invertebrates(Lowe & Pan, 1996. Unlike phytoplankton, which can drift in the
water column, periphyton is stationary. This, paired with its ability to respond rapidly to
environmental changes due to itshort life cycle, makes periphytonan ideal bioindicator of
non-static conditions (Lowe & Pan, 1996; Parker, 2018; Rosenberger at., 2008)

Periphyton has been used as a bioindicator istreams(Tedeschi & ChowFraser,
2021), wetlands (McCormick & Stevenson, 1998; McNair & Chewraser, 2003)and lakes
(Lambert et al., 2008. Past studies showed strong postive relationship between
periphyton biomassand TP concentrationgLambert et al., 2008; McNair & ChowFraser,
2003; Tedeschi & ChowFraser, 2021) as well, geriphyton has also beera good indicator

when there are strong hydrological pressures like boat traffic and watelevel changes
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(DeNicola & Kelly, 2014) Therefore,we proposeto use periphyton as a bioindicator within
the Georgian Bay Township to monitor nutrient status in nearshore waters.

The Township of Georgian BayTGB), located along the southeastern shorelinef
Georgian Bayis atourist and cottagedestination well known for its excellent water quality
(see Vinden & ChowFraser2023; Chapter2). Unfortunately, like other water bodieswithin
the Great Lakes, some areas in the nearshore of TGB have experienced symptoms of
eutrophication due toincreased recreational devéopment and increased frequency and
use of cottagegsee Vinden & ChowFraser 2023; Chapter 2)In extreme casestoxic blue-
green algd blooms have occurred, such as those irSturgeon Bay and Port Severn as
recently asin 2021. Thereforechanges in the nutrient status of Georgian Bay should be
detected as soon as possible so that sources can be identified and reduced and eventually
eliminated (Lambert et al., 2008)

There has been a long history of citizen science with TGB Between 2001to 2009,
Schiefer &Schiefer(2010) conducted a volunteer program in which ottagers measured
densities ofEscherichiacoli, an indicator of fecal pathogens, usinthe Coliplate™ method
(see Vinden and ChowFraser 2023; Chapter 2)Our primary objective isto develop a
method using periphyton to integrate nutrient information over time so that volunteersin
cottage associations catrack changes innutrient status at sentinel sites inTGR In this
chapter, wewill first determine the ideal sampling protocoland then ascertain its
sensitivity to different levels of recreational activities. We hypothesize thathe amount of
accumulated algae grown on standardized substrate and incubation period should be
proportional to nutrient status at the site. This will be an inexpensive method that

volunteers can use with simpldraining for long-term monitoring.
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METHODS

Periphytometers

We created the periphytometer to hold glass slides (periplates) on which periphyton
would grow (seeFigure 3.1). These are 210 mm long, 84.5 mm wide and 38 mm tall, and
can hold up to 46standard glass microscope slides. We suspended these slidaded
periphytometers with ropes that were tied to wooden frames that floated orthe water
surface. The periphytometers were suspended at a depth of 50 cm, and to ensure there was

no light limitation, we only useda maximum of23 slides ineach.

Samplingprotocol

We wanted to first determine the minimum number of slides to use that would be
sufficient to extracta measurable amount of periphytic chlorophyll (CHkeriphyton) and that
would be associated with minimum standard error. Two periphytometers were placed side
by side at a depth of 50 cm in Oak Bay @1 June 22and left to incubate for 13 days (until
4 July22). We took four sets of slides ranging from 1 td slides per group, and then
processed themTo determine the ideal lengthof incubation time, three periphytometers
were placed sideby-side in the water in North Bay at a depth of 50 cnirhe devices were
deployed an July 18" and four slides wereremoved in triplicate every three days starting
one week after deploymentSlides were removed on the following days: July 25 (7 days),
July 28 (10 days), July 31 (13 days), Aug 3 (16 days), Aug 6 (19 days), Aug 9 (22 days), Aug

12 (25 days)and Aug 15 (28 days)
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Differences in nutrient status among sites

Toinvestigate ifthe amount of CHLgeriphyton measured with periplates is sensitive to
different environmental conditions throughout Honey Harbour,we chosefive locations
that had varying levels of recreationatlevelopment(Table 3.1; Figure 3.4). Locations
varied from areas with highrecreational developmentand activities (site 1,busy boating
channeland site 2, busy marinqdto an area withlow recreational developmentand
activities (site 3, a rockyshoreline; site 4, thedock of a single cottageand site 5,wetland
adjacent the doch. The periphytometerswere deployed on August P and removed on
August 31stafter 24 days in the water at which point, three sets ofour slideswere
removed from each location.For all experiments, slides and filters were wrapped in tin foil
and frozen for processing at McMaster University later in the summer. To ensure slide
placement in the periphytometer was not affecting resultswe removed slides from the left,
centre,and right section of the periphytometer for each set of slide#t the same time
slides were removedwe used sterile containers to take grab samples 420 mL of water at
approximately 30cm below thewater surface These samples were taken for measurement
of TP. As well,we collected 1Lof water atthe same depthusing a sterile containerto
measure planktonic CHL(CHLpianktonic). Once the water was brought back to a field lab, we

filtered 300mL ofwater through glassfibre filters and froze them in triplicate.

Analytical Methods

Our procedure was adapted to glass slides from those dicNair and ChowFraser
(2003) and Tedeschi and ChowFraser(2021). Frozen samples were thawed and

unwrapped from foil when they reached room temperature We used a straightedged knife
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to scrape off griphyton from each slideinto a cleanglass containercontaining 10 mL of
90% reagent gradeacetone. Samples were theplacedin a freezer for48 hours to extract
the chlorophyll. After extraction, sampleswere centrifuged for five minutesat
approximately 3000 rpm to settle out sediments Using theGenesyslOUV
spectrophotometer (Fisher Scientific, Toronto, ON)we read the absorbance of the
sediment-free samplesat 665 nmand 750 nmbefore and afterthree drops of0.3 MHCI
was added The absorlance values were converted toperiphyton biomassaccording tothe
following equations:

POBQOE T PG X L FTAD QQEIBMNQ QD' QQL WO Qé &

®QdQO Qip PG X L FAG QOEI'VQ QO QUL WO QE ¢

CHBOWP®Q'QE 1D d QO IV € & 6GBID 1T VDO QQ
[ 61 QD@ 3B QA0

CHLpianktonic

Frozen samples were thawed and analyzed when they reached room temperature.
Usingforceps, flters were placed inglass jarscontaining 10mL of 90% reagentgrade
acetone andextracted in the freezer between 2 to 4 hoursUsing the fluorometer, the

absorbancesof samples vere read before andafter six drops of 0.1N HClwas added.

Total Phosphorus

Frozen samples were thawed and analyzed when they reached room temperature.
Potassium persulfate was added to 50 mL of mixed raw watein a Kimax tubeand
autoclaved to digest the contents. After the sample was cooled, we used the molybdenum

blue method of Murphy and Riley(1962) to measure TP concentrationsn triplicate .
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Statistics

We used SAS JMP 15.2.0 for PC (SAS Institute Inc., 202021) to conduct all
statistical analyses, which includedhe repeated measures ANOVA OEAU8 O bi 00
andthenonD AOAT AOOEA 3 b Arkel@tiorA Priordo agalfskesfor iclibation

duration, we logio-transformed CHLperiphytic Values. All means reported are arithmetic.

RESULTSand DISCUSSION
All results are reported as uncorrected CHL which includes the biomass of both the
living and non-living algae We compared theCHLgeriphytic Of four sets of slideganging from
1 to 4 slidesand found thatthe amount of chlorophyll from the replicates of 3 ad 4 slides
were statistically similar and higher than when only one or two slides were processed
(Figure 3.2). Since there is highslide-to-slide variability of periphyton growth (seeFigure
3.1c), there is a high likelihood that results from a single slide would be biasd€arr et al.,
2005). By including more slides, we would obtain more representative results, but to
include too many slides would be wasteful. Given that there was no statistical significance
between 3 and 4 slidesit would be most costeffective to process three sets of slides, but if
time and resources permit, processing 4 sets of slides would result in higher precision.
We alculated CHLperiphyiic every 3 daysfrom day 7 to day 28of incubation to
determine the ideal time that slides should remain in the waterCHLincreased linearly
from day 7 to day 16and then began to decrease from day 23 to day 28. Peak
concentrations of CHkeriphytic Were found on day19. Using only data up to and including
day 19, weobtained a highly significantpositive linear relationship between CHlgeriphytic

and time (p<0.0001, R = 0.911) (Figure 3.3). Decrease in periphyton biomass can occur
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because of physical disturbances (waves, animals, boats), storm events and algae sloughing
off due to weight(Biggs, 1988; Lowe & Pan, 1996)deally, the incubation period should

not exceed the exponential growth phaseHigure 3.4), and therefore, future experiments
should not exceed 1618 days of incubation to avoid obtaining an undergimate. This is
consistent with other studies that found 2 weeks to be an ideal incubation period.owe &

Pan, 1996) Based on these results, we recommend tlaeal incubation period to be 1418
daysand that samplesbe measured in triplicate ingroups of four slides.

We incubated the periplates at five sites in hey Harbour for 24 days. This
incubation period was longer than that corresponding to the peak CHériphytic. and may
represent an underestimate Sincethe same incubation period was used at all sites, the
results should be directly comparable on the other hand, periphytonin highly developed
recreational areas with high nutrient concentrations may have been able to regrow quickly
even if some of the benthic algae had beeamoved by waves and current§Campbell &
ChowFraser, 2018; Hatt et al., 2004)The sit with the highest CHkeripnytic was measured at
the marina (14.1 ug/m2), followed by the main channel (12.6ug/m?2) but there are no
significant differencesbetween these highimpact sites. The CHLperiphytic in the wetland (6.2
png/m2) was significantly lower thanthesevalues at sites 1 and 2, but higher than those
measured at therocky shoreline (3.0 pg/m?) and at the dock (2.0 ug/m?) (Figure 3.6). By
comparison, the marina had thehighest CHlpiankionic cOncentration (7.7 pug/L), followed by
the channel(5.2 pg/L), the rocky shoreline (4.6pg/L), the wetland (3.2 pg/L) and the dock
(2.7 ug/L). By contrast, mean TP concentration for the wetland was highest (0.2 ug/L),

and were not significantly different from any other site. In fact, we found nosignificant
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relationship between TPvs CHLperiphytic Or VS CHLpianktonic, but we founda significant positive
correlation between CHLperiphytic and CHLplanktonic (p = 0.0019,m= 0.7321).

These resultsindicate that the periplate was sensitive todifferences inrecreational
developmentand activities, with the highest biomass in the busy marinas and boat channel
compared with those at the protected dock and along the rocky shorelin€hese findings
are consistent with the literature that showsperiphyton biomassincreasingalonga
gradient of anthropogenic disturbancesand shoreline modification (McNair and Chow
Fraser, 2003;Lambert et al., 2008; Planas &il., 2000) Lambert et al.(2008) found that
periphyton biomass was significantlyrelated to building density and percentage of cleared
land which were thought to be responsible for increased loadingf nutrients. As
demonstrated inVinden & ChowFraser(2023; Chapter 2), TP concentrationwas
significantly and postively correlated with road density andthe percentage of modified
land within TGB, bothindicators of recreational development Since periphytonrequires
nutrients (i.e.,TP) to grow, we would expect tosee anincrease inperiphyton biomassin
areas withincreased TP concentrations.

While some investigators reporteda strong positive correlation between TP and
periphyton (Hao et al., 2020; Pacheco et al., 2022; Planas et al., 20@ers only found a
weak relationship or no relationship at all (Lambert et al., 2008) Lackof a correlation
between TP andCHLperiphytic biomassin this study maybe attributed to severalfactors
including limited light availability, physical disturbances and sloughingff of periphyton
(DeNicola & Kelly, 2014; Hansson, 1992; Hill & Fanta, 200&Ithough we attempted to
control for light limitation by building the suspension frames in such a way as not bdock

sunlight from passing through to the periphytometers, and all periplates were incubated at
103



a depth of 50 cmsomeperiplates may have beerlight limited at the dock and in the
wetland. Reduced ligh availability would have hindered the growth of periphyton and
might explain why both sites had lower periphyton growthrelative to the TP
concentrations.

CHlLperiphytic biomass and TP may nohave been significantly related because CHL
integrates theinfluence of nutrients over 24 days, whereas the TP concentration reflects a
single sample at only one poinfLambert et al., 2008) Since TRconcentrationsat a sitecan
vary throughout the day due tothe movement and flushing of waterit may be difficult to
get a representation of the nutrient status of a sitavithout repeated sampling We know
from previous studies that mean nutrient concentrations measured in wetlands tend to be
higher than those in open waters, and the Ché:iphyiic measured n the wetlandwas higher
than that at the dock or rocky shoreline, but corresponding TP concentrations were not
significantly different.

Though this was only a small study, the results are promising. Further trials should be
conducted in TGB throughout egions with water-quality impairment (e.g.focal areas in
OB and HH, Bloody Bay and Sand Run; Chapter 2). In these trials, periplates should be
incubated between 14 to 18 days t@nsure that algal colonization has not peaked.
Additional modification could be explored to allow volunteers to use a colour sensor rather
than the spectrophotometer to estimate CHL concentrations (Tedeschi and Chdwaser,
2021). This is in keeping with developing a method that is safe, cestfective and that does
not require specialized and expensive equipment.ong-term monitoring of nutrients is an
important aspect of protecting water qualityfrom eutrophication and harmful algae

blooms, especiallyasincreases insummer temperaturesand urbanization escalateshe
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frequency and intensity of harmful algal bloomgWolf & Klaiber, 2017). The local
community of TGB isdeeply concernedabout their water quality. We hopethat cottage
volunteers can useperiplatesto assess and track the nutrient status at sentinel sites in
their region and help thetownship makeinformed decisionsto protect the excellent water

quality in Georgian Bay

ACKNOWLEDGEMENTS

Funding for this study was provided by the Georgian Bay Great Lakes Foundatipn
the NSERC Discovery Grant and the Ontario Graduate ScholgsshVewould like to thank
Jonathan Vinden for his assistance idesigning and building theframes to suspend the
periphytometers. A huge thank you to Al and Nan Hazelton for collecting samples fos
and for use oftheir dock as a sampling site We also acknowledge the field assistance of

Reta Meng.

LITERATURE CITED

Aloi, J. E. (1990). A CriticdReview of Recent Freshwater Periphyton Field Methods.
Canadian Journal of Fisheries and Aquatic Sciences, 47(3), 8660.
https://doi.org/10.1139/f90 -073

Barinova, S., & Dyadichko, V. (2022). Zoological Water Quality Indicators for Assessment of
Organic Pdiution and Trophic Status of Continental Water Bodies. Transylvanian
Review of Systematical and Ecological Research, 24. https://doi.org/10.2478/trser

2022-0021

105



Bhateria, R., & Jain, D. (2016). Water quality assessment of lake water: A review.
SustainableWater Resources Management, 2(2), 1§173.
https://doi.org/10.1007/s40899 -015-0014-7

Biggs, B. J. F. (1988). Artificial substrate exposure times for periphyton biomass estimates
in rivers. New Zealand Journal of Marine and Freshwater Research, 22(4), 3615.
https://doi.org/10.1080/00288330.1988.9516321

Burger, J. (2006). Bioindicators: Types, Development, and Use in Ecological Assessment and
Research. Environmental Bioindicators, 1(1), 2239.
https://doi.org/10.1080/15555270590966483

Burton, T. M., Uzane, D. G., Gathman, J. P., Genet, J. A., Keas, B. E., & Stricker, C. A. (1999).
Development of a preliminary invertebrate index of biotic integrity for Lake Huron
coastal wetlands. Wetlands, 19(4), 868882. https://doi.org/10.1007/BF03161789

Campbell, S. D., & Chefaraser, P. (2018). Models to predict total phosphorus
concentrations in coastal embayments of eastern Georgian Bay, Lake Huron. Canadian
Journal of Fisheries and Aquatic Sciences, 75(11), 17Z9810.
https://doi.org/10.1139/cjfas -2017-0095

Carr, G. M., Chambers, P. A., & Morin, A. (2005). Periphyton, water quality, and land use at
multiple spatial scales in Alberta rivers. Canadian Journal of Fisheries and Aquatic
Sciences, 62(6), 13091319. https://doi.org/10.1139/f05 -044

Correll, D.(1999). Phosphorus: A rate limiting nutrient in surface waters. Poultry Science,
78(5), 674z682. https://doi.org/10.1093/ps/78.5.674

DeNicola, D. M., & Kelly, M. (2014). Role of periphyton in ecological assessment of lakes.

Freshwater Science, 33(2), 618638. https://doi.org/10.1086/676117
106



Elser, J. J., Bracken, M. E. S., Cleland, E. E., Gruner, D. S., Harpole, W. S., Hillebrand, H., Ngai, J.
T., Seabloom, E. W., Shurin, J. B., & Smith, J. E. (2007). Global analysis of nitrogen and
phosphorus limitation of primary producers in freshwater, marine and terrestrial
ecosystems. Ecology Letters, 10(12), 1133142. https://doi.org/10.1111/j.1461 -
0248.2007.01113.x

Goldsborough, L. G., Robinson, G. G. C., & Gurney, S. E. (1986). An enclosure/substratum
system for insitu ecological studies of periphyton. Archiv Fur Hydrobiologie, 378393.
https://doi.org/10.1127/archiv -hydrobiol/106/1986/373

Hansson, L-A. (1992). Factors regulating periphytic algal biomass. 37(2), 32328.

Hao, B., Wu, H., Zhen, W., Jo, H., Caleppesen, E., & Li, W. (2020). Warming Effects on
Periphyton Community and Abundance in Different Seasons Are Influenced by
Nutrient State and Plant Type: A Shallow Lake Mesocosm Study. Frontiers in Plant
Science, 11. https://www.frontiersin.org/articles/ 10.3389/fpls.2020.00404

Hatt, B. E., Fletcher, T. D., Walsh, C. J., & Taylor, S. L. (2004). The Influence of Urban Density
and Drainage Infrastructure on the Concentrations and Loads of Pollutants in Small
Streams. Environmental Management, 34(1). https:/@oi.org/10.1007/s00267 -004-
0221-8

Hill, W. R., & Fanta, S. E. (2008). Phosphorus and light colimit periphyton growth at
subsaturating irradiances. Freshwater Biology, 53(2), 21&225.
https://doi.org/10.1111/j.1365 -2427.2007.01885.x

Holt, E., & Miller, S.2010). Bioindicators: Using Organisms to Measure Environmental
Impacts. 3, 10. https://www.nature.com/scitable/knowledge/library/bioindicators -

using-organisms-to-measure-environmental-impacts-16821310/
107



Keniger, L. E., Gaston, K. J., Irvine, K. N., & FuReA. (2013). What are the Benefits of
Interacting with Nature? International Journal of Environmental Research and Public
Health, 10(3), Article 3. https://doi.org/10.3390/ijerph10030913

Krantzberg, G., & Boer, C. (2006). A Valuation Of Ecological Smviln The Great Lakes
Basin Ecosystem to Sustain Healthy Communities and a Dynamic Economy. Prpared for
the Ontario Ministry of Natural Resources.

Lambert, D., Cattaneo, A., & Carignan, R. (2008). Periphyton as an early indicator of
perturbation in recreational lakes. Canadian Journal of Fisheries and Aquatic Sciences,
65(2), 2587265. https://doi.org/10.1139/f07 -168

Lougheed, V. L., & ChoWwraser, P. (2002). DEVELOPMENT AND USE OF A ZOOPLANKTON
INDEX OF WETLAND QUALITY IN THE LAURENTIAN GREAT LAKES EASldgical
Applications, 12(2).

Lowe, R. L., & Pan, Y. (1996). Benthic algal communities as biological monitors. In R. J.
Stevenson & M. L. Bothwell (Eds.), Algal ecology: Freshwater benthic ecosystems.
Academic Press.

Markert, B., Breure, A., & ZechmeisteH. (2003). Definitions, strategies and principles for
bioindication/biomonitoring of the environment. In Bioindicators and Biomonitors
(First). Elsevier Science Ltd.

McCormick, P. V., & Stevenson, R. J. (1998). Periphyton as a Tool for Ecological Aseets
and Management in the Florida Everglades. Journal of Phycology, 34(5), 7283.
https://doi.org/10.1046/j.1529 -8817.1998.340726.x

McNair, S., & ChovfFraser, P. (2003). Change in biomass of benthic and planktonic algae

along a disturbance gradient fo24 Great Lakes coastal wetlands. Canadian Journal of
108



Fisheries and Aquatic SciencesCAN J FISHERIES AQUAT SCI, 60z636.
https://doi.org/10.1139/f03 -054

Murphy, J., & Riley, J. P. (1962). A Modified Single Solution Method for the Determrnation of
Phogphate in Natural Waters. 27, 3236.

Nichols, J., Hubbart, J., & Poulton, B. (2016). Using macroinvertebrate assemblages and
multiple stressors to infer urban stream system condition: A case study in the central
US. 19(2). https://doi.org/10.1007/s11252 -016-0534-4

Pacheco, J. P., Calvo, C., Aznarez, C., Barrios, M., Meerhoff, M., Jeppesen, E., &Baattrup
Pedersen, A. (2022). Periphyton biomass and Ifi®rm responses to a gradient of
discharge in contrasting light and nutrients scenarios in experimental lovaend streams.
Science of The Total Environment, 806, 150505.
https://doi.org/10.1016/j.scitotenv.2021.150505

Parker, S. (2018). AOS Protocol and Procedure: Periphyton and Phytoplankton Sampling.
National Ecological Observatory Network.

Planas, D., Desrosisr M., Groulx, R., Paquet, S., & Carignan, R. (2000). Pelagic and benthic
algal responses in Eastern Canadian Boreal Shield lakes following harvesting and
wildfires. Canadian Journal of Fisheries and Aquatic Sciences, 57, 1B4b.
https://doi.org/10.113 9/cjfas-57-S2-136

Rosenberger, E. E., Hampton, S. E., Fradkin, S. C., & Kennedy, B. P. (2008). Effects of
shoreline development on the nearshore environment in large deep oligotrophic lakes.
Freshwater Biology, 53(8), 167%1691. https://doi.org/10.1111/j.1 365-

2427.2008.01990.x

109



Schiefer, K., & Schiefer, K. (2010). Water quality monitoring report: Summary 2001 to
2009: Township of Georgian Bay.

Schindler, D. W. (1971). Carbon, Nitrogen, and Phosphorus and the Eutrophication of
Freshwater Lakes1. Journal of Bitology, 7(4), 32%329.
https://doi.org/10.1111/j.1529 -8817.1971.tb01527.x

Tedeschi, A. C., & Chefraser, P. (2021). Periphytic algal biomass as a bioindicator of
phosphorus concentrations in agricultural headwater streams of southern Ontario.
Journal of Great Lakes Research, 47(6), 1780709.
https://doi.org/10.1016/j.jgIr.2021.08.018

Vadeboncoeur, Y., & Steinman, A. D. (2002). Periphyton Function in Lake Ecosystems. The
Scientific World Journal, 2, 14491468. https://doi.org/10.1100/tsw.2002.2 94

White, M. P., Alcock, I., Wheeler, B. W., & Depledge, M. H. (2013). Coastal proximity, health
and well-being: Results from a longitudinal panel survey. Health & Place, 23,24D3.
https://doi.org/10.1016/j.healthplace.2013.05.006

Wolf, D., & Klaiber, H. 8 j ¢mpxqQ8 "111T1 AT A AOOOd 41 GEA
values. Ecological Economics, 135, 29921.

https://doi.org/10.1016/j.ecolecon.2016.12.007

110



Table 3.1: Description of sampling stationsin Honey Harbour in the Township of Georgian BayMean CHLperiphytic

(mgCHL/m2/day ), CHLpianktonic (Lg/L) and mean TH t C.Seedpcations of regions in Figuré.

Site # 1 2 3 4 5
Site Name Main Channel Marina Shoreline Dock Wetland
Latitude 44.875256 44.872578 44.882225 44.881939 44.882206
Longitude -79.810547 -79.815735 -79.803894 -79.803055 -79.801903
Depth 50 cm 50 cm 50 cm 50 cm 50 cm
Disturbances Exposed to wind| Busymarina, | Within aninlet | Amongst docks Protected
and heavy boat | near a loading | on North Bay. | with protection | wetland with no
traffic dock Exposed to from wind boat access
wind and
minimal boat
traffic
Notes Sandywith Surrounded by Rocky, Deeper area, Ample
some periphyton rocks with vegetation is no visible vegetation,
on rocks visible present vegetation or beaver dam
periphyton and periphyton present
minimal
vegetation
Mean CHLperiphytic 12.6 14.1 3.0 2.0 6.2
Mean CHLplanktonic 5.2 7.7 4.6 2.7 3.2
Mean TP 7.3 8.7 8.7 5.8 10.2
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Figure 3.1: a) The 3D printed slide holder (periphytometer). b) Wooden floating frame
used tokeep the periphytometer suspended ~50 cm below water surface)
Gass slide with periphytic growth following the incubation period and before
it was processed.
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Figure 3.2: The number of slides required for scientific rigour after incubating for 14 days.
CHlLgeriphytic refers to uncorrected chlorophyllj (t g/m?2).
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Figure 3.3: Relationship between griphyton growth and incubation period (days). Three
periphyton samples were collected ir3-day intervals in August 2022 inHoney
Harbour. CHLperiphytic refers to the log of the uncorrected chlorophyH) (t g/m?2).
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CHLperiphyton=-0.9791 + 0.06191days *
P-value = <0.001
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Figure 3.4: Standard curveand equation that can baised tocompare samples of periphyton
taken on different days. CHLperiphytic refers to the logio of the uncorrected
chlorophyll-; (t g/m?2).
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Figure 3.5: Locations where periplates were incubatedin situin Honey Harbourduring August 2022. Marina and main channel
have high levels of recreational development while the shoreline, dock and wetland have low levels of recreational
development.
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Figure 3.6:

Channel Marina Shoreline Dock Wetland

#1 1 PAOEOT 1 I E"ﬂplﬁhktonj-c (ﬂlm andlCHA);ipbélic
(mgCHL/m?/day) for five locations in Honey Harbour CHLgperiphytic growth was
measured after 24 daysf incubation, at which point grab samples offP and
CHoLpianktonic sampleswere taken. CHLin both casesrefers to uncarected
chlorophyll-J . The biomass of CHleriphytic at sites with the same letterare
statistically homogeneous See Figure 3.4 for location of sites.



CHAPTER 4: GENERAL CONCLUSION

Our study shows that although water quality within the Township ofGeorgian Bay
(TGB)is generally below the Georgian Bay Water Quality Objecti{&BWQO)f 10 colony
forming units (CFU)for E. coli(EC)AT A p tfor totgl Phosphorus (TP), regions with high
levels of shoreline development are experiencing worsening wat quality. There has been a
general decrease in pollutant levels betweeReriod 1 (2001 z 2009) and Period 2 (2020 7
2022), although this should not benterpreted asa decreasdn nutrient loading, but rather a
dilution effect due to an increase oapproximately 1-m in water levels between periods
(Montocchio & ChowFraser, 2021; Wang et al., 2022There continues to be several sites
within TGBthat have surpassed both the GBWQO an@8each Action Value (235 CFU/100 m))
most of which are located within Honey Harbour and Oak BaWe foundthat both Honey
Harbour and Oak Bay weréehe regions with the highestmeansof EC and TRnd had the
greatestpercentageof sites thatexceededthe GBWQO.

We found that mean EC and TRere significantly and positively correlated with road
density andthe percentage of modified areaCottage and recreational developmenteflected
in higher road density andthe percentage of modified area, increaskthe amount of
impervious surfacesand thereforeled to higher loading of nutrients inrunoff entering
Geagian Bay(Campbell & ChowFraser, 2018; Hatt et al., 2004; Jacob & Lopez, 2009)
Increased road density alsgrovided easier access to cottagesnd development increasing
the possibility of failing septic systems(Chiandet & Sherman, 2014; Hawbaker et al., 2005)

Both Honey Harbour and Oak Bagurrently have the highest road density and percentage of
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modified areaand is the main reason whythese regionshave a high level of waterquality
impairment.

We alsodesigneda bioassayto assesqutrient status in nearshore waters using
periphyton. We found that that ideal sampling protocoto be 1418 days ofincubation and
using triplicate sets of 4 slides for processingdrhis reduces the variation amongst samples
while also minimizing the possibility of physical disturbances and sloughingVe also found
that the periplate results were sensitive tochanges in the level ohuman activities and may be
a useful method to monitor water quality in avolunteer monitoring program.

Information from this thesis can be used tdelp the TGB make informed decisions
about water-quality management.Long-term monitoring of all areas of TGB is important
however, more frequent and intensivemonitoring and managemenshould be conducted in
Honey Harbour and Oak Bayas theg/ have the highest levels of EC and TP and highest road
density. Although water quality within TGB isstill relatively good, degradation and
eutrophication are occuringin £l AAT AOAAO OOAE AO " OAT AUBO #I1 ¢
Oak Baythat have notgone unnoticed by l@al community members Community members
are concerned about the water conditionsvithin TGB andthe periplate method may be a
cost-effective option to use in longterm monitoring by volunteers. Providing resources and
tools for local communities to understand and monitor their own water quality is a powerful
way to help protectthe local environment. This is even more pertinent as water levels are

predicted to decrease and development pressures increase
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Appendix 1: Spatial and temporal information for every site sampled in the nearshore waters of the Township of Georgian
Bay from 2001z 2009 and 2020z 2022. Presence of samples fdE. coli(EC) and total phosphorus (TP) and
during the historic period (2001 z 2009) and current period (20207 2022) are indicated with an X. Latitude and
longitude are measured in decimal degrees.

Region Focal Area Site # Site Name Latitude Longitude EC | TP | Historic | Current
OB OB 1011 Golf CoursePoint 447976741 | -79.7384271 | X | X X
1012 Oak Bay Development Maring 44.7938168 | -79.7504523 | X | X X X
1201 Tug Channel South of 400 44.7995700 |-79.7262800 | X X
1202 Open Water Oak Bay 44.7961390 | -79.7316402 X X X
1203 Inner Open Water Oak Bay | 44.7980100 | -79.7356600 X X
1204 Northeast of Eden Oak 44.7955110 | -79.7352447 X X
Homes Development
1205 Potato Island Wetland 44,7918429 |-79.7410390 | X | X X X
(Inner)
1206 Potato Island Wetland 44.7907996 |-79.7409689 | X | X X X
(Outer)
1208 East of Potato Island Road | 44.7925550 | -79.7568250 X X
1209 West of Green Island 44.7872500 | -79.7572000 X X
1210 East of Green Island 44.7833400 |-79.7391500 X X
1212 Green Island Channel 44.7883333 | -79.7440333 X X
1213 Channel North ofGreen 44.7886167 | -79.7490000 X X
Island
1214 Green Island North Wetland | 44.7861100 | -79.7459300 X X
HH BC 1001 Brandy's Cove Marina 44.8527087 | -79.8135222 | X | X X X
1002 Tobies Bay 44.8519785 |-79.8087258 | X | X X X
1003 Sunset Bay 44.8502881 |-79.8056168 | X | X X X
1049 Close to Bayview Marina 44.8507208 | -79.8201925| X | X X X
1050 West of Brandy's Island 44.8533243 | -79.8203664 | X | X X X
1053 West of David's Island Dock | 44.8455183 |-79.8230148 | X | X X X
IHH 1007 Church Bay Marina 44.8664954 | -79.8207998 | X | X X X
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HH IHH 1008 North Picnic Island Marina 44.8633886 | -79.8221928 | X | X X X
i AT T (j AT 1 O8] 1009 Robert's Island Central 44.8634302 |-79.8295385| X | X X
1010 Robert's Island South 44.8585435 | -79.8293859 | X | X X
1048 East of Mermaid Island 44.8757163 | -79.8070115| X | X X
1051 Bayview Marina Resort 44.8591288 | -79.8210753 | X X X X
1060 South of Mermaid Island 44.8744641 | -79.8107020 | X | X X X
1106 Delawana Beach 44.8729600 |-79.8221080 | X X
2017 Lily Pond 44.8705382 |-79.8154910| X | X X X
2021 Honey Harbour Small Motors | 44.8715400 |-79.8118610 | X | X X
2028 Boat Club Marina 44.8732973 | -79.8202490 X X X
2033 Honey Harbour Inner 44.8694900 | -79.8271900 X X
Channel
2068 Main Channel 44.8766076 | -79.8274003 X X X
MB 1004 Outer Macey's Bay 44.8416089 |-79.7812573 | X | X X
1005 Venning's Bay 44.8404566 | -79.7787962 | X | X X
1006 Macey Bay Development 44.8421452 | -79.7852717 | X | X X
2080 Macey Bay Trailer Park 44.8436958 | -79.7820867 | X | X X
(Open Water)
2081 Macey Bay Wetland (Floating| 44.8434776 |-79.7829408 | X | X X
Veg)
2082 Macey Bay Wetland 44.8431312 | -79.7834042 | X | X X
(Emergent Veg)
NP 1020 Chimney Bay 44.8896817 | -79.8507366 | X | X X X
2030 Outflow of Long Bay 44.8938800 | -79.8699800 X X
2031 Outflow of Treasure Bay 44.8654700 | -79.8606900 X X
2032 West of Beausoleil Island 44.8793900 | -79.9089200 X X
Open Water
NB 1055 South of Wetland Outflow 44.8907232 | -79.8019083 | X | X X X
1056 Pratt Bay 44.8791904 | -79.8068496 | X | X X X
1057 Bay South of North Bay 44.8935271 | -79.7979023 | X | X X X
Wetland
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HH NB 1059 Pleasant Point 44.8810022 |-79.8124444 | X | X X X
i Al i AT T O8/]1065 | Southern Shoreline of North | 44.8855432 |-79.7986292 | X | X X X
Bay

1066 Rock Inlet in North Bay 44.8891194 |-79.8076821 | X | X X
1067 Small Inlet in North Bay 44.8886481 | -79.7903608 | X | X X
1068 North Bay Wetland 44.8973441 | -79.7936304 | X X X
1077 Northeast of Pleasant Point | 44.8866100 |-79.8056725| X | X X X
1079 School House Dock 44.8810215 |-79.8060310| X | X X X
1080 Hidden Glen Trailer Marina | 44.9017200 | -79.7792755| X | X X X
1081 Woods Landing Marina 44.8985800 |-79.7837790| X | X X X
1097 Al's Back Bay 44.8819007 |-79.8025030| X | X X

1107 School House Bay 44.8800870 |-79.8042380 | X X
2019 Woods Landing Wetland 44.9004804 | -79.7842536 X X
2023 Outer North Bay 44.8843425 | -79.8086784 X X X
2024 Inner North Bay 44.8916091 | -79.7929725| X | X X X
2025 North Bay Inflow 44.8933553 | -79.7887818 | X X X X
NHH 1013 Frying Pan Bay 44.8980107 |-79.8464805| X | X X X
1058 Deer Island Channel 44.8940136 | -79.8256016 | X | X X X
QI 1054 East of Quarry Island 44.,8353256 |-79.8067420| X | X X X
1074 North of Quarry Island 44.8400856 |-79.8128566 | X | X X X
1075 Southeast of Quarry Island | 44.8326001 | -79.8051846 | X | X X X
1076 Southwest of End of Prisque | 44.8406933 | -79.8034652 | X | X X X

Road

SSO 1052 Open Water of Severn Sound| 44.8350001 | -79.8371457 | X X X X
SB 1061 North of Lownie Island 44.8708541 |-79.7938012 | X | X X X
1062 Beach North in South Bay 44.8781919 | -79.7862024 | X | X X X
1063 South Harbour Marina 44.8790822 | -79.7817310| X | X X X
1064 South Bay Cove Marina 44.8677364 | -79.7809521 | X | X X
2026 Cow Island 44.8766073 | -79.7863888 | X | X X X
2027 Near South Bay Cove Marina| 44.8675694 | -79.7858612 | X | X X X
COG COG 1014 Webber's Island 44.9200235 | -79.8374453 | X | X X
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COG COG 1015 Hockey Stick Bay 44.9449138 |-79.8628871 | X | X X X
i AT i AT | 1016 | Longuissa Bay 44.9644246 | -79.8899362 | X | X X X
1017 Brown's Bay 44.9497977 |-79.8911833 | X | X X
1018 Centre Freddy Channel 44.9378825 |-79.9059045| X | X X X
1021 Palesaide Bay 44.9390357 |-79.8330635| X | X X
1038 Musquash Channel 44.9360926 |-79.8832895| X | X X X
1069 North of Arthur Island 44.9329218 |-79.8852886 | X | X X X

1084 East Freddy Channel 44.9384490 |-79.9033110| X X

1085 Bone Island 449376080 |-79.8637810 | X X

1101 Southwest Bone Island 449317390 |-79.8516970| X X

1105 Ganyon Bay 44.9217970 |-79.8214480 | X X

2035 East of Powwow Island 44.9120000 | -79.8335300 X X

2036 Cook Island 449311995 | -79.8307275 X X

2037 Whalesback Channel 44.9093700 | -79.9129800 X X

2038 East of Penetang Rock 449121900 | -79.8785700 X X

2039 North of Sugar Island 44.9383300 | -79.8798400 X X

2041 Open Water East of 44.9398800 |-79.9527200 X X

Eshpabekong Island

CL 1019 Cognashene Lake Main 449517366 |-79.9180045| X | X X X
1086 Waubanoka Island 44.9361242 | -79.9308108 | X X X
1087 Cognashene Lake Narrows | 44.9389867 |-79.9222617 | X X X
1088 Hangdog Channel 449446873 | -79.9307850 | X X X

2042 Outside Cognashene Lake 44.9405630 | -79.9265840 X X

Open

2043 Cognashene Lake Entrance | 44.9413200 | -79.9189640 X X

2044 Cognashene Lake Main North 44.9560210 | -79.9192890 X X

2045 Cognashene Lake East Bay | 44.9565180 |-79.9128120 X X
GHB GHB 1022 Go Home Chute 45.0138885 |-79.8914365| X | X X X
1023 Go Home Dump Site 45.0129658 |-79.9115223 | X | X X X
1024 Go Home Inner Bay 45.0010348 | -79.9263287 | X X X X
1025 Go Home Southern Inlet 44.9838838 | -79.9435082 | X X X
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GHB GHB 1026 West of Woore Rocks 449759407 | -79.9571204 | X | X X X
i AT j AT 1 06/1027 |SandRun 45.0073862 |-79.9557724 | X | X X X
1070 Monument Channel east of | 45.0090408 | -79.9832879 | X X X X
Galbraith Island
1071 North of Bernadette Island 45.0164604 | -79.9886956 | X X X X
1072 Riddell's Bay 449866407 | -79.9254531 | X X X X
1073 Go Home Bayain Dock 44.9970624 | -79.9299006 | X | X X X
Channel
1089 Go Home River 45.0113864 | -79.9014904 | X X X X
1090 Moreau's Bay 45.0115345 |-79.9459168 | X | X X X
1091 East of High Rock Island 449760250 |-79.9319160 | X X
1092 North of Serpentine 45.0113228 | -79.9688956 | X | X X X
1102 North of Dump Site 44.0095220 |-79.9031160 | X X
2047 Open Water West of Donald | 44.9625400 | -79.9691800 X X
Rocks
2048 Bensley Island 44.9898463 | -79.9390437 X X X
2050 North of Firth Island 44.,9859930 | -79.9486840 X X
2053 West Monument Channel 44,9846400 | -79.9740000 X X
2054 Between Outer and North Go | 44.9968400 | -79.9688300 X X
Home Bay
2056 North Go Home Bay 45.0047000 | -79.9638600 X X
2057 West of Galbraith Island 44.,9993400 | -80.0081200 X X
Ww B 1096 Tadenac Bay 45.0582960 |-79.9771575| X | X X X
ww 1028 Indian Harbour 45.0329500 | -80.0100865 | X X X
1029 American Camp Island 45.0408668 | -80.0295621 | X X X
1030 Gillespie Island 45.0512126 |-80.0130069 | X X X
1031 Outside King Bay 45.0592808 | -80.0207269 | X X X
1093 King Bay Marina 45.0642291 |-80.0166397 | X | X X
1094 West of Bands Island 45.0330520 | -80.0157980 | X X
1099 Niblett Island 45.0667470 | -80.0514980 | X X
1103 Tully Island 45.0601430 | -80.0429270 | X X
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ww ww 1104 Open Water 45.0330880 |-80.0281890 | X X

i AT j AT 1 062060 |Moose Bay Outlet 45.0780800 | -80.0778700 X X
2061 West of Clarke Rock (open) | 45.0560300 | -80.0923400 X X

TMB TMB 1032 Twelve Mile Bay (Forbes) 45.0932978 |-80.0567180 | X | X X X
1033 Big David Bay 45.0476400 |-80.0115800 X X
1034 Government Docks 45.0874776 |-80.0248895| X | X X X
1035 Moose Deer Pt Marina 45.0832924 |-80.0016131| X | X X X
1036 Bloody Bay 45.0815152 |-79.9640682 | X | X X X
1037 Behind Island 45.0833232 | -79.9472692 | X | X X X
1082 Gordon's Bay 45.0846700 | -80.0003600 X X
1083 Northeast of Gordon's Bay 45.0840140 | -79.9980145 X X X
1095 Isaac Bay 45.0881753 |-80.0436640 | X | X X
1098 North of Bloody Bay 45.0840307 | -79.9657294 | X X
1100 Wanne Harbour 45.0920210 |-80.0615400 | X X
2062 Twelve Mile Bay (offshore) 45.0835700 | -80.1430600 X X
2063 Jacques Island 45.0973800 | -80.1102800 X X
2064 Bowes Island 45.0964380 | -80.0842510 X X
2065 Outside Isaac Bay 45.0920400 | -80.0455800 X X
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Appendix 2: Location ofall sites sampled forE. coli(EC; CFU; open circles), total
PDEI OPEI OO0 j 40N 0 ¢
and 2009 in the nearshore waters of the Township of Georgian Bay.
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Appendix 3: Location ofall sites sampled fork. coli(EC; CFU; open circles), total
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and 2022in the nearshore waters of the Township of Georgian Bay.
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Appendix 4: E. colivs Fecal Enterococcutor 51 samples in Oak Bay, Honey Harbour
Cognasheneand Go Home Bay in the Township of Georgian Bay. Data were
collected between June to Septembesf 2020 and 2021 and enumerated using
the TECTAB



Appendix 5: All sites sampled in this study sorted byite number.See Region Code in List of

Abbreviations on p. xvii and xviii.

Region Site Name Site Number Latitude Longitude

HH Brandy's Cove Marina 1001 44.8527087 -79.8135222
HH Tobies Bay 1002 44.8519785 -79.8087258
HH Sunset Bay 1003 44.8607165 -79.8079256
HH Outer Macey's Bay 1004 44.8416089 -79.7812573
HH Venning's Bay 1005 44.8404566 -79.7787962
HH Macey Bay Development 1006 44.8421452 -79.7852717
HH Church Bay Marina 1007 44.8664954 -79.8207998
HH North Picnic Island Marina 1008 44.8633886 -79.8221928
HH Robert'sIsland Central 1009 44.8634302 -79.8295385
HH Robert's Island South 1010 44.8585435 -79.8293859
0B Golf Course Point 1011 44.7976741 -79.7384271
0B Oak Bay Development Marina 1012 44.7938168 -79.7504523
HH Frying Pan Bay 1013 44.8980107 -79.8464805
COG Webber's Island 1014 44.9200235 -79.8374453
COG Hockey Stick Bay 1015 44.9449138 -79.8628871
COG Longuissa Bay 1016 44.9644246 -79.8899362
COG Brown's Bay 1017 44.9497977 -79.8911833
COG Centre Freddy Channel 1018 44.9378825 -79.9059045
COG Cognashene Lake Main 1019 44.9517366 -79.9180045
HH Chimney Bay 1020 44.8896817 -79.8507366
COG Palesaide Bay 1021 44.9390357 -79.8330635
GHB Go Home Chute 1022 45.0138885 -79.8914365
GHB Go Home Dump Site 1023 45.0129658 -79.9115223
GHB Go Home Inner Bay 1024 45.0010348 -79.9263287
GHB Go Home Southern Inlet (Abbott) 1025 449838838 -79.9435082
GHB West of Woore Rocks 1026 44.9759407 -79.9571204
GHB Sand Run 1027 45.0073862 -79.9557724
T™MB Indian Harbour 1028 45.0329500 -80.0100865
TMB American Camp Island 1029 45.0408668 -80.0295621
T™MB Gillespielsland 1030 45.0512126 -80.0130069
TMB Outside King Bay 1031 45.0592808 -80.0207269
TMB Twelve Mile Bay (Forbes) 1032 45.0932978 -80.0567180
T™MB Big David Bay 1033 45.0476400 -80.0115800
T™MB Twelve Mile Government Docks 1034 45.0874776 -80.0248895
T™MB Moose Deer Pt Marina 1035 45.0832924 -80.0016131
T™MB Bloody Bay 1036 45.0815152 -79.9640682
T™B Twelve Mile Bay Behind Island 1037 45.0833232 -79.9472692
COoG Musquash Channel (Outside Brown Bay) 1038 44.9360926 -79.8832895
HH East of Mermaid Island 1048 44.8757163 -79.8070115
HH Close to Bayview Marina 1049 44.8507208 -79.8201925
HH West of Brandy's Island 1050 44.8533243 -79.8203664
HH Bayview Marina Resort 1051 44.8591288 -79.8210753
HH Open Water of Severn Sound 1052 44.8350001 -79.8371457
HH West of David's Island Dock 1053 44.8455183 -79.8230148
HH East of Quarry Island 1054 44.8353256 -79.8067420
HH South of Wetland Outflow 1055 44.8907232 -79.8019083
HH Pratt Bay 1056 44.8791904 -79.8068496
HH Bay South of North Bay Wetland 1057 44.8935271 -79.7979023
HH Deer Island Channel 1058 44.8940136 -79.8256016
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