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Abstract

This thesis brings together a variety of new armmhéng technologies in an attempt to
characterize spatial variability in highly compleaar shore areas of the Laurentian Great Lakes in
order to provide methods and mechanisms of ansgvedological questions in the presence of

dynamic and heterogeneous environmental conditions.

A high frequency echosounder was used to detectlaracterize the nuisance macroalgae
(Cladophorg that currently blooms along many of the lower &reakes shorelines. Detection of
algal stands that were of high biomass and thezdilcely to be considered a nuisance was largely
successful and robust. Detection of short standgtarse of low biomass were limited by the
acoustic resolution of the system. Attempts toawsrage backscatter strength and integrated
scattering volume as predictive metrics to estinstdading crop were largely unsuccessful, likely
due to the inability of completely excluding reveration from the substrate and the presence of

invertebrates within the algal mats.

This acoustic system was subsequently used dnaagshore mobile surveys to map the
distrubtion ofCladophoraat several locations in Lakes Ontario, Erie andaduCladophorawas
detected with the acoustic unit at all sites in@slontario and Erie, including at offshore shdals,
removed from catchment influend@ladophorawas not detected at any of the Lake Huron sitds an
visual observation combined with underwater canaek confirmed thaCladophoradid not
accumulate to levels that would be detecable withustics, or was absent entirely. Nutrient
conditions varied surprisingly little among sitasd did not readily explain the differences in
Cladophoradistribution from site to site. In contrast, desnid mussel abundance was significantly
associated witiCladophorabiomass, likely due to their effects on wateritjaaind nutrient

regeneration in the benthos.

Despite the strong association between dreissgmiddance an@ladophorabiomass
observed during the multi-lake surveys, urbanizdhonents contain a multitude of potential
shoreline nutrient sources which may contributthéocurrent patterns @ladophoragrowth. No
compelling evidence for nutrient supply from shisrelsources or municipal waste water treatment
plants was observed, and although some degreatidisassociation betwedriadophoragrowth

and tributaries was observed at one of the studg,ghe widespread nature@fdophoragrowth in



conjunction with a lack of nutrient enrichment eande argues against shoreline sources as a

significant cause.

Although much of the spatial variation of waterss@s and phytoplankton in the near shore is
structured by hydrodynamic processes, some evidexists that the extensive bed€Giidophora
may have some ability to affect the overlying watleemistry and water quality. Patterns of dissolved
gases in the near shore were largely consistehttingt demand for CCand the release of,@y
Cladophorain the summer months when biomass and areal eaaer high. Furthermore, changes in
phytoplankton photosynthetic efficiency were coteiswith changes in nutrient and €levels,
suggesting that perhaps the interplay between leealiiae and pelagic phytoplankton may be

important in the shallow waters.

AlthoughCladophorais a major component of the lower Great LakesHhiemommunity, it
does not reach comparable levels in Lake Simcogitéesomparable water clarity, phosphorus
concentrations and dreissenid mussel abundanbe tower Great Lakes. The difference in physical
size between Lake Simcoe and the Great Lakes midly paplain the relative lack afladophora
growth in Lake Simcoe, perhaps through reduceditarize or reduced physical disturbance that
allows for invertebrate grazers to maintain highradances relative to the Great Lakes where mussel
shells are pulverized to fine grained material tiahinates invertebrate refuge. Differences inewvat
chemistry may also be important; dissolved silisacentrations in Lake Simcoe are comparable to
those measured in the upper Great Lakes and ddroytelow the threshold for silica limitation of
phytoplankton or benthic algae. This may prev@ladophorafrom outgrowing its epiphyte coating,

leaving Cladophora in a state of nearly contindals limitation.

AlthoughCladophoradid not respond in Lake Simcoe as it did in thedoGreat Lakes to
dreissenid invasion, macrophyte growth has claadseased. Macrophyte growth covered nearly
100% of Cook’s Bay to a depth of 8 m, and macroghiyiere observed at depths of up to 10 m. It
appears that while historical nutrient loading esvjzled the nutrient rich sediment in Cook’s Bay,
dreissenids have supplied the significant incréaseater clarity, that has allow for the expansudn

macrophytes into deeper water.



Acknowledgements

All students need a bedrock of support. Withoutra footing, there is no foundation to build on,
and | am certainly no exception. | would like bebinacknowledging the folks who have admirably
served as my bedrock over the past few yearsirBtlike to acknowledge my thesis advisors; Bob
Hecky and Ralph Smith. Ralph and Bob were instruatén indentifying key research questions and
developing the research programs and approachesigtied much of my interest in a broad variety
of topics, and were always willing to dispense adyinsight and encouragement. Their exceptional
mentoring provided me a unique opportunity to daliblseveral areas of biology and ecology and
this thesis is a reflection of their efforts.

Committee members Stephanie Guildford, Todd Hoamdl Lars Rudstam provided a diverse and
inter-disciplinary array of ideas, comments andititfaful questions during committee meetings and
other more informal settings. Todd graciously sd&mdophoradata from Lake Erie, and Lars
kindly included me in his fisheries acoustics waidgs at the Cornell Biological Field Station.

I would also like to acknowledge the help of margeptional field assistants. Adam Houben,
Emily Hazzard, Andrea Idika were instrumental dgrine forays to Lakes Erie, Ontario and Huron
in 2005. The level of helpfulness and perseverdigm@ayed by these three was directly proportional
to the amount of suffering endured and the difficof the work | heaped on them. The 2005 surveys
could not have been completed without their tirel@ssistance. Adam Houben (often on one leg) and
Tedy Ozersky provided assistance for work in 208% 2007 both at Halton and Pickering, as well as
at Lake Simcoe in 2006 and 2007. Field assistaypas ISorichetti, Yuang Zhang, Zing-Ying Ho and
Ann Balasubrumanian were also of great assistaméegithe Lake Simcoe work.

Laboratory managers Yuri Kozlov and Cindy Wang ea&r much of the sample analsyses for
water chemistry data in this thesis, and theiiceffict and meticulous laboratory work ensured a
quick sample turnaround time and reliable analydmlergraduate students Laura Woodworth, Ryan
Sorichetti, Yuan Zhang, Shazeen Bandulukawa, arshDukosavljevic also spent many hours
processing samples and running sample analyses.

Scott Higgins and Sairah Malkin both provided resiole and meticulous diving supervision to
complete groud-truthing of the acoustic systemhiayiter 2. Adam Houben and Ted Ozersky
willingly joined me in water that was frequentlyl® degrees due to upwelling, or had questionable
material floating in it. Greg Silsbe and Scott Higgalso provided logistical support (navigatiom an
caffeination assistance) for the night time suniayShapter 5. Adam Houben chauffered us back to
Waterloo after a night on the lake.

Additional logistical assistance was provided byaBrEmo and LOSAAC volunteers who
provided a vessel for the spring water quality sysvin 2006. Staff at the MNR Fisheries
Assessment Unit at Sibbald Point Provincial PaakéJ.aRose, Brent Metcalfe, Cam Willox, Ron
Allen) kindly provided laboratory space and acdess coffee machine, mugs and free coffee during
long nights of sample processing on Lake Simcoe.

I would also like to acknowledge the efforts ansistance of Dr. Luis Leon and Greg Silsbe for
providing a valuable resource for all problemsteslao visual basic, Matlab, MS Access and other

Vv



various computer programs that needed torturinglithahally, | am also grateful to my co-author for
the paper arising from Chapter 2, Andrew Stever83B) for having the patience to port multiple
shippets of code into a working GUI in Matlab. Adtlgh driven primarily by his own research
objectives, he willingly shared his code and putwigh my numerous inquiries and suggestions for
code changes. BioSonics Inc. kindly provided the data format documentation that allowed
construction of the GUI, and technical discussimos technical staff (Assad Ibrahim, Brian Moore
and Mike Burger) were always beneficial.

Funding for this work was provided from a numbesofirces. A National Sicence and
Engineering Research Council Co-operative ReseardiDevelopment Grant provided much of the
funding for the work in 2005. Ontario Clean Wategeiicy funded the Halton region work in 2006,
and Ontario Power Generation funded the work dtdfing. A Ministry of Environment Best in
Science Grant to Stephanie Guildford provided fogdor work on Lake Simcoe. Funding was also
provided from an NSERC Postgraduate Scholarshipar@ntario Graduate Scholarship in Science
and Technology.

Lastly, a special acknowledgement to the peopleungental to all levels of production: My wife
(Barbara) and kids (Alex and Jillian) often hagtd up without me for extended durations during
field work, most often in the summer months. Yetittacceptance, encouragement and unconditional
support provided a strong foundation for me wHilis tvork was completed. My parents (Bill and
Cathy) and in-laws (Sarah and Partick) were supgo#nd always willing to help out with the ups
and downs experienced by a young family with arab&iparents. Siblings (Tom, Sarah and brother
in-law Denis) provided support by maintaining imiamt roles in the kids’ lives and at least for Tom
and Denis a little academic family competition,ugb | must concede that their understanding of
engineering science far exceeds mine.

vi



Table of Contents

AUTHOR'S DECLARATION ... oottt eiitiiie et eeee e e s ettt e e e sttt e e e st e e e e s snsae e e e smmmnesssssnaaeessnnneeaeeaans ii
Y 01 1 =T S ...
ACKNOWIEAGEMENLS ... e e e ae e e e e e e e e e e e e e e aaees %
TaDIE OF CONLENTS ...ttt e e e et e e e e e e e s s e s bbb b e e e eeeeeeeeeannnes vii
LISt Of FIQUIES .o Xii
LISt Of TADIES ... e e e e e e e e e e e e e e e XVili
Chapter 1 General Introduction and OVEIVIEW...........c.ceeviiieiieeeiiieiiieiiirerieeierienerereeeeseeeereeereeeeeee. 1
L0 AACOUSTICS .eeeeeeeeees ettt ettt ettt 4444444 e bbbttt et e e e o4 e smmee e e e o4 e e e bbb bttt e e e e e e e e e e nnnbeee e 2
1.2 FIUOMMEBIIY « e e 6
R I T 1] = Lok PP PR PRSP 10
1.3.1 GeostatiStiCal tNEOIY ........cooiii e 10
1.3.2 STUCTUIAI ANBIYSIS .....eeiiiiiiiei ittt e e e e e e e e e e e s 11
1.3.3 Variogram model fitliNG .........c.uviiiiiieeeie e e 14
RS TR 8 (0[] o TP PP PP PPPPRPPPPRP 14
1.4 Organization of the theSIS..........ooo e 17
Chapter 2 Pushing the envelope: detection and clesization of a flamentous alg&ladophora
sp.) on rocky substrata using a high frequency Sminoder ............coooovviiiiiiiiiiiiiiiiiieeeeeees 20
N R O 1Y o= P 20
pZ 2 | 11 {0 To [ T £ o o I P 21
2.3 Materials and PrOCEUUIES ..........uuueiceceeameieaer e e e e e e e e e e e e e e e e e e e e eeeeeea e e e e e e e eas 23
B TR S (10 YA 1= 23
2.3.2 ACOUSLIC data COIECHION ......ccoiiii et e e 23
2.3.3 Ground truthing sample COIlECON ......cceeeeeiiiiiii e, 26
2.3.4 ACOUSLEIC Data ANAIYSIS .....cccee e 27
2.3.5 Estimation of percent cover and canopy height.......................cc 27
2.3.6 Prediction Of DIOMASS ........ooiiiiiieeeeee et e e e e e e e e e e eebeee s 29
2.4 RESUILS ..ttt ettt et e e e e e e e e e e e et r et e e e e e e eaaaeas 31
2.5 DISCUSSION ...ttt ettt et e e e e e e e ettt e e e e e e e s e ammeeee e e e e e e bbb b et e e e e e e e e e e e nnannneees 37
2.5.1 Detection of algal PreSENCE ........ooiveviiieiiiiiiieeeeeeeeeeeeee e e e e e e e e e eeaaees 37
2.5.2 Estimation of algal stand height ... 37

2.5.3 Estimation of percent cover



2.5.4 EStIMAtiON Of BIOMASS ...vuiiiriieitie et ettt ettt e et et e et et e e e e e e st resem e e et s eearesaeeeannns 42
2.5.5 Conclusion

Chapter 3 The distribution of nuisanC&adophorain the Laurentian Great Lakes; Influence of land

use, water quality and dreiSSENId MUSSEIS. ..caa e iiviiieiiiiiieiei e e eeeeereeereeerrrarnne 45
TR O 11T V=SSP PP 45
G328 | 1 0T [T 1T o ISP 46
3.3 Materials and MethOds............coooi e 49

3.3.1 Site Selection and DeSCIIPLONS. .........uuiiiiiiiiiiiiiiiie e e e 49
3.3.2 Physical and Chemical MEaSUremMENTS. . .cccceeeiviiiiiiieeeieiiiiie e rmmnee e 57
3.3.3 Dreissenid Mussel abUNdanCe........ccooevveeeiiiei et 57
3.3.4 ACOUSEIC SUIMNVERYS.....ceeiiiieeiiiiiiieee e e ettt e e e e e e e e et e e e s snmmr et e e e e e e e e e e e e e eaeas 58
3.3.5 GeostatistiCal MEtNOAS .............oii e 59
3.3.6 Estimation o€ladophorabiOmass............oiiiiiiiiiiiie e 60
IR T A = LU A [or= = T F= 11T PP 62
i RESUILS ...ttt e e e e e e ettt e e e e e et aaaaaeeeas 64
3.4.1 Dreissenid abUNGANCES...........uuiiimeeeeeee it e e e e e e e e e e e aaes 64
3.4.2 Near shore physical and chemical conditions...........cccoeevieeiiii e, 66
3.4.3 Trends in tributary CONCENIIALIONS ... e eeeeeeieeeiiieiiiiiieeeiee et eeeeeeeeaee e e e e e aaaaaaaeaees 71
3.4.4 Distribution of nuisancBladophora...............cccccoiiiiiiiieeeeee e, 74
3.4.5 Relationships dfladophorabiomass to land use, water quality and dreissenisisel
ADUNAANCE ... e ettt e e e e e s emne e e e e e e e e e bbbt e e e e e e e e e e 86
ST B Yol B 11 o] o PP PRSP 89

3.5.1 Current distribution of nuisan€#adophoragrowth in Lake Huron, Erie and Ontario .... 90

3.5.2 Distribution of nuisandgladophorain relation to water chemistry, land use and deisd

IMUSSEIS ...ttt e e et e e e e e e e e e e r e e e e e e e r e et e e e e e e e 91
3.6 Summary and CONCIUSIONS...........oii et ee e enneennennnnnnnns 99

Chapter 4 Distribution of nuisance benthic algafdophorg along urban shorelines: Can the

resurgence be linked t0 NUIHENT SOUMCES? ..coorriiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee e e e e 100
RO 1= = P 100
2 | 11 o T U Tod 1 (0] o PP 101
4.3 Materials and MethodS. ..........ooo oo 104

4.3.1 Site Selection and DESCIIPLIONS. ... 104



4.3.2 Physical and Chemical MEaSUIEMENTS ...cceeeeeevrrrrrrrmmneiiiiiieassaaeseee s e s snnrenneennnes 108

4.3.3 ACOUSLIC SUINVEYS .....oiiiiieiiiiiieeee ettt eeee ettt ettt ettt e e as e e aaaeeaaaeaaaeeaeeeeeeeeeeeees 109
4.3.4 GeostatiStiCal METNOUS ............oi et 110
4.3.5 Nuisanc€ladophorabiomass and association to nutrient SOUrCES.mmmmm..vvveenieennn. 112
4.3.6 StAtiStiCAl ANAIYSES. . ... 113
A4 RESUILS ...ttt mne ettt e e ettt et eeeeeteeneennnnnnnnnnnees 115
4.4.1 Physical and Chemical conditions during tlaroar at Oakville...................cooeee. 115
4.4.2 Physical and chemical conditions at Oakwdlieéng the growing season..................... 811
4.4.3 Physical and chemical conditions at Pickedagng the growing season ...................... 123
4.4.4 Structural analysis and SEMIVariOgramMS. .cccccc..o.veeeeeeeeieeiiieieeeeteeeeeneeeeemmenneeeeeeeeeeee 128
4.4.5 Patterns of nuisance algal growth at Oakville..............ccccooiiiiiiiiiiiii s 131
4.4.6 Distribution of nuisandgladophoraat PICKENNG ........ccooiiiiiiiiiiiiieee s 138
I 1= o3 1 L [ 150
4.5.1 Patterns of nuisan@adophoragrowth and municipal WWTP outfalls.................... 152
4.5.2 Nuisanc€ladophorabiomass and shoreline nutrient SOUrCES ......uueeeeeevvvevrvvevvennnnns 153
4.6 SUMMAry and CONCIUSIONS ..........uviiiiiiieeeeen e e e 157

Chapter 5 Spatial structure in a complex coastaézblew methods for elucidating controls on water

quality and phytoplankton ............ooooiii i 160
5.1 OVEBIVIEW ..t eee ittt ettt ammmmms ettt e e e e e e e ekttt et e e oo e 44 e e e e e e e s e bbb et e e e e e e e e e e nnnbbnne e s 160
02 [ 11 oo [0 Tox 1o o [ PP PPPP PP 161
5.3 Materials and MethOUS ...........oiiiiit sttt e e 163

5.3.1 Study site and SaMPlNG AESIGN ........cmmmmmmeeeerrrrnrrrnnnnrnnnnin ... 163
5.3.2 Flow through System and SEt-UP....... e eermmmmiiiieeeeeaaiiee e e e 163
5.3.3 Water CREMISTIY ...ttt e e e e e e e e 169
5.3.4 GeostatiStiCal ANAIYSES..............tcemmme ettt 171
B R SUIS ..ottt et e e et e eeeaeeaaaanrarnnnne 173
LR B 1= o B 1= o) o PRSP UPPRRPPRN 189
5.5.1 Physical structure and differences in hydnaghyic regimes .............ccccvveeveiniinnnnennes 189
5.5.2 Factors affeCtingufFn 8N pgji- . oo 190
5.5.3 Spatial patterns during downWelling ....ccceeeeeeoeioiioiiii e 192
5.5.4 Spatial patterns during UpWelliNg ......ccceaeoooee e 194
5.5.5 Potential for benthic-pelagic interactions@ar shore Lake Ontario.............c.cce.ee. 198

iX



Chapter 8Cladophorain Lake Simcoe: Why does it not reach nuisance@tons? .................... 201

L @ = V= PP PRSPPI 201
(02 [ 11 e To [0 Tox i o o TR PP PP 202
6.3 Materials and MethOUS. ............uiiii e e e e e e e e e e e e ane 204
6.3.1 STUAY LOCALIONS ...ttt e e e e e e e emmen e e e e e e e e e eeeeas 204
6.3.2 Physical and Chemical CONAItIONS ........ccccciiiiiiiiiiieee e 206
6.3.3 Acoustic Surveys and Data ProCESSING .ceeeeeeeervvrrriieieeiiiiiiiiiiiiee e e e e e simmeeee e 206
6.3.4 GeostatistiCal ANAIYSIS..........uuiiiiiiieeei e 208
6.3.5Cladophorasampling and internal nutrient analySes.....cccccccvvvvviiiieiiiiiiiiieeeeeeen 210
6.3.6 SEAtISHCAl ANGIYSES ...t mm e e e 210
L =T 1 ] 212
6.4.1 Water chemistry and physical conditions..............ccccoiiieeeeee e 212
6.4.2 ACOUSEIC SUINVEYS ... eeeeeaeeeteentseennneennesnnesnnnsssnn s mmmmeeeeseeesssssssnsnnnnnnnes 213
5.5 DISCUSSION ...ttt e e ettt ettt e e e e e s ettt e e e e e e e e bbbt et e e e ens st bbb e e et e e e e e e e s nnnnbbbeeeeeeeas 219
6.5.1 Nutrient control 0€1adophora.............oovvviiiiiiiiiiiieeeerrre e 222
6.5.2 Light availability ..........cooviiiiiiiieeeee e 224
6.5.3 Grazer control ABladophora..............oooiiiiiiiiiiieeeeeeeeeeeeee e 226
6.6 CONCIUSION ...ttt ettt et e e e e e e sttt e e e e s semmt e e e e e e e s e sttt aeeeeeeeeeeeannnn 228
Chapter 7 Submerged Aquatic Vegetation in Cook’g, Bake Simcoe: Assessment of changes in
response to dreisSenid MUSSE! INVASION. ... ccuueeearrrririuutiireessass e e e s e e e s ssrrsee e 229
A O = V= PP PR 229
7 1 11 (e To [ Tox i o o TP PP PP 230
7.3 Materials and MethOds............oooi oo 233
7.3.1 STUAY LOCALION ....eeiiiiieeiiiiiit e ettt e et e e e e s srmmne e e e e e e e e e eeeeas 233
7.3.2 Acoustic Surveys and Data ProCESSING .ceeeeeeerrrrrriiiieeeiiiiiiiiiiiiiee e e e e ssimmeeee e e 233
7.3.3 GeostatistiCal ANAIYSIS..........uuiiiiiieeeei e 235
7.3.4 Macrophyte sampling and internal NUINENtYBES ... e 237
7.3.5 Estimation of macrophyte DiOMass.......cccceeiiiiiiiiiiiiie e 237
A0 U= U ] 243
7.4.1 Acoustic Surveys — Patterns of macrophytatfrand biomass in Cook’s Bay ............ 243

7.4.2 Comparison of current macrophyte distributmhistorical macrophyte distribution .... 249

7.4.3 Macrophtye assemblage and tiSsue NULHENLS...........uuuueeeieiiiiiieee e ee v 249

X



T Do 111 (o] [ PP PO PP TPPP 255
7.6 CONCIUSIONS ...ttt e e e e e e e e bbb bt e e e e ess bbbttt e e e e e e e e e e nnnbbneeeeeeas 260
Chapter 8 Summary of CONCIUSIONS ... 262
RETEIEINCES ...ttt ettt e e ettt ettt e e e e e s ammeee e e e e e e e bbbttt e e e e e e e e e nnnbbeees 267

Xi



List of Figures

Figure 1.1. Schematic image of a single beam trarestheam pattern (scaled in dB). Image adapted
from http://www.acousticsunpacked.org. The full tne@ngle is the -3 dB beam angle, which is
defined as the angle between the lines that représe half-intensity direction on either side loét

L aF= 1L = VTP U TP UPPPPPPPRRPR 4..
Figure 1.2. Kinetic profile of a single turnoveash as induced and detected by a FRR fluorometer.
Parameters of interest to this thesig;H, F,, rsiare noted on the figure. Adapted from Kolber et
AL (1998). ..ttt e e 9.
Figure 1.3. Idealized spatial covariance modelaayg semivariance | as a function of lag distance
(h). Nugget Cy) indicates the nugget effect, the sl]) (ndicates the maximum semivariance, and (
indicates the range of autocorrelation. The cutivedrepresents a valid semivariogram model. ..... 13
Figure 2.1. Map of Lake Ontario showing the siteaamustic ground truthing. Inset panel A:
Oakville, Inset Panel B: Pickering. Hatched boxehdate approximate locations of ground truth
SEALIONS AN TFANSECTS. ....oii ittt ettt e e e e e sermne e e e e e e e s s bbbt e e e e e e e e e e annneeees 25
Figure 2.2. Sample echogram from the Oakvilleigsiteake Ontario showing 20 Log R corrected
backscatter as a function of range across a 5@pg@gment of a data file. Range here is equivatent
depth (in m), and ping number represents sequgaitiginumbers in a file, or simply, distance along
a transect. 500 pings is equivalent to a distafiee2®0 m. The lake bottom is the darkest feature o
the echogram. Note the structural differences batviat rock bottom, and areas with boulders.
Algal stands are represented by a weaker (light®r)gcattering layer immediately above the lake
bottom, but still stronger than background scattgfivater column NOISe). ............evvvvvvvieeeeennen.. 30
Figure 2.3. Profiles of acoustic backscatter intgrisom the data displayed in Figure 2 showing A,
profiles classified as bare rock, B, profiles citasd as containingladophora and C, the average
difference between the backscatter profile of lzene vegetated bottom signals (all units in dB). For
both A and B, the mean profile is given by the&dhe. .........cccooeeeviiiii 32
Figure 2.4 a) Relationship between algal standhteigtimated from acoustic data and diver
measured stand height from the corresponding grtuitid samples. Note: data recorded as zero
acoustic height along the x-axis indicate measerbbt heighin situ, but were not detected by
EcoSAVor the GUI because they failed to meet th@mmum height requirement. Dotted line
represents 1:1 line, regression line (solid lisepiandHeigh,=0.014 + 0.009 + 0.83 +
0.056[StandHeighRt.el], r’= 0.87, p <0.0001. Regression line (dashed linStandHeight.,sa~0.13
+0.02 + 0.92 + 0.11[StandHeight], r’=0.75,p<0.0001. Note that stand heights below detection
limit were excluded from regression. b) Plot ofidesls of acoustic vs ground truth stand heightas as
function of site depth. Dashed line is regres$iwrEcoSAV® generated residuals (y=0.05 £+ 0.019 +
0.018 + 0.01[Depth] 20.37, p<0.05), solid line is regression for GWideials (y=0.012 + 0.014 —
0.005 + 0.003[Depth]#0.04, p = 0.12) Note: The depth values (x axig)taken as the reported
depth from the GUI QUEIPUL. ........eeiiiieeii et ee e e e e e e e e e e 33
Figure 2.5 a) Detection rate (# of positive pingsiicycle sequence) vs dry biomas€ltadophora

sp. Regression line (Equation; DetectionRate =.88% 18.6 + 123.55 + 10.15(£28°%9* 001

Blomass) "=0.72,p< 0.0001) and 95% confidence intervals and 95%igiied intervals are also
shown and (b) Detection rate ivssitu bed height as measured by divers. The solid lam®tks the
GUI classification thresShold Of 7.5 CIML ......eeriieiiie e e 35
Figure 2.6. a) Mean 20 log R TVG backscatter intgrfdB) within the algal canopy, and b) volume
backscatter (Sv; dB) computed for the echo enveloya the top of the algal canopy to the declared
bottom depth vs Dry Biomass Gladophora Average values and standard deviations for badttesc
intensity in a) and volume backscatter in b) wemaputed by taking the antilog of the 20log R TVG
corrected data, averaging and then expressing as.aB...........coooiiiiiiiice e 36

Xii



Figure 2.7. Sample echogram showing a) classificats done in Matlab GUI, b)declared bottom
depths from Matlab Classification in (a) and ECo®AV2.0, ¢) estimated canopy height from Matlab
GUI classification in (a) and ECOSAV® v2.0. The ttepf the algal canopy was computed by adding
the estimated algal canopy height to the declaotidim depth. ..............coovviiiiiiiiiiiiiiceeeee e, 40
Figure 2.8. Sample echogram showing a) Matlab Ga#isification, b) Matlab GUI and ECOSAV®
v2.0. declared bottom depth from classified data)jrc) Matlab GUI and ECoSAV® v2.0. classified
canopy top from data in a). The depth of the atgalopy was computed by adding the estimated

Figure 3.1. Map of the Pike Bay (a), Cape Chin -ef3yBay (b) and Southampton (c) study sites
showing locations of water quality and underwatenera sampling stations and associated
bathymetry where acoustic surveys were conductset panel denotes location of the study site in
Georgian Bay or Lake Huron. Water quality and undeéer camera stations denoted by).(Station
[abels are NOted ON FIQUIES. ... ..o e e e e e e e e 53
Figure 3.2. Map of Nanticoke shoal (a), Peacockifd) and Grand River (c) study sites showing
locations of water quality and underwater camenapdiag stations and associated bathymetry where
acoustic surveys were conducted. Inset panel detimedocation of the study site (arrow) within
Lake Erie. Water quality and underwater cameraostsitdenoted by (). Station labels are noted on
L1081 54
Figure 3.3. Maps of Oakville (a), Port Credit (Byesqu’ile Provincial Park (c) and Dobb’s Bank (d)
study sites showing locations of water quality anderwater camera sampling stationd éand
bathymetry where acoustic surveys were conductset banel denotes the location of the study site
(arrow) within Lake Ontario. Storm sewers dischaggio tributaries or directly to the lake are
denoted by (), industrial and municipal outfalls with (.Locations for storm sewers and outfall
locations from Griffiths (1990). Note that UTM zod#fers between upper and lower panels.......... 55
Figure 3.4. Map oLake Huron, Lake Erie and Lake Ontario showingapproximate locations of

the acoustic and water quality surveys and theimesiof provincial water quality monitoring

network (PWQMN) stations nearby the acoustic susi®s. Locations of acoustic and water quality
surveys are denoted by J and locations of PWQMN sites are denoted by. PWQMN Station IDs

AS TN TADIE 3.5, ettt e e e e e e 56
Figure 3.5. Relationship between quadrat bioma&Mgn®) and algal canopy height (cm). Data
sources include East Basin Lake EfigHfggins 2005, T. Howell; unpubl. data) and Laket®io ( ;

S. Malkin 2007, Malkin et al. 2008, D.Depew, updhta). Equation of the linear model iBiomass

(g m?) = 0.877+0.034 x BedHeight(CMFm0.73, df=234. .....coovoovieieeeeeeee e 63
Figure 3.6. Plots of annual mediari @ncentration (mg L) (top panel), N@concentration (mgt)
(middle panel), and TP concentration (mg (bottom panel) for PWQMN stations nearest thelstu
sites. Blue lines represent Lake Huron sites, gfeebake Erie, and red for Lake Ontario. ........7.3
Figure 3.7. Residual semivariograms for a) percewér at Nanticoke Shoal (July 12 2005), b) algal
stand height at Nanticoke Shoal (July 12 2005pecgent cover at Presqu’ile Provincial Park (July
27 2005), and d) algal stand height at PresquiitiRcial Park (July 27 2005). Note the differences
total semivariance for panels a) (offshore shda) sind c) (nearshore site high exposure) and the
difference in the sill between panels b) (no mabybdes present) and d) (macrophytes present).?..... 7
Figure 3.8. Kriged maps showing a) percent covestdnd height, c) estimated dry biomass and d)
estimated biomass standard error for Nanticokelsboly 12, 2005. The black line denotes the
outline of the 11 m depth contour of the shoal adridenotes approximate location of Nanticoke
Shoal in Lake Erie (inset box in panel d). Note tha scale for stand height (panel b) and estidhate
biomass (panel c) are of different range than falhg figures..................ccco 79
Figure 3.9. Kriged maps showing a) percent covealdml stand height, ¢) estimated dry biomass and
d) estimated biomass standard error for Peacoak,Rily 19, 2005. Arrow denotes approximate

Xiii



location of Peacock Point in Lake Erie (inset boypanel d). Note that the scale for stand height
(panel b) and estimated biomass (panel c¢) areffefrelint range than following figures............... 80
Figure 3.10. Kriged maps showing a) percent cdwestand height, c) estimated biomass and d)
approximate standard errors for biomass estimatehé Grand River sites July 14-15, 2005. Note
that the scale for stand height (panel b) and estichbiomass (panel c) are of different range than

FOHOWING FIQUIES. ...ttt e e e e er e e e e e e e e e e e e n e e e e e e e e e e aannnes 81
Figure 3.11. Kriged maps showing a) percent cdvestand height, c) estimated biomass and d)
approximate standard errors for biomass estimate®dikville, July 25 2005. ............cccvvvvieeeemnns 82

Figure 3.12. Kriged maps showing a) percent cdvestand height, c) estimated biomass and d)
approximate standard errors for biomass estimateldrt Credit, July 21 2005. Note that the scale
for stand height (panel b) and estimated biomaasglc) are of different range than following
U S, e e e ————— 83
Figure 3.13. Kriged maps showing a) percent cdvestand height, c) estimated biomass and d)
approximate standard errors for biomass estimateBresqu’ile Provincial Park, July 27 2005. ..... 84
Figure 3.14. Kriged maps showing a) percent cdvestand height, c) estimated biomass and d)
approximate standard errors for biomass estimate3dbb’s Bank July 27 2005....................... 85
Figure 3.15. Depth profiles of average estimatednaiss from acoustic methods for a) Nanticoke
Shoal, b) Peacock Point, ¢) Rock Point (Grand Riaed d) Grant Point (Grand River). Error bars
are one standard deviation. Note x axis scaldfisrdnt for panels a and b................. e 87
Figure 3.16. Depth profiles of average estimatednaiss from acoustic methods for a) Oakville, b)
Port Credit, ¢) Presqu’ile and d) Dobb’s Bank. Etrars are one standard deviation. Note x-axis
scale in panels a and b is dIifferent. ............uueiiiiiiiiii s ————————— 88
Figure 3.17. Scatterplots of mean nuisa@talophorabiomass estimated from acoustic methods
with a) Spring total P, b) summer TP, ¢) Spring SRRImmer SRP, e) spring NOf) summer NGQ.
Significant p <0.05) Spearman correlation coefficients are ginethe upper right corner of panel.97
Figure 3.18. Scatterplots of mean nuisa@tadophorabiomass estimated from acoustic methods
with a) % agricultural land use, b) % urban land, @ dreissenid mussel abundance. Signifigast (
0.05) Spearman correlation coefficients are givetné upper right corner of panel........... .o 98
Figure 4.1. Map of the sites surveyed for this gt&a) Oakville b) Pickering (main portion) and c)
Rouge River area (west of Pickering). Maps showewsampling stations (), storm sewers (),
municipal outfalls ( ), and major tributaries are labeled. Bathymaetoiotours delineate the area
covered by the acoustic surveys. Inset panel denloéelocation of the study site (arrow) within keak
Ontario. All labeled municipal outfalls are currgractive. Note: transect labels (e.g., OA1 — OA4,
and PI1 — PI4) indicate tranSE@Ct NUMIDET. ... e eeeeiennieiiiiiiiiiaaeeaae e see s s seesreeneeenneeennennnnnnnes 107
Figure 4.2. Scatter plots of a) Total Phosphori (ig L) , b) Total dissolved Phosphorus (TDP;
ug LY, c) Soluble Reactive Phosphorus (SRP; jij H) Chloride (CI; mg L), e) Nitrate (NQ, ug
L), and f) Total suspended solids (TSS; n1y &s a function of distance to the nearest trilyutar
mouth along the Oakville shoreline. Note: Dataexttd 13 April 2006 to 27 April 2006. Distance
here is computed as the minimum Euclidean distance..................uevvvvivvviiiiiiiiiiimeeeereeeeeeeeees. 116
Figure 4.3. Scatter plots of a) Total Phosphoru (ig L) , b) Total dissolved Phosphorus (TDP;
ng LY, c) Soluble Reactive Phosphorus (SRP; [ty t) Chloride (Cl; mg I}), e) Nitrate (N@; ug
L™, and f) Total suspended solids (TSS; ny &s a function of distance to the nearest outfalhg
the Oakville shoreline. Note: Data collected 13iAP006 to 27 April 2006. Distance here is
computed as the minimum Euclidean diStanCe. ..............uuuueeueiiiiiiiiiaaeaeee e 117
Figure 4.4. Seasonal boxplots of a) surface tenper&°C), b) TSS (mgh), c) light attenuation
(kPAR; m"), d) chloride (ClI; mg L), e) Chlorophyll a (Chl a; pgt), f) total phosphorus (TP; pg L
1, g) total dissolved phosphorus (TDP; 1i§) Lh) soluble reactive phosphorus (SRP; [y &and i)
nitrate (NQ; pg L™) for the 2006 study at Oakville. Legends as ingda. ...............c.cooceevrvenenn. 120

XV



Figure 4.5. Spatial boxplots of a) surface tempeea(°C), b) TSS (mg1), c) light attenuation
(kPAR; m"), d) chloride (ClI; mg L), e) Chlorophyll a (Chl a; pgt), f) total phosphorus (TP; pg L
1, g) total dissolved phosphorus (TDP; 1i§) Lh) soluble reactive phosphorus (SRP; [y &and i)
nitrate (NQ; pg L™ for the 2006 study at Oakville. Legends as ingd@.................cccoeveveevenenn... 121
Figure 4.6. Seasonal boxplots of a) surface tenper&°C), b) conductivity (uS ¢, c) light
attenuation (kPAR; i, d) chloride (ClI; mg %), e) Chlorophyll a (Chl a; pgt), f) total phosphorus
(TP; ug LY, g) total dissolved phosphorus (TDP; i§ Lh) soluble reactive phosphorus (SRP; fig L
) and i) nitrate (N@ pg LY for the 2007 surveys at Pickering. Legends gmitel a).................. 125
Figure 4.7. Spatial boxplots of a) surface tempeeat°C), b) TSS (mg'D), c) light attenuation
(kPAR; m"), d) chloride (ClI; mg L), e) Chlorophyll a (Chl a; pgt), f) total phosphorus (TP; pg L
1), g) total dissolved phosphorus (TDP; 1i§) Lh) soluble reactive phosphorus (SRP; [y &nd i)
nitrate (NQ; pg L™) for the 2007 surveys at Pickering. Legends amitel @)............ccceevevevrenn... 126
Figure 4.8. Sample residual semivariograms forgrgrcover (a) and canopy height (b) at Oakville,
June 23 2006 and percent cover (c) and canopy theipht Pickering, July 25 2007. Note the
oscillation in the semivariance for percent coweDakville as discussed in text. Note also the
difference in scale for the semivariance in thegheresiduals at Pickering. ...........cccccoeeeeeein. 130
Figure 4.9. Kriged maps showing a) percent covestdmd height c) estimated biomass, and d)
approximate standard error of the biomass estifbat®akville, June 23 2006. Note the difference in
scale for biomass (panel c) in the following fIGRILE.............oviiiiiiiiiiii e e 134
Figure 4.10. Kriged maps showing a) percent coyetdnd height, ¢) estimated biomass and d)
approximate standard error of the biomass estifoat®akville, July 11 2006. ........................ 135
Figure 4.11 Kriged maps showing a) percent cover b) stanghtet) estimated biomass and d)
approximate standard error of the biomass estifoat®akville, August 1 2006. .................ceeee 136
Figure 4.12. Kriged maps showing a) percent coyestdnd height, ¢) estimated biomass and d)
approximate standard error of the biomass estifoathie Pickering site June 11 2007............ 141
Figure 4.13. Kriged maps showing a) percent coyetdnd height, c) estimated biomass and d)
approximate standard error of the biomass estifoathie Pickering site June 22 2007............ 142
Figure 4.14. Kriged maps showing a) percent coyetdnd height, ¢) estimated biomass and d)
approximate standard error of the biomass estifbathie Rouge River site June 22 2007........ 43.1
Figure 4.15. Kriged maps showing a) percent coyetdnd height, c) estimated biomass and d)
approximate standard error of the biomass estifoatfie Pickering site July 17 2007. ........... 144
Figure 4.16. Kriged maps showing a) percent coyestdnd height, ¢) estimated biomass and d)
approximate standard error of the biomass estifoathie Rouge River site, July 17 2007. ....... 451
Figure 4.17. Kriged maps showing a) percent coyetdnd height, c) estimated biomass and d)
approximate standard error of the biomass estifoatfie Pickering site, July 25 2007. .......... 146
Figure 4.18. Kriged maps showing a) percent coyetdnd height, c) estimated biomass and d)
approximate standard error of the biomass estifoathie Rouge River site, July 25 2007. ....... 471
Figure 4.19. Kriged maps showing a) percent coyestdnd height, ¢) estimated biomass and d)
approximate standard error of the biomass estifoathe Pickering site, August 8 2007. ....... 148
Figure 5.1.Map of the study site at Oakville, Ohkdt panel denotes location of the study site in
Lake Ontario. Sites sampled for water chemistr2006 are denoted by (. Sites sampled for water
chemistry in 2007 include transects OA1, OA2, amal &dditional transects (OA5, and OAG6) denoted
by ( ). Storm sewers are represented on the map bwd municipal waste water treatment plant
outfalls by ( ).Note only active municipal WWTP outfalls are [&ze ...............ooooooiiiiiiiiinn. 164
Figure 5.2. Schematic diagram of the flow througstesm employed during the study. Note that for
the 2006 survey, the Fluoroprobe and YSI-6600 weteonline due to logistical problems. Blue
arrows indicate incoming lake water (intake pipsated ~ 0.3 m depth, 0.5 m in front of vessel). Red
arrows indicate outflowing water that was diverbedtk into the lake. Note that the peristaltic pump

XV



for the IRGA also contained an air inlet for measgiatmospheric COprior to commencing water

L1101 2P PP OPPPPPPPPPPY 651
Figure 5.3. Blank fluorescence as a percentagaropke fluorescence from the surveys in 2006 and
2007. One equation was fit to the data, %Blank.084 + 57.3881254™F h=28 h<0.0001......... 170
Figure 5.4 Kriged surfaces of a) Water Temperature, b) pCDR/F.,, and d) ps; during the
SePLEMDEr 2006 SUINVEY. .......uuiiiiiiiieeesimmmmeaait ettt e e e e e s s e e et e e e e s sammme e e e e e e e s s asnbrrsrreeeeeeeeaanns 178
Figure 5.5 Kriged surfaces of a) % algal cover, b) algalaggnheight , c)surface temperature, and d)
Conductivity during the JuNe 2007 SUIVEY. ....eemeeerrrrurummnnnnnniiiiaassaassaasssesssasseesssssnsssnnnnnnsnnnns 179

Figure 5.6. Bar plots of phaeophytin :chlorophytb#io for the transect stations in 2006 (a) an@720
(b). Note: transects hames correspond to thosgird-4.1. and proceed from southwest to northeast.
Solid line denotes a ratio of 30% above which adioas to F/F, are suggested..............ccceeee.. 183
Figure 5.7.Time series plots of a)f~, and b) pg; for 2006 survey, and c)M, and d) pg for the
2007 survey. Solid bar denotes sampling of 16 I@ileek. Note: the larger scatter evident in 2006
data (left panels) is presumably due to the lovi@mbss present at the time of the survey (see Table
5.1). Note upward drift in A=, in panel ¢) occurred 5 to 10 min prior to sunrise..................... 188
Figure 5.8. Relationship between FRRF fluorescef@e2 um filtered lake water (blanks) vs UV
(370 nm) excited fluorescence as measured by therdéprobe for samples collected in 2007. Data
plotted are the mean (error bars; standard dematib50 replicate fand K, measurements for
sample blanks. Neither relationship was signifiqfgt 0.001*UV + 0.186,%0.038, F=0.319,

p=0.59 and F=0.002*UV + 0.202,7=0.18, F=1.81p=0.21). ......ceecvrrerirereeerrerereeeere e semmemeane s 197
Figure 5.9. Relationship betweeyifs, and % pheophytin. Note the higher sensitivity @p@mber
when phytoplankton biomass (measured as chlorophydl lower....................c.ccrieeeeen, 197

Figure 6.1. Map of Lake Simcoe showing samplingssiKempenfelt Bay stations denoted by, (
Cooks Bay stations denoted by)(and main lake stations denoted by).(Transect stations at
Georgina Island (), Thorah Island () and Pefferlaw () are show in the inset panel (upper right).
Bathymetric contours generated via universal kggihechosounder depth records (easting and
northing as covariates) for the acoustic survegset Georgina and Thorah Island are shown in the
lower inset panel. Note that stations in Cook’s Bé&gmpenfelt Bay and the main basin of the lake
are long term MOE stations (station 900 eXCluded)............uuuuurrmmuinniiiiiiiiies e 205
Figure 6.2. Plots of average a) light attenuatld®R; mi'), b) Chlorophyll a (g L"), ¢) TP (g L™)

,d) SRP (g L%, e) NQ ( gL™), f) Si0, ( g L™ in Lake Simcoe and selected nearshore areag of th
Great Lakes for spring periods (April — early Juiglke Simcoe data are compiled from 2006 and
2007, Great Lakes data from 2005. Note color ofdegmotes the water body as in panel
a).Superscript letters denote values not signifigatifferent atp=0.05. ..........ccccceiiiiiiiiiiiiiiinenns 215
Figure 6.3. Plots of average a) light attenuatld®R; m%), b) Chlorophyll a (g L™, ¢) TP (g L™

,d) SRP (g L"), e)NQ ( gL™), f) SiO, ( gL™) in Lake Simcoe and selected nearshore areag of th
Great Lakes for summer periods (July to AugustkeL&imcoe data are compiled from 2006 and
2007, Great Lakes data from 2005. Note color ofdesrotes the water body as in panel a).
Superscript letters denote values not significadifierent atp=0.05....................cc.cc, 216
Figure 6.4. Maps of kriged surfaces showing percewér at Georgina Island (a), canopy height at
Georgina Island (b) and percent cover at Thorants(c), and canopy height at Thorah Island (d) on
AUGUST 9 2006. ....oiieeiiiiie et eeeeme e e e e e et r e e e e e e e e et e st e e eeee e tenama— e s e e e eee e et b e e aeaeearra 217
Figure 6.5. Bar plots of a) % tissue P b) tissue 1@tio ,c)tissue C:N ratio and d) tissue N:P raifo
Cladophora tissue samples from Lake Simcoe and tmbations in the Great Lakes. Data from Lake
Ontario, Erie and Huron were collected during 2888 2006 and are summarized from Houben
(2007) and Higgins et al. (2008). Data below ugpecification line in panel a) indicate P limit
growth ( < 0.16% P DW) and below the lower speatiien indicate levels corresponding to zero net
growth (< 0.06% DW). Data above upper line in pdneind d) indicate C:P > 1550 and N:P > 74

XVI



determined by Houben (2007) to correspond to zet@rowth. Data above the lower line in panel b)
and d) indicate C:P > 550 and N:P > 42 determinedduben (2007) to correspond to P limited

Figure 7.1. Map showing the location of Cook’s Bay.ake Simcoe. Zoomed rectangle indicates the
approximate location of the acoustic surveys. Baittyy of Cook’s Bay was generated using
universal kriging with northing as the covariate amshown in the zoomed portion. Note that the
inner portion of the bay (blank) is too shallow f@ssel passage and is characterized by heavy
growths of emergent vegetation) denotes the locations of rake based macrophtyelgay from

this study and () denotes the locations of ponar samples takertdayt& (2006). ..........ccvvvveeeee. 241
Figure 7.2. Boxplots of acoustically estimated plaight (binned into 1 m depth intervals) in Cook
Bay in 2006 (a) and 2007 (b). Black lines are ttied GAM models for each year. ................. 242
Figure 7.3 Semivariograms and fitted models for percent cogsiduals in Cook’s Bay in 2006 (a)
and 2007 (b) and for height residuals in 2006 () 2007 () ...ooeeeeeeiiiiiiiiiiiiee e e e 245
Figure 7.4. Kriged maps of percent cover Augusd862(a) and August 24 2007 (b) and stand height
August 9 2006 (c) and August 24 2007 (d) for adoustrveys in Cook’'s Bay. .............evvvvvvn 247

Figure 7.5. a) %N vs depth and b) %P vs depth facrophytes collected in 1984 (red) and 2006
(blue) in Cook Bay. Pearson correlation coefficamtsgiven for relationships in each year. Species
NAMES @S IN FIQUIE 7.6, ... 252
Figure 7.6 N:P molar ratio as a function of % tes§u(AFDW) for macrophyte samples collected in
1984 (red) and 2006 (blue). Solid line is N:P of 24ggested by Duarte (1992) to indicated P

T T e= Vi o] o TR TP PP P PP PP PP 253

XVii



List of Tables

Table 3.1. Summary of the survey sites visitedd@2with land cover characteristics. Site names as
in Figures 3.1 to 3.3. Survey dates; date of agoestvey, WQ date; date of water quality sampling,
Coastal Land Use indicates the % of land use tyifgrmws km of the shoreline adjacent to the survey
area, Watershed Land Use indicates the % landfuitke quaternary watershed for the surveyed
shoreline extent. Land Use types are denoted asAg6Gcultural/Rural, CF; Coniferous Forest, DF:
Deciduous forest, M: Marsh, MF: Mixed forest, URbdn/developed, SW: Swamp. ...................... 50

Table 3.2. Table of dreissenid abundances usddsrstudy. Year represents year data collectesl, sit
indicates site where abundances assigned. Dreaisabundance indicates mean abundance (+
standard deviation) if specified. Source denotda SAUICE. ...............cceeeeeeeiieiiiiiiiieeeeeee e, 65

Table 3.3. Summary of relevant physical and watenustry data for the study sites during the early
season sampling (April 29 — June 13). Mean valuedalded, standard deviations in brackets,
denotes number of samples. Surface temperaturep(T&h and conductivity (Cond; puS Eare
taken from 1 m below surface from the CTD castght.attenuation coefficient (kPAR: T
phytoplankton chlorophyll a (chl a; pg'), total suspended solids (TSS; mg Ltotal phosphorus

(TP; ug LY, total dissolved phosphorus (TDP pg)Lsoluble reactive phosphorus (SRP; iy, L
dissolved silica (Sig pg LY, nitrate (NQ’; pg L) and chloride ion (CImg L. c.oooveivveieee. 68

Table 3.4. Summary of relevant physical and watenustry data for the study sites during the
summer season sampling (July 12 — August 8). Medures are bolded, standard deviations in
brackets, n denotes number of samples. Surfacestamope (Temp; °C) and conductivity (Cond; uS
cm’®) are taken from 1 m below surface from the CTOsdsght attenuation coefficient (kPAR; m
1, phytoplankton chlorophyll a (chl a; pg'), total suspended solids (TSS; mg) Ltotal phosphorus
(TP; ug LY, total dissolved phosphorus (TDP pg)Lsoluble reactive phosphorus (SRP; (i, L
dissolved silica (Si@ pg L), nitrate (NQ’; pug L") and chloride ion (GImg LY. .ocveevveveeeeenee. 69

Table 3.5. Spearman correlation coefficiendsf¢r mean water chemistry parameters and % laad us
at the coastal margin (~5 km inland) and the whtaisscale. Bolded values are significant at the
[0 R 0L [ 70

Table 3.6. Mann-Kendall trend tests for annual mediP, NQ, CI' concentrations in selected
tributaries. denotes the strength and direction of the trefghiffcant trends are bolded. ND*
denotes not enough data to compute a trend. PWQkthsid’s are noted below the tributary name
and correspond to figure 3.4. Number in brackesidecthe variable denotes the numbers annual
medians included in the analysis for each variabtbe corresponding time periods. ..........cceee. 7 2

Table 3.7. Semivariogram parameters and krigingualidation results for 2005 surveys. Date and
site give the location of the acoustic surveysdenotes the nugget varian€denotes the sill, and
the range (m). Sp% is the degree of spatial depmeddescribed by the fitted semivariogram model.
Model Type indicates the form of model fitted te #xperimental semivariogram.“Exp” denotes
exponential model, and “Sph” denotes spherical Mode..............uuuiiiiiiiiiiii e 78

Table 4.1. Summary of the surveys in 2006 and 280Avey data indicated date of acoustic survey,
WQ date; date of water quality SAMPIING... .. oo eeerermmmenniinnieieee e meeeeeeeeeeeeeenneennee 106

Table 4.2. Results from the two-way ANOVA for 2006kville surveys. Note: superscripts on
multiple comparison tests indicate not significamlifferent at the p <0.05 level. ............cm.. 122

Table 4.3. Results from the two way ANOVA for 2(itkering surveys. Note: superscripts on
multiple comparisions tests indicate not signiftbadifferent at the p <0.05 level.................... 127

XVili



Table 4.4. Semivariogram parameters and krigingsualidation results for 2006 and 2007 surveys.
Date and site give the location of the acoustigeys.C, denotes the nugget varian€gdenotes the
sill, and the range (m). Sp% is the degree of spatial depe®ddescribed by the fitted
semivariogram model. Model Type indicates the fofrmodel fitted to the experimental
semivariogram.“Exp” denotes exponential model, ‘@gh” denotes spherical model. .................. 133

Table 4.5. Results of partial Mantel tests for Qidcsurveys in 2006 sf.nvdenotes pure partial
Mantel correlation coefficienp denotes significance of permuted Mantel corretatioefficient, ns
denotes not significant at tipe= 0.0083 level. Covariates indicate covariatecstgainst while all
others are paritaled out. X + Y are Easting andiiiog (m) (e.g., geographic location), Sewer
indicates minimum distance to storm sewer (in MYp8& indicates bathymetric slope (degrees),
Tributary indicates distance to nearest tributaguth (in m), Outfall indicates distance to nearest
municipal WWTP outfall (m), and depth indicates theqf lake where polygon centroid resides (m).
Number in brackets below the date denotes the nuaflolygon centroids available.............. 137

Table 4.6. Results of partial Mantel tests for Brakg surveys in 2007s4.nydenotes pure partial
Mantel correlation coefficienp denotes significance of permuted Mantel corretatioefficient, ns
denotes not significant at tipe= 0.0083 level. Covariates indicate covariateststgainst while all
others are paritaled out. X + Y are Easting andiNiog (m), Sewer indicates minimum distance to
storm sewer (in m), Slope indicates bathymetripesl@egrees), Tributary indicates distance to
nearest tributary mouth (in m), Outfall indicatestance to nearest municipal WWTP outfall (m), and
depth indicates depth of lake where polygon cedtresides (m).Number in brackets below the date
indicates the number of polygon centroids available................ccccvueiiiiiiiiiiiireeeees 149

Table 5.1. Summary of environmental characteristidbe study site during the night surveys.
Bolded variables indicate significant differencesween the two surveys (two-way ANOVA; depth
+ year factorsp <0.05). Note that significant differences were detected between 2, 5 or 10 m
station depths for any variables, thus signifidifferences refer to differences between September
2006 and June 2007 only. Note samples size “n2iifboth 2006 and 2007. ...........cccevvv o 177

Table 5.2 Semivariogram model parameters and sadgation statistics for variables measured
during the September 2006 survey. Covariate idestthe trend variable if KED was used, otherwise
implies OK. Gis the nugget, C is the sill,is the range (m), Sp is the spatial dependenaynaodel
defines the semivariogram fUNCLION. ..........coummmeererrreeniieiini e aaseeserrrrrrrrnnrranneaa—. 184

Table 5.3. Semivariogram model parameters and wadgation statistics for variables measured
during the June 2007 survey. Covariate identitiesttend variable if KED was used, otherwise
implies OK. Gis the nugget, C is the sill,is the range (m), Sp is the spatial dependencyjMEe
mean error, MSPE is the mean prediction error,thesnormalized residual error, and model defines
the semivariogram fUNCHON. ..........cooiiiiieeeiee e 185

Table 5.4. Partial Mantel test results for vagsafhliorescence measurements and other environmental
variables. genvdenotes pure partial Mantel correlation (accowgntor space and inter-correlations
among variables). p denotes significance at th8.01 level, ns denotes not significant...........186

Table 5.5. Partial Mantel test results for varsafhliorescence measurements and other environmental
variables from the June 2007 surveyfdenotes pure partial Mantel correlation (accowntor

space and inter-correlations among variables) nptés significance at the=0.0042 level, ns

denotes NOL SIGNITICANT. ......oiii ettt me e e eeeeeeeeseseesenseneeneennnennne 187

Table 7.1. Summary of semivariogram model paramdterthe nuggetQ), sill (C), and range ()
and model denotes the form of semivariogram mdttetifto the residuals where “Exp” is
(23 o T ] a1 T a1 F= LI o] o 251



Table 7.2 Summary of the area covered by macropligt€ook Bay as estimated by hydroacoustic

surveys during 1984, 1987 and 2006 and 2007. Disaayus cover is defined as cover < 80%, while
continuous cover is defined as > 80%. Mean tissartPN are averages for all samples taken within
L1 1= = - 251

Table 7.3 Summary of studies on lake or embaynmamtgaining macrophytes that were colonized by
dreissenid mussels. Change in parameters (e.qngeha TP, light penetration and macrophyte
cover) refers to the percent change in mean paeamelues from the time period post P control but
prior to dreissena invasion to post dreiSSeNa IDMAS. .............eevvverrvrriiiiiiririr e —————— 254

XX



Chapter 1

General Introduction and Overview

In the decades since the initiation of the Gre&ielsaNater Quality Agreement
(GLWQA), the Great Lakes, in particular the lowee&t Lakes have experienced ecological
destabilization as a consequence of a varietyre$sbrs. For example, much of the land
immediately adjacent to the lakes has become iarrglg urbanized over the last 10 to 15 years
(Wolter et al. 2006) and a nearly continuous streéexotic species has become established in
the Great Lakes (Ricciardi and Maclsaac 2000). &ffexts of these and other stressors are often
manifested in the near shore areas, since thikéserthe majority of people interact with the
lakes. Near shore areas of the Great Lakes haveamtihue to experience chemical pollution,
organic enrichment, physical alterations, degrdsksthes, changes in aquatic community
structure, and in some areas, increasing frequehalgal blooms (Edsall and Charlton 1997).

There is increasing recognition that the conditionhe near shore zones are maintained
by the dynamic interactions among environmentalogiical, hydrological features (Mackey and
Goforth 2005). Effective management strategieddiog term maintenance therefore are
dependent not only on understanding these procdastealso characterizing the near shore
habitats themselves. Yet, this is not a simple, taskhe spatial and temporal scales at which
organisms interact with their environment on a tagtay basis are typically different than the
spatial scales at which environmental change mayrgddlackey and Goforth 2005). For
example, near shore substrates may change onta day basis in areas where hydrodynamic
energy is sufficient to erode and transport sedimaaross underlying immobile substratum
(Mackey and Leibenthal 2005). The rapidly changiature of the texture and quality of the
substratum may have substantial impacts on thefusear shore areas as nursery grounds and
habitat for near shore fish communities.

Spatial studies focusing on such environmentaleanadbgical phenomena require a
properly and carefully designed strategy for daféection (Stein and Ettema 2003). Data can be
logistically difficult or prohibitively expensiventcollect, and both the sampling design and the
quality of the data may affect the accuracy andipren of the estimates (Cochran 1977).
Intensive sampling is expensive but gives a clezduge of spatial variability of a given
parameter, while on the other hand sparse sampiaygbe more economical but miss important
spatial features. Field sampling methods suchdeography and substrate sampling via benthic

grabs are labor intensive and cost prohibitivenighly resolved large scale sampling (Vis et al.



2003). This is particularly true for the Great Lakeear shore areas that are dominated by hard
substrate, which are not effectively sampled usiggab device but must be sampled using
guadrat or other manual collection methods (e.gttdh and Hynes 1978). Large scale synoptic
methods that are used for terrestrial studies agaemote sensing (Wezernak and Lyzenga 1975)
and aerial photography (Fitzgerald et al. 2006u &hal. 2007) can provide a better spatial
synopsis of agquatic environments, but are subgerttérference from cloud cover, wave action
and turbidity that are not readily controllable §\ét al. 2003). Therefore, the facilitation of
inexpensive, robust data collection at high resmtubver large spatial scales is advantageous to
managers since aquatic communities are influenggudresses operating at small to large
scales, and better characteriziation is neededliodppreciate the complexities of the near shore
ecosystems in these large Lakes (Mackey and Go20x@b).

Since much of the previous scientific programs weoeised on offshore regions, near
shore areas remain poorly studied. A major diffictdr site—specific management in the near
shore at present is to obtain enough informati@muathe site to produce reliable estimates for
mapping and visualization. In the following sectphwill introduce some novel and evolving
technologies that have been adapted for high résolapatial surveys in the near shore areas of

the Laurentian Great Lakes.

1.1 Acoustics

Acoustic transducers are comprised of multiple géézctric elements that function by
converting electrical energy into acoustic enemygednerate a pressure wave. The piezoelectric
elements transmit identical acoustic pulses akaifip frequency (usually in the kHz range) for a
specific duration (usually 0.1 to 0.5 millisecortippending on the object of study). The
configuration of the piezoelectric components iafiues the interaction of the transmitted
acoustic pulses, and through constructive and utstsste interference, a characteristic beam
pattern specific to the transducer is created fEidul). The acoustic beam is generally conical in
shape with the apex angle referred to as the begta.arhe shape of the beam can be altered by
controlling the energy to certain elements (Simnsoad MacLennan 2005).

The pressure waves emitted by the transducerasritted by the periodic
compression and expansion of particles in the tingsson medium (Simmonds and MacLennan
2005). For water, sound speegl\hich refers to the movement of the pressure peadt the
local oscillations of particles) is typically inefrange of 1450 to 1550 m Sedepending on
water temperature, ambient pressure and salinigd{dn and Clay 1998). The wavelength of the

transmitted pulse is also important because itteetfundamental limit on the resolution of



targets (Simmonds and MacLennan 2005). For a 430tkdthsducer, and a sound speed of 1500
m s', the wavelength of the acoustic pulse is on tiemof 3.5 mm. As the sound waves travel
through the water, some energy is reflected batkddransducer. The reflected energy is
received by the same piezoelectric elements, ctetvdiack into electrical energy, amplified and
recorded (Simmonds and MacLennan 2005).

Reflected acoustic energy (hereafter referred chses) arises from the density
contrasts between the transmission media (waterjrentarget. For example, gas filled swim
bladders contribute ~ 90% of the reflected echoms fish (Simmonds and MacLennan 2005).
Some invertebrates also have gas inclusions alettreicoustic energy quite well (Kubecka et al.
2000). Likewise, submerged aquatic vegetation,(engcrophytes) containing gas vacuoles or
structural tissues also reflect acoustic energp@bet al. 2002a, Hohausova et al. 2008). For
organisms that do not contain such obvious degsityrasts within their bodies (e.g.,
zooplankton, jellyfish, macroalgae) the reflect@racoustic energy derives mostly from the ratio
of the sound speed in the scattering body to thtte water, and the ratio of compressibility of

the body of the organism to that of the water (ldalf and Pieper 1995).
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The transducer beam pattern determines the wagl¢hgents receive the echoes and
allows for measurements on reflective targets. ustio waves are returned in different phases,
which vary by the angle of return (Medwin and C1898). The difference in phases can be used
to determine angle and direction of the reflectaddt in specially designed transducers. A
single-beam transducer transmits and receives giretge same area of the transducer, and
produces a single echo signal. Range (or distarzzsepe determined from travel time of the
incident transmission to return of the reflectede&Single-beam transducers, however, cannot
be used to determine the direction of the reflestgdal, only the distance. Dual beam
transducers transmit the signal on the narrow beeashreiceive the echo on both the narrow and
wide beams. The ratio between the two echo levels¢w and wide) can then be used to
determine the distance from the target to the cefitthe beam (Simmonds and MacLennan
2005). Split beam transducers receive the echounduadrants. This allows for phase deviations
of the returned echo to be compared and thesesarkta determine the location of the target
within the acoustic beam. Split beam transducess alow for compensation of directivity,
calculation of target strength airdsitu estimation of fish swimming speed (e.g., Arrhergtial.
2001).

The patterns within the received echoes are usddriee information of interest. For
example, in fisheries acoustics, target strenglss €cho associated with an individual fish) are
used to derive estimates of fish abundance andtg€Rsidstam et al. 2003). Substrate
characteristics can be determined by comparinghhee of the returned echo and its energy to
known echo patterns for distinctive substrates (Htam2001), and the acoustic reflectivity of
submerged aquatic vegetation (SAV) is used to darigasurements of macrophyte
characteristics (e.g., height, percent cover) femmustic echoes (Sabol et al. 2002a). Acoustic
measurements are generally reported in decibel dB3 rather than the formal Sl units for
pressure or intensity (Simmonds and MacLennan 2001 principal reason for this is that the
measures can span many orders of magnitude, angtiigel is simply a logarithmic measure of
the ratio of two pressures or intensities, the messpressure (Pand reference pressure.fFor
the measured intensity)land the reference intensity.{, expressed as

ree =10l0g(l, /1)
or (1.1)
ree = 20l0g(Ry / Rer)

and a change in acoustic levels covering sevedarsiof magnitude can be expressed as
a change in dB (Simmonds and MacLennan 2005). yanolacoustics, the reference level for

pressure is generally Pa (Simmonds and MacLennan 2005).



Compared to single or multiple point sampling téghes such as quadrat or knotted line
sampling, acoustic surveys can provide increastlritdnness and spatial coverage by offering
continuous and high resolution observations througthe water column. Acoustic methods
have a distinct advantage in that sound can bertrigted over long distances at high speeds in
water (typically 1500 mY (Simmonds and MacLennan 2005). In this way, titeewater
column can usually be scanned in less than hatarsl. During an acoustic survey, the vessel
usually navigates along predefined transect lingishwcover the survey area in a way that the
data collected can be used to provide statisticaltyist estimates of the obect of interest. Most
often, acoustic methods are used to evaluate tigtks (Simmonds and MacLennan 2005), but
increasingly, acoustics have been applied to et@kizbstrate characteristics and the distribution
of substrate types (Chivers et al. 1990) and th&idution of submerged aquatic vegetation (e.g.,
Sabol et al. 2002a, Valley et al. 2007). Despitedbvious benefits of acoustic methods, there
are some limitations in that one cannot differdatlzetween species and targets close to the
bottom generally cannot be resolved (Ona and Mii€96). Therefore hydroacoustics must still
be accompanied by more traditional methods of sagyabut ultimately, when properly
calibrated and used in an appropriate manner, Hcaltechniques can greatly enhance the

spatial richness of data collected.

1.2 Fluorimetry

The first measurement of vivo fluorescence was made by Lorenzen (1966) andexppli
as a proxy for phytoplankton biomass. By the 19¢6mmercial instruments were available to
measuren situfluorescence, and these have become increasiagiynon on oceanographic and
limnological investigations (Falkowski and Raver®TR Recent technological advances and
progress in understandingvivo fluorescence have provided an array of tools sessthe
biomass and physiology of phytoplankton, partidylas it relates to the primary site of
photochemistry; photosystem Il (PSII) (FalkowskB2® Located in the thylakoid membrance of
plants, algae and cyanobacteria, PSII is thegiatein complex in the light dependent reactions
of photosynthesis (Hopkins 1999). Electron transpegins with the arrival of excitation energy
at the PSII reaction center chlorophyligfThe excited form of £, (P680*) is rapidly photo-
oxidized (10" s) as it passes an electron to pheophytin (Pfi@d.initial photochemical act
results in the formation ofgB" and Pheg a charge separation. This charge separationtiefbc
stores light energy as redox energy and represiem@sctual conversion of light energy to
chemical energy (Hopkins 1999). The charge separ&isubsequently stabilized by the passing

of an electron from Pheo to a primary quinine atmeff),) and then to plastoquinone (PQ) that



binds transiently to the £binding site on the D1 protein. The reduction @f® PQH reduces
its affinity to the binding site (). Platoquinol (PQH is subsequently released and replaced by
another PQ molecule. The initial charge separatiahcreated g, is stabilized by the
extraction of electrons from a molecule of wates@H supplied by the adjacent oxygen evolving
complex (OEC). Each excitation ofgRis followed by withdrawal of one electron from tB&C.
When four successive positive charges have acctmaliifavo molecules of 0 are oxidized,
resulting in the expulsion of 4'Hand evolution of one O

Fast repetition rate fluorometry (FRRF) was devetbf® measure the above process in
phytoplankton and derive photosynthetic parameteisiu, in a rapid and non-destructive
manner. The mechanistic model and operational potgdor the FRRF have been developed and
discussed in detail in Kolber and Falkowski (1988) Kolber et al. (1998). While primarily used
to estimate phytoplankton photosynthesis, the FRRFides the ability to measure several
physiological parameters that may be useful inrdateng physiological responses of
phytoplankton communities to environmental factdise ratio of K/F,, (where = F,- Fo; Fo is
the minimum level of fluorescence, angdiB the maximum level of fluorescence) is a measure
the maximum quantum efficiency of photosystem lbier et al. 1998). For the purpose of
FRRF work, when {fF, is equal to 0.65, it is assumed that 100% of R&ittion centers are
functional (Kolber et al. 1998). Variability in M-, is associated with the physiological state of
the phytoplankton (Olaizola et al. 1994) and hanhlinked to nitrogen and iron availability in
the oceans (Kolber et al. 1990, Greene et al. J183d nitrogen, silicate and phosphorus
limitation in cultures (Berges et al. 1996, Lippeéenet al. 1999, Beardall et al. 2001). The
measurement frequency of the FRRF allows for amatibn of the functional absorption cross
section of photosystem I§§s)), which is mathematically described as the sldpa®
fluorescence induction curve o K, by fitting an exponential curve to the data (Kelbad
Falkowski 1993; Figure 1.2%r5;, indicates the efficiency with which light is intepted by the
phytoplankton. Higher values etg, are associated with phytoplankton which have been
growing at low light intensities, as the phytopltorkincrease their photochemical ‘target size’ to
maximize light absorption (Kolber et al. 1988) clontrastses, has been shown to decrease at
higher growth irradiance, which has been linkedriancrease in the proportion of pigments that
absorb, but do not transfer energy to PSII (LeyMadzerall 1982, Kolber et al. 1988 has
also been shown to increase under both nitrogerg@Beet al.1996, Kolber et al. 1988) and iron
starvation (Greene et al. 1991). The increassén under nutrient limiting conditions has been
linked to a decline in the number of functionalaté@n centers, causing a more rapid saturation of

operational reaction centers from the antenna cexnflalkowski 1992).



The principal advantage of the FRRF is that itvites a high resolution method to
characterize vertical, horizontal and temporalesalf variability of photosynthetic processes
(Kolber and Falkowski 1993). FRRF can resolve sispaditial (on the order of meters) and
temporal (on the order of seconds) scales of viitiabompared to tens of meters and hours to
days for more traditional methods of assessinggstyothesis (e.g., '¢or **0,) or nutrient stress.
When deployed on a towed sensor platform or coeddct an online water stream, the FRRF can
measure photosynthetic efficiency of phytoplanktontinuously. This capability is particularly
useful for areas such as estuaries or near tribatethere strong gradients in environmental

conditions may exist.
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1.3 Geostatistics

Geostatistical methods have been a staple of thenghcommunities for several decades
(Journel and Huijbergts 1978), but have been irsimgty applied to ecological studies to
examine population distributions of fish (Maravslit al. 1996, Mello and Rose 2005),
invertebrates (Rufino et al. 2005), protozoa (Beidial. 2003), soft sediment communities (Hewitt
et al. 2004), and vegetation (Kendrick et al. 2008Bitil recently, the most common factor
limiting the application of geostatistical methddsecological data was simply the relatively low
ratio of samples collected to study area size (Ruit al. 2005). With the advent of GPS
technology, it is possible to generate high regmugieo-referenced data which provides a near
continuous data stream when combined with certatrumentation with a high rate of data
acquisition (Sabol et al. 2002a). Accordingly, ttyige of data often exhibits small scale variation
that can be modeled (structural analysis and veaiog) as spatial correlation. This information
can then be incorporated into estimation procedkmiging) to estimate the variables of interest

and create maps of spatial distributions (e.g.,mGaal. 1999, Valley and Drake 2006).

1.3.1Geostatistical theory

In their basic form, all geo-statistical methodswase some form of stationarity in order
to comply with the underlying theory of regionalizeariables (Journel and Huijbergts 1978). A
regionalized variable is one whose value is depanole its position. The variation in the
regionalized space is generally random, but sompalaety (e.g., spatial structure) is imposed on
it, reflecting a certain amount of continuity tleaiists in the spatial distribution of that variable
(Matheron 1963). The assumption of stationarityliegpthat the sample values observed in a 2 or
3 dimensional space are simply different realizegiof the same random variable (e.g., the
sample values come from the same distribution¥ebaht types of stationarity may be assumed
depending on the data in question (for a definiiod complete presentation of the theory of
regionalized variables and intrinsic random funttisee Journel and Huijbergts (1978) and
Matheron (1963)). Stationarity is however, a rambiguous concept and the presence of
stationarity may be dependent on the circumstaocéee study itself (e.g., small vs large study
area), and may indeed be violated in the preseinaeyoecologically important gradient in the
landscape (Cressie 1986). For example, due to gdiyieircing by wind and wave action,
sediments are likely to be distributed in a gradieran inshore to offshore direction with coarser,
more stable sediments close to shore (such as amckpebbles), and smaller, fine-grained

sediment in deeper water (such as silt and mudigioair circulation cells can distribute
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phytoplankton in elongated patches that are oflaimsizes to the Langmuir cells (Checkley
2000), and lake currents and upwelling can distelzooplankton in heterogeneous patches (e.g.,
Megard et al. 1997). These examples violate thenagson of stationarity, which implies a
spatially constant mean and variance.

Even if stationarity is not clearly violated, spdthutocorrelation may be stronger and
extend further in a particular direction. As a tedhe variation can be considered anisotropic
(e.g., not uniform in all directions). More comglted problems arise when standard distance
metrics are not appropriate, for example, in tlesence of landscape barriers (e.g., stream
networks or embayments; Jensen and Miller 2005ictigtspeaking, the assumption of
stationarity concerns the underlyipgpbcessand not the observegghttern, thus stationarity
cannot be tested directly (Cressie 1986). Nonesketshecking for possible violations of

stationarity is an integral part of performing gastical analyses.

1.3.2 Structural Analysis

In order to assess the degree of spatial autoatimeland evaluate the potential for non-

stationary data, the first step is to compute stpeemental semivariongram. The semivariogram
(x,x+h) or (h), is defined as half the average squared differdmetween points separated by a
distance vectorh) (Cressie 1991). The classical empirical semivaam is described as in
equation (1.1);
1 N )

o0 = oy L ZO00 - Zx +h) (2.1)
where (h) is the semivariance at each lag (separation aisjam N(h) is the number of point
pairs separated by the given lag, &fx) andZ(x+h) are data values at locationg @nd & + h)
respectively. By definition, the semivariogram &kt zero lag should be zero, but in practice it
usually intercepts the y axis at a positive valnevin as the nugget variancg,). The nugget
represents measurement error and unexplained domaspatial variation at distances smaller
than the shortest sampling interval. The semivadaralue where the semivariogram plateaus is
called the sill C), and the lag distance)( at which the semivariance levels off, is called
range, beyond which there is no longer spatialetation, and thus, no longer spatial dependence.
A finite constant variance will always result irethresence of a sill, whereas continued increase
in the semivariance with distance may indicateaiaptrend in the mean, possibly coupled with
dependence of the variance on the mean, resultingibn stationary process (Cressie 1991). The
difference between the nugg€l,) and the sill ) is called the structural variance, representing

the variance accounted for by the spatial deperenc
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The classical variogram is the most widely usegdastatistical applications, yet it has
many weaknesses (Emery and Ortiz 2007). Perhapadbkecritical is that it uses squared
increments and is not resistant to the presenoeattiérs or highly non-normal data distributions
(Cressie and Hawkins 1980). Numerous authors hanmoped a variety of solutions; Cressie and
Hawkins (1980) advocate the use of the “robustifogaam estimator, which is based on the

fourth power of the square root of absolute diffiees as in equation (1.2);

1 N 1/2 )
21N i:l{z(xi)_ Z(x +hj}

gt = 0.914+ (0.988/| N(h) ) (12)

This particular semivariogram estimator is robost@ntamination by outliers, greatly enhances

semivariogram continuity and has been succesdfisiyl to model spatial distributions of animal
densities, which often have data sets charactehyexyerdispersion and non-normal
distributions (Maravelias et al. 1996, Rufino et20105). Other authors advocate transformation
of the data (e.g., to normal scores, indicator,datéogarithmic transforms) to solve the problem
of outliers and non-normal distributions. Howevarapplied studies, log transformed or normal
score data are difficult to back transform to thiginal scale of measurement, and can generate
unrealistic negative values when back transformaatering interpretation difficult (Rufino et al.
2005).
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semivariogram model.
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1.3.3 Variogram model fitting

Once the experimental semivariogram has been cmstt, then next step is to fit a valid
model to the experimental data, in order to charas the semivariance at lag distances that are
not covered by the data themselves. There are aewof valid models, and depending on the
scope of the work and desired outcome, there atieads by which to test which model is most
appropriate (e.gn-fold cross-validation). Two of the three more coommodels are the
spherical and exponential model. These two modetisrins of the semivariogram are given in

equation (1.3; spherical model) and equation @ppnential model);

0, h=0
g(h,g) = C,+C, ((3/2)(|n|/a,)- @/2)(n|/a.)®).0<]|h|£ a, (1.3)
C, +C., Ih* a.
0, h=0

IND= ¢ vc,a- expelHia)ne o 4

Here,C s the sill of the semivariogram that represengsrttaximal variation(s for the

spherical model an@. for the exponential model),is the range of the semivariogram beyond
which data are no longer autocorrelatedand . as before), an@y is the nugget effect. A
semivariogram model can also be nested, i.e. ibeasm combination of two or more component
models such as nugget and exponential. Most seimgjrams are nested in this manner, although
more complex models (e.g., a double spherical witget) are sometimes used. Semivariogram
models are generally fit using a weighted leastisggp(WLS) method of Cressie (1991), though
other options are available (Pebesma 2004). The WétBod applies more weight to lags close
to the origin and to semivariance estimates theg ladlarge number of point pairs. The WLS
procedure thus ensures that a good fit is achieeadthe origin, an important precursor to using

the semivariogram model for prediction in kriging.

1.3.4Kriging

Kriging is a generalized least squares regressicmigue that makes optimal, unbiased
predictions at un-sampled locations by accountimdtfe spatial dependence between
observations, relying on a weighting scheme whiergec samples have more weight on the final
prediction (Webster and Oliver 2001). In kriginige tweights are chosen so that the estimate of

the true value oF(x) is unbiased and the prediction variangi) is minimized. That is;

E[Z(%)- Z(x)] =0 (1.5)
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and

s2(x) =var[Z(x)- Z(x)] = min (1.6)
The weighting scheme is dictated by the semivaaimgwhich defines the spatial

structure of the data (Cressie 1991). To ensuteahlegorediction is unbiased, the weights placed
on each neighboring point must satisfy
/. =1 a.7)
And their unique combination for which the varianég) is minimized can be obtained when
n

1:9(% - X))+ w=9g(X, - X;) forj=1,2,...n (1.8)
i=1
where is a Lagrange multiplier. The valug-x) and (X,-x;) are the semivariances between
the observation points andx and between the point to be interpolated angtkhebservation
point respectively. The solution of equations Inél &.7 provide the weights for estimatifgy,)
from the following equation;

~ n
Z(%,) = 1yz(x) (1.9)
i=1
The prediction error variance can be determineddbying
n
3 %)= 1ig(%- %) +w (1.10)
i=1

The function (h) (See equations 1.3 and 1.4) from which valuesisee in equation (1.8) are
derived from the fitted semivariogram model (Cres$91).

Within the kriging equations, each measurenZR) is interpreted as a particular
realization of a random variab#Xx), or more simply, estimating an unknown valueZaft the
un-sampled locatior as a linear combination of neighboring pointsdlsaand Srivastava
1989). Different kriging variants can be distindugd according to whether the mean component
M(X)is assumed constant or spatially variable. The@lkst kriging method is when the mean is
constant and known (Simple kriging; SK, Webster @tider 2001). When the mean is constant
and unknown, ordinary kriging (OK) is used to egtieithe unknown value &fat any location

(equation 1.11).

Zo (X) = ) 1Z(x) (1.11)

i=1
Alternatively, the mean component can be modelexpatally variable by expressing it

as a function of auxillary variables (predictotgttvary in space. Universal kriging (UK;
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Webster and Oliver 2001), kriging with externalftfKED; Goovaerts 1999), regression kriging
(RK; Hengl et al. 2004), and cokriging (CK; Websaed Oliver 2001) are all methods that allow
for spatial modeling steps. Universal kriging candpplied when the predictors form a linear
relationship with the target variable, though nmagthors agree that UK should be reserved for
the case where the drift is modeled as a functiaoordinates only (Hengl et al. 2004). Kriging
with external drift refers to the case where thé drprovided by external predictors. Both UK
and KED have the same formulation, such that #adtand residuals are modeled and solved
concurrently (Minasny and McBratney 2007).

Regression kriging (RK) or “kriging after detrendins a hybrid technique that involves
regression on auxiliary information and then sinmpiging (SK) with known mean
(0) to interpolate the residuals from the regressimodel (Odeh et al. 1995, Hengl et al. 2004).
RK assumes only that there is a linear relationbbiveen the target variable and the covariate
(Hengl et al. 2004). Several studies have showtthiese hybrid techniques can give better
predictions than single approaches (Bishop and iy 2001, Yemefack et al. 2005). Hybrid
interpolators have been used to model spatial biditiain tropical rainforest soils (Yemefack et
al. 2005), abundance of fish in the ocean (Rivdi2002) and rainfall erosivity (Goovaerts
1999). The explicit advantage of RK is the abitiiyextend the method to a broader range of
regression technigues, including generalized lineadels, and to allow separate interpretation of
the two interpolated components (Hengl et al. 20B8iéngl et al. (2004) provide a generic
framework for regression kriging, which involves aeting the trend function using ordinary
least squares (OLS), and ordinary kriging is pented on the residuals of the trend function. The
assumption is that where the trend function anceigluals are uncorrelated, they can be
modeled independently (Odeh et al. 1995). GotwalyStnoup (1997) extend this method to
Generalized Linear Models (GLM), where the trend ba defined as a generalized linear model.
However, this assumption in the method also giisesto the principal disadvantage of RK and
KED; the assumption that the trend function andteds are independent (Hengl et al. 2004).
For unbiased model coefficients, the regressionahslibuld be estimated from a generalized
least squares (GLS) method that accounts for atrelation of the residuals. To do so, however,
requires the covariance function of the residuatgch can only be estimated after the model
coefficients are defined, thus creating a “chickeregg” problem. Fortunately, a single iteration
using ordinary least squares (OLS) is often satiefg, provided enough data exists and the
sample spacing is somewhat regular (Minasny andrigtcBy 2007).

UK, KED and RK are essentially equivalent methaatg] should yield the same

predictions (Hengl et al. 2004). Cokriging (CK)if(en used when a more numerous (and
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inexpensively sampled) variable is used to aidr@djeting the distribution of a second, less
numerous (and likely more costly) variable. CKhe presence of exhaustive ancillary data can
not only be awkward, but requires heavy computdionarge data sets (Minasny and
McBratney 2007). UK, KED and RK are less computaily intensive, but require full data
coverage.

It is important to note that kriging is normallyrdoat the level of data support (i.e.
points). However, there is often a need or a désiseale up to a specific sized unit (Gotway
Crawford and Young 2005). Changing the supporhefvariable (typically by averaging or
aggregation) creates a new variable, related torilgenal one, but that has different statistical
and spatial properties, and methods have beenajmelto incorporate changes of support since
the early 1960s (e.g., Matheron 1963). Most pratapplications that use them have data of
point support, and the goal is to upscale and prélde average value Z for a specific block size.
If the block size is rectangular, integrations bardone quickly and simply (Gotway Crawford
and Young 2005).

N

Zo (B) = . 1 Z(%) (1.12)

Here,Z(B) is the prediction of the average valueZaiver a discrete block of sizzfrom then
observations 0Z(x) using the weights; (Webster and Oliver 2001). Importantly, the vaitigb
in Z(B) decreases as the sizeBoihcreases. Therefore, prediction and estimatiooguures must

take this into account.

1.4 Organization of the thesis

This thesis is comprised of six data chapters, gaitten as a discrete study. In Chapter
2, the ability of a high frequency echosounderdtedt and characterize the filamentous alga
Cladophorawas evaluated. The principal objective for thiamter was to define a method that
could be used to rapidly sample and adequatehactenizeCladophoragrowth in the Great
Lakes near shore areas to answer research quegstised in subsequent chapters. The contents of

this chapter have been published in Limnology andabography Methods.

In Chapter 3, the hydroacoustic methodology wdieti to map the distribution of
Cladophoraalong selected shorelines of the Great Lakes.tDtlee geographical location of the
sites and the time needed to survey a represemtgiyment of shoreline, only two visits per site
could be completed, one during the spring, anddami;g the summer. The objective of this
chapter were to contrast the pattern€ladophoragrowth along shorelines characterized by a

range of catchment and coastal land uses, nutreerttitions and dreissenid mussel abundance to
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assess the relative importance of these factasrtemporary patterns @ladophoragrowth in
the Great Lakes.

In Chapter 4, similar acoustic surveys were corgtliat two highly urbanized shorelines
in Lake Ontario. The objective of this chapter washaracterize the spatial patterns of
Cladophoragrowth on a finer scale along these highly urbedhighorelines. | hypothesized that,
if increased nutrient input from urbanized areas vesponsible for drivingGladophoragrowth,
consistent and coherent pattern€tddophoragrowth should present near potential shoreline
sources of nutrients such as tributaries and ssemvers. Relationships betwe€ladophora
growth and municipal outfalls was also examineagithe recent concern over increasing
nutrient loading from municipal waste water treatir@ants (WWTP) as urban populations
increase in size and density. Repeated surveysesétshorelines at a much higher spatial

resolution than was used in chapter 3 allowed fescription of seasonal patterns as well.

In Chapter 5, spatial surveys at the Oakville s#ee undertaken to evaluate spatial
patterns of variability in a near shore area ofd_@ktario. Such work has not yet been done for
near shore zones, and the methods employed wegmeddo characterize relevant scales of
variation of phytoplankton photosynthetic efficignattendant nutrient status and elucidate some
potential controls of spatial variation. Additiolyall hypothesized that the seasonal development
of Cladophorawould also impart a characteristic signal on tlagewncolumn and further structure
spatial variability. Tracers for water masses, ppignkton physiology and composition (FRRF,
Floroprobe) and algal metabolismy(@d pCQ), in addition to acoustic measures@adophora
cover and height were used to assess the pattespatial variation at two contrasting times of

low and highCladophoracover.

In Chapter 6, the acoustic survey methods develop€thapter 2, 3 and 4 were applied
to selected littoral areas of Lake Simcoe. Lakec®gnwas invaded by dreissenid mussels in the
mid 1990’s and based on the similarities betweemtitrient chemistry, dreissenid colonization
and subsequent monitoring conducted by the MOEpothesized thatladophorawould reach
comparable biomass in Lake Simcoe as in the loweatd.akes as shown in chapters 3 and 4. A
finding of excessiv€ladophoragrowth at these sites would provide further supfmrthe near

shore shunt hypothesis developed for the Greatd @hecky et al. 2004).

In Chapter 7, a further analysis of benthic plaioinh in Lake Simcoe was undertaken.
Here, two acoustic surveys were conducted in CoB&isto assess the response of the
macrophyte community to the dreissenid invasioaviBus acoustic surveys were conducted in

the 1980s, prior to reductions in nutrient loadamgl dreissenid invasion. This therefore provided
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a unique opportunity to assess changes that ceuttirbctly attributed to dreissenid mussels,

rather than the additive effects of mussels andemitloading.

19



Chapter 2
Pushing the envelope: detection and characterizatioof a filamentous
alga (Cladophorasp.) on rocky substrata using a high frequency

echosounder

2.1 Overview

A high frequency echosounder was used to detectlaauccterize percent cover and
stand height of the benthic filamentous green &ligalophoraon rocky substratum of the
Laurentian Great Lakes. Comparisons between irobiservations and estimates of the algal
stand characteristics (percent cover, stand hettgnyed from the acoustic data show good
agreement for algal stands that exceeded the higighold for detection by acoustics (~ 7.5
cm). Backscatter intensity and volume scatteringngjth were unable to provide any predictive
power for estimating algal biomass. A comparativalygsis between the only current commercial
software (EcoSAV) and an alternate method using a graphical userface (GUI) written in
MATLAB® confirmed previous findings that ECOSAV fations poorly in conditions where the
substrate is uneven and bottom depth changesyapité GUI method uses a signal processing
algorithm similar to that of ECOSAV but bases bottdepth classification and algal stand height
classification on adjustable thresholds that canissalized by a trained analyst. This study
documents the successful characterization of naesgoantities of filamentous algae on hard
substrate using an acoustic system demonstratgoténrtial to significantly increase the
efficiency of collecting information on the distution of nuisance macroalgae. This study also
highlights the need for further development of miterible classification algorithms that can be

used in a variety of aquatic ecosystems.
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2.2 Introduction

The attached filamentous green macro&tgdophorais a well-known indicator species of
cultural eutrophication in the Laurentian Great éskShear and Konasewich 1975). During the
1950s through 1970€ladophoragrowth in the rocky littoral areas and other sukged hard
surfaces in the lower lakes (Michigan, Erie, andatia) was prolific and supported mainly by
elevated lake-wide nutrient concentrations. Intpper lakes (Huron and Superior) ambient nutrient
concentrations were not sufficient to support esitegrowth, andladophorawas principally
associated with point source discharges of nusiéng., sewage treatment plants, tributaries; &tier
al. 1982). Extensive research into the controlfangjors ofCladophoragrowth (Auer et al. 1982) and
subsequent phosphorus control legislation introduicehe late 1970s was largely successful at
reducing the growth dfladophorato levels that were no longer considered a nusg@Hggins et al.
2008). In recent years, however, Lakes Erie (Higgihal. 2005a), Ontario (DeJong 2000, Malkin et
al. 2008) and Michigan (Olapade et al. 2006) hdvex@erienced an increase in shoreline fouling by
Cladophoraand recent studies have found that biomass in meegs can exceed 100 ¢ of dry
mass (Higgins et al. 2005a, Malkin et al. 2008).

The many problems associated with nuisaleelophoragrowth and the desire for effective
management, have triggered renewed interest istetblogy ofCladophorain the Great Lakes
(Higgins et al. 2008). In particular, little is ko about the spatial distribution of nuisance crofps
Cladophorain the littoral zones of the Great Lakes except tihich is collected by SCUBA diving
or shoreline sampling to wading depths. Althoughdyat sampling by SCUBA tends to be more
accurate than other quantitative methods, it resnaicostly and time consuming effort (Duarte 1987)
and does not provide enough data for large scaleptic assessments of spatial patterns, especially
in large systems (Wezernak and Lyzenga 1975). Reswtsing and other optical methods such as
aerial photo interpretation (Zhu et al. 2007) ceavjlle a more spatially extensive assessment, but
image interpretation and the accuracy of spatiafatterization depend heavily on uncontrollable
factors such as water clarity, surface roughnedshud cover (Vis et al. 2003). In the Great Lakes
the invasion by dreissenid mussels in the mid 1980990s has been credited with greatly
increasing water clarity (e.g., Binding et al. 2Ghd shell material from both live and dead migsse
has created additional hard substratefiadophoraattachment (Hecky et al. 2004). The net effect of
these changes has been to dramatically increagmtértial depth range and areal coverage for

Cladophorato colonize and grow (Higgins et al. 2005a, Mal&iral. 2008). Furthermore, since

21



Cladophoragrowth mostly occurs in high energy, exposed sbare areas, excessive surface
roughness and the presence of tributary plumesedithent resuspension renders the use of remote
sensing technology difficult (Budd et al. 2001).

One method that is not encumbered by limitatioheient to the time-consuming, laborious
manualt methods or limitations and incertainty isgab by environmental conditions is the use of
hydroacoustics to measure the amount of acousti@grscattered by vegetation (Sabol et al. 2002a).
Coupled with recent advances in GPS technologyaandstic signal processing, hydroacoustics
provide a rapid and efficient means to collect datar large areas with significant spatial resoluti
(Sabol et al. 2002a). Such information would bemfsiderable value for delineating the spatial
distribution ofCladophoraor other unwanted vegetation, particularly forlegting growth patterns
as they relate to potential nutrient sources, @oirtant infrastructure such as water intakes otipub
beaches.

Proper interpretation of acoustic data requiregraderstanding of the scattering processes
occurring within the water column and at the lak&dm. In addition to vegetation, other scattering
sources are often present in the water: fish (Ruwlgtt al. 2003), zooplankton (Gal et al. 1999),
bubbles (Ostrovsky 2003), currents (Pawlowicz 2088) gradients of salinity or temperature
(Medwin and Clay 1998). The reflection of acoustiergy by vegetation arises from the density and
speed of sound contrasts as the acoustic waveesrtss medium. For example, many species of
vascular macrophytes (e.§lyriophyllum spicatury marine macroalgae (e.giaminariasp.) and
seagrasses (e.g.osterasp.,,) contain gas vacuoles or inclusions within theues that strongly
scatter acoustic energy (Hohausova et al. 2008)sé&wauently, this has been exploited in freshwater
(Duarte 1987, Thomas et al. 1990) and marine (SatBurczynski 1998, Warren and Peterson
2007) systems. Considerably less information sxabbut the scattering properties of vegetation tha
do not contain gas inclusions (e.g., filamentousnoalgae such &Sladophorg, yet their presence
has been recorded in acoustic surveys (Riegl 208b).

For vegetation that does not contain such sharpityerontrasts within their tissues, the critical
acoustical properties likely depend on the derasity elasticity contrasts between the organism and
the medium, similar to zooplankton (Holliday anepar 1995). Formation of oxygen bubbles during
photosynthesis will also greatly influence the wraig of sound (Hermand 2006). So far, only one
controlled laboratory study (Carb¢ et al. 1997) &apirically examined the acoustical propertiea of

macroalga. This study confirmed that while the igr{g mL™) of the sesquipedale seaweed
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Gelidiumis only marginally greater than that of waternssofGelidiumscattered acoustic energy
in proportion to the stand thickness, allowingdetection at frequencies exceeding 200 kHz.

The objectives of this study are twofold. Firstplight to evaluate the ability of a high-
frequency echo sounder to detect nuisance star@adbphoracommonly found growing on rocky
substratum in the lower Great Lakes. Second, |tsiologevaluate the performance of the only
commercially available software (ECOSAV; BioSoniasy an alternate method of acoustic data
analysis and classification via a graphical userface (GUI) written in MATLAB, based on the
processing algorithm of ECOSAV (e.g., Stevens .€2@08) for generating estimates of percent cover
and algal stand height. Processed acoustic dataamneared with corresponding ground truth data
collected by SCUBA or snorkeling from selected tawas in Lake Ontario. The system and data
processing steps are discussed and accuracy dodhpence examined by comparison with the

physical data.

2.3 Materials and Procedures

2.3.1Study sites

Surveys to assess algal abundance were condudted sites in western Lake Ontario in
water depths ranging from 1 to 10 m during the semmonths of 2007 and 2008 (Figure 2.1). The
substratum at the Oakville site was primarily rdoltt varied in composition and size from flat
bedrock expanses to boulders and small cobble/gnaixeures. The Pickering site was characterized
by a more diverse substrate assemblage that irctlirdegrained sand and consolidated clay in
depositional areas near tributary mouths and embagsnAt Pickering, acoustic data collection was
restricted to areas with rocky substratumCslophorais rarely found growing attached to soft
substrate (Whitton 1970).

2.3.2Acoustic data collection

Acoustic data were collected during daytime hoQ890 - 1800) using a downward looking
BioSonics single beam echosounder mounted on a@pstable aluminum sliding mount affixed to
the side of the vessel by a series of clamps aligl. Adne transducer was positioned 0.2 — 0.25 m
below the surface of the water. The transducerahaglam angle of 10.2 (full beam angle) and a
working frequency of 430 kHz (Source Level = 213r@BL pPa at 1 m). A BioSonics DTX system

running Visual Acquisition 5.1 was used to contre echosounder with a pulse width of 0.1 ms, and
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a ping rate between 5 and 8 Hz at full power trassion. The ping rate was increased to allow
characterization of the bottom roughness. Full pavamsmission was required for depths beyond 7-
8 m, as the decline in the signal-to-noise ratizssea background noise to approach the desired
threshold for analysis. Due to the use of full ppwansmission, some saturation of the acoustic
signal in shallow depths (< 2 m) was noted, b W&s not severe enough to interfere with
characterization of the SAV signal. Acoustic datrevrecorded from 0.4 to 0.5 m from the
transducer face (e.g., outside the transducerieiBrfo 50 % beyond the bottom depth as
determined by an on board depth sounder (Garmhfirger 90). Positional data were provided by a
JRC 212 DGPS with positional accuracy of bettenthan and a fix update interval of 1 s. Both the
acoustic and GPS data were stored on a laptop B@l éanopy height and percent cover were
quantified during post processing using two sigmatessing techniques described in the next
section. The acoustic transducer was calibratext fwithis study with the use of a 17 mm tungsten

carbide sphere with a target strength (TS) of -@®2vith a sound velocity in water of 1440 th s
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Oakville
.

Figure 2.1.Map of Lake Ontario showing the sites of acoustaugd truthing. Inset panel A:
Oakville, Inset Panel B: Pickering. Hatched boxeldate approximate locations of ground truth
stations and transects.
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2.3.3Ground truthing sample collection

Direct measurements of algal canopy height, memmaver, and biomass were made by
divers, sampling quadrats for stand cover, heightl@omass at select locations for comparison
with acoustic estimates (these were also colledtethg daylight hours). The first approach was
similar to methods described in Sabol et al. (2p@2al Valley and Drake (2006). Acoustic
methods are not immune to environmental conditadfecting the quality of data collected. In
large systems, a common source of acoustic in@réeris entrained air (Kubecka 1996). Bubble
induced acoustic noise can mask the presence ofesgled vegetation by raising the ambient
noise level to that used to characterize the catas/(Sabol et al. 2002b). Because the near
shore areas of the Laurentian Great Lakes aredrighgy environments, excessive water column
noise is a potential concern. To minimize this,ustic data were collected on days when wind
speed and/or direction were favorable for quiescentlitions.

Acoustic data were collected while the transduaad(vessel) remained at anchor over a
fixed position. A distinct area of the bottom warsenified for ~ 100 - 200 pings while slowly
sweeping the transducer back and forth and holti@egransducer at a horizontal level. After
ensonification was complete, divers placed a 0.26ma 0.0625 fquadrat over the centroid of
the ensonified area, measured the height of tred aigt at three random locations (to the nearest
0.01 m), visually estimated the percent cover éortearest 10%, and harvested all the biomass
from within the quadrat using an airlift suctiornvae (Barton and Hynes 1978) or by hand.
These quantitative quadrat methods have been eegpiaythe Great Lakes for numerous studies
(e.g., Higgins et al. 2005a).

Acoustic data for estimating vegetation abundameeygpically collected over continuous
distances with the vessel underway. Thereforecamgkeapproach incorporating vessel motion
was adopted to complement the data collected whélevessel was at anchor. Several short
randomly selected transects (50 — 200 m) were gadvacoustically at a low speed (~ 1-3'Hy s
and weighted buoys were dropped at 3 — 4 locatitoryg the transect. The weights were dropped
as close to the transducer beam path as possitileuvinterfering with the data collection, and
the approximate ping window (+ 50 pings) wherelithey was dropped was recorded. Upon
completion of the transect, divers measured algdldharacteristics and harvested algal biomass
at each buoy location as outlined above. Upon mettuthe laboratory, algal material was washed
in a mesh sieve (pore size ~ 500 um) to removeislabd invertebrates and dried in a drying
oven at 65 °C for one week. Dried algal materiad waighed to the nearest 0.01 g and the

biomass per unit area in each quadrat was calcléete rif. All of the ground truth data were
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compiled into a single database for comparisonrasgaicoustic data regardless of the method of

collection.

2.3.4Acoustic Data Analysis

A single-beam echosounder functions by emittisg@rt burst of sound (ping) and
recording the sound that is reflected back to #oeiver (echoes). The intensity of the reflected
sound (backscatter intensity) is recorded at &seafi time intervals, resulting in a profile of
acoustic backscatter intensity versus time. Thiadi® between the transducer and the objects in
the water (range) is calculated based on the edapse and the speed of sound in water. As the
vessel navigates along survey lines, data fromessiee pings are recorded, resulting in a two-
dimensional (ping humber, or distance along transed range, or depth below the echosounder)
record of backscatter intensity (Figure 2.2).

Detection of vegetation in echosounder data relredistinct differences in the acoustic
signal between vegetated and unvegetated surfdegstation in single-beam acoustic data is
generally visible as a contiguous vertical echametmmediately above the bottom, which is
characterized by backscatter intensity weaker thamackscatter from the substrate but stronger
than the backscatter of the water column. The kagarithm is straightforward. For each ping,
the range (depth) of the first strong return isdeined using a user-specified threshold. Next,
the algorithm finds the bottom depth, which is tgdly the strongest return in the backscatter
profile. The region between the first strong retand the bottom is considered the bottom
envelope. A ping is classified as “vegetated” auréy based on the thickness of the bottom
envelope. If the bottom envelope for a given pggider than a user-specified minimum plant
height, the ping is classified as “vegetated”, otlige the bottom is considered “bare”. This
process is repeated for a series of pings that@reded by GPS records. Once complete,
summary statistics are computed for the cycle nggi percent cover is determined by the
number of vegetated pings divided by the total piimgthe cycle, and the average height of the
canopy estimated from those positively classifigdyp is computed. This process is repeated

until the end of the file is reached.

2.3.5Estimation of percent cover and canopy height

The presence and height of vegetation at the tudystites were quantified from the
acoustic data using a pre-release version of therercial software ECOSAV v2.0 (BioSonics
Inc. 2004a), and a graphical user interface (GtHated in Matlab (Stevens et al. 2008). The pre-

release version of ECOSAV was necessary becausedheersion (v1.0) does not allow
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thresholds for vegetation detection to be set Iaivan -80 dB (BioSonics Inc. 2001, see below).
Unfortunately, the pre-release version of ECOSAVOVR not yet configured to process data from
multiplexed transducers, thus the performance batvtiee two systems when only one
transducer was connected (19 July 2007; Oakvileeasily) could be used to compare output
from both software. The ECOSAV v2.0 algorithm cifiss acoustic data that are corrected for
one-way transmission loss (20 log R) time varieid g&VG) to the raw acoustic data before
analysis. The GUI was configured to allow for as@yof both raw data or TVG corrected data
(20 log R or 40 log R) as specified in BioSonics. I(2004b). For comparisons with ECoSAV, all
analyses were conducted using 20 log R TVG, aneklfier, backscatter intensity shall refer to
20 log R corrected backscatter intensity unlessrotise explicitly stated.

The quantification of plant abundance and heiglttath algorithms is controlled largely
by two adjustable parameters: the classificatioedtold (noise level above ambient where plant
canopy is detected) and the minimum plant heigldla&sification threshold faZladophora
canopy between -86 to -88 dB was selected for ttgasons. First and principally, this value was
selected based on visual inspection of echogranchveiiggested a value in this range would be
appropriate to identify the algal canopy withoubstantial interference from water column noise
(~-100 to -120 dB). Second, due to the absenga®inclusions iCladophoratissue, it was
hypothesized that the acoustic backscatter asedardth stands ofladophorawould be of
lower energy than that associated with vascularopdytes, for which a value of -65 dB has
been successfully applied (Sabol et al. 2002a)eYyand Drake 2006; Istvanovics et al. 2008).
Third, a controlled laboratory experiment with gesquipedale seaweéelidiumestimated the
target strength of a single plant at -70 dB re’{@arbé and Molero 1997). Mats G&lidium
are morphologically similar to mats Gfadophora on a macroscopic level, averaging 20 cm in
height (Carb6 and Molero 1997), although the filatrdiameter ofelidium(~2 mm; Carb6 and
Molero 1997) is at least an order of magnitudedatfan that reported f&@ladophora(~ 0.04 —
0.1 mm; Johnson et al. 1996).

The minimum plant height was selected based onsticaesolution of single targets (for
example, two separate fish, or a fish and the bgitdetermined according to Rc52 (i.e. speed
of sound in mediung, [~1500 m 8] x pulse length,, [0.1ms] / 2 = 0.075 m; Simmonds and
MacLennan 2005). Mitson (1983) termed this distaRabe “acoustic dead zone” based on the
difficulty of discriminating fish echoes from bottoechoes (Ona and Mitson 1996). How suitable
this method is for interpreting echoes from vegetsis unclear, as plants tend to occupy the
entire area from the canopy top right to the salbstand thus are not spatially separated from the

bottom as a fish would be. The EcoSAV algorithmgjdey default, utilize the separation distance
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rule when setting the minimum height that must et before the signal is classified as “plant”.
However, the primary purpose of this is to minimilze rate of false detections as ECOSAV is
intended to be used in an un-supervised mode (Baol, Environmental Laboratory (EE-C),
U.S. Army Engineer Research and Development Ce3®9 Halls Ferry Rd., Vicksburg, MS
39180, pers. comm.). Lacking sufficient precedext evidence that signals from vegetation
shorter than ~ 7.5 cm could be detected, the sawet df caution was incorporated into the
analysis of acoustic data with the GUI. Other adjble parameters are available to control the
extraction of vegetation information in both EcoSANd the GUI, but their importance is not
crucial to the results described herein. Summatguwata from the GUI are identical to those
provided by ECOSAV and consist of a record comlgrgeoreferenced location information, mid-
ping number of the cycle sequence, and the avestagel height and percent cover (e.g., the
number of plant pings in a cycle) from classifiedgs. The reader is referred to the previously

mentioned literature for more details.

2.3.6Prediction of biomass

To evaluate the ability of acoustic data to pretlie biomass of attach&ladophora
average backscatter intensity and the volume batksqSv; dB) within the plant canopy for
each classified ping was computed following Bio®er(2004b). Both measures were then

compared against the dry biomass harvested fromcepzadrat.
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Figure 2.2.Sample echogram from the Oakuville site in Lake @atshowing 20 Log R corrected
backscatter as a function of range across a 5@0gggment of a data file. Range here is
equivalent to depth (in m), and ping number repressequential ping numbers in a file, or
simply, distance along a transect. 500 pings isvatgnt to a distance of ~ 250 m. The lake
bottom is the darkest feature on the echogram. thetstructural differences between flat rock
bottom, and areas with boulders. Algal stands epessented by a weaker (lighter grey)
scattering layer immediately above the lake bottiont still stronger than background scattering
(water column noise).
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2.4 Results

A typical echogram collected in mid summer in L&ketario is displayed in Figure 2.2.
Distinct differences in the acoustic signal frore gubstrate can be observed. Generally, the
acoustic signal from rocky substrate ranged frondenately smooth to rough, randomly
changing the “thickness” of the echo envelope lierttottom signal (Figure 2.2; pings 2500 to
2800). Large expanses of bedrock sheets were atsutered, and generated a very strong
return characterized by a very smooth, along-ttaatkom signal (Figure 2.2; pings 2800 to
2850). More structurally complex substratum usuatlgsisted of larger rocks or boulders sitting
on top of cobble or bedrock expanses (Figure 2352900 to 2950), and these produce highly
variable shaped echo envelopes. Acoustic backsgatifiles from this area (Figure 2.3)
revealed that the strongest acoustic return alwagarred at the substratum-water interface. For
pings classified as “bare”, minimal backscatteruned in the water column and the bottom
appears as a distinct peak in the backscatted@i@iigure 2.3a). For pings that were classified as
“plant”, a distinct backscatter peak was evidemvathe bottom ranging in height from ~ 8 to 25
cm (Figure 2.3b). Comparing ‘bare’ to ‘plant’ pde shows that the plant material along this
transect was characterized by elevated backscedtative to ambient backscatter in the water
column (Figure 2.3c).

Thirty eight ground truth samples and associatbodg@am files were collected between
2007 and 2008. In 12 of the 38 casesitu estimates of bed height were < 7.5 cm; these cases
were not included in subsequent analyses becaeasurithmum allowable detection height was
setto ~ 7.5 cm (see Materials and Methods). Foreémainder of the data set, close agreement is
evident between diver measured stand height and sieights estimated using acoustic data and
GUI processing (Figure 2.4a). The GUI under-estadativer-measured bed heights by an
average of 0.2 £ 3.9 cm (mean £ SD), but they wetesignificantly different fronin situ
measured heights (pairédest,t=0.323,p>0.5, df = 25). Conversely, based on the limited
number of comparisons with ECOSAV, ECOSAV signifity overestimated algal bed heights by
an average of 12.5 £ 7.0 cm (paitdést, t= -7.03p<0.01, df=12). For EcCoSAV, height

overestimation increased significantly as bottomtdéncreased (Figure 2.4b).
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Figure 2.4a) Relationship between algal stand height estidnfiten acoustic data and diver
measured stand height from the corresponding grtuitid samples. Note: data recorded as zero
acoustic height along the x-axis indicate measarbbt heighin situ, but were not detected by
EcoSAVor the GUI because they failed to meet theimmim height requirement. Dotted line
represents 1:1 line, regression line (solid lise$tandHeigh,=0.014 + 0.009 + 0.83 +
0.056[StandHeight.], r’= 0.87, p <0.0001. Regression line (dashed line) is
StandHeight,osa~=0.13 £ 0.02 + 0.92 + 0.11[StandHeight], r2=0.75,p<0.0001. Note that
stand heights below detection limit were excludedifregression. b) Plot of residuals of
acoustic vs ground truth stand heights as a fundfite depth. Dashed line is regression for
EcoSAV® generated residuals (y=0.05 + 0.019 + 0-008)1[Depth], 7=0.37, p<0.05), solid
line is regression for GUI residuals (y=0.012 +1@.6- 0.005 + 0.003[Depth[’=0.04, p = 0.12)
Note: The depth values (x axis) are taken as therted depth from the GUI output.
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Correlations between percent algal cover from catadwere poor when compared to
percent algal cover estimated from the acoustihaust (Pearson r = 0.51 for ECOSAV and r =
0.49 for GUI). This is likely due to the prepondera of high algal coverage in the quadrat data
(mean algal cover 84%).

The minimum biomass detection limit was estimatede 31 + 18 g if(Figure 2.5a).

The largest biomass value that went undetecte®®asny (Figure 2.5a). This sample had a
mean bed height of 6 cm, below the threshold altbfee detection. The minimum biomass value
that was detected was 41 ¢ non a relatively flat bottom with an average stheiht of 7.5 cm.
Detection rates increased rapidly for higher bissrstands. Success of detection also was
influenced by stand height, but this may be dutagostrong correlation (Pearson r = 086,
<0.01) between stand height and biomass (Figut®.2.5

To examine the ability of the classified data tedict algal biomass, diver-estimated
biomass with the average and integrated backscatégrsity from the plant canopy for each ping
in the successful classifications were comparegufiei 2.6a). A positive relationship does appear
to exist between biomass and 20 Log R backscaittensity, but its predictive power is poor due
to the large standard deviation between pingserctitle sequence (Figure 2.6a). Integration of
the acoustic signal (volume backscatter; Sv) beatvilke canopy top and the declared bottom is
considerably worse, showing differences only fer tilvo highest biomass samples (Figure 2.6b).
Sub-setting the data into classes of biomass ([b®0<g nf, medium 100-300 g ) moderate
300-500 g %, and high >500 g i) did not yield much improvement, as significarftetiences
in average backscatter intensity were observedfonlthe “high” bin when compared to the
other bins (ANOVA, £,~=8.413,p <0.05; Tukey-Kraemer post hoc tgst0.05).
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Figure 2.5a) Detection rate (# of positive pings in a cy@dguence) vs dry biomass of
Cladophorasp. Regression line (Equation; DetectionRate £.88+ 18.6 + 123.55 + 10.15(1-e
0.0089  0.001 x Biomasy) > 72 n< 0.0001) and 95% confidence intervals and 95%igtied

intervals are also shown and (b) Detection ratie @tu bed height as measured by divers. The
solid line denotes the GUI classification threshaild.5 cm.
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Figure 2.6.a) Mean 20 log R TVG backscatter intensity (dB)hvitthe algal canopy, and b)
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the declared bottom depth vs Dry Biomas€it#dophora Average values and standard
deviations for backscatter intensity in a) and wadubackscatter in b) were computed by taking
the antilog of the 20log R TVG corrected data, agerg and then expressing as dB.
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2.5Discussion

2.5.1Detection of algal presence

Acoustic detection ofladophoraat the two study sites was especially challenging
because the areas are characterized by unevenandKkyoulder bottoms. For example, during
early spring surveys at the Oakville locati@adophoragrowth was confirmed with the use of
an underwater drop video camera to be either aloseggrbwing only in very short (< 5 cm) tufts.
When the echograms were inspected, a short, wéakdectly above the stronger bottom return
in the range of -50 to -60 dB was observed whesipgover moderately rough cobble (pings
2850-2900; Figure 2.2). This feature is not obseiaeer flat rocky bottoms (pings 2800-2850;
Figure 2.2) or over softer depositional substratg.(sand or silts — data not shown). This
moderate backscatter intensity may be relatedgodnying perturbations of the echo associated
with the highly variable surface orientation comnwonrocky bottoms (Hamilton 2001).
Additional problems were encountered with reflectid sidelobe energy. Boulders and other
vertically distinct substrata not directly in tharisducer beam path often returned an echo
characterized by backscatter intensity similahst bf algae, causing the unsupervised ECOSAV
algorithm to falsely classify these areas as “vatgel’. During supervised classification with the
GUI, the rocky areas were easily distinguished naimed analyst from the algal signal based on

their curved shape and obvious height differeneepared to the algal canopy and/or bottom.

2.5.2Estimation of algal stand height

Estimation of algal stand height was significatgtter with the use of the GUI when
compared to estimated stand heights from EcoSAMIeAthe GUI underestimated stand heights
by and average of 0.2 + 3.9 cm, ECOSAV overestithatand height by an average of 12.5+ 7.0
cm. This is far greater than the overestimatiomrieg by Sabol et al. (2002a) of 1 + 4.8 cm for
vascular submerged aquatic vegetation. Other sturdiee found larger and more variable
disagreements between acoustically estimatedrasitli plant heights, but these discrepancies
are likely the result of different methods of comigan between ground truth data and acoustic
data (Valley and Drake 2006).

The overestimation of stand height reported by Ba6& almost entirely due to the
differences in algorithm logic in defining the kaott depth. Although the signal processing
algorithms used in ECoSAV and the GUI are basethemationale described in Sabol et al.
(2002a), EcCOSAV was primarily built to work in skeaV, soft bottom estuaries and systems that

would be conducive for the growth of seagrassesmaxtophytes Sabol et al. (2002a). In
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systems with soft substrate and strongly scatterasgular vegetation, the strongest scattering
may occur in the plant canopy rather than at thstsate — water column interface (Sabol et al.
2002a). Therefore, to correctly track the bottortwa feature bottom tracking algorithm was
implemented in ECOSAV so that the declared botteptiu did not occur in the plant canopy
(Sabol et al. 2002a,b). Simply speaking, the Eco®f@rithm associates the sharpest rise in
acoustic backscatter with the bottom unless thepgisarise occurs well above the trailing edge
of the bottom echo envelope. In the latter caseSBY assumes that the sharpest rise occurs
within the plant canopy, and not at the water colunsubstrate interface, and implements a
depth adjustment to place the bottom depth deepkeiwater column (BioSonics 2004a).

In contrast to ECOSAV, the GUI was configured tagal the bottom at a user specified
backscatter intensity threshold. This configuratieas chose for two reasons. First, because all
data were collected over rocky substrate with arlging canopy of weakly scattering algal
stands, the strongest backscatter always occuritee svater column — substrate interface.
Second, the presence of rocks and uneven substegtgenerate wide echo envelopes that
exceed the threshold for positive classificatiorereif there is no growth of algae on the
substratum, and in an unsupervised mode, genexdddse positive. To illustrate this, two
echograms and associated classification resultgraxéded in Figure 2.7 and Figure 2.8. The
MATLAB GUI classification of the two echograms isopided in Figure 2.7a and Figure 2.8a.
The first case, moving slowly over a relatively liha area (depth ~ 2 m), extreme variability in
algal stand height is observed in addition to larggations in the GUI declared bottom depths,
primarily due to the presence of rocks. Both EcoS#id the GUI track the bottom reasonably
well (Figure 2.7b) but ECOSAV® appears to alwayacplthe bottom depth deeper than the GUIL.
This is likely caused by the two point bottom triagkfeature (see above). While the depth of the
algal canopy is generally close between the twouif@ 2.7c; but note that ECOSAV appears to
classify excessive surface noise as plant canapgsd.850-2100), the deeper placement of the
bottom depth (mean 0.08 + 0.06 m) results in thseguent overestimation of algal canopy
height by ECOSAV because canopy height is compaedp of plant canopy minus the declared
bottom depth (BioSonics 2001). This deeper botteptli placement by ECOSAV appears to
increase as the acoustic range (or bottom depthgases, so while the classifications in Figure
2.7 are reasonably close (~ 2 m depth) those genkier Figure 2.8 indicate that the bottom
depth declared by EcCoSAV is nearly double thatigufe 2.7 (0.16 + 0.05 m) (Figure 2.8b). The
depth of the algal canopy identified by both platie, however, appears to be reasonably close
(Figure 2.8c), but the corresponding estimatedgzl a&tand height here were ~ 0.16 m greater
than those produced by the GUI.
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The tendency for ECOSAV to increase the overestimaif algal stand height as depth
increases likely results from the use of hon-noizredl echo envelopes. The time to ensonify to a
given angle increases with depth, causing a lendgiigeof the echo signal (Hamilton 2001). This
phenomenon has been observed to influence subskaatdfication accuracy (Hamilton 2001,
Dommise et al. 2005), and is most simply descridmed “thickening” of the echo envelope as
depth increases. The width of the echo envelopecedsd with the bottom is a function of pulse
length, spreading time of the wave front, and thedl time in the substrate. On hard substrate at
the working frequency, there should be negligit@agiration of the acoustic wave into the
substrate (Hamilton 2001). Since the pulse lengtonstant (0.1 ms), the spreading time of the
wave front is the only quantity that can influetice width of the returned echo. Because the
BioSonics system samples the returned echo atsiardrrate (41.67 kHz; BioSonics 2004b), the
width of the returned echo envelope from a pinglaap water will appear “thicker” than the
width of the echo envelope from a ping in shalloatav. Although newer bottom classification
software (e.g., QTCView®) can correct this by nolimiag the echoes to a reference depth, this
feature is not implemented in ECOSAV, perhaps beedtus not useful when surveying shallow
estuaries for submerged vegetation.

Based on the processing algorithm in ECOSAV, suabr&will increase on structurally
complex bottoms where large boulders or other dedrg present, as the trailing edge of the echo
envelope will determine the placement of the bottather than the sharpest rise feature. This
will lead to increasingly worse performance ovemywecky bottoms, or those that produce
“thick” echo envelopes (e.g., very soft silt; Valland Drake 2006). Although the distance from
the transducer to the lake bottom was not routinegasured in this study, and cannot comment
on the agreement between depths predicted by EcaAhe GUI in relation to the true bottom
depth, the deeper depth placement is the mosyldaise for the disagreement between the two

platforms when determining the height of the atgalopy.
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2.5.3Estimation of percent cover

| observed poor correlations between percent cesttmated by acoustic methods and
percent cover estimated by divers in the quadPeircent cover as computed by the algorithms is
based on the number of plant pings divded by tted tmmber of pings in the summary cycle.
This is obviously a different quantity than percefii quadrat covered ljladophora
Furthermore, the range of percent cover valueldrgtound truth data set (80% to 100%; typical
conditions in the study areas) were not likely uffisient range to rigorously evaluate the ability
of the acoustic method to assess percent cover. Work with ECOSAV using towed underwater
geo-referenced video has indicated that EcoSAVAbbliestimated percent cover when compared
over short distances (Sabol et al 2002a, Steveais 2008) or longer transects (Winfield et al.
2007) across a range of acoustic frequencies @00.kHz — 420 kHz). Lacking access to a video
system comparable to those used in previous stuaheisbecause the nature of the ground truth
data set (80% to 100% cover) makes comparisionastgarevious studies difficult, future work
should incorporate a similar means of assessingepecover that better relates to the nature of
the percent cover as computed by the algorithmgeftleeless, the GUI proved to be robust at
characterizing the algal stand height on rocky sabhen, and by extension, the estimation of
percent cover should achieve a similar level okgeity, since a ping must be classified as plant

before the stand height is computed.

2.5.4Estimation of Biomass

Estimation of biomass or standing crop is a fretjyetesired endpoint in many surveys
and management programs (Vis et al. 2003). Pregtudies have found a linear relationship
between backscatter strength and biomass (Sabbl2002a), but the predictive capacity tends
to be poor due to high variability of lacunae iffetience species of vascular plants and the
presence of epiphytic algae and/or organisms (Setkadl 2002a). Summation of backscatter has
also been examined, but appears to suffer frontuscdeon effect at high biomass values (Haga et
al. 2007). It is probable that for high densitiéstwongly scattering vegetation, acoustic
shadowing becomes a factor, making the accuragerdetation of biomass a difficult task
(Simmonds and MacLennan 2005).

The comparison of the average backscatter and ®(fagure 2.6a) and volume
backscatter and biomass (Figure 2.6b) in this syiglged poor relationships. Variability is
particularly high at the low to moderate biomas®lg, which are most commonly observed in
the Great Lakes (e.g., Higgins et al. 2005a); uch relationships are not likely to be of any

practical value. The high variability in both theesage backscatter and volume backscatter may
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be due to several factors; first, although mucle eaas taken to exclude backscatter from the
substrate, the high degree of bottom roughnesshendertical resolution of the sampled echo (~
1.8 cm) may have nonetheless included some cotibibfrom the substratum (Ona and Mitson
1996). Second, stands Gfadophoraare often inhabited by benthic invertebrates ascthe
amphipod€=chinogammarus ischnuSammarus fasciatusnd midge larva@Chironomidae)
(Barton et al. 2005, Malkin 2007). These invertédsare characterized by target strengths (TS)
that are strong enough to produce backscattermilig range used to class@yadophora(-76

to -65 dB TS for chironomids [Kubecka et al. 20@0f -76 dB TS for a single amphipod
[Wiebe, et al 1990]). Furthermore, the area abuceswof these organisms in stands of
Cladophorais extremely variable and can be appreicaBlégchnusat up to 2,900 fh[Dermott

et al. 1998 ané. fasciatusup to 680 rif [Haynes et al. 2005] and chironomids from 2 tc002,
m? [Barton et al. 2005]). Because | did not attenopgaiantify the numbers or types of
invertebrates in the ground truth samples, theibplessontribution (if any) of these animals to the
backscatter measured frabladophorais not known. ThirdCladophoragrowing in the lower
Great Lakes is commonly encrusted with epiphytitatins (Stevenson and Stoermer 1982,
Malkin et al. 2009). Because the density of diasiliva is ~ 2.6 g ci (Blanc et al. 2000), it is
likely that the epiphytic coating acts to incre#fse acoustic impedence Gfadophorafilaments,
leading to an increase in measured acoustic bat&scBhe degree to which this may have
affected the measures of acoustic backscattett isasily assessed since the ground-truth data
was collected during the growing season (June -ustygand the abundance of epiphytic
diatoms in the ground-truth samples was not detexthiLast, as mentioned in the introduction,
production of oxygen bubbles during photosynth@deymand 2006) may significantly affect the

measured backscatter, particularly at depths wiigdresaturation is sufficient.

2.5.5Conclusion

Acoustic methods have proven to be effective ttmigstimating the abundance and cover of
submerged aquatic vegetation in various habitatbdet al. 2002a, Valley and Drake 2006,
Warren and Peterson 2007, Winfield et al. 2007, &hal. 2007) using frequencies ranging from
70 kHz (Zhu et al. 2007) to 600 kHz (Warren ancePstn 2007). Here, | show that detection and
estimation of nuisance filamentous algal standhteigs successful for algal stands that
exceeded 7.5 cm in height, suggesting that thisoggh could be useful in environments
previously thought to be incompatible with acousticveys (Sabol et al. 2002b). There are,
however, some shortcomings of the acoustic methaidnbust be noted. First, in areas where
Cladophorais present, but at low biomass or insufficienhdtaeight, acoustic methods will fail
because of the inability to detect algal standstehthan 7.5 cm. While this would undoubtedly

be problematic for surveys designed to examinelatespresence or absenceGiadophora it is
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far less of a problem for those designed to chariaet the distribution of nuisance growths
where stand heights often exceed 7.5 cm. In thedmtian Great Lakes, the majority of the algal
fouling problems occur when algal biomass accraesitsance levels (e.g., Higgins et al. 2005a).
A tool, therefore, that has the ability to charaggeCladophora(or other macroalgal) stands
would be of great value for monitoring programsc@wl, the nature of the algorithm in the GUI
is based on interpretation of vegetated and unaégtsurfaces, and therefore requires a trained
operator to interpret the collected echograms apeérsise the classification procedure. Although
this may seem an onerous task, the visualizatidheohcoustic data and classification in the GUI
provides a functionality not yet available in conmoial software. The analyst can observe the
classification and adjust relevant parameters hieze the best possible classification. The GUI
additionally contains the ability to manually reneamproperly classified data (for example,
schools of fish, large boulders, logs, or steepobosiopes) much in the same manner as other
acoustic analysis programs (e.g. EchoView®) cafoddata collected during fisheries surveys.
Despite the challenges of acoustic detectioBlatlophora | believe that this method can
be a valuable addition to current research and tmdng programs. The combination of robustly
characterized acoustic signals and geo-referenggitign data allows for rapid mapping of the
spatial distribution of nuisance algal growth; imf@tion that is important for designing and
assessing effective management strategies. Althiougjtu sampling is still needed for species
identification and ground truthing, acoustic surdaya provide much better spatial resolution
than can be obtained from more laborious manuahoast The combination of acoustic and
situ methods will ultimately provide a much better témi characterizing benthic algal growth in

shallow water environments than has been avaifaiei¢iously.
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Chapter 3
The distribution of nuisanceCladophorain the Laurentian Great Lakes;

Influence of land use, water quality and dreissenianussels

3.1 Overview

Selectedshorelines in Lakes Erie, Huron and Ontario in &ddito two offshore shoals
(Lake Erie and Lake Ontario) were surveyed withigh firequency hydroacoustic system to
assess how current spatial patterns of nuisand@ibditamentous algal (e.gGladophorg
growth and biomass relate to current distributigragterns of water quality, land use and
dreissenid abundance. Results from these survdisate thaCladophoragrows to nuisance
amounts in Lakes Erie and Ontario where suitalbstsate exists, but does not accumulate to
similar biomass in Lake Huron or Georgian Bay. Rexalle similarity between lakes and study
sites with respect to nutrient concentrations ssgthat the present day distribution of nuisance
Cladophoragrowth is not simply determined by measures of share phosphorus. In contrast
to differences in coastal land use and near shdaréent regimes, abundances of dreissenid
mussels appear to be key determinants governingattiemporary distribution of nuisance

Cladophorain the Great Lakes.
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3.2 Introduction

In the 1960s and 1970s, many areas in the Greatsl a&kcluding most of Lakes Erie and
Ontario supported excessive production of bothkitaric and benthic algae as a result of
decades of eutrophication (Glooshenko et al. 18Réar and Konasewich 1975). Luxuriant
growths of benthic algae (dominated by the filaroastgreen alg&ladophorg were commonly
observed in the rocky littoral areas (Neil and OwW864, Herbst 1969) and in close proximity to
tributary mouths or waste water treatment plantadist(Auer et al. 1982, Ontario Ministry of the
Environment 1982). These excessive growths of lieathjae tended to detach in mid-summer,
frequently fouling municipal and industrial watatdkes and generally interfering with
recreational use of nearshore areas of the lakaigs/ynthrough the deposition of vast
accumulations of rotting algal material (Higginsakt2008a). These nuisance blooms of
Cladophorawere a key driver for the Great Lakes Water Qua#greement (GLWQA) first
signed in 1972. Phosphorus abatement programsimptemented to reduce the phosphorus
emitted from point sources such as sewage treatptemis. These strategies were effective at
reducing both near shore (Nicholls et al. 2001) gpeh lake phosphorus concentrations (Lean et
al. 1990), and there is evidence that the phosphmontrol strategies contributed to the decline in
nuisanceCladophoragrowth in the Great Lakes (Auer et al. 1982, Raianhd Kamaitis 1987).

Beginning in 1995, reports of shoreline fouling_imke Erie were increasing (Higgins et
al. 2008), and in subsequent years (1999 to 2@ddas in Lake Erie (Higgins et al. 2005a),
Ontario (DeJong 2000, Malkin et al. 2008) and Myem (Bootsma et al. 2005) were all
experiencing a resurgence of fouling by filamentalgse, again dominated Bfadophora The
proximal causes of increased benthic algal foulilege not immediately clear. Between 1981 and
the mid 1990s, total phosphorus loading to Lakgse8ar, Michigan and Huron were at or below
targets as were the offshore total phosphorus cratens (Neilson et al. 1995). In Lakes Erie
and Ontario, total loads and open lake concentratizere also generally at levels set by the
International Joint Commission (Neilson et al. 1998though diffuse non-point sources of P
remain difficult to characterize and accuratelymate (Dolan and McGunagle 2005), the
apparent stability of measured P loads coupled thighcontinued maintenance of near or below
target TP concentrations in offshore waters (eajlyk2009, Malkin et al. submitted), the
symptoms of eutrophication in the near shore watteer contradictory, and have led to questions
whether the renewed frequency of shoreline foutim@ladophorain the Great Lakes are driven
by changes to the lake ecosystems or by an inaeagdent load from poorly characterized

catchments and municipal sources that are closelgled to the near shore waters.
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During the last 15 years, the arrival and estabiestt of a number of exotic species have
impacted the ecology of the Great Lakes. Dreissemnigsels (e.gDreissena polymorphandD.
bugensiyare arguably the species that have affectedrifatest changes, especially in the rocky
near shore regions which are conducive to heawynization (Vanderploeg et al. 2002). Even in
areas with soft substrate, mussels are able tmizel@nd form druses (Haltuch et al. 2000) and
shell material from expired mussels can also explaadhabitat for colonization (Hecky et al.
2004). As sessile benthic filter feeders, musseds forimarily on phytoplankton and suspended
detritus and expell fully and partially digestedtanal as feces and pseudofeces (Vanderploeg et
al. 2002) in addition to soluble R@nd NH,' released through excretion (e.g., Arnott and Vanni
1996, Conroy et al. 2005). The filtration of suspesh matter from the water column not only
increases water clarity (Howell et al. 1996), lm#tacates particulate nutrients from the pelagic
environment to the benthos (Hecky et al. 2004) wltieey may be remobilized and are available
for use by benthic organisms such as detritivagésvfart et al. 1998a). Due to their high biomass
and resultant filtration capacity, mussels havenbewlicated as key agents altering near shore
nutrient dynamics in the Great Lakes, such thateatbtal nutrient loads may not have changed,
the distribution of the nutrients within the systamay have (Hecky et al. 2004).

Changes to the ecology of near shore environmaraisrasult of exotic species invasions
are not the only stressors acting on the coagtakaMuch of the land immediately adjacent to
the lower lakes has experienced drastic changesént years, to the point where the pace of
land use — land cover change in these areas haeded that predicted on the basis of population
growth alone (Wolter et al. 2006). In particulawnegersion of un-developed land to urbanized,
impervious developed land within a relatively narrdeand (10 km) of the lake shores has
increased between 1992 and 2001 (Wolter et al. 2@ ause the GLWQA mainly addressed
the P loading issue by regulating P concentrat@point sources rather than non-point sources,
increases in the impervious surface area adjaoghetwaterways and lakes have the potential to
increase the non-point source load from increagingbanized watersheds to the nearshore areas
of the lakes. Moreover, the increasing populatioexpanding urban areas generates increased
waste loads. Waste water treatment plants mustgeathés increased load to keep effluent
concentrations at mandated levels. But mandatedsi@re based on concentrations and not total
loads. Consequently, the total load may increasesarireatment efficiencies are imposed by the
plants. Urban areas also must deal with problent®wibined sewer overflows (CSOs) as a result
of increased discharge volumes from imperviousdaafdes (Marsalek and Rochfort 2004). This

has led to concern that increased urbanizationcedyein coastal areas may be causing
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increased point and non-point loadings from thebamiareas which may be fueling a resurgence
of Cladophoraand nuisance algal growth.

To date, much of the success of P control progifeasseen evaluated through the
monitoring of offshore concentrations and the respaf the phytoplankton community. In
contrast, there is a relative dearth of data othiealgal growth in the nearshore zone despite its
proximity to human uses. At least part of this pguaf information is related to the inherent
spatial variability of the near shore benthic eorment which requires sampling of extensive
areas to ensure that results are meaningful amdsemative of different shoreline types, but the
primary reason for the disparate levels of infoiorats due to the direction of monitoring
objectives implemented with the GLWQA which direttee research foci to offshore processes
and effects of eutrophication on fisheries.

Chapter 2 reports the development of a hydroacoustihod that enables rapid sampling
and mapping o€ladophoradistributions over large areas that overcome tieeeriainties that
arise from undersampling with point sampling methdthe objectives of this chapter were to
utilize the hydroacoustic methodology presente@hiapter 2 to assess the current state of benthic
algal growth in the near shore zones of the Grakek and generate accurate maps to describe
the spatial patterns of benthic algal (mai@lkadophorg cover and bed height along selected
shorelines in the Lower Great Lakes. Shorelindsakes Ontario, Erie and Huron were chosen to
allow evaluation ofCladophoragrowth along contrasting shorelines with differlagd use types
(urban and rural/agricultural). Two offshore shaalt should represent open lake nutrient and

light conditions were also surveyed.
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3.3 Materials and Methods

3.3.1Site Selection and Descriptions

This study examines spatial patterns in nuisanoéhiealgal Cladophorg cover and
bed height, associated water quality parameterslsssgsenid mussel abundance in the lower
Great Lakes (Erie, Ontario and Huron) during 20@b@ shorelines that provided contrasting
coastal land use types (Figure 3.1, Figure 3.2)r€i§.3 and Table 3.1). Two offshore shoal sites
(Nanticoke Shoal in Lake Erie and Dobb’s Bank ifké.&®ntario) were selected to represent open
lake nutrient conditions while retaining enougheaangth suitable light and substrate for
Cladophoragrowth. Sites were chosen on the basis of havihgnainant underlying substratum
primarily composed of rock, and where possible, Ieeh previously sampled fGtadophora
and/or dreissenid mussels.

Coastal land use was characterized using NRVISufldeResources and Values
Information System) data from SOLRIS (Southern @athand Resource Inventory System
v.1.2; Ministry of Natural Resources 2002) land Usad cover inventory. SOLRIS provides a
comprehensive, landscape level inventory of natamadl and urban areas in Southern Ontario
following the standardized ecological land classifion for southern Ontario for the years 2000-
2002 on a 25 frraster format for most of Southern Ontario (Leale1998). Land use / land
cover of the coastal areas immediately adjacetitdsurveyed shorelines was characterized by
creating a polygon that extended up to five kiloenginland along the length of the shoreline
surveyed. Land use / land cover of the watershaithidg into the lake at the study areas was
characterized by clipping with the watershed boueddor the respective study sites. This
information is summarized in Table 3.1.

Provincial Water Quality Monitoring Network (PWQMMDntario Ministry of the
Environment; Figure 3.4) data were used to assesdd in TP, N@ and Cl concentrations in
the closest monitored major tributaries to the gwites (Figure 3.4). Loadings were not
computed as discharge data was not available Ifstetlons and years, however, trends in
tributary concentrations may provide a proxy farreases in loading from the respective
catchments. Temporal trends in annual median corate&ms (TP, N@, CI') between 1964 and
1984 (pre-P control to post-P control) and betwE@8b and 2008 (post-P control) were assessed

using a Mann-Kendall trend test.
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Table 3.1.Summary of the survey sites visited in 2005 witldl@over characteristics. Site names as in Figdifeto 3.3. Survey dates; date of
acoustic survey, WQ date; date of water qualitydang, Coastal Land Use indicates the % of landtyge within 5 km of the shoreline adjacent
to the survey area, Watershed Land Use indicaee%cttand use of the quaternary watershed for theeged shoreline extent. Land Use types are
denoted as; AG: Agricultural/Rural, CF; Coniferdtegest, DF: Deciduous forest, M: Marsh, MF: Mixedest, UR: Urban/developed, SW:

Swamp.

Site Lake Survey Dates WQ Dates Coastal Land Use* ateidhed Land Use**

Peacock Pt Erie May 25 April 29, AG (76.2%), SW (7.1%), UR (6.7%) AG (84.5%), SW8W), DF (2.7%)
July 19 July 12

Grand River Erie May 21 May 11, AG (66.4%), SW (10.4%), UR (9.9%) AG (66.2%), UR (11%), SW (9.3%)
July 14 July 15

Nanticoke Shoal Erie May 26, May 5, None None
July 12 July 12

Oakville Ontario May 30, June 1, UR (83.5%), AG (7.7%), DF (2.7%) AG (50.9%), UR (2%), DF (10.8%)
July 25 July 25

Port Credit Ontario May 31, June 2, UR (89.6%), AG (2.9%), CF (1.9%) UR (50.3%), AG (3%), DF (4.4%)
July 21 July 21

Presqu’ile Prov Pk.| Ontario June 7, June 8, SW (32%), UR (21.6%), M (8.9%) AG (52.7%), SW (1%)7 DF (6.7%)
July 27 July 27

Dobbs Bank Ontario June 7, June 8, None None
July 27 July 27

Southampton Huron August 4 August 4 AG (46.9%), @0/4%), MF (7.5%) AG (61.6%), SW (17.5%), DF (6)5%

Pike Bay Huron June 13 June 13 CF (77.3%), AQOMY,. MF (9.3%) CF (40.5%), AG (14.9%), DF (14.6%)

Cape Chin Georgian Bay  June 15, June 15, CF (34.7%), DF (24.1%), AG (11.9%) CF (42.4%), 0B.8%), AG (15.4%)
August 8 August 8

*Coastal Land Use data was summarized using SOdRI& (25m grid raster) and digitizing a polygon ldregth of the survey area extending 5
km inland.**Watershed land use was computed usiDgFIS data and quaternary watershed boundariesithated into the study area.
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The Georgian Bay site (Cape Chin — Dyers Bawfei.1) was located on the
submerged portion of the Niagara escarpment, appatly 40 km south of the tip of the Bruce
Peninsula. The shoreline here is characterizetidjimestone cliffs of the Niagara Escarpment,
and is predominantly forested with minimal develepi(Table 3.1). The steeply sloping
boulders and rocks continue underwater to a def@20 e before changing to softer depositional
silt (Duthie and Jones 1990).

The first of two Lake Huron sites (Pike Bay) wasdted on the west coast of the Bruce
Peninsula (Figure 3.1b). The shoreline at thesisitharacterized by mostly forest cover (Table
3.1). The second site (Southampton; Figure 3.16)sgpdit into two parts; the first was located at
MacGregor Point, and the second adjacent to thehmadithe Saugeen River (Figure 3.1c). Land
use along this section of shoreline is mostly agfical, and the Saugeen River drains a large,
agriculturally intensive watershed. Urban developtig relatively low on this portion of Lake
Huron shoreline, with the towns of Southampton Bod Elgin the most obvious developed
areas. The substratum at both these sites is predotly glacial till and bedrock in the littoral,
changing to glaciolacustrine clay and mud in de@pefundal waters (Thomas et al. 1973). The
bottom topography at Pike Bay is more complex witdmy shallow shoals and ridges (Figure
3.1b).

The three sites in Lake Erie were situated in thst Basin. The northern shoreline of the
East Basin of Lake Erie is dominated by bedrockhwimaller areas of glacial till and sand
(Rukavina 1976). Nanticoke shoal (42 44.4° N, 820%V) is located ~ 6.1 km offshore (Figure
3.2a), and provides a site with suitable substatelight conditions, but nutrient conditions that
are primarily driven by open lake processes. Tis @if two shoreline sites extended from
Peacock Point to Hoover Point (Figure 3.2b), wttike second was located where the Grand
River enters the lake (Figure 3.2c). Both the Pela€wint and Grand River sites are
characterized by land use dominated by agriculfliable 3.1).

The western end of Lake Ontario is highly urbanifeching a near continuous urban
landscape from Oshawa, east of Toronto westwa&l.tGatharines near the Niagara River.
Home to over 4 million residents (Rao et al. 200@)nicipal water intakes and discharges are
situated in a narrow band of the lake, extendingadt, a few kilometers offshore (Rao et al.
2003). The shoreline contains numerous tributaceseks and storm sewers that discharge a
mixture of both urban and agricultural runoff te thearshore waters. The first site in lake
Ontario, adjacent to the town of Oakville (Figur8&3 features moderately steep bathymetry with
a substratum composed of bedrock and cobble. Witieirstudy site there were two active waste

water treatment plant (WWTP) outfalls (Southeast WRA/situated 300 m from shore at a depth
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of 4 m and Clarkson WWTP,; situated ~ 1 km from shatra depth of 16.5 m) and 20 storm
sewers discharging at the lake shore (Figure 3faadditional 49 storm sewers discharged into
a tributary or creek that eventually discharged the near shore waters (Figure 3.3a). The main
tributary for this segment of shoreline (16 Milee€k) discharges at the approximate middle of
the survey area.

The second heavily urbanized site in Lake Ontaas l@cated north east of Oakuville at
the town of Port Credit (Figure 3.3b). Similar ke tOakville site, substratum here is
characterized by bedrock and cobble, but softestsate such as sand and compact clay comprise
appreciable portions of the bay at the northeadtoéthe survey area. While the numbers of
storm sewers and municipal water outfalls appaargas to that at the Oakville site, the largest
concentration of storm sewers was at the eastetrendsof the survey area, and only one
WWTP was operational (Lakeview WWTP) during thediof the survey. The Credit River is the
largest tributary within the study site and draariseavily urbanized watershed (Table 3.1).

The remaining two sites in Lake Ontario were lodatevard the east end of the lake.
Presqu’ile peninsula is a Provincial Park and hasmal urban development (Figure 3.3c). This
peninsula is a tombolo (depositional landform) tyaws approximately 2 m each year as eroded
material from the bluffs along the northern Lake#@io shoreline is deposited in Popham Bay
(Martini and Kwong 1985). The substrate on the \ekal side of the Presqu’ile peninsula is
mostly comprised of bedrock and glacial till, bteas of sand and softer substrate are present in
the lee of High Bluff and Gull Island (Rukavina 197The last site was located approximately 7
km southeast of Presqu’ile peninsula, on a longttseesterly trending bedrock ridge (Figure
3.3d). There are a number of these forms in PrdsguWellington Bay that protrude onto the
shelf as shoals and islets, intersecting the saftardy deposits in the bay (Martini and Kwong
1985). Similar to Nanticoke shoal, this site pr@dd suitable substrate and light environment,

but nutrient conditions more similar to open lakaditions.
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3.3.2Physical and Chemical Measurements

At each survey location, three transects congigifrthree stations on each transect were
placed at approximately the middle and end of timeey grids (see Figure 3.1 to Figure 3.3),
giving an inter-transect spacing of ~ 3 km. Stagiarere located at the 2, 5 and 10 m depth
contours. At each station, CTD profiles were talsimg aY SI-6600 profiler or an RBR CTD.
Photosynthetically active radiation (PAR) profil@ere measured with a LI-COR quantum sensor
at 0.5 mto 1 m intervals from the surface to tielbottom. Water samples to characterize
nutrient conditions were collected at pre-selestations (see Figure 3.1 to Figure 3.3) during the
days of the acoustic surveys (Lake Huron, Lake fjtar within 1-2 days of the acoustic
surveys (Lake Erie, Nanticoke Shoal excepted; sdxel3.1). A 6 L Niskin bottle was used to
collect ~ 15 L of water at a depth equal to 50%hefmixed layer depth (determined from CTD
cast). Water was transferred to covered carboystmdd in coolers until transported to the
laboratory (Univ. Waterloo). Samples for total dised P (TDP) and soluble reactive P (SRP)
were filtered through a 0.2 um polycarbonate fjltparticulate P (Part P) by filtering 500 mL of
lake water onto acid soaked (5% HCI ~ 4 hr) What@&#F filters (nominal pore size ~ 0.8 um).
Total P (TP) and all composite fractions (TDP, SR&;t P) were determined according to
Stainton et al. (1977). Samples for other partteutautrients (carbon — Part C, nitrogen — Part N)
were determined by filtering 500 mL of lake watet@mpre-combusted (500 C ~ 4hr) GF/F filters
and assayed using a CEC-440 Elemental AnalyzertéERmalytical, MA). Phytoplankton
chlorophylla was measured in triplicate on extracts of GFAer (22 hr in 90% acetone @ -20
°C) after filtration of 500 mL of lake water usiagrurner Designs 10-AU fluorometer (Smith et
al. 1999). Additional ions (N@ CI, SQ,) were determined using ion chromatography (Dionex
DX 500, Dionex AS17 and AG17 guard column). Ammaniwas determined following the
method of Holmes et al. (1999) on a Turner Designs/00 fluorometer. Total suspended solids
(TSS) were determined by filtering 2 to 5 L of lakater onto pre-combusted (500 °C for 4 hr)
pre-weighed GF/F filters, drying at 65 °C to a dansweight and re-weighing. AFDW was

determined after combustion at 500 °C for 4 hrs.

3.3.3Dreissenid Mussel abundance

A drop video camera (SplashCam) fitted in an alwm frame was used to estimate
dreissenid abundance and qualitative informatiosudstrate at all sites where water chemistry
and physical measurements were made. This systémetinodology is described in detail in

Ozersky et al. (2009). At each site, the camemadravas allowed to rest at 8 to 10 randomly
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selected areas. After the video was complete, saagtures of the 8 to 10 areas of the bottom
were extracted and processed using Adobe PhotdsfBopreissenids were enumerated by
counting mussel valves as outlined in Ozersky.g28009). Unfortunately, the spring sampling
period did not allow us to capture unobstructedvgief the bottom and dreissenid community in
Lakes Erie and Ontario &adophoragrowth obscured the bottom. Consequently, dreidsen
abundances for Lake Erie site from Patterson €2@05) and Lake Ontario sites from Wilson et
al. (2006) and Ozersky et al. (2009) have beentisutesl. Abundances at Peacock Point, and the
Grand River site were determined by averaging ftata 2, 5 and 10 m depths from Patterson et
al. (2005). Abundances for Nanticoke shoal weremahed by averaging data from 5 and 10 m
depths from Patterson et al. (2005). Dreissenichdimce reported for Oakville was the mean
abundance reported by Ozersky et al. (2009) fothagdpetween 2 and 15 m. Abundances for Port
Credit, and Presqu’ile and Dobb’s Bank were estahdlly averaging abundances from 5 and 20
m depths from Wilson et al. (2006).

3.3.4Acoustic Surveys

Acoustic surveys to assess the spatial patter@$aofophoraabundance were conducted
using a BioSonics® DTX system connected to twolsibbgam transducers. Both transducers
were mounted on 2 m adjustable aluminum slidingm®attached to the side of a 21 ft vessel
with a series of clamps and bolts. The first traiegd was used to characterize the algal canopy
(430 kHz, 10.2° full beam angle, source level 2B3el1 Pa at 1 m) while the second
transducer (120 kHz, 7° full beam angle, sourcell2t6 dB re 1 Pa at 1 m) was used to
characterize substrate. Both transducers were g@d at 5 Hz, with pulse lengths of 0.1 ms
(430 kHz) and 0.4 ms (120 kHz) using the softwaisu®l Acquisition 5.0 (BioSonics Inc,
Seattle, WA).

Acoustic surveys were conducted on hydroacoustetliansects that ran perpendicular
to shore, from the 1.5 m depth contour to the Ifepth contour, with an inter-transect spacing
of ~ 50 - 90 m. At a cruising speed of 1.8 to 2.83'nhetween 10 and 15 hours were needed to
survey ~ 6 km of shoreline with the transect spgeimployed. Saturation of the acoustic signal
was observed for all data collected with the 12@ kidnsducer at depths < 6 m making accurate
separation of bottom substrate classes using sthetissification methods (i.e. RoxAnn) nearly
impossible, therefore these data are not repoeesl or discussed further. Analysis of the
acoustic data to determine percent cover and higtithaf Cladophorawas conducted using a
graphical user interface (GUI) written in MATLAB & (see Chapter 2).
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3.3.5Geostatistical Methods

The fundamentals of geostatistical analysis, witipleasis on the assumptions and
methodology involved are thoroughly explained iwesal publications (e.g., Isaaks and
Srivastava 1989, Cressie 1991, Webster and Oli@@tPand summarized in Chapter 1, so only a
brief summary will be provided here. In this studyspatial correlation function called the
“semivariogram” (Cressie 1991) was employed to ati@rize the spatial autocorrelation of the
data collected. The semivariogram is derived fromexperimental data, taking into account the

spatial position of the samples by the followingi&tipn;
g === (z(x)- Z(x +h}’ (3.1)
2N(h) 2 | '
where Zk) is the value of the variableat locationx;, h is a lag distance over which the local
average is taken and N(is the number of point pairs at the lag distafi}¢Cressie 1991). The
semivariogram is the average of the Euclidean niistdbetween pairs of sampl&3 plotted
against average variance at distance
For prediction, a function (the spatial covariahggction or semivariogram model) is fit
to the empirical semivariogram through an autométedg procedure. The weighted least
squares method (WLS) of fitting the semivariograodel was used as it typically defines the
behavior of the semivariogram model at the origosttlearly, which is essential for prediction
(Cressie 1991). Either spherical or exponentialiganograms were fit to the data as given by

the following equations;

0, h=0
ghig)= C,+C, ((3/2(h|/a,)- W2(h|/a)),0<|n £ a, (3.3)
Co+C,, [n= .
0, h=0

agh;g) = (3.4)

C, +C.(1- expt|h|/a,)),ht 0

These spatial covariance models are definedreg tbssential parameters: the nugget
(Co) (indicating the variance not explained by thetighanodel), the sillC; (indicating the
variance explained by the spatial model) and thgea (distance beyond which spatial
autocorrelation is no longer significant). Aftemgputation of the semivariogram models for each
of the respective variables, block kriging was usegredict the value of algal cover and stand
heights for grid cells of size 25 m by 25 m.

Exploratory data analysis was conducted on thedimodiata prior to spatial modeling

using scatter plots, histograms and correlatiorassess the presence of possible predictive
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trends. With a sampling frequency of 5 Hz, a sunynegicle output every 10 pings, and an
average survey area size of 5%kefull day of surveying (0600 to ~ 2000 hrs) gl an average
of 8,000 to 10,000 individual geo-referenced dataports. The frequency distributions of the
percent cover and stand height variables deriveacbystic analysis displayed some tendency
for overdispersion, but it was generally not sevB&ationships between depth and percent
cover were strong and generally linear in natuie0(B1 to 0.74). Strong correlations were
evident between percent cover and height @.7) when coverage was moderate or high. To
account for these potentially non-stationary preessblock regression kriging (RK; see Hengl et
al. 2004) was performed for the percent cover daiag a Generalized Linear Model (e.qg.,
Gotway and Stroup 1997) to model the relationstith depth. Briefly, a quasi-Poisson family of
probability distributions was used with a log-lifknction to account for the overdispersion in the
data distributions. The model trend was subtratted the percent cover data and SK was
performed on the residuals (i.e. the mean of thielvals should be “0”). The trend was then
added back to the kriged residuals to generatpridicted surface maps. Algal stand height was
interpolated using KED, with percent cover as aljgter. While both percent cover and height
variables are characterized by skewed distributitiresresiduals from the relationship were not.
Bathymetric grids for each survey site were gemerasing universal kriging of acoustically
determined bottom depths from the individual susvE8eacock Point and Dobb’s Bank
excepted; spatial re-sampling of NOAA bathymetatadwas used). All bathymetric survey grids
were clipped using the lake shorelines and the tieépth contour for each lake as downloaded
from the National Geophysical Data Center Greatelsaathymetry ArcIMS web server
(http://map.ngdc.noaa.gov/website/mgg/greatlakéstaewer.htm).

Experimental residual semivariograms were compfgethterpolation onto 25 m by 25
m grids. Directional semivariograms were computgdirbiting all point pairs within a
directional tolerance (0° to 135°, 45° £ 22.5° dtglprance) in addition to the omni-directional
semivariogram to assess the degree of anisotrdpgxploratory data analysis, regression and
variogram modeling, and subsequent kriging compriatwere performed using the statistical

software R (R Core Development Team 2007) and thadRageystat(Pebesma 2004).

3.3.6Estimation of Cladophorabiomass

Estimation of standing crop is a frequently desieadpoint in many surveys of benthic
vegetation (Vis et al. 2003). Previous attemptéwitoustic methods to use echo integration
(Sabol et al. 2002a) or summing of acoustic badkscéHaga et al. 2007) have shown limited

success due to mixed species assemblages anddnighilty due to variations in gas vacuoles

60



and epiphytic organisms. While better success thitse methods might be envisioned for a
monospecific assemblage Gfadophora attempts to estimateladophorabiomass from
integrated signal voltage or volume backscatteevamgely unsuccessful (Chapter 2). A strategy
similar to that described by Duarte (1987) wasdfwe employed, using the height of the algal
canopy as a predictor of biomass. Quantitative fitata recent studies in Lakes Erie and Ontario
where measurements of algal stand height wereetewsded were compiled and dry biomass as
a function of algal stand height was plotted. Simamest of the quantitative data was derived from
mid summer maximal biomass measured on quadrdts8Q% algal cover, | was unable to
derive relationships for non-maximal biomass tireeqs. A linear model of sgrt (DryMass) as
a function of canopy height produced apparent tinelationships across the range of canopy
heights encountered in the quadrat data set (FRj&je Although a linear model with an
intercept term initially yielded a non zero intquté4.41 + 0.62t=7.01,p <0.001) | used a linear
model that forces the regression through the arigire reasoning for this was that biomass
should not be present when bed height is zerondhezero intercept was likely due to inflation
by the inclusion of quadrat data from very shalttepths ( < 1.5 m), some which were
characterized by very high biomass (> 20079.rMhe high biomass relative to bed height at
these wave zone sites may be due to compressigiorofiss by wave action, thus inflating the
estimated intercepThe resulting model Biomass = 0.877 + 0.034 x BedHeight(cnix(.73,
df=234,p<0.0001) was used to estimate the biomass in edgtlegl from the kriged surfaces of
canopy height. These “biomass” cells were theniplidt by the percent cover surfaces to
account for the fact that the biomass vs stanchhegationship was derived from quadrats that
were primarily > 80% cover. In addition @adophora macrophytes were also present at several
sites (Peacock Point, Rock Point (Grand River)sutle and Dobb’s Bank). Because the
macrophytes rarely occurred in extensive mono-§pextands, but rather as isolated groups of
plants growing wittCladophora | assigned a single biomass value of 100°gDW for
macrophyte dominated cells to represent a compmbesveen low areal biomass of
macrophytes found in the nearshore areas of that Gekes (< 50 g if) Makarewicz and
Dilcher 1988) and the much higher areal biomasSlaflophora Macrophyte dominated cells
were identified as those that exceeded 0.35 mighhbased on comparisons of echograms
where macrophytes were clearly present.

Approximate standard errors for percent cover ambpy height were computed by
adding the kriging standard errors (residual stechdarors) to the trend standard errors.

Propagation of error through the equations usedtimated biomass was estimated following the
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procedures outlined in Heuvelink (2002) to estingiproximate standard errors for the predicted

biomass.

3.3.7Statistical analysis

Testing for differences in water chemistry amorigssand within lakes is complicated by
the unbalanced nature of the study. For examplghaofe shoals were only accessible in Lake
Erie and Ontario, not in Lake Huron or Georgian Bayd neither shoal reached depths shallower
than ~ 3.5 m, thus the shoal sites lacked a 2 batbcequivalent sampling sites that were
available along shorelines. Furthermore, samplirigjle Bay and Southampton was limited to
one site visit each (spring and summer respecdivtis results in further losses of degrees of
freedom in standard parametric analyses. Initiahivay ANOVA (log, transformed variables,
season and depth as factors) did not show signifiifferences among depth for any of the
variables sampled except kPAR, which was signifigarigher at 2 and 5 m depths at Peacock
Point (Lake Erie) during the summer and Pike Bagk@_Huron) during the spring<0.05).
Therefore, for comparisons among sites and lakatervehemistry and physical data were
aggregated and simple correlation analysis waspeed using the site means within both the
spring and summer periods. Correlations among vedgemistry and physical parameters,
dreissenid mussel abundance, land use percentBgigle 3.1) and data from the hydroacoustic

surveys were assessed using a non parametricat@netoefficient (Spearman’y.
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Figure 3.5.Relationship between quadrat biomass (g D¥) end algal canopy height (cm).
Data sources include East Basin Lake ErjBliggins 2005, T. Howell; unpubl. data) and Lake
Ontario ( ; S. Malkin 2007, Malkin et al. 2008, D.Depew, updata). Equation of the linear
model is Biomass (g i) = 0.877+0.034 x BedHeight(cmy=0.73, df=234.
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3.4 Results

3.4.1Dreissenid abundances

Logistical problems delayed the spring acoustizeys in 2005 until the latter part of
May, and water quality sampling at some sites weshed into June (Table 3.1). As a result,
underwater video from Lakes Erie and Ontario wassadable for analysis for mussel
abundances as outlined in the methods sectionubethe majority of the bottom was already
covered byCladophoraand other filamentous algaggirogyraandUlothrix). Although the
underwater camera method was not suitable to egtidraissenid abundance at the sites in Lake
Erie and Ontario due to overlying algal cover, gative observations mostly confirm the results
of other studies (e.g., Patterson et al. 2005; IEfke Wilson et al. 2006; Lake Ontario, Ozersky
et al. 2009; western Lake Ontario), that mussesities on hard substrates in the lower lakes
remain high (Table 3.2). In contrast, the sitesake Huron and Georgian Bay afforded an
unobstructed view of the substratum therefore edimof dreissenid abundance using the
underwater video camera system were feasible. &ngid abundance in Lake Huron and
Georgian Bay is much lower than abundances rep@wtddakes Erie or Ontario. Mean
abundance at Lake Huron sites was lowest at 2 ninenelased at depths of 5 m and 10 m.
Mussels were distributed in clumps mostly betwemrks and along the sides of larger boulders,
with very few attached to the upper surface of sotk Georgian Bay, the transect at the south
end of the survey area had the highest number sfefs, and average abundances were similar
across the range of depths sampled (Table 3.2)pdtohy distribution was similar to that
observed in Lake Huron sites, with mussels oftdargning sides and indentations in large rocks
and boulders rather than flat surfaces. As thetstleschanged from large rocks to smaller cobble

toward Dyer’s Bay, mussels became less abundant.
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Table 3.2.Table of dreissenid abundances used in this stelyr represents year data collected,
site indicates site where abundances assignedsdered abundance indicates mean abundance
(= standard deviation) if specified. Source dendtga source.

Year Site Depth Dreissenid Source
abundance (# i)

2002 Lake Erie (mean of all transects) 2 14,400,438 Patterson et al. 2005
5 9,311 £ 6,042
10 8,228 + 7,059

2006 Lake Ontario (Oakville) 2 95+ 93 OzerskyleRA0%
5 4,580 + 2,788
10 4,585 + 930
15 3,918 + 920

2003 Lake Ontario (Port Credit) 5 2,124 Wilson et al. 2008
5 268
20 8,445

2003 Lake Ontario (Presquile) 5 24,271 Wilsonl e2@06
20 13,466

2003 Lake Ontario (Wellington Bay) 5 7,655 Wilsdrak 2008
20 3,862

2005 Lake Huron (Southampton) 2 42 +47 This study
5 449 + 549
10 340 +£186

2005  Georgian Bay (Cape Chin) 2 381 + 255 Thisyétud
5 357 + 277
10 229 + 391

Note *Mean abundances of triplicate quadrats sampledgthd of 2, 5 and 10 m at 3 transects
within the East basin of Lake ErfdMlean abundances from 3 — 10 camera frames sampldd a
sites at 2, 5, 10 and 15 fVlean abundance of triplicate quadrats (0.£5sampled at 5 and 20

m.*Mean of 8 to 10 camera frames sampled at each®afd 10 m depths at 3 transects.
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3.4.2Near shore physical and chemical conditions

The staggered water quality sampling makes compasiamong all lakes somewhat
ambiguous, but several trends were evident in @temguality data. During the early season
sampling (April to early June), concentrations afstnparameters were far more variable at
shoreline sites in Lake Erie and Ontario than atstoal sites in those lakes or the shoreline sites
in Lake Huron and Georgian Bay (Table 3.3 and T&8big¢. Conductivity was highest and most
variable at the Grand River site in Lake Erie (EabI3). Lake Erie sites (both shoreline and
shoal) had relatively higher phosphorus conceitnat{TP, TDP and SRP) compared to other
sites, but these rarely exceeded 10 jidTable 3.3). N@ concentrations were high and far more
variable in Lakes Erie and Lake Ontario compareldatice Huron and Georgian Bay (Table 3.3).
In contrast to Lakes Erie and Ontario, light atetian (kPAR) was quite low in Lake Huron and
Georgian Bay, consistent with the low concentratiohsuspended solids and chlorophyll a
(Table 3.3). Regrettably, the NHsamples collected after June appeared to havasdffe
contamination likely due to atmospheric invasidnustthe data are not reported here as average
concentrations were 10 fold higher than those tegan prior years (see North 2008).

In the summer sampling, variability in many paraanetwas reduced, except at sites that
had major tributaries. For example, although cotidilg had dropped from spring levels,
variability in conductivity was highest at the GdaRiver, Port Credit and Southampton sites,
each of which are in close proximity to a majobuitary (Table 3.4). Only sites near urban
centers had increased variability iri @liring the summer (Table 3.4). Concentrations weRe
again remarkably low during the summer samplingfwhe highest concentration occurring at
the Southampton site just above IPL™. SRP concentrations were not detectable in LaledEr
this time, but were detectable in Lake Ontario bakie Huron though concentrations generally
remained between 1.5 and § L™ (Table 3.4). N@ concentrations also appeared to have
declined from spring concentrations, but conceiatnatin Lake Ontario remained near those
measured in Lake Huron and Georgian Bay (Table Bd$pite considerable variability in
chlorophyll a concentrations, total suspended satidely exceeded 1 mg'Land corresponding
measures of light attenuation indicated water tglami the near shore sites was comparable to that
observed in the offshore (shoals) unless in prayihei a major tributary (e.g., Grand River,
Oakuville, Port Credit) (Table 3.4).

Significant correlations among average water gualitrameters and % land use were
rare at the coastal level (e.g., ~ 5 km inland ftbenlake; Table 3.5). Only spring Cl

concentrations were significantly associated witb@astal agricultural land use (Table 3.5).
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Coastal urban land use was significantly associatgdhigher spring N@, and higher light
attenuation in the summer (e.g., KPAR, TSS). Atwhéershed scale, % agriculture was
associated with high spring NQand % urban land use was again associated witbdesed
summer light attenuation, spring hNénd spring chlorophyll a (Table 3.5). No signifita

associations were found among land use percentag&® or SRP.
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Table 3.3.Summary of relevant physical and water chemisttg fiar the study sites during the early season Bagh@April 29 — June 13). Mean
values are bolded, standard deviations in bracketsnpotes number of samples. Surface temperatunep(T¥) and conductivity (Cond; puS tm
1) are taken from 1 m below surface from the CTOdsght attenuation coefficient (kPAR;: T phytoplankton chlorophyll a (chl a; ug'),
total suspended solids (TSS; md)Ltotal phosphorus (TP; pg’), total dissolved phosphorus (TDP pg)Lsoluble reactive phosphorus (SRP;
ng L), dissolved silica (Si@ pg LY, nitrate (NQ; ug L") and chloride ion (Glmg LY.

Season Lake Site Temp Cond kPAR Chla TSS TP TDPP SBIQ NO;y CI

Spring Erie Peacock Point  8.16 309 0.57 1.84 2.56 1211 7.44 3.67 223 516 7 29.
n=9 (0.67) (16) (0.38) (0.29) (2.06) (6.81) (4.39)2.23) (114) (294) (7.9
Erie Grand River 11.82 357 0.46 4.09 2.04 8.74 4.93 3.95 144 759 9*24.
n=9 (12.04) (80) (0.24) (4.68) (2.24) (3.30) (1.30§1.84) (52) (545) nd
Erie Nanticoke Shoal 4.50 280 0.21 1.64 1.00 7.06 3.25 3.52 362 168 16.1
n=4 (0.77) Q) (0.03) (0.31) (0.40) (0.74) (0.42)0.68) (60) (67) 1.2)
Ontario  Oakville 11.26 301 0.31 1.64 0.75 6.28 3.31 0.54 234 647 2 22.
n=9 (0.59) (12) (0.06) (0.54) (0.09) (1.58) (0.45§0.39) (42) (265) (4.3)
Ontario  Port Credit 14.98 nd 0.34 1.97 0.98 6.85 3.41 0.66 278 552 25.0
n=9 (0.92) nd (0.06) (0.21) (0.39) (1.41) (0.82) .4@ (118) (119) (7.6)
Ontario  Presqu’ile 12.57 275 0.37 3.20 0.89 6.89 3.99 1.18 253 360 6 13.
n=9 (1.67) (13) (0.10) (0.86) (0.35) (1.52) (1.0910.76) (23) (23) (2.05)
Ontario Dobb’s Bank 16.39 295 0.46 1.98 0.46 6.43 3.72 0.76 261 344 5 19.
n=4 (0.66) (15) (0.08) (0.18) (0.20) (2.48) (1.29§0.11) (24) (59) (1.2)
Huron Pike Bay 21.05 253 0.17 0.94 0.50 3.16 1.48 <0.35 1004 342d n
n=9 (1.38) (20) (0.09) (0.18) (0.20) (0.80) (0.54) (94) (55) nd
Huron Cape Chin 14.94 124 0.14 0.47 0.41 4.02 1.81 1.09 1144 376 nd
n=9 (0.55) (43) (0.09) (0.10) (0.12) (2.05) (0.56(0.39) (57) (29) nd

Note: nd indicated no data available, *only one sneament available.
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Table 3.4.Summary of relevant physical and water chemisttg flar the study sites during the summer seasoplgagr(July 12 — August 8).
Mean values are bolded, standard deviations irkbtacn denotes number of samples. Surface tenuper@iemp; °C) and conductivity (Cond;
uS cnt) are taken from 1 m below surface from the CTOddght attenuation coefficient (kPAR; ¥ phytoplankton chlorophyll a (chl a; ug
L™, total suspended solids (TSS; md) Ltotal phosphorus (TP; pg, total dissolved phosphorus (TDP pg)Lsoluble reactive phosphorus
(SRP; ug ), dissolved silica (Si@ pg L), nitrate (NQ’; pg L") and chloride ion (Clmg L™).

Season Lake Site Temp Cond kPAR Chla TSS TP TDPP SBIQ NGOy CI

Summer | Erie Peacock Point  23.20 nd 0.29 1.10 1.11 5.62 2.08 <0.35 83 250 14.6
n=9 (0.46) nd (0.06) (0.48) (0.19) (0.94) (0.82) 0 (37 (120) (2.0)
Erie Grand River 24.65 279 0.40 2.68 1.15 3.74 0.88 <0.35 160 204 .3 16
n=9 (0.55) (49) (0.17) (1.21) (0.72) (2.24) (0.92® (115) (74) (3.5
Erie Nanticoke Shoal 24.25 nd 0.27 1.84 0.73 5.37 1.95 <0.35 113 262 513.
n=4 (1.63) nd (0.09) (1.27) (0.34) (1.57) (1.01) O (52 (124) (2.5)
Ontario Oakville 16.37 302 0.50 2.16 1.04 7.24 3.03 0.77 76 392 21.3
n=9 (1.59) 4) (0.23) (0.58) (0.16) (1.70) (0.89)0.20) (43) (140) (1.56)
Ontario Port Credit 22.93 308 0.46 1.01 1.15 7.49 2.69 0.71 108 371 6 24.
n=9 (1.66) (8) (0.07) (0.22) (0.76) (1.40) (0.63)0.28) (52) (111) (11.3)
Ontario  Presquile 19.42 302 0.35 1.30 1.05 5.08 2.33 1.54 111 318 5 18.
n=8 (2.19) 4) (0.04) (0.30) (0.28) (0.67) (0.86)0.46) (33) (78) a.7)
Ontario Dobbs Bank 18.31 301 0.26 1.38 0.47 5.21 2.61 1.57 96 303 23.2
n=4 (0.18) Q) (0.04) (0.11) (0.26) (0.61) (1.03)0.23) (19 (64) (2.1)
Huron Southampton 24.32 245 0.23 0.51 0.52 10.38 3.43 1.26 1293 335.81 4
n=9 (0.81) (87) (0.07) (0.19) (0.15) (1.61) (0.92§0.26) (555) (61) (1.55)
Huron  Cape Chin 18.59 nd (0.27) 0.46 0.39 8.09 4.17 1.37 754 311 404.
n=9 (3.32) nd (0.10) (0.07) (0.17) (3.79) (1.56) .2 (125) (38) (0.36)

Note: nd indicates no data available. SRP condimtsabelow 0.35 pgLare below the analytical detection limit.
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Table 3.5 Spearman correlation coefficienty for mean water chemistry parameters and % laaditis
the coastal margin (~5 km inland) and the watersitade. Bolded values are significant at the p<0.05
level.

Variable Coastal % Coastal % Urban Watershed Watershed %
Agricultural %Agricultural Urban
Spring TSS 0.27 0.37 0.59 0.43
Summer TSS 0.32 0.77 0.57 0.75
Spring KPAR 0.14 0.31 0.56 0.34
Summer kPAR | 0.13 0.83 0.25 0.81
Spring TP 0.13 0.24 0.54 0.27
Summer TP 0.25 -0.05 -0.07 0
Spring SRP 0.20 -0.06 0.46 0
Summer SRP -0.48 -0.19 -0.38 -0.22
Spring NO3 0.49 0.73 0.73 0.81
Summer NG, -0.29 0.49 -0.19 0.49
Spring CI’ 0.85 0.27 0.48 0.41
Summer CI -0.41 0.61 -0.14 0.55
Spring Chl a 0.48 0.56 0.56 0.67
Summer Chla | -0.15 0.19 0.02 0.22
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3.4.3Trends in tributary concentrations

Significant increases in Gloncentration are seen in tributaries that drebanized watersheds
(Table 3.6; Figure 3.6). Increases in €incentrations are also apparent in more agriallaueas, but
these are generally of lower magnitude, and mdgatthe urban expansion into agricultural areas.
Increases in N@concentrations are seen for the period 1964 td 1@&8some tributaries, but the lack of
data makes broad generalizations difficult. In casttto NQ and CI, large declines in annual median TP
concentrations occurred in the 1964 to 1984 pdiuodill the tributaries in Lake Ontario, but not faake
Erie. Annual median TP concentrations appearedd@ase in Lake Huron tributaries before declirimg
the 1985 to 2008 period. Further declines of TEh@1985 to 2008 period are also observed in Lake
Ontario tributaries, but not in Lake Erie tributwi(Figure 3.6, Table 3.6). Concentrations in regears
still frequently exceed the PWQMN target of 0.03@ Iit, particularly in Lake Erie and some Lake
Ontario tributaries (Figure 3.6).

71



Table 3.6.Mann-Kendall trend tests for annual median TP 3N concentrations in selected tributariedenotes the strength and direction of
the trend. Significant trends are bolded. ND* desatot enough data to compute a trend. PWQMN gtatie are noted below the tributary name
and correspond to figure 3.4. Number in brackessdeethe variable denotes the numbers of yearsded in the analysis.

Location Station Variable (1964 — 1983) P Variable (1984 — 2009) P
Pike Bay (Huron) Stokes River TP (9) 0.048 0.99 (I® -0.487 <0.05
08014300102 NE§X9) 0.724 0.06 NQ(12) 0.493 <0.05
CrI (9) 0.238 0.55 C(12) 405 0.06
Southampton (Huron) Saugeen River TP (9) 0.592 <0.05 TP (25) -0.579 <0.01
08012303002 N&X5) 0.40 0.46 N@(1) ND
08012303082 Cl0) ND CI (20) 0.56 <0.01
Southampton (Huron) Little Sauble TP (7) 0.611 §0.0 TP (13) -0.565 <0.05
08012303002 N&X7) 0.500 0.07 NQ(13) -0.364 0.11
CrI (7) 0.370 0.21 Ci(13) 0.204 0.43
Peacock Point (Erie) Nanticoke TP (20) 0.138 0.416 TP (19) -0.07 0.699
16016400102 N€X20) 0.61 <0.01 NOs (1) ND
CI (20) 0.11 0.53 Ci(19) 0.563 <0.01
Peacock Point (Erie) Sandusk TP (12) 0.273 0.243 (ZJP ND
16017000102 Ne(11) 0.164 0.53 N¢X0) ND
16017000202 C(11) -0.154 0.53 C(2) ND
Grand River (Erie) Grand River TP (4) -0.333 0.73 P (B5) -0.152 0.289
16018403502 N&X(4) ND NG; (0) ND
16018403583 CI3) -0.333 0.99 CI(25) 0.586 <0.01
Oakville (Ontario) 16 Mile Creek TP (20) -0.565 <0.01 TP (23) 0.018 0.92
06006300102 N©§X(20) 0.681 <0.01 NOs (1) ND
CI (19) 0.645 <0.01 CI (23) 0.703 <0.01
Port Credit (Ontario) Etobicoke Creek TP (20) -0.744 <0.01 TP (13) -0.462 <0.05
06008000102 N§X(19) -0.263 0.12 NeX(1) ND
Cr(17) 0.17 0.36 Ci(13) 0.538 <0.05
Presquile (Ontario) Proctor Creek TP (20) -0.649 <0.01 TP (12) -0.255 0.263
06015100102 N&X20) 0.828 <0.01 NOs (1) ND
CI (19) 0.582 <0.01 Cl' (12) -0.103 0.669
Presquile (Ontario) Consecon Creek TP (9) 0.686 <0.05 TP (20) -0.06 0.715
06015700302 NGX6) 0.552 0.181 N6X0) ND
CI' (6) 0.61 <0.01 Cl' (17) 0.429 0.229
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Figure 3.6.Plots of annual median Gloncentration (mg L) (top panel), N@concentration (mg
L") (middle panel), and TP concentration (mY (bottom panel) for PWQMN stations nearest
the study sites. Blue lines represent Lake Hurtassgreen for Lake Erie, and red for Lake
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3.4.4Distribution of nuisance Cladophora

Example semi-variograms for percent algal coverstadd height determined by the
acoustic surveys are shown in Figure 3.7 and suimethin Table 3.7. The degree of spatial
dependency for semivariogram models @+ C, + C) was generally high for percent cover
residuals, being > 50 % for most sites. This inisdahe presence of a moderately strong spatial
structure even after accounting for the trend wipth. Spatial dependency of the height
residuals was generally weaker than that obserwegefrcent cover, owing primarily to the fact
that most of the variance in stand height appeebg taccounted for by percent cover rather than
spatial variation.

Kriged maps of percent algal cover, stand heightestimated biomass for Lake Erie
and Lake Ontario sites are presented in Figuréa3igure 3.14. Maps for Lake Huron and the
Georgian Bay site are not shown, si@adophorawas not detected using acoustic methods at
these sites. Underwater video did reveal sparset 6h5 cm) tufts at the Southampton site at
most stations and at one station in Georgian Bayiga 800) where dreissenid mussels were
relatively abundant compared to other Lake HurteassWeather conditions prevented any
sampling of the Southampton site during the “sgrswgveys and the Pike Bay site during the
“summer” surveys. In addition, acoustic data fréna Pike Bay spring survey were contaminated
with excessive water column noise as a result afheainfall. Acoustic noise extended down ~
6 m in the water column, making separation of amfm@ise from potential algal signal difficult,
and nearly impossible in shallow waters. Visualesiaations of the substratum in shallow waters
(< 5 m) and underwater video revealed that thetsatiesvas mostly devoid of any filamentous
algae.

In contrast to the sites in Lake Huron and Geor@iay, nuisanc€ladophoragrowth
was observed at all shoreline sites in Lake Ertblaake Ontario. In general, moderate to strong
anisotropy (direction of strongest autocorrelatiexisted in these data sets, and appeared to be
primarily driven by the orientation of the shoreliwest to east oriented shorelines (e.g.,
Presqu’ile Provincial Park, Grand River; Rock Pgiattion) typically had directions of maximal
correlation in the west to east direction (i.e.)2d southwest to northeast oriented shorelines
(e.g., Port Credit, Oakville, Grand River; GrantrR@ortion) had a direction of maximal
correlation in the same direction (e.g., 45°), pneably because of the strong effect of depth on
light availability. No obvious anisotropy was prasat either of the shoal sites, likely because

these were relatively smaller areas with a limdaetbunt of area at shallow depths.
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Because shoreline sites typically have greatersateahallow depths compared to the
offshore shoals, larger average patch sizes migleixpected to occur along shoreline sites.
However, the data here do not suggest this iscted (e.g., range)( Table 3.7). The large
variation in range () is likely due to a combination of factors. Foaeple, the large range in
percent cover at the Rock Point portion of the @rRiver site is primarily due to the large
shallow shoal that extends southeastward from M&Haland (Figure 3.10). In contrast, the
large range at Presqu'’ile is due to the large aféavy cover in the lee of Big Bluff and Gull
Island, which act to shelter the adjacent embaymesa from wind and wave action (Figure
3.13). Smaller ranges were observed at exposeélstes (e.g. Peacock Point, Grant Point,
Oakville, and Port Credit) where large shelterezharare not present (Figure 3.9, Figure 3.10,
Figure 3.11, Figure 3.12).

In general, sites with a low silC] value for percent cover, had relatively low vhiiidy
in Cladophorasp. cover, and sites with a low si)(for height had low variability in observed
canopy heights. The putative cause of the low tdityain cover likely varies from site to site.

For example, the low sill at Nanticoke shoal is tuéhe depth range (3.5 m to 11 m depth) being
deeper than those encountered at the shorelirse Akea consequence, algal biomass likely does
not reach comparable levels that might occur ifl@lvar water along the shoreline sites where
light is not limiting. In addition, lower exposute physical disturbance probably leads to large
areas of moderate growth over areas which are egposfrequent wave action. In contrast, the
low sill at Peacock Point is partly due to the deradrea surveyed, but also to a major
detachment event that was observed to occur oh2hef July (personal observation) in the
vicinity of Peacock Point. Since much of the algaimass appeared to have detached from the
bottom, there were very few areas of heavy covaaming at the time of the survey, and the
resultant large areas with little to no cover cimited to the low sill.

Large sill values tended to occur at the largerelime sites (e.g., Oakville, Port Credit,
Presqu’ile) and displayed a high degree of patdsirte.g., varying degrees of shoreline
exposure), although the high sill observed at GPat and Dobb’s Bank may have been due to
a combination of a) a small survey area (< 9kamd b) appreciable variation in cover, although
at Dobb’s Bank, much of this was imparted by stasfdeacrophytes that showed heavy cover at
deeper depths compared@tadophora Isolated stands of macrophytes were also obsextviet:
Rock point portion of the Grand River site, butsevere mostly restricted to the north side of
Mohawk Island, and toward the east where the saiesthanged from rock to sand and gravel
(Figure 3.10). The large heavily covered shallowaglinear Mohawk Island) may have helped to

moderate the sill at this site.
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The principal cause for a high sill (C) in canomjgit was the presence of a)
macrophytes in the survey area (e.g. Peacock RRick Point, Presqu’ile and Dobb’s Bank) or
b) considerable variation in observed canopy heigh€ladophora(Rock Point and Grant
Point). Trends in the nugget varianceg)(@lso reflect this, though the variable sizeshefsurvey
areas may obscure such relationships (see for dgaf@ipapter 4).

In order to estimate the approximate depth detedimit at each site, average estimated
biomass values were binned according to depthasftam depth bins) and averaged. The
resultant profiles (Figure 3.15 and Figure 3.16)estben examined to see at what depth the
estimated biomass fell below the apparent detetititinfor the acoustic system (31 + 18 ¢m
Chapter 2). The depth distribution of estimatezhiass in Lake Erie suggested that detectable
(and therefore biomass approaching nuisance lecelsrred to depths of 5-6 m at the shoreline
sites, and to ~ 7 m at Nanticoke Shoal (Figure)3lbShe western basin of Lake Ontario, the
depth range was slightly deeper, extending to dmvest basin sites, but appeared to extend to ~
9 m at Presqu’ile and at Dobb’s Bank (Figure 3.16).
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Figure 3.7.Residual semivariograms for a) percent cover atibiake Shoal (July 12 2005), b)
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Table 3.7.Semivariogram parameters and kriging cross vabidaigsults for 2005 surveys. Date and site givdabation of the acoustic
surveysC, denotes the nugget varian€genotes the sill, andthe range (m). Sp% is the degree of spatial depereddescribed by the fitted
semivariogram model. Model Type indicates the fofrmodel fitted to the experimental semivariograExy” denotes exponential model, and
“Sph” denotes spherical model.

Date Site Variable e C Sp% Model Type Anisotropy
July 12 Nanticoke % Cover 266.96 314.70 177.16 54 % Exp None
July 12 Nanticoke Height 85x10  3.0x10° 16.6 30 % Exp None
July 14/15 | Rock Pt %Cover 323.15 390.53 205.14 54 % Exp 90°
July 14/15 | Rock Pt Height 1.0x30 9.6x10° 47.07 48 % Exp 90°
July 15 Grant Pt %Cover 377.84 522.89 58.93 58 % p Ex 45°
July 15 Grant Pt Height 9.0xt0  35x10° 84.93 26 % Exp 45°
July 19 Peacock Pt % Cover 228.04 308.06 91.64 58 % Exp 45°
July 19 Peacock Pt Height 53x10 4.6x10° 112755 46% Sph 45°
July 21 Oakville %Cover 272.86 553.53 48.99 66 %  pEx 45°
July 21 Oakville Height 1.7 x 10 7.1x10" 17113 29 % Exp 45°
July 25 Port Credit %Cover 399.45 573.64 65.28 59 % Exp 45°
July 25 Port Credit Height 1.2x%o 35x10° 575 63 % Exp 45°
July 27 Presqu’ile %Cover 392.58 734.65 245.7 65 % Exp 90°
July 27 Presqu'ile Height 82xt0 12x10° 81.10 27 % Exp 90°
July 27 Dobb’s Bank % Cover 407.47 537.66 68.93 %57 Exp None
July 27 Dobb’s Bank  Height 22x30  42x10° 269.61 66 % Sph None
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3.4.5Relationships ofCladophorabiomass to land use, water quality and dreissenighussel

abundance

For comparative purposes, mean biomass as estifnatedcoustic methods was chosen
to compare individual sites among land uses, aeenager chemistry and dreissenid abundance.
Grid cells with an estimated biomass value excag8ithg nf (above the apparent detection limit
of the acoustic unit) were selected. Using onlysdilat exceed the threshold of estimated
biomass allows for site specific trends to be esged more clearly, since averaging over large
and variably sized survey areas (particularly wher@ver abundance of zeros is present) will
obscure differences that are imparted by differsrmedathymetry, substrate types and light
climate. In addition, since a common value of 1@ gwas assigned to all macrophyte stands
(e.g., bed height > 0.30 m), inclusion of areafiwiacrophytes would artificially inflate the
estimated mean biomass, therefore, to eliminateffieets of the presence of macrophytes, cells
with an estimated stand height > 30 cm were diszhrd

No correlations were observed with spring watenuk#y variables (Figure 3.17). A
strong negative correlation was observed betwesm®s TP and mean biomass (Spearman’s

=-0.83, p<0.01). No significant relationships welxserved between mean biomass and spring
or summer SRP (Spearman=s0.36, p>0.3 and Spearman’s-0.04, p>0.9) or spring or summer
NO; (Spearman’s=0.47 and -0.20, p >0.2 respectively). Mean biontigsot show a
significant correlation with % coastal agricultulahd use or % coastal urban land use, though
the relationship with % coastal urban land use evdg marginally non significant (Spearman’s
=0.55, p=0.10). In contrast, a strong positive @atron was observed with dreissenid mussel

abundance (Spearman’s0.76, p<0.05).
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3.5Discussion

This study describes the application of a non-insabkydroacoustic system to rapidly
sample large areas and map the distribution ofangCladophorabiomass. Operationally, the
definition of nuisanc€ladophorabiomass is largely dependent on the objectivh@ftudy, and
the biases of the observer; what is a nuisancadéncase may not be considered a nuisance in
another case. In this study, nuisance biomasdiisedieas that which exceeds 50 § BW. This
value is well above the estimated detection lirhihe hydroacoustic system as determined in
Chapter 2, and close to the level observed by @aarad Auer (1982) when SRP concentrations
declined < 2rg L™, Like any remote sampling method, there are inftdimitations. First and
foremost, the detection of algae or macrophytetherake bottom is limited by both biomass
and height of the canopy (Chapter 2; Sabol etG23). In this study, a minimum detection
height of 7.5 cm was used to characterize the algabpy. This distance corresponds to one half
the pulse width which is considered the minimunatise between two targets for reliable
separation (Simmonds and MacLennan 2005), ancei iasthis purpose to limit the rate of false
positive detections. Clearly algal stands with ggnloeights less than this threshold will not be
adequately characterized and corresponding essmofgercent cover, stand height and biomass
are likely conservative. Moreover, the distributmfmuisanceCladophorabiomass is more likely
to be of interest to managers and shoreline residédditional limitations to successful
detection of algal mats are imposed by environmdatéors such as wind and waves which act
to entrain air in the form of bubbles that strongtatter acoustic energy (Kubecka 1996). These
bubbles can obscure the presence of an algal sgrtale bottom, particularly if bubbles are well
distributed in the water column. Such interferewas minimized by conducting the acoustic
surveys on calm days when environmental condit{erts, wind and waves) were not conducive
to bubble formation or excessive vessel pitch atid r

The use of kriging as applied in this study wabuild a reliable representation of the
spatial structure of nuisan€@adophoradistribution along sections of the Great Lakes
shorelines. The ultimate result of this process $snoothing of more ragged sample dataset.
Acoustically generated data correspondin@tadophoracover and height proved to be suitable
for kriging provided appropriate caution is exeedsin particular, the results illustrate the
importance of checking the assumptions of statibnas significant, although variable trends
with depth were found for percent cover, and stnatgtionships between stand height and
percent cover existed for all datasets wi@smlophorawas detected with the acoustic system.

The choice of semivariogram models and fitting rodthwith “messy” biological data (c.f.
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Rufino et al. 2005) continues to be a topic of ad@mmble discussion in the literature (Rufino et
al. 2005, Sullivan 1991) and while the goal of #tisdy was not to contrast the multitude of
different methodological options for exploring aralidating spatial models, it is important to
identify areas where improvements can be made.

In this study, creation of maps of algal distribntand stand height were possible when
trends with depth were accounted for, particulfotyareas wher€ladophorawas the only
target. Improvements could likely be made throdghuse of additional predictors. For example,
stratified kriging could be employed had accurasggsof substrate type been generated from the
120 kHz system, as trends between perCéaophoracover and depth are not likely to be
similar on soft substrates compared to hard sulstr&urthermore, removal of acoustic data
associated with macrophytes may facilitate bettigrig estimates (both of predicted values and
error variance) as trends between percent covedapith and percent cover and stand height are
much different for macrophytes than for filamentaigae such aSladophora However, these
study sites were dominated by hard substrate,raatktias where macrophyte growth was present,
it was generally minor in nature, and isolated. fowgments are likely to be minor in these cases,

but may offer improvement for other study siteshwitore variable substratum.

3.5.1Current distribution of nuisance Cladophoragrowth in Lake Huron, Erie and Ontario

NuisanceCladophoragrowth was evident at all sites in Lake Erie anda@io, including
the offshore shoals in each lake. The maximum deptre consistent detection©fadophora
was possible with the acoustic system was ~ 5 -a bake Erie shoreline sites, 6 - 7 m for
western Lake Ontario, and up to 9 m at Presqulitzicial Park in eastern Lake Ontario and the
offshore shoal sites in Lake Erie and Ontario. €h@siges of depths where nuisance biomass
occurred are consistent with results of surveyk9®5 and 2001-02 reported by (Higgins et al.
2005b) where nuisance biomasstddophora(e.g., > 50 g ) were widespread to depths of 5
m at a variety of sites along the East Basin ofeLBkie. While a data set with similarly intensive
depth sampling is not available for western Lakeéa®a, the depth specific extent is consistent
with modeled peak biomass from 2004 and 2005 fiteaat Oakville (Malkin et al. 2008). The
apparent greater depth of detection at Presqug'ithfficult to reconcile given the relatively lower
water clarity measured at this site, and the teeyléor long shore transport of eroded bluff
material from western Lake Ontario that often rissinl turbid waters in Wellington Bay (e.g.,
Martini and Kwong 1985). Nonetheless, these resutisconsistent with the limited quantitative
data available for this site. For example, biomrasshing 84 g that depths of 9.1 m was

recorded in July of 1999 (DeJong 2000). While @aitanot available for comparison with either
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of the shoal sites (Nanticoke or Dobbs Bank), thyetldl limits for detection of nuisance
Cladophorawith the acoustic system is in general agreeméthtavailable quantitative studies.
In contrast to the lower lakes, nuisar@iadophoragrowth was not detected with the
acoustic system at any of the sites in Lake HuroBeorgian Bay during this study. This does
not mean that the lake bed at these sites wenelgntievoid ofCladophoragrowth. On the
contrary, small quantities @ladophorawere observed at 6 of 9 stations at the Southamgpte
and at stations 800 and 801 at the Cape Chin ditetlve aid of the underwater camera. These
small growths ofZladophorawere generally short (i.e <5 cm in length) andirofted areal
extent (approx. 10s of &n While quantitative data dBladophorabiomass at these sites is
lacking, it is likely that the attached biomasshat time of study was well below the detection
limit for the acoustic system. The failure to détegisanceCladophorabiomass at these sites
may be due in part to the comparatively fewer sggvamnducted at these sites relative to those in
Lake Erie and Ontario, but also the later seastimélg of the surveys may have not been ideal
to capture peak biomass conditions. However, reserit along the Ontario shore of Lake Huron
produced estimates @ladophorabiomass ranging from 0 to 15 g’rat depths ranging between
0.5 and 3 m (S.N. Higgins, University of Wisconsinpubl. data) well below “nuisance”
guantities. Furthermore, shoreline surveys by th&afo Ministry of the Environment between
2003 and 2005 found only localized nuisance grafi@ladophorain proximity to known
nutrient sources (Howell 2004). The combinatiothef survey results and the observations
discussed previously do suggest that at the cutiraat Gadophoradoes not reach nuisance

biomass levels in Lake Huron.

3.5.2Distribution of nuisance Cladophorain relation to water chemistry, land use and

dreissenid mussels

The upper limit ofCladophorabiomass in the Great Lakes has historically beeh a
continues to be set by P supply and light availgtifuer and Canale 1982a, Higgins et al.
2005a, Malkin 2007, Higgins et al. 2008a). Priotite implementation of the GLWQA and
mandated P control strategies, high P concentati@re characteristic of many near shore areas
of the Great Lakes (Gregor and Rast 1982). In L&kesand Ontario, TP concentrations
routinely exceeded 15 pg'lGregor and Rast 1982; Ontario Ministry of Envir@mn1975,

Ontario Ministry of Environment 1986). In contrafgw near shore areas in Lake Huron were
characterized by TP concentrations in excess eflBug L* and these were mainly limited to
Saginaw Bay (Gregor and Rast 1982) and areas me#&usable and Maitland Rivers along the

Ontario coast of southern Lake Huron (Stevens. ét%5) where proximity to major tributaries
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and municipal effluent discharges ensured pergisigh nutrient concentrations (Stevens et al.
1985, Jackson et al. 1985, Ross and Chatterjeg) 1Biie resultant patterns Gfadophora
growth during this time period were generally cetesit with the trends in nutrient
concentrations; nuisance biomass was often loaabpciated with known point or shoreline
sources in Lake Huron (Auer et al. 1982, Jacks@8)L@hereas in the lower lakes (Erie and
Ontario) nuisanc€ladophoragrowth was widespread, in concordance with widesgprelevated
nutrient concentrations (Taft and Kishler 1973).

Considerable strides reducing nutrient loads td3heat Lakes were made in the 1970s
and 80s in part by controlling point source disgearof P such as waste water treatment plant
effluent (Stevens and Neilson 1987, Neilson e1895). These improvements were possible due
in part to the ease in identifying point sourcas,dlso in implementing effective controls. On the
other hand, the control of point sources of P ditinecessarily end the eutrophication problem
(Schindler 2006). It was widely recognized thafudié non-point sources of nutrients such as
agricultural runoff and internal recycling of P gisted in some areas (Schindler 2006). As far
back as the 1970s, the International Joint Comis@ilC) estimated that ~ 50 % of the nutrient
load originated from non-point sources (IJC 1980 effectiveness of non-point source controls
is difficult to determine because a) it is diffittd identify the exact source of nutrient pollutio
within a watershed (Sharpley and Rekolainen 198d)2, reductions often require changes to
agricultural practices or revitalization of wetlanahd riparian areas, which can take several years
to implement and therefore demonstrate a measuareéfieict. Compounding such efforts is the
fact that the pace of land use change (often frataral cover to agricultural or urban cover) is
rapidly changing, exceeding that predicted by path growth in the Great Lakes basin (e.qg.,
Wolter et al. 2006).

While it is well recognized that the conversiorfafested land to agricultural land (even
pastured land) is known to increase the nutrienteft from the watershed (Dillon and Kirchner
1975), the dynamics of land use has changed dreafigtiFor example, prior to the 1940s, most
farming communities were self sufficient, producempugh feed locally to meet animal
requirements and recycling animal nutrients to ncegp needs (Sharpley et al. 2001). The advent
of mechanized farming and concentrated farmingesysthas lead to a transfer of P from areas of
grain production to animal production, effectivehgating regional surpluses of P inputs
(fertilizer and feed) over outputs (crop and anipralduce) (Sharpley et al. 1998). These regional
P imbalances are further exacerbated by the imefficitilization of P in feed by by many
animals (~30%; Sharpley et al. 1998). As a resulthmof the P entering livestock operations

ends up in animal manure which is often appliedllgand designed to meet crop N needs. This
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results in a build-up of soil P above the amoumideel by crops and increases the potential for P
loss in runoff as well as leachate to subsurfaseesys. The net result of these changes withing
agricultural lands has been a gradual evolutiomfrnet sinks of P to net sources of P (Sharpley et
al. 2001).

Conversion of natural land or agricultural landitban land can also increase the flux
of nutrients from the watershed. In general, dgyetblands, (residential, commercial or
industrial) increase the amount of impervious stefarea which promotes high runoff during
precipitation events and reduces the potentiahaétion of nutrients in these areas (Sorrano et al.
1996). Sewage inputs can also be a key sourcengfu®s from urban areas, particularly if the
sewage infrastructure (e.g., combined sewer ovesflCSO) are not able to accommodate the
increased volume of water that results from exmanef impervious surface area (Marsalek and
Rochefort 2004).

In this study, significant relationships betweemdaise and N©concentrations were
found at differing spatial extents. The relatiopsbbserved between N@oncentrations and
agricultural land use is well documented and isitfnd to result from the high loadings and low
retention of nitrogenous fertilizers in cultivatields (Howarth et al. 1996). The significant
relationship observed between % urban land usé&N@dconcentrations at the coastal scale (~ 5
km) likely reflects the fact that many of thesehhgurbanized shorelines are still situated within
primarily agricultural watersheds (see for examplhle 3.1). This is largely consistent with the
findings of Danz et al. (2007) who found a stroalationship between agricultural stress and TN
in Great Lakes coastal areas and the findings &fr&n et al. (2007) who foundNof benthic
organisms closely resembles th® dbf the adjacent watersheds. Upward trends ig’ NO
concentration observed in tributaries within thedsn watersheds around Lake Ontario (Ontario
Ministry of Environment 1999) are also consisteithwhese patterns.

The lack of strong relationships between land yge &nd near shore P concentrations
observed in this study does not exclude the pdiggithiat catchment loading has not increased.
The strong correlations between urban land usesaminer TSS and kPAR are certainly not
inconsistent with increased connectivity of theaurlareas to the lake (Sorrano et al. 1996).
Associations between P concentrations in recemiatgprs and land use are less universal than
those typically described for N (Sorrano et al.@,9%anni et al. 2007). Watersheds with
comparable land uses can vary greatly with redpauatrient fluxes or instream conditions
(Vanni et al. 2007, Fraterrigo and Downing 2008)rtker compounding this variation is the
observation that nutrient fluxes can show appréeismporal variation, often corresponding to

precipitation mediated changes in discharge. Sirsgfepling regimes such as the one employed
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in this study are insufficient to characterize saghnts and their subsequent effects on near shore
nutrient chemistry.

The nutrient concentrations measured in the neaesire a function of biological
processes (Edsall and Charlton 1997), the magniatiteads from the catchment (Gregor and
Rast 1982), dynamics of hydrologic transport toltke (Harremoes 1988) and the mixing and
dispersion created by hydrodynamic forces (seedrRddschwab 2007 for a review) which will
determine the distribution of nutrients once in lddee. Although the open near shore areas (such
as the ones sampled in this study) are thought sufficiently well mixed such that specific
sources of nutrient pollution can be difficult teentify (Peterson et al. 2007), given the
limitations of such a limited temporal samplingireg, the lack of response for P concentrations
and land use classes may simply reflect the fattRhremains the limiting nutrient for algal
growth in the Great Lakes and is therefore subgeténigh biological demand, particularly
during the summer months. The strong negative lediva that was observed between estimated
Cladophorabiomass and TP during the summer supports thesgrdtation.

The widespread nature Gladophoragrowth in Lakes Erie and Ontario suggests that
shorelines with differing land uses (e.g., urbad amal/agricultural; Lake Ontario, and
agricultural; Lake Erie) can experience nuisa@talophorabiomass accumulation. While this is
certainly not inconsistent with historical pattertie current patterns in water chemistry and
nuisanceCladophoragrowth in near shore areas are not easily reashditor example,
phytoplankton chlorophyll a remains low in both nglaore and offshore waters and in many
places (e.g., this study, Depew et al. 2006, Hall.2003) and compelling evidence for
increasing nutrient concentrations in Lakes Eri©ntario is lacking (e.g., North 2008, Malkin et
al. submitted). In this study, TP only exceeded@h&QA concentration of 10 pglat Lake
Erie shore line sites during the spring and at Issrapton (Lake Huron site) during the summer.
TP measured at the remainder of the sites was l&f$srthan 10 ug"r., and SRP was low, even
falling below the detection limit (~ 0.3%y L™) in Lake Erie during the summer. These patterns
are consistent with the hypothesis that near shater chemistry can be strongly affected by
biological activity. For example, nuisan€éadophoragrowth was lacking along the Lake Huron
shoreline at Southampton where one of the mostilgdavrmed watersheds in Ontario (Saugeen
River) drains into the lake. The Saugeen River wgaed is ranked"6in the country for N
production from manure (35 kg figand ' in the country for P production from manure (10 kg
ha') (Statistics Canada 2001). This site had the ligeasured nutrient concentrations (TP and
NOs) in this study, but also had low dreissenid abuedaand nuisandgladophoragrowth was

absent. In contrast, the upper Grand River watershenked § in the country for N production
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from manure (46 kg i and 4" in the country for P production from manure (12heg)

(Statistics Canada 2001). At the Grand River &iteyriant Cladophoragrowth was clearly
widespread, yet some of the lowest P concentrafgumamer) were measured at this site. This is
clearly a change when contrasted against histastodies and is remarkably consistent with the
near shore shunt hypothesis (e.g., Hecky et all 2@t attributes these paradoxical patterns
(excessive benthic algal growth and unremarkableehemistry) to alterations of nutrient and
energy cycling mediated by mussels. The high dessiind biomass of dreissenids in near shore
areas of Lakes Erie and Ontario are well documefagy, Patterson et al. 2005, Wilson et al.
2006, Ozersky et al. 2009), although the abundaofcesissels in the east basin of Lake Erie is
likely lower than the numbers reported here foryibar 2002 due to predation by round gobies
(e.g., Barton et al. 2005). Less well known areghendances of mussels in Lake Huron or
Georgian Bay, and their potential impact on thdagppof the upper lakes. The estimates of
mussel abundance for Lake Huron and Georgian Bay this study are low compared to Lake
Erie and Ontario, but comparable to densities oleskeby Pothoven and Nalepa (2006) and
Nalepa et al. (2007) at deeper depths (31 to 50 tiake Huron. When dreissenids are present at
high abundances, numerous studies have documdrtiecbility to filter large amounts of
particulate matter and increase water clarity (Hbateal. 1996), reduce phytoplankton
chlorophyll a concentrations (Hall et al. 2003, Peret al. 2006), generate large quantities of
fecal material (Stewart et al. 1998a) and recycknN P (e.g. Arnott and Vanni 1996, Ozerksy et
al. 2009). At lower abundances, however, such effimay not be as large, and on the surface the
differences in dreissenid abundance appears taiexje pattern of nuisan€dadophora

growth well. Although Barbiero et al. (2009) suggibsit even mussels have had a profound
effect on nutrients and the pelagic food web ind_bkiron, the bulk of dreissenid biomass
appears to be located at depths > 30 m (e.g., etheind Nalepa 2006, Nalepa et al. 2007) and
the positive effects of enhanced nutrient supmynfiprofundal dreissenids @adophorain the
littoral areas is likely inconsequential.

Further support for the dreissenid link is providgdobservations of nuisance growth at
offshore shoals (e.g. Nanticoke Shoal and DobbikB&Although these were not studied
historically, given the relatively restricted demthcolonization observed in Lake Erie and
Ontario durig the 1970s and 1980s, it is unlikéigttthese shoals were heavily overgrown by
Cladophora These shoals are also well removed from the inflalences at the shoreline, and
are characterized by nutrient conditions that ¢josesemble offshore conditions. The results of

this study clearly demonstrate that even the lotient conditions that have been measured in
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the offshore (e.g., North 2008, Malkin et al. sutbedl) are sufficient to suppdtiadophora

growth, which is clearly a change from conditionglhie 1960s and 1970s.
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3.6 Summary and Conclusions

The ambient nutrient conditions and differencelaim use measured among sites do not
readily explain the regional differences in nuisa@tadophoragrowth and biomass, nor do they
offer much insight into the nature 6fadophoragrowth within Lakes Erie and Ontario. These
results show a stronger correlation between nues@tadophorabiomass with dreissenid mussel
abundance than with ambient near shore nutrierdezdrations, or land use types at the coastal
or watershed level.

These results also suggest that nuis@iadophoragrowth extends into waters 6 to 9 m
deep. Although comparable data from the 1960s 8sdhie scarce, this is deeper than historical
depths determined from modeling studies (e.g., idmgt al. 2005b, Malkin et al. 2008). The
expansion ofCladophorainto deeper waters is also consistent with theltesf a recent bi-
national modeling study (Auer et al. submitted) t@ncluded the gains made through
phosphorus loading reduction have been offset éylthissenid mediated changes in water
clarity and phosphorus cycling that increase thghdef colonization ofCladophora thereby
increasing the total production. Lacking a demaidé increase in nutrient loading from
catchments or point sources (e.g., Ontario Minisfrihe Environment 1999, Medieros and
Molot 2006), the patterns @ladophoragrowth and water chemistry observed in this sty
better explained by the patterns of dreissenid elgsindance and the near shore shunt
hypothesis (Hecky et al. 2004).
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Chapter 4
Distribution of nuisance benthic algae Cladophorg along urban

shorelines: Can the resurgence be linked to nutrigrsources?

4.1 Overview

Two shorelines in the heavily urbanized western baklrake Ontario were surveyed
with a high frequency hydroacoustic echosoundassgess the spatial patterns of water quality
and the nuisance benthic filamentous algae (Elgdophorg to evaluate whether potential point
sources (e.g., municipal waste water treatment platfialls) and shoreline point sources of
nutrients (e.g., tributaries and storm drains) Gbuate to the patterns of nuisance algal growth.
Results from these surveys indicate that nutriententrations are spatially heterogeneous in the
near shore areas of Lake Ontario but do not relgudaceed GLQWA target concentrations
during the summer growing period @fadophora Nuisance biomass (> 50 g3rof Cladophora
is widespread along large areas of these heawignized shorelines and these accumulations are
not spatially associated with identifiable pointsses (e.g., WWTP outfalls) of nutrients. While
some degree of spatial association was observegtbptnuisanc€ladophorabiomass and
tributaries at one site, the widespread naturaifamceCladophoragrowth indicated that
autochthonous recycling of P is likely importanheBe results are consistent with prior surveys
in Lakes Huron, Erie and Ontario that suggest degigl mussels are a key link governing the

contemporary distribution of nuisan€adophorain the Great Lakes.
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4 .2 Introduction

Historically, nutrient loading to the Great Lakexorred primarily via point sources
such as municipal waste water treatment plantsrahdtrial discharges, and non-point sources
such as agricultural and urban runoff, that arévddrfrom a multitude of catchment sources
(Neilson et al. 2003). For Lake Ontario, nearly%®f the P load to the lake in the mid 1960s
was attributed to municipal sources (Internatidrade Ontario - St Lawrence River Water
Pollution Board 1969), with the remaining 30% &tiited to the Niagara River, and upstream
Lake Erie (International Lake Ontario - St Lawreftieer Water Pollution Board 1969).
Approximately 70 % of the total P load to Lake Omtavas estimated to be derived from
detergent phosphates, and due to the locatiorseafischarges, these primarily occurred in
shallow near shore areas as direct discharge tacewvaters via municipal WWTP outfalls or
tributary discharge at the shoreline (Stevens agitsdbh 1987). As a result, both the production
and biomass of phytoplankton increased (Glooshenlkb 1974, Stadelmann et al. 1974),
particularly in near shore areas near nutrientt&ipdnere nutrient concentrations were the
highest. In addition to high phytoplankton biomass;essive amounts of the filamentous green
algae Cladophorg were commonly observed across large areas dfgke Ontario shoreline
where hard substrate dominated ( Neil and Owen M@&¥ernak and Lyzenga 1975, Painter and
Kamaitis 1987).

Intensive research dbladophorain Lake Huron (see Auer et al. 1982a for a reviand
in Lake Erie (Neil and Jackson 1982) concluded piaisphorus was the key nutrient controlling
Cladophoragrowth in the Great Lakes. Phosphorus abatemegtams were implemented in the
early 1970s to reduce the phosphate content ofgiatefrom 20 % to ~ 5 % (Municipal
Abatement Task Force 1983). In addition, the sigrmifithe Great Lakes Water Quality
Agreement (GLWQA) in 1972 outlined additional renatitn measures necessary to control P
input to the Lakes; including regulating the effiieoncentrations from municipal waste water
treatment plants (WWTP) discharging in excess wiillion gallons day to 1 mg L* of P
(Stevens and Neilson 1987). These strategies wegely effective at reducing both near shore
(Nicholls et al. 2001) and open lake phosphorugentrations in Lake Ontario (Lean et al.
1990). Although less intensively monitored, therevidence that P control contributed to a
decline inCladophorabiomass and tissue P content in Lake Ontario {(®aamd Kamaitis 1987).

Over the last two decades, Lake Ontario has expegeesignificant reductions in
phosphorus loading with a concomitant shift to aiigphy and a dramatic increase in water

clarity resulting from both nutrient reduction aaitier the mid-1990’s a proliferation of the filter
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feeding dreissenid mussels (Mills et al. 2003Yhimlate 1990s and into the early 2000s, reports
of shoreline fouling byCladophorawere increasing in the western basin of Lake Gm{adalkin

et al. 2008), despite off shore nutrient conceittnatremaining at or below the levels set in the
GLWQA (Malkin et al. submitted). Similar reportsiotreasedCladophoragrowth in Lakes Erie
(Higgins et al. 2005) and Michigan (Bootsma eR805) suggested that this was not a localized
phenomenon, and may be a result of extensive dregssussel colonization (Hecky et al.
2004). Due to the high biomass that dreissenid etsi$sve attained in the lower Great Lakes,
mussels have been credited with increasing waaeitychnd re-distributing nutrients and organic
matter from the pelagic environment to the bengimeironment (Hecky et al. 2004). These
effects are thought to be particularly strong & shallow near shore waters of the Great Lakes
underlain by hard substratum, which is suitabledi@issenid an@ladophoracolonization, and
the perception that increased benthic algal grdwahresulted from dreissenid colonization has
become widespread.

The degree to which this perception is accurateghver, is unclear. Phosphorus flux
from catchments is known to increase with landutince, soil erosion, and increases of
impervious surface area (Byron and Goldman 198%)jlaMagricultural and urban areas may be
guantitatively similar in the magnitude of P loaglithey are qualitatively different in their
linkage to receiving surface waters. Many urbam$aapes consist of a mosaic of land uses
varying at a fine spatial scale, ranging from inwi@us surfaces to pervious landscapes like
parks, lawns, athletic fields and golf courses.ddrreas are often tightly coupled to surface
waters via storm sewers, and impervious surfacgdribrease runoff to waterways, thus urban
areas may export P during relatively small preatjmn events that agricultural land would
attenuate. Urban areas are also known to expargar fraction of dissolved P compared to
agricultural areas where the majority of P is tpamged in particulate form (Stone and English
1993). This dissolved P is presumably more reaaibilable for uptake b@ladophora unlike
particulate nutrients which may sink out of the evatolumn (Sonzogni et al. 1982).

For heavily urbanized areas of the Lake Ontarioleaent, this has naturally lead to
guestions whether the resurgenc€Zdophorain Lake Ontario might be driven by increased P
loading in runoff from urbanized areas. Additiogalhcreased P loading from municipal waste
water treatment plants (WWTP) is of concern as fagfmn continues to increase in urban areas,
because WWTP must manage this increased load podfleent concentrations at mandated
levels. But, mandated effluent concentrations atdéas the effluent discharging from the end of
the outfall pipe and not the total load. Consedyetite total load may go up unless increased

treatment efficiencies are imposed by the WWTP.gxample, the total volume of waste water
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discharged by the city of Toronto increased 4 dmft®87 to 1999, even though per capita waste
water discharge was declining, indicating thahdgpopulations can lead to increased discharge
volumes (Sahely et al. 2003).

In this study | use a high frequency hydroacoustkithod (Chapter 2) to map nuisance
benthic algal Cladophorg cover and stand height along two segments of IGakiario shoreline
in 2006 and 2007 to assess the patterns of nuisdgakgrowth. A regression model developed
in Chapter 3 is used to estimate attacG&tlophorabiomass, and the spatial patterns of
Cladophoragrowth in relation to potential nutrient sources examined for spatial associations.
Specifically, if nuisanc€ladophoragrowth is directly related to known nutrient se@sde.qg.
municipal WWTP outfalls) or potential nutrient soes (e.g. tributary and storm sewer locations)
then management strategies for specific problesazan be investigated. In contrast, if
nuisanceCladophoragrowth is ubiquitous, then this indicates that embconditions are
adequate to support nuisarCkdophoragrowth and alternative strategies are needed.
Preliminary surveys in 2005 at Oakville and Pordir (Chapter 3) suggest ti@ladophora
growth may be widespread during mid summer perabolsg urbanized shorelines. In 2006,
monthly surveys from May to October were conduetekigh spatial resolution at the Oakuville
site sampled in 2005. In 2007, a similar surveytqool was followed on a bi-weekly schedule at

a site near Pickering from May to October.
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4.3 Materials and Methods

4.3.1Site Selection and Descriptions

The western end of Lake Ontario is a near contiswsban landscape that stretches from
Oshawa, east of Toronto, all around the west enidiké Ontario to St. Catharine’s near the
Niagara River. With a population of approximatelyndlion (Rao et al. 2003), this highly
urbanized part of the Lake Ontario watershed featextensive areas of impervious land cover,
often extending right to the shoreline of the laWenicipal water intakes and waste water
treatment plant discharges are situated in a naoeowl of the lake, extending at most, a few
kilometers offshore (Rao et al. 2003). In additittre shoreline features numerous tributaries,
creeks and storm sewers that discharge a mixtusetbfurban and agricultural runoff to the near
shore waters.

The first site, adjacent to the town of Oakvillégiire 4.1) features moderately steep
bathymetry with a substratum composed primarilpedrock and cobble. Within the study site
there are two active waste water treatment plaiw{W) outfalls (Southeast WWTP; situated
300 m from shore at a depth of 4 m and Clarkson W¥\sTtuated ~ 1 km from shore at a depth
of 16.5 m) and 20 storm sewers discharging atake $hore (Figure 4.1a). An additional 49
storm sewers discharged into a tributary or creak éventually discharged into the near shore
waters (Figure 4.1a; Griffiths 1990). The mainutdry for this shoreline (16 Mile Creek) has a
mean annual discharge (1960 — 2008) of 2.76nand discharges into Lake Ontario at ~ the 5 m
contour because of the harbour channel breakwld@Idlile Creek is in the approximate middle
of the survey area (Figure 4.1a).

The second site in Lake Ontario was located 32 &st @f Toronto in the vicinity of the
Pickering Nuclear Generating Station (PNGS) andtitéiow of the Rouge River (Figure 4.1b
and c). Substrate at this study site was consitienabire diverse than at Oakville, and consisted
of a mixture of compact clays, sand and gravelranEhman’s Bay, changing to larger cobble
and rock overlying a primarily sandy substrate ehtite PNGS. Further east from where
Duffin’s Creek entered the lake, substrate wasxure of rock at moderate depths (2 to 10 m)
and a mixture of sand and gravel in the shallow® (&). The accumulations of softer substrate
here are likely a conseuquence of depositional mahfeom the tributaries (e.g., Rouge River
and Duffins Creek) but also settled material ttaat Broded from bluffs further west (e.g.,
Scarborough Bluffs; Rukavina 1976). One major WWoiEall (Duffins WWTP) is located to

the east of PNGS, and Duffins Creek is the majbutary at this study site with a mean annual
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discharge (1947 — 2008) of 2.82 st and dischares directly at the shoreline. Sevéoais
drains are present along the shoreline, but awvarldensity that at Oakville (Figure 4.1a).
Substrate at the Rouge River survey site was ddadriay sand and silt, but areas of hard

substrate were present northeast of the riverawtfpersonal observation).
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Table 4.1.Summary of the surveys in 2006 and 2007. Survey iddicated date of acoustic survey, WQ date; dfateater quality sampling.

Year | Site Survey Dates WQ Dates
2006 | Oakville April 11 April 11
April 13
April 20
April 27
May 8 May 8
June 8
June 23 June 23
July 11 July 11
August 1 August 1
September 14 September 14
October 15 October 15
2007 | Pickering May 14
June 11 June 6
June 22 June 20
July 17 July 12
July 25 July 24
August 8 August 10
September 17 September 6
October 22
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4.3.2Physical and Chemical Measurements

In 2006, sampling and surveys were conducted eixellysat the Oakville site (Figure
4.1a). In addition to the regular transect samptiregram (described below), surface waters were
sampled during the spring runoff period to assessonditions in the near shore of an urban area
during the thermal bar period. From 13 April to&gril, surface waters (nominal depths 0.5 m)
were sampled along the Oakville shoreline on a Wdedksis. Surface grab samples were
collected in 4 L carboys at selected near shoratilmas along the Oakville shoreline in proximity
to tributaries, storm sewers and along the axth@turbidity plume that emanated from 16 Mile
Creek. The plume was easily spotted due to thelkig#s of turbidity. Water samples were
processed for TP, SRP, TDP, N@I, TSS, and chlorophyll a as described below.

In 2006, water sampling was conducted exlusivethatOakville site. Sampling
transects were located near 14 Mile Creek (OA1Milé Creek (OA2), Wedgewood Creek
(OA3) and the Portland Cement Pier (OA4). In 20@fer sampling was conducted exclusively
at the Pickering site. Although | again used alsimgampling strategy as in previous years, a
greater number of offshore sampling stations toattarize the offshore region for modelling
studies necessitated two separate days for watgslisg and acoustic surveys (see Table 4.1).
For comparative purposes to the Oakville studyly aise the data from the 4 transects at
Pickering. Transects for this study were locateal tiee Rouge River (P11), PNGS (PI12), Duffins
Creek (PI3) and Simcoe Point (PI4) (Figure 4.1b@nd

Water quality stations were located at each traregebe 2, 5 and 10 m depth contours
(Figure 4.1). At each station, CTD profiles werkstausing aYSI-6600 profiler to characterize
the physical structure of the water column. Phatdsstically active radiation (PAR) profiles
were measured with a LI-COR underwater cosine quarsensor (LI-COR, Lincoln, NB, USA)
at 0.5 mto 1 m intervals from the surface to tielbottom, and light attenuation coefficients
were calculated as from linear regressions of #taral logarithm of irradiance vs depth. A6 L
Niskin bottle was used to collect ~ 15 L of wateaalepth equal to 50% of the mixed layer depth
(determined from CTD cast). Water was transferoetbivered carboys and stored in coolers until
transported to the laboratory (Univ. Waterloo). & for total dissolved P (TDP) and soluble
reactive P (SRP) were filtered through a 0.2 unygaorbonate filter, particulate P (Part P) by
filtering 500 mL of lake water onto acid soaked (68l ~ 4 hr) Whatman GF/F filters (nominal
pore size ~ 0.8 um). Total P (TP) and all compdsitetions (TDP, SRP, Part P) were
determined according to Stainton et al. (1977). [Basifor other particulate nutrients (carbon —

Part C, nitrogen — Part N) were determined byrfitig 500 mL of lake water onto pre-combusted
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(500 C ~ 4hr) GF/F filters and assayed using a @ECElemental Analyzer (Exeter Analytical,
MA). Phytoplankton chlorophykh was measured using a Turner Designs 10-AU fluoteme
(Smith, et al 1999). Additional ions (NOCI) were determined using ion chromatography
(Dionex DX 500, Dionex AS17 and AG17 guard columfmnmonium was determined following
the fluorometric method of Holmes et al. (1999)onurner Designs TD-700 fluorometer. Total
suspended solids (TSS) were determined by filte2ibg 5 L of lake water onto pre-combusted
(500 C for 4 hr) pre-weighed GF/F filters, drying® °C to a constant weight and re-weighing.
AFDW was determined after combustion at 500 °CAfbrs.

4.3.3Acoustic Surveys

Acoustic surveys to assess the spatial patter@sanfophoragrowth were conducted
using a BioSonics® DTX system with a 430 kHz 1@&am width (full beam angle, source level
213 dBre 1Paat 1 m) and a 120 kHz 7° beam width (full beagieg source level 216 dB re
1 Pa at 1 m) single beam echo sounders. Both traassluere set to ping with pulse lengths of
0.1 ms (430 kHz) and 0.4 ms (120 kHz) using thensok Visual Acquisition 5.1 (BioSonics Inc,
Seattle, WA). The ping cycle was increased fromz5Ehapter 2) to 8 Hz, to better characterize
the uneven nature of the rocky substrate that dai@ihthe bottom. Due to signal saturation, data
from the 120 kHz transducer could not be useddbssate classification. Analysis of the 430
kHz acoustic data was performed using a graphsad imterface (GUI) written in Matlab v7.2
(see Chapter 2). In 2006 and 2007, acoustic suweys conducted by running acoustic transects
approximately parallel to shore, with a inter-tractsspacing of ~50 — 75 m, from ~ the 1.5 m
depth contour to the 10 m depth contour. The changarvey transects was necessitated since
the focus of the 2006 and 2007 surveys was prisngeared toward delineating the patterns of
Cladophoragrowth that could result from a potential shorelgource of nutrients (e.qg.,
tributaries and storm sewers) and other point gsugmunicipal WWTP outfalls), a dense, but
regularized series of data points in the vicinityle sources would help to better characterize the
resultant spatial patterns of algal growth. Dutimg 2006 surveys at Oakville, schools of baitfish
(possibly emerald shiner) were commonly observeédiden 23 June and 1 August, occasionally
swimming under the boat (and subsequently intd&@mn path of the transducer), generating
strong echoes that obscured the presenCaafophoraon the lake bottom. Because it was
impossible to tell where the fish echoes endedth@dlgal canopy began, these data were
manually removed prior to geo-statistical analgsid mapping. Similar interference from
schools of fish was not a common phenomenon dihi@@007 study at Pickering, however,

excessive water column noise was imparted by tijle Velocity of water from the thermal
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discharge on the east side of PNGS (Figure 4.1i®s@ data was also removed prior to geo-

statistical analysis.

4.3.4Geostatistical Methods

The fundamentals of geostatistical analysis, witipleasis on the assumptions and
methodology involved are thoroughly explained iwesal publications (e.g., Isaaks and
Srivastava 1989, Cressie 1991, Webster and Oli@@tRand summarized in Chapter 1, so only a
brief summary will be provided here. In this stutgmployed a spatial correlation function
called the “semivariogram” (Cressie 1991) to chidze the spatial autocorrelation of the data
collected. The semivariogram is derived from theegimental data, taking into account the
spatial position of the samples by the followingi&tipn;

g === (z(x)- Z(x +h}’ (4.1)
2N(h) 2 | '
where Zk) is the value of the variableat locationx;, h is a lag distance over which the

local average is taken andi){s the number of point pairs at the lag distafim€Cressie 1991).

The semivariogram is the average of the Euclidestarice between pairs of sampleplotted

against average variance at distancéhe presence of extreme values or outliers caausty

distort the real variation patterns present indae, especially when biological data are
considered (Rufino et al. 2005). The robust serrogaam method was originally developed to
reducing the effect of outliers without removinguh from the dataset (Cressie and Hawkins

1980). The robust estimation method is based ofotim¢h power of the square root of absolute

differences as in equation (4.2);

1 N 1/2 !
2N i:l{Z(xi)- Z(x +h}

gty = 0.914+ (0.988/| N(h) ) (42)

This particular semivariogram estimator is robostantamination by outliers, greatly enhances

semivariogram continuity and has been succesdiisiyl to model spatial distributions of animal
densities, which often have data sets charactebyexverdispersion and non-normal
distributions (Maravelias et al. 1996, Rufino et2405).

Once a semivariogram estimator is chosen andvaeiauces for all point pairs computed
either by equation 4.1 or 4.2, a function (the th&oal spatial covariance function or
semivariogram model) is fit to the empirical semiggram through an automated fitting
procedure. In this study, the weighted least squarethod (WLS) of fitting the semivariogram

model was employed as it typically defines the badreof the semivariogram model at the origin
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most clearly, which is essential for predictiong€sie 1991). | used either spherical or

exponential semivariograms for all data given lyfthllowing equations;

0, h=0
o(h,g) = C,+C, ((3/2)(|n|/a,)- @/ 2)(n|/a.)®).0<|h| £ a, (4.3)
C, +C., Ih]* a.
0, h=0

g(h;q) = (4.4)

C, +C. (- expt|h|/a.)).ht O

These spatial covariance models are definedreg tbssential parameters: the nugget
(Co) (indicating the variance not explained by thetighanodel), the sillC; (indicating the
variance explained by the spatial model) and thgea (distance beyond which spatial
autocorrelation is no longer significant). Aftemgputation of the semivariograms for each of the
respective variables, the spatial models were wsthdblock kriging to predict the value of algal
cover and stand heights for grid cells of size 1Byri0 m for 2006 surveys and 20 m by 20 m
for 2007 surveys.

Exploratory data analysis was conducted on thesitodiata prior to spatial modeling
using scatter plots, histograms and correlatiorassess the presence of possible predictive
trends. With a sampling frequency of 8 Hz, a sumynegicle output every 16 pings, a full day of
surveying (0600 to ~ 2000 hrs) yielded an averdde3@00 to 19,000 individual geo-referenced
datum reports. Unlike the data from the 2005 swsythe frequency distributions of the percent
cover and stand height variables derived by acoasialysis were strongly overdispersed. This
was likely a function of 1) the increased ping fregcy that generated more data, 2) the change
in survey design which collected more data at dedgpths where detection 6fadophorawith
acoustics was difficult, and 3) surveys at timethefyear when biomass was not maximal often
generated a large number of zeros. To rectify thesgeo referenced data were condensed by
averaging records within 5 m of one another, thefabreasing the average spacing of data from
3-5 m apart to 8 to 13 m apart. This was primatdye to reduce the computational effort
involved in solving large kriging matrices, but@t® reduce the degree of overdispersion of the
acoustic variables (percent cover and height).

Experimental semivariograms were computed usingdhast estimator (Cressie and
Hawkins 1980) with a 10 m lag for interpolation @gfrids of 10 m by 10 m for 2006 surveys,
and 20 m by 20 m grid for 2007 surveys. Prelimir@gnparisons suggested that the classical
semivariogram estimator did not perform as wellh&srobust estimator (data not shown), though

| could not determine a threshold for use of ontherother. | computed both directional
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semivariograms by limiting all point pairs withind&rectional tolerance (0° to 135°, 45° + 22.5°
step tolerance) in addition to the omni-directiosainivariogram to assess the degree of
anisotropy.

Relationships between depth and percent cover Winenass was detectable with
acoustics (in the summer months) for all years §2@007) were moderately strong and
generally linear in nature®(0.3 to 0.7). Strong correlations were evident leetwpercent cover
and height > 0.64) when coverage was moderate or high. Touattdor these potentially non-
stationary processes, | performed block regredgiging on percent cover using depth as a
predictor. Briefly, a Generalized Linear Model (GL.Motway and Stroup 1997) was used with a
quasi-Poisson family of probability distributionsedto the over dispersion in the data
distribution. The GLM model trend was subtracteahfrthe percent cover data and simple
kriging (SK) was performed on the residuals (ihe. tnean of the residuals should be “0”). The
GLM model trend was then added back to the krigstuals to generate the predicted surface
map. Algal stand height was interpolated using Ki&ih percent cover as a predictor.
Bathymetric grids for each survey site were gemerasing universal kriging (coordinates as
predictors) of the acoustically determined bottaptt from the individual surveys. All
bathymetric survey grids were clipped using the Islkorelines and the 10 m depth contour as
downloaded from the National Geophysical Data Ge@teat Lakes Bathymetry ArcIMS web
server (http://map.ngdc.noaa.gov/website/mgg/gakatibathy/viewer.htm). All exploratory data
analysis, regression and variogram modeling, abdesguent kriging computations were
performed using the statistical software R (R ddeeelopment Team 2007) and the R package
gstat(Pebesma 2004).

4.3.5NuisanceCladophorabiomass and association to nutrient sources

Kriged surfaces of percent cover and stand heighewsed to estima@adophora
biomass as outlined in Chapter 3. Approximate stechdrrors of biomass estimates were
computed following Heuvelink (2002¢ladophorapolygons were created from the estimated
biomass maps using the following procedure. Clalophorabiomass grids were imported into
SAGA-GIS (http://lwww.saga-gis.org/en/index.hfmhd contours delineating estimated
Cladophorabiomass were created at intervals of 509 starting at 50 g th Each contour line
was then closed, converted to a polygon, and thiaid (center of mass) of the polygon
determined. For each date where polygon centro@s wuccessfully computed, proximity to the
nearest waste water treatment plant outfall, sg@wer and tributary mouth were determined by

computing the minimum Euclidean distance to theesaespective potential nutrient source.
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Spatial associations betwe€radophorapolygon centroids and proximity to potential
nutrient sources were assessed using a partialeMast. The partial Mantel test is a
nonparametric partial regression approach basetissimilarity matrices of the predictor and
response variables (Smouse et al. 1986). The aatyauaff the partial Mantel test is that it can
explicitly account for spatial autocorrelation ioth predictor and response variables as well as
inter-correlations among possible predictor vagabWhile Mantel and partial Mantel tests have
been used for causal modelling (Legendre and Tediesd4989), in this study, results from the
partial Mantel tests served to test alternativeollypses governing the spatial patterns of
excessiveCladophoragrowth (e.g., polygon centroids), environmentaitools (e.g., depth and
bathymetric slope) and proximity to potential nemiti sources (tributary mouths, storm sewers
and municipal outfalls). The locations of tributampuths were determined by selecting the
coordinates where the tributary entered the latwnfthe Ontario Basic Mapping ArcIMS data
layer (http://www.geographynetwork.ca/website/obeier.htm). Storm sewer and municipal
outfall locations for Oakville and Pickering wenmpided by the Ontario Ministry of
Environment (Griffiths 1990) and Gary Bowen (TommfRegion Conservation Authority).

Euclidean distances were computed for the geografisiance matrix (Universal
Transverse Mercator Zone 17 N, NAD 1983) as wethaamnatricies for depth, slope and
distances to nutrient sources. The Manhattan distaras used to construct the distance matrix
for the biomass polygon centroids since these wéeetively converted to classes of 50 § m
intervals. Partial Mantel tests were performed gishe packagecodist(Goslee and Urban 2007)
in the statistical software “R” (R Core Developm&etim 2007). The significance of the partial
Mantel tests was assessed using a permutationdanarasing 10,000 permutations (Jackson and
Somers 1989) as outlined in Legendre (2000). Thalye was adjusted for the number of tests
conducted (e.g., Bonferroni adjustmeng = 0.0083).

4.3.6Statistical Analyses

Early season surface water sampling was assessgdiendall’s to detect trends as a
function of distance from source. Source locatwege the same as outlined above. Distances
were computed as the minimum Euclidean distanae flee nearest respective source. For the
remainder of the water chemistry data, analysispeaformed using two-way ANOVA (station
depth and date as factors) onilagmansformed variables for each year. Transects weated as
replicates, since the null hypothesis for thests t@as that there would be no differences in
parameter concentrations across the range of dépmhdlistance from shore). If the interaction

term (e.g., depth x date) was not significant, Wkenultiple comparison procedure was used to
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compare within the main effects. If the interactierm was significant, multiple comparison tests
were done at the individual level (e.g., date xtbef assess where the patterns changed. All
statistical calculations were performed using tasebstats package in ‘R’ (R Core Development
Team 2007). Separate two way ANOVAs were run fahesite due to the differences in

sampling frequency.
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4 4 Results

4.4.1Physical and Chemical conditions during thermal barat Oakville

The early season sampling in 2006 (April 13 toilApr) was designed to reveal spatial
patterns in water quality at the Oakuville site dgrthe period of spring runoff and thermal bar
formation. Although a CTD failure prevented a coetplcharacterization of the water column at
all sampling sites on each date, based on thelggsafollected surface temperatures along the
shoreline range between 5.5 °C and 10 °C (datahmn), and suggested that all of the sites
(within 1 m to 15 m depth) were on the inside @& thermal bar. Concentrations of total
phosphorus (TP) ranged from 4.75 pigtb 13.95 pg [* and did not show a strong relationship
with distance from the nearest tributary (Figur2za4 Kendall’'s = 0.04,p = 0.59). No
relationships were observed between total dissgiesdphorus (TDP) or soluble reactive
phosphorus (SRP) concentrations and distancertiougary (Figure 4.2b and c, Kendall’'ss
0.002,p=0.51 and = 0.04,p = 0.73 respectively).

In contrast to phosphorus concentrations, a stranflaence of distance to tributaries
was observed for chloride (EInitrate (NQ), as evidenced by their negative relationship with
distance from the nearest tributary (Figure 4.2dl @ Kendall's =-0.27,p<0.0001, =-0.25,
p<0.0001). Total suspended solids (TSS) (Figurd)4appeared to also decline as distance from
tributaries increased, however the relationship massignificant (Kendall’'s = -0.02,p = 0.78),
but this may reflect the changing nature of theitlity plume between sampling dates, as it was
observed to be flowing northward on two of the ¢hsampling dates. Of the tributaries along the
section of surveyed coastline, 16 Mile Creek appeéw generate the strongest signal compared
to the smaller tributaries, and the zone of infeeeappeared to extend upwards of 500 m away.

No significant spatial associations were foundtfi@ two municipal water treatment
plant outfalls (Figure 4.3a through f). Kendall@rielation analyses were all non significant for
TP, SRP, C| NO; and TSSi§> 0.2). A marginally significant association wasetved for TDP
(Kendall's =-0.18,p = 0.11), but this appears to be the result ohglsisample (Figure 4.3b).

115



Figure 4.2.Scatter plots of a) Total Phosphorus (TP; ({3 Lb) Total dissolved Phosphorus (TDP; |if),Lc) Soluble Reactive Phosphorus (SRP; jip L
d) Chloride (Cl; mg [), ) Nitrate (N@, ug L"), and f) Total suspended solids (TSS; niy &s a function of distance to the nearest trilyutaouth
along the Oakville shoreline. Note: Data colleci&dApril 2006 to 27 April 2006. Distance here isrquted as the minimum Euclidean distance.
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Figure 4.3.Scatter plots of a) Total Phosphorus (TP; [{y Lb) Total dissolved Phosphorus (TDP; i9),Lc) Soluble Reactive Phosphorus (SRP;
ng LY, d) Chloride (Cl; mg L), e) Nitrate (NG, pg L), and f) Total suspended solids (TSS; ny &s a function of distance to the nearest
outfall along the Oakville shoreline. Note: Datdl@cted 13 April 2006 to 27 April 2006. Distancedéés computed as the minimum Euclidean
distance
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4.4.2Physical and chemical conditions at Oakville duringhe growing season

Much of the variability in water chemistry and plogd conditions is imparted by
seasonal variation (Figure 4.4; Table 4.2). Theat§ of upwelling were clearly evident on at
least two of the sampling dates as water tempersifetl from ~ 18 °C on 8 June to
approximately 10 to 15 °C on 23 June and 11 JubufE 4.4a). Total suspended solids were
lowest soon after the upwelling event on 23 Jund,amain on 14 September when downwelling
of low chlorophyll offshore water occurred (Figutelb). Despite relative stability in TSS, the
variability in light attenuation (KPAR) was primirigoverned by depth (e.g., distance from
shore; Figure 4.4c and Table 4.2), with signifitahtgher light attenuation always occurring at
the 2 m isobath (Table 4.2). Significant seasoaghtion was also observed for KPAR, with
higher light attenuation in October (Table 4.2).\zds also significantly related to depth and
date, with higher concentrations observed closshtoe (Figure 4.4d; Table 4.2), particularly
during the early part of the season (8 May andn@;Jliable 4.2). Concentrations of chlorophyll a
displayed a markedly reverse pattern; significahityher concentrations were observed at the 10
m stations compared to the 2 and 5 m stations (Eidide; Table 4.2), but seasonal variation was
much larger than the variation among depth (Tal##¢ £oncentrations of TP did not vary across
the range of station depths sampled (Table 4.2)liduthow appreciable seasonal variation, with
the highest concentrations observed during SepteamzeOctober (Figure 4.4f; Table 4.2). TDP
and SRP followed much the same pattern as TP (&i4dig and h) with appreciable seasonal
variation in TDP and SRP. The interaction termhi@ ANOVA for SRP was significanp€0.05),
and is likely a result of the higher concentratioluser to shore in September and October
(Figure 4.4h). N@ showed a significant seasonal decline until Oat¢Brgure 4.4i; Table 4.2)
and did not vary significantly across the rangstafion depths (Table 4.2).

Although seasonal patterns strongly influencedctivecentrations of chemical parameters
during this study, some spatial patterns are natiilee Variability in surface temperatures was
indistinguishable across the four transects (Figusa). TSS did not show consistent patterns
across transects at Oakville (Figure 4.5b), butRRfpeared to show the greatest variability at
transects closest to the major tributary (16 Mite€k) for the study region (transects OAl and
OA2) (Figure 4.5c¢). Spatial trends in" @Figure 4.5d) and chlorophyll a concentrationgj(iF¢
4.5e) were not evident across transects, but gisgldiverent patterns with distance from shore;
CI" was generally higher at 2 m sites, while for chjdyll a, clear increases with distance from
shore are apparent (Figure 4.5d). TP concentrati@ns most variable at the 2 m site on transect

OAl and the 5 and 10 m sites on transect OA2 (Eiguse). Similar spatial patterns were evident
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for TDP and SRP (Figure 4.5g and h). These trasgmacket the major tributary to this study
site (16 Mile Creek), and the increased variabaityhese transects may reflect the periodic
reversals of along shore currents where the tripytlume from 16 Mile Creek is discharged and

mixed. Comparable spatial patterns were not obddoreNG; concentrations (Figure 4.5i).
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Figure 4.4.Seasonal boxplots of a) surface temperature (3CJSI$ (mg ), c) light attenuation (kPAR; M), d) chloride (Cl; mg L), e)
Chlorophyll a (Chl a; ug ), f) total phosphorus (TP; ug, g) total dissolved phosphorus (TDP; 1 Lh) soluble reactive phosphorus (SRP;
ug L and i) nitrate (N@ pg L) for the 2006 study at Oakville. Legends as ingba).
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Figure 4.5.Spatial boxplots of a) surface temperature (°C);$$ (mg %), c) light attenuation (kPAR; ™), d) chloride (CI; mg L), e)
Chlorophyll a (Chl a; ug ), f) total phosphorus (TP; ug', g) total dissolved phosphorus (TDP; 1§ Lh) soluble reactive phosphorus (SRP;
ng L) and i) nitrate (N@ pg L) for the 2006 study at Oakville. Legends as ingba).
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Table 4.2.Results from the two-way ANOVA for 2006 Oakvillergays. Note: superscripts on multiple comparisaistendicate not
significantly different at the p <0.05 level.

Variable | Factor df F p Post hoc tests

TSS Depth 2 273 0.07
Date 6 10.78 <0.001 8 May 8JuR 23Jud 11 Juf 1Aud 14 Sept 15 Oct
Date x Depth 12 0.78 0.66

kPAR Depth 2 2425 <0.001 2 5? 10°
Date 6 7.83 <0.001 8May 8Juf 23Jud 11 Juf? 1Aud 14 Sept 15 Oc?
Date x Depth 12 0.73 0.71

cr Depth 2 348 <0.05 % 5P 10
Date 6 14.05 <0.001 8May 8Jud®  23JuR® 11 Juf 1 Aug® 14 Sept’ 15 Ocbe?
Date x Depth 12 0.94 0.51

Chl a Depth 2 1221  <0.001 232 52 10
Date 6 3474 <0.001 8May 8JuR 23Jud 11 Juf 1Aud 14 Sept 15 Oct
Date x Depth 12 1.59 0.11

TP Depth 2 083 0.44
Date 6 2942  <0.001 8May 8Juf 23Jun 11 Juf 1Augd 14 Sept 15 Oc?
Date x Depth 12 1.35 0.22

TDP Depth 2 088 0.41
Date 6 3742 <0.001 8May 8Juf® 23Jud 11 Juf® 1 Aug® 14 Sept 15 Ocf
Date x Depth 12 1.46 0.16

SRP Depth 2 0.68
Date 6 51.99
Date x Depth 12 2.22 <0.05

NO5 Depth 2 125 0.29 8Mdy 8Juf®  23Jud® 11 Jufc 1Aud 14 Sept 15 Oct
Date 6 13.48  <0.001
Date x Depth 12 1.26 0.26
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4.4.3Physical and chemical conditions at Pickering durig the growing season

Much like at Oakville, upwelling appeared to berarpinent feature here based on
surface temperatures (Figure 4.6a). Compared teillglsignificant depth dependent variability
in TSS was observed at Pickering, with higher cotregions at the 2 m stations (Figure 4.6b;
Table 4.3). kPAR at Pickering transects nearlyicapgd the pattern for TSS, with highest
attenuation observed at the shallow 2 m sites (Eigubc; Table 4.3). Date of sampling was also
a significant determinant in light attenuation, the seasonal variation was far less than that
associated with depth (Table 4.3). @iried significantly only with date, with the higst
concentrations observed in May. The effect of dgptiCl was only marginally significant
(Figure 4.6d; Table 4.3). Chlorophyll a concentnasi displayed strong seasonal variation (Figure
4.6e) but unlike Oakville did not show a signifitaelationship with depth (Table 4.3). Total P
concentrations showed no significant relationshi wepth, and only a marginally significant
relationship with date (Figure 4.6f; Table 4.3).ABnd SRP varied strongly with date, but not
with station depth (Figure 4.6g and h; Table 4aBy highest values for both were recorded in
October (Table 4.3). NDappeared to follow a similar seasonal declinebsgiwed at Oakville
before rebounding to higher concentrations in Cat¢bigure 4.6i; Table 4.3).

Like Oakville, seasonal variation strongly influedcthe variability in parameter
concentrations through the growing season. THisriker supported by data from offshore
reference stations (ranging in depth from 15 mQa that displayed comparable patterns for
nearly all water chemistry variables (data not smoWwespite this, some spatial patterns were
evident at Pickering, and several of these différech the pattern observed at Oakville. Surface
temperatures did not appear to vary systematibglliyansect (Figure 4.7a), somewhat suprising
given the proximity of transect PI2 to the warm evatischarge at PNGS, and the proximity of
transects PI1, PI3 and PI4 to major tributariesu@@oRiver, and Duffins Creek respectively).
TSS and KPAR were distinctly elevated at 2 m sitdsansects PI1 PI3 and P14 (Figure 4.7b and
c). Although re-suspension of sediment or alongestr@nsport of eroded material from the
bluffs west of the study site can contribute tahhtigrbidity here, the high turbidty is most likely
attributable to high suspended sediment loads frantributaries. Transect P12 did not show the
same variation in either TSS or KPAR, and the sahsn at transect P14 is comprised of > 90%
rock. Both these observations can be explainedgrgdominantly eastward migration of the
turbidity plumes. Despite evidence that both theig@oRiver and Duffins Creek imparted
significant suspended sediment signals at neaegsitws, Clconcentrations were frequently

higher at the 2 m site for transect PI1 (Figurel¥l.Znd may reflect differing degrees of
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urbanization within the separate watersheds. Alairpiattern was observed for chlorophyll a
(Figure 4.7e) and may be a result of the marsh theaputflow of the Rouge that can contribute
phytoplankton to transect PI1 during high flow pées (spring or during heavy precipitation
events). TP concentrations were also generallyagdelvat transect PI1, but these concentrations
were not significantly greater than those measatéhe other transects further east. The patterns
of spatial variability (greater variation at traoteP12 and PI3 at all depths) do suggest that
tributaries can contribute considerably to TP cotregions (Figure 4.7f). TDP was most variable
at transects P12 and PI3 (Figure 4.7g). Whetherigha result of the proximity of these stations to
the Duffins Creek WWTP outfall is not known, butflus Creek itself cannot be ruled out. In
contrast to TP and TDP, SRP varied relativelyditt all transects (Figure 4.7h) except for 22
October when concentrations increased dramati@aityure 4.6h). Much like Oakville,

concentrations of N©did not display great spatial variation among $ests (Figure 4.71).
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Figure 4.6.Seasonal boxplots of a) surface temperature (9@phductivity (uS cil), c) light attenuation (kPAR; ™), d) chloride (Cl; mg L),
e) Chlorophyll a (Chl a; ug), f) total phosphorus (TP; pg'), g) total dissolved phosphorus (TDP; i§) Lh) soluble reactive phosphorus
(SRP; pg ) and i) nitrate (N@ pg L) for the 2007 surveys at Pickering. Legends amitel a).
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Figure 4.7.Spatial boxplots of a) surface temperature (°CY;9% (mg [, ¢) light attenuation (kPAR; M, d) chloride (CI; mg L), e)
Chlorophyll a (Chl a; ug ), f) total phosphorus (TP; ug', g) total dissolved phosphorus (TDP; 1§ Lh) soluble reactive phosphorus (SRP;
ng L) and i) nitrate (N@ pg L) for the 2007 surveys at Pickering. Legends amimel a).
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Table 4.3.Results from the two way ANOVA for 2007 Pickeringngeys. Note: superscripts on multiple comparisiasss indicate not

significantly different at the <0.05 level.

Variable | Factor df F p Post hoc Tests

TSS Depth 2 1339 <0.001 22 5° 10°
Date 7 213 0.057
Date x Depth 130.78 0.67

kPAR Depth 2 3126 <0.001 22 5° 10°
Date 7 3.33 <0.005 14May 6Juff 20 Juff 12 Juf® 2430 10 Aud 6 Sept 22 Oct®
Date x Depth 130.66 0.80

cr Depth 2 284 006
Date 7 498 <0.001 14May 6Jud®® 20 Juf’ 12 Jub® 24 Jut® 10 Aud 6 Sept® 22 Oct®
Date x Depth 130.73 0.73

Chl a Depth 2 289 0.06
Date 7 39.16 <0.001 14May 6Juf® 20 Jufi 12 Juf 24 Juf 10 Aud 6 Sept® 22 Oct
Date x Depth 130.89 057

TP Depth 2 158 021
Date 7 1.88 0.08
Date x Depth 130.69 0.77

TDP Depth 2 019 082
Date 7 3263 <0.001 14May 6Juff 20 Jufi 12 Juf 243 10 Aud 6 Sept® 22 Oct
Date x Depth 130.74 0.73

SRP Depth 2 016 0.85
Date 7 1925 <0.001 14M& 6Juf 20 Jufi®® 12 Jube? 24 JuP® 10 Aud“? 6 Sept® 22 Oct
Date x Depth 130.63 0.83

NOs Depth 2 157 021
Date 7 29.89 <0.001 14Mxy 6Juff 20 Juft® 12 Juf® 24 Juf® 10 Aug 6 Seft 22 Oct
Date x Depth 130.80 0.66
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4.4 4Structural analysis and semivariograms

By repeating acoustic surveys over a period oé taihthe two survey sites, changes in the
spatial structure a€ladophoragrowth can be appreciated on a seasonal dynaemnai-S
variogram models and associated parameters forsemehy where detection and
characterization ofladophorawith acoustics was successful are summarized lakeTa4. Initial
modeling of directional semivariograms for the G&wsurveys indicated strong anisotropic
behavior at 45°. This is geometric anisotropy esgirgy the same degree of spatial continuity for
different ranges. In its simplest form, this israto elliptically shaped zones wherein the data
values are correlated; that is, zones that arettsted” in the direction of maximum range. This
elliptical “stretching” of the spatial correlationay be due inpart to the survey design (transects
running approximately 45°, e.g. parallel to shdmaf) also may reflect a strong influence of
bottom depth (e.g., light availability) in strudng algal growth patterns. Directional
semivariograms computed for the Rouge River siteewaso anisotropic at 45°, despite the
survey transects having a more regular grid pattean truly parallel to shore. In contrast,
directional semivariograms at the main Pickeririg giere not strongly anisotropic, but surveys
toward the latter part of the summer (e.g., July Angust) generated semivariograms that
displayed weak anisotropy at 90° (parallel to shaMhile also potentially resulting from
primarily shore parallel transects or the effectiepth (e.g., light availability), the weaker
anisotropy here may be due to a more diverse sibsir(e.g., sand, gravel, silt) in the shallow
areas where shoreline irregularities allow for dsjpan of softer susbtrates in protected locations
that do not typically suppo@ladophoraattachment. Furthermore, areas that are strubtural
complex (e.g., characterized by large bouldersrapily fluctuating bottom depths) pose
diffilculties for acoustic detection @ladophoradue to the interaction of the acoustic beam with
a complex substrate. These features (diverse stilnsticomposition or substratum complexity)
were generally not present at the Oakuville sité,did occur in areas near at the main portion of
the Pickering site, particularly around the DufilWTP (sand and presence of large boulders)
and from PNGS eastward to Duffins Creek (predontlpaand bottom with scattered boulders).
Semivariograms for percent cover from the main &icky site indicated the presence of mild
non-stationarity. This increased toward Augustrg] B due to the large area of macrophyte
growth that developed over the summer in outerd¢imeran’s Bay (see Figure 4.8 and Figure
4.12 to Figure 4.19). No improvement was obseryemdluding easting (e.g., X coordinate) as a

coavariate in the semivariogram model (data notveho
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Semivariogram model parameters at Oakville wereiggly similar across all three
surveys. The range parameter varied little, andilheeached a maximum on 11 July before
declining on 1 August for both percent cover anigiiteresiduals. The high sill on 11 July for
both percent cover and height residuals indicdtatsthe greatest variability was observed on this
date. The degree of spatial dependencyC} /G, + C) for percent cover and height residuals
declined from 11 July to 1 August, and is consistath a decline in spatial variability, perhaps
as biomass is gradually detached from the lakefseBickering, semivariogram parameters were
generally similar to those observed at Oakvillg,displayed greater variability, perhaps owing
to a more frequent sampling interval (bi-weeklyopposed to monthly). The higher nugget
variance and sill values observed consistentlyickeing were likely due to the presence of
macrophytes within the survey area growing desjoosit areas dominated by soft substrate (e.g.,
outer Frenchman’s Bay; see figures below). Theierfte of macrophytes is much more evident
in the sill parameter for the height residuals,chidisplayed a consistent increase from the first
survey (11 June) to the last (8 August) to valaeskceeding those observed at Oakville. The
decline in spatial dependence that was observedlatille was not observed at Pickering (Table
4.4), because much of ti@adophorabiomass had yet to slough from the lakebed, taat al
because areas of macrophyte growth continued tedase through the study period. Major
sloughing at Pickering occurred on 9 August, theafter the acoustic survey (C. Gregoris,
Ontario Power Generation, Picking Nuclear, personaimunication).

Semivariogram models for the smaller survey ardheaRouge River outflow featured a
similar if not smaller range of autocorrelationt Bunuch higher nugget variance and sill than
observed at Oakville or the main Pickering siteb{€at.4). This is characteristic of data that
present a highly clustered patch surrounded bysasi little variability, which at this site was
induced by large areas characterized by sand si#stvhich was not suitable for attachment of
Cladophora Although not directly comparable with paramefeosn the Pickering site, the
temporal pattern of semivariogram parameters aRthege River site suggested that height (e.g.,

a proxy of biomass) peaked on July 17, approxim&telieeks prior to that at the Pickering site.
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Figure 4.8.Sample residual semivariograms for percent covedirfd canopy height (b) at
Oakville, June 23 2006 and percent cover (c) andmaheight (d) at Pickering, July 25 2007.
Note the oscillation in the semivariance for petaagver at Oakville as discussed in text. Note
also the difference in scale for the semivarianahé height residuals at Pickering.
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4.4 5Patterns of nuisance algal growth at Oakville

Although short tufts o€ladophoragrowth were visually observed on the lake bottom
during the May 8 survey, these were clearly < Srcimeight and far too short to be detected with
acoustics. Similarly, acoustic surveys on 14 Sep&rand 15 October failed to detect
Cladophorabiomass with the acoustic unit, and observatidriseolake bottom generally
confirmed the substrate was devoid of signifidal@dophoracover and the remaining filament
tufts were only a few centimeters in height.

Kriged surfaces of perce@adophoracover,Cladophorastand height, estimated
biomass and approximate biomass standard errotsr of the survey dates (23 June, 11 July
and 1 August) wheladophorabiomass was sufficient for successful detectiah an
characterization with the acoustic system are ptesen Figure 4.9 t&igure 4.11 On 23 June,
percentCladophoracover varied widely and exceeded 80 % in severalgd along the Oakville
shoreline (Figure 4.9a). Expansive areas of highgre cover were observed south of 16 Mile
Creek, midway between 16 Mile Creek and MorrisoedRr and between Wedgewood and
Joshua Creek (Figure 4.9a). Perdglatdophora cover ranged between 30 and 60 % for much of
the rest of the shoreline at depths < Aladophorastand heights were generally < 15 cm for
much of the shoreline (Figure 4.9b), but did exc2@dm in several areas, most notably in the
three areas previously identified whé&kadophoracover was high (Figure 4.9b). At one
location, stand height exceeded 30 cm (midway betvi® Mile Creek and Wedgewood Creek)
but only for a limited area (~ 800°r(Figure 4.9b). Estimated biomass at this poiathed a
maximum of ~ 685 g iy but for the rest of the survey area, biomassgeagrally estimated to
be < 150 rif, and only exceeded this in areas with @#dophorastands (Figure 4.9c). The
partial Mantel test revealed significant spatiaagsations betwee@ladophorabiomass and
storm sewers, as well as bathymetric slope. Nda@etsociations were observed for tributary
mouths or municipal outfalls (Table 4.5).

On 11 July, percerladophoracover varied widely but appeared to be much more
spatially variable than on 23 June, and reachaskgat 30 % at deeper depths (~ 6 to 7 m)
(Figure 4.10a). The expansive areas with very pigicent cover (e.g., > 80%) observed on 23
June had either reduced in size or to levels afgrercover < 80% (Figure 4.108)ladophora
stand heights reached maximum values of 20 cm (EigLL0b) but these appeared to be widely
scattered. Areas with very tall stands (e.g., 89 were not observed (Figure 4.10b). Estimated
biomass reached > 150 g’rim some shallow areas, but several areas excé&dgan’ at depths

up to 6 m (Figure 4.10c). Partial Mantel testsefaito find significant spatial associations

131



betweerCladophorabiomass and storm sewers, tributaries or outfallsdid detect significant
effects of depth (Table 4.5).

By 1 August, percentladophoracover was declining along much of the shoreling, b
did remain moderately high (>60 %) at the threassghere expansive heavy cover was first
observed on 23 JunEi§ure 4.11a). Cladophorastand heights during this survey were much
more uniform, and did not exceed 15 dag(re 4.11b). Accordingly, estimate@ladophora
biomass was generally below 100 § for much of the shoreline, but did exceed 100 gatnthe
three areas where cover had increased relativé dolly Figure 4.11c). Partial Mantel tests
again indicated that strong spatial associatiohsden algal biomass and distance to storm
sewers, but again failed to find any relationsbigrifoutary mouths or outfalls. Interestingly, the
areas wher€ladophoracover remained high occurred in the same locatidreye cover was

extensive on 23 June (Table 4.5).
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Table 4.4.Semivariogram parameters and kriging cross vabdatesults for 2006 and 2007 surveys. Date andysitethe location of the

acoustic survey<, denotes the nugget varian€gdenotes the sill, andthe range (m). Sp% is the degree of spatial depereddescribed by the
fitted semivariogram model. Model Type indicates tbrm of model fitted to the experimental semiggram.“Exp” denotes exponential model,
and “Sph” denotes spherical model.

Site Date Variable [ C % Sp Model
Oakville June 23 Cover 127.3 346.31 93.98 73 % Exp
Oakville June 23 Height 8.8x 10 22x100  113.22 20 % Exp
Oakville July 11 Cover 77.94 366.47 87.37 83 % Exp
Oakville July 11 Height 7.6 x 10 32x10"  39.75 29 % Exp
Oakville August 1 Cover 90.28 119.87 90.16 57 % Exp
Oakville August 1 Height 7.5x 10 1.8x 10"  155.06 27 % Exp
Pickering June 11 Cover 162.94 27.34 244.65 14 % h Sp
Pickering June 11 Height 1.2x310 87x10° 136.04 41 % Exp
Pickering June 22 Cover 89.03 231.86 93.25 72 % Exp
Pickering June 22 Height 6.3x10 49x10" 52.10 44 % Exp
Rouge Area June 22 Cover 222.32 360.70 58.75 62% ph S
Rouge Area June 22 Height 1.1x30 3.8x10° 41.85 26 % Exp
Pickering July 17 Cover 132.48 433.48 52.46 76 % p Ex
Pickering July 17 Height 8.6 x 10 1.3x10°  67.05 60 % Exp
Rouge Area July 17 Cover 314.50 755.00 119.14 71% Exp
Rouge Area July 17 Height 20x10 1.7x10° 55.22 46 % Exp
Pickering July 25 Cover 166.54 461.37 105.51 73% xp E
Pickering July 25 Height 6.0 x 10 25x10°  58.58 80 % Exp
Rouge Area July 25 Cover 370.81 1003.48 116.57 %73 Exp
Rouge Area July 25 Height 1.4x30 7.0x10° 4793 33% Sph
Pickering Aug 8 Cover 157.40 437.41 76.58 74 % Exp
Pickering Aug 8 Height 1.8 x 10 1.5x10°  213.78 89 % Exp
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Figure 4.9 Kriged maps showing a) percent cover b) stanghtei) estimated biomass, and d) approximate stdrateor of the biomass estimate
for Oakville, June 23 2006. Note the differencegale for biomass (panel c) in the following figure
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Figure 4.10.Kriged maps showing a) percent cover b) stand heijtestimated biomass and d) approximate starefaod of the biomass
estimate for Oakville, July 11 2006.
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Figure 4.11 Kriged maps showing a) percent cover b) stanghec) estimated biomass and d) approximate steredeor of the biomass
estimate for Oakville, August 1 2006.
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Table 4.5.Results of partial Mantel tests for Oakville surséy 2006. §,n/denotes pure partial
Mantel correlation coefficienp denotes significance of permuted Mantel corretetioefficient,

ns denotes not significant at the- 0.0083 level. Covariates indicate covariatesg@sigainst

while all others are paritaled out. X + Y are Bagtand Northing (m) (e.g., geographic location),
Sewer indicates minimum distance to storm sewemjinSlope indicates bathymetric slope
(degrees), Tributary indicates distance to nearésitary mouth (in m), Outfall indicates
distance to nearest municipal WWTP outfall (m), degdth indicates depth of lake where
polygon centroid resides (m). Number in bracketswéhe date denotes the number of polygon

centroids available.

Covariate June 23 July 11 Aug 1

(106) (167) (35)

I'splenv p I'splenv I'splenv p
X+Y 0.004 ns 0.19 0.003 0.04 ns
Sewer 0.26 0.0001 0.08 ns 0.29 0.001
Slope 0.12 0.0081 -0.06 ns 0.04 ns
Tributary 0.00 ns 0.01 ns -0.16 ns
Outfall -0.03 ns -0.15 ns 0.06 ns
Depth -0.05 ns -0.03 ns -0.23 ns
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4.4.6Distribution of nuisance Cladophoraat Pickering

AttachedCladophoragrowth during the 11 June survey was generalbyr delow the
detection limit of the acoustic system. Perd@latdophoracover was generally < 30 % along
much of the shoreline, though small, localized sueaceeded 40 % in some areas (Figure 4.12a).
These localized areas characterized by higher pecoeer (e.g., 40 — 50 %) and stand height
(e.g., 10-15 cm) were observed near the outflo@afuthers Creek, the thermal discharge of
PNGS and the inner Frenchman’s Bay (Figure 4.18abanSome detached algal material was
observed in the shallow water on sandy substratehis was later confirmed to I$pirogyra
Based on inspection of the echograms and underwialen, the area in Frenchman’s Bay
characterized by relatively high percent cover p@®arily macrophytes rather than algal
(Figure 4.12a,b) thougBladophorawas observed to be growing within the macrophgigsb
where hard substrate existed. Estimated biomasssatme was generally low (< 60 g3nfor
much of the shoreline whetdadophorawas dominant (except where macrophytes were
growing in outer Frenchman'’s Bay) (Figure 4.12xtieaMantel tests did not find any significant
associations with storm sewers, tributary mouththeDuffins WWTP outfall (Table 4.6).

By 22 June, percei@ladophoracover continued to increase in the areas whetg ear
season growth was noted, but additional growthevédent along much of the shoreline (Figure
4.13a). Percerttladophoracover exceeded 60 % adjacent to the PNGS themiidw and at
the outflow of Carruthers Creek (Figure 4.13a). &hea of macrophyte growth in outer
Frenchman’s Bay continued to expand, and estinsted! height reached 0.4 m (Figure 4.13b).
Cladophoraalso appeared to grow reasonably well in outené¢himan’s Bay, particularly toward
the shallow portion where the substrate changegaweel, but also in among the macrophytes.
Estimated biomass did not exceed 100 gaxcept in outer Frenchman’s Bay where macrophyte
growth was more common, and much of the biomassesscted to depths <5 m (Figure 4.13c
and d). Partial Mantel tests again failed to fingt aignificant spatial associations between
estimated biomass and potential nutrient sourcaBl€T4.6).

On the same date, a smaller survey at the Rougs Bite revealed perceGtadophora
cover ranging between 20 to 70 % out to a depth®im, comparable to levels observed at the
Pickering site (Figure 4.14a). Detached algal nigteras noted on the predominantly sandy
bottom near the outflow of the Rouge River (FigdirB4a), but macrophytes were not observed in
this limited survey area. Estimated stand heiglgeveonsistently < 14 cm (Figure 4.14b), and
estimated biomass at the Rouge River site was c@ilesto that estimated for the Pickering site

(outer Frenchman’s Bay excluded, Figure 4.14c gnd d
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On 17 July, percent cover continued to increageéniously identified areas, reaching
coverage values in the high 80 to 90 % for mantheflarger patches, and formed a nearly
continuous band of heawladophoracover from Duffins Creek eastward to CarrutherseRrat
depths of 2 - 3 m. (Figure 4.15a). Some chang#seisize of the patches were noted adjacent to
the thermal discharge and next to Carruther’'s C(Eiglure 4.15a). Percent cover also increased
to 40 to 50 % at depths of 5 to 6 @ladophorastand height generally remained below 20 cm for
most of the shoreline east of PNGS, but the coatirarowth and expansion of macrophytes in
outer Frenchman’s Bay produced stands heights tdosen (Figure 4.15b). Estimated biomass
remained below 150 g frfor much of the shoreline, except in outer Frenahis Bay (Figure
4.15c). HereCladophorawas observed growing epiphytically on macrophygens, but also
interspersed among macrophytes and in larger aggoeg where hard substratum predominated.
Unlike the previous surveys, the partial Mantetdetetected a significant association between
estimated biomass and depth, and estimated bicanad®cation (Table 4.6), likely induced by
the large and expanding macrophyte stands in éuégrchman’s Bay.

At the Rouge River site, heavy Cladophora cover($6) was observed to depths of ~ 7
m (Figure 4.16a), and Cladophora stand height ezhtthnearly 40 cm in the shallows. Stand
heights between 10 and 20 cm were widespread @igydi6b). Estimated biomass reached a
maximum of ~ 550 g thin a localized spot where the stand heights wadtest, but in general,
biomass appeared to be greater here than at tkeriig site (except in outer Frenchman’ Bay)
(Figure 4.16c¢).

By July 25, percentladophoracover at Pickering reached moderate values (~ 48t%)
depths of 8 m (Figure 4.17a) and remained abov &) many areas. Estimated stand heights
suggest that much of the growth east of PNGS rezddielow 25 cm, while in outer
Frenchman’s Bay, macrophyte growth continued t@aagpreaching stand heights of 0.5t0 1 m
(Figure 4.17b). Estimated biomass at this time amgesomewhat lower in the shallow depths,
but large patches of biomass in excess of 15F gvare observed near the outflow of Duffin’s
Creek and midway between Duffins and CarrutherglC(Eigure 4.17c). Partial Mantel tests
found a significant spatial association with looatiand also detected a significant association
with distance to the nearest tributary mouth (T&b).

PercentCladophoracover remained high at the Rouge River site, lag l@ss uniform
than on 17 July (Figure 4.18a), although it dickextto depths of 7 nCladophorastand heights
were lower than observed on 17 July, but still freatly exceeded 15 cm (Figure 4.18b).
Estimated biomass was comparable to that obsetwbé &ickeirng site, but did not reach very

the high values observed on 17 July (Figure 4.18c).
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On 8 August, percer@ladophoracover remained high along much of the shoreline
although cover was reduced in shallow waters aedsagast of PNGS (Figure 4.19a). Areal
cover in outer Frenchman’s Bay reached a maximutiistime, and based on stand heights and
underwater video, macrophytes dominated much ohtba (Figure 4.19b). Tall stands of
Cladophora(e.g., ~ 20 cm) were still present along the shioné some of these areas also
supported occasional macrophytes, particularihéshallows adjacent to Carruthers Creek
(Figure 4.19b). Estimated biomass did not reachpawable levels as on July 25, though values >
150 g n¥ were observed near Carruthers Creek (Figure 4.0mh like the prior survey, partial
Mantel tests indicated a strong spatial associatitimlocation and distance to a tributary mouth
(Table 4.6).
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Figure 4.12 Kriged maps showing a) percent cover b) stand heijtestimated biomass and d) approximate starefaod of the biomass
estimate for the Pickering site June 11 2007.
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Figure 4.13.Kriged maps showing a) percent cover b) stand eojlestimated biomass and d) approximate staretand of the biomass
estimate for the Pickering site June 22 2007.
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Figure 4.14 Kriged maps showing a) percent cover b) stand heijtestimated biomass and d) approximate starefaod of the biomass
estimate for the Rouge River site June 22 2007.
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Figure 4.15.Kriged maps showing a) percent cover b) stand heijtestimated biomass and d) approximate staretaod of the biomass
estimate for the Pickering site July 17 2007.
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Figure 4.16.Kriged maps showing a) percent cover b) stand heijtestimated biomass and d) approximate starefaod of the biomass
estimate for the Rouge River site, July 17 2007.
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Figure 4.17 Kriged maps showing a) percent cover b) stand heijtestimated biomass and d) approximate starefaod of the biomass
estimate for the Pickering site, July 25 2007.
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Figure 4.18.Kriged maps showing a) percent cover b) stand heijtestimated biomass and d) approximate starefaod of the biomass
estimate for the Rouge River site, July 25 2007.
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Figure 4.19.Kriged maps showing a) percent cover b) stand heijtestimated biomass and d) approximate starefaod of the biomass
estimate for the Pickering site, August 8 2007.
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Table 4.6.Results of partial Mantel tests for Pickering sys/é 2007. g, denotes pure partial
Mantel correlation coefficienp denotes significance of permuted Mantel corretetioefficient,

ns denotes not significant at the- 0.0083 level. Covariates indicate covariates@sigainst

while all others are paritaled out. X + Y are Bagtand Northing (m), Sewer indicates minimum
distance to storm sewer (in m), Slope indicatebymaetric slope (degrees), Tributary indicates
distance to nearest tributary mouth (in m), Ouifadicates distance to nearest municipal WWTP
outfall (m), and depth indicates depth of lake vehgolygon centroid resides (m).Number in
brackets below the date indicates the number gigool centroids available.

Covariate  June 11 June 22 July 17 July 25 Aug 8

(16) (46) (164) (221) (282)

Isplenv p I'splenv p I'splenv I'splenv p spenv P
X+Y 0.11 ns 0.15 ns 0.18 0.0001 0.28 0.0001 .100 0.0001
Sewer 0.03 ns 0.04 ns -0.08 ns -0.04 ns 0.03 ns
Slope -0.13 ns -0.06 ns -0.01 ns 0.05 ns 0.00s n
Tributary  0.24 ns -0.03 ns 0.04 ns 0.17 0.0001 0.06 0.0001
Outfall -0.17 ns -0.14 ns -0.06 ns -0.08 ns 00.0 ns
Depth -0.16 ns -0.08 ns 0.09 0.002 -0.05 ns 30.0ns
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4 5 Discussion

The primary advantage of the hydroacoustic survethod as employed in this study is
the rapid sampling and characterization of berdhgal growth (in this case, primarily
Cladophorg over moderately large to large areas with go@diapcoverage. The subsequent
geostatistical analyses employed here extend ilitg of the collected data to delineate the
spatial distribution and pattern 6fadophoragrowth, and provide spatially explicit estimatés o
Cladophorabiomass, which cannot be derived from quadrat §agithout considerable
effort. The geostatistical analyses demonstratatidbnsiderable spatial structure is apparent in
nuisanceCladophoragrowth at these study sites, and the high dedrepatial dependence
observed for percef@ladophoracover and stand height underscores the variahilitgrent in
the near shore areas that may not be adequatelyothidzed even by an intensive quadrat
sampling design.

A model was used to calibrate the measure&3ladophorastand height to areal biomass
in the previous chapter (Chapter 3). This proviaégologically meaningful measure that is
comparable to previous studies which use moretioadil sampling methods. These spatial
estimates o€ladophoradistribution and biomass can them be examinedvestigate patterns
that are suggestive of physical or biological festhat influence the distribution of excessive
Cladophoragrowth. In this study, the patterns of principakrest were those related to the
spatial distribution of nuisandé@adophorabiomass and relationships to known nutrient s@irce
(e.g., municipal WWTP outfalls) and potential shioe point sources of nutrients (e.g.,
tributaries and storm sewers).

The response d@Eladophoragrowth and biomass accrual to point sources afenis or
localized inputs of non-point source nutrientstisrsgest when ambient nutrient concentrations
are low (Canale and Auer 1982). The kinetics oftlimg nutrient uptake (fo€ladophorain the
Great Lakes, this is almost always P; see refeseimcdiggins et al. 2008a) are well documented
(e.g., Auer and Canale 1982x, Rosmarin 1982), &atlg show that growth rate potential is
hyperbolic in nature with respect to P contenthef algal tissue (Gerloff and Fiztgerald 1976,
Auer and Canale 1982y). Thus, at high nutrientlabdity, nutrient uptake rates tend to decline
as nutrient content of the tissue increases. Albaveeshold level (fo€ladophora this is ~ 0.16
% by DW; c.f. Higgins et al. 2008a) growth potehigahigh, and providing other environmental
factors are sufficient, high biomass accrual canlteThis effectively describes the situation in
Lakes Ontario and Erie during the 1960s through0$3vhen elevated nutrient concentrations

(compared to current nutrient concentrations) wadespread (e.g., Kwiatkowski 1984, Ontario
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Ministry of Environment 1982) and supported excas€iladophoragrowth on much of the
available substrate when light availability did fiotit growth (Wezernak and Lyzenga 1975).
Conversely, at low nutrient availability, nutriemitake rates are generally high, but tissue P
content may remain low. Growth potential is therefeery sensitive to changes in external P
concentration that drive changes in internal P@untGerloff and Fitzgerald 1976, Auer and
Canale 1982y). Relationships between excesSiadophorabiomass and known nutrient
sources were well defined in Lake Huron, where amionutrient concentrations were not nearly
as high as those found in the lower Lakes (e.ger&tial 1982a). In Lake Huron, nuisance
Cladophorabiomass declined with increasing distance fronmihigient source, both in an
alongshore and offshore direction, and the rangerevblearly defined gradients in water column
SRP andCladophoratissue P content existed was ~ 250 to 500 m (Aual. 1982a).

An assessment of whether such spatial patterredation to point sources or shoreline
sources of nutrient might occur in present day sbare Lake Ontario is therefore predicated on
establishing that both current water column nutreamcentrations an@ladophoratissue P
content are indeed lower than historical levelgshgn1970s, near shore and offshore TP
concentrations in Lake Ontario were high, rangign 18 to 30 pg L, while SRP ranged
between 3 and 10 pg'L(Ministry of Environment 1980, Haffner et al. 1984alkin et al.
submitted). During this study, concentrations ofilfhe near shore at Oakville averaged close
to the 10 ug [* GLWQA target (mean 10.62 + 4.96 pug)l.and SRP was below 3 pg (mean
2.25 + 2.82 ug 1) for much of the growing season (May to Septemheith higher
concentrations observed during spring or latenfahths. At Pickering, TP tended to be slightly
higher, ranging from 6 to 22 pg'Lbut average concentrations (mean 11.59 + 4.31 wgvere
comparable to those at Oakville. SRP concentratii®ckering also followed a comparable
seasonal trend as at Oakville, but were more Mariaind generally did not exceed 3 iy L
during the May — August period (mean 1.92 + 2.471 jiy Interestingly, P concentrations
observed in the months of September and Octolimthtstudy sites are consistent with
enrichment of the coastal zone, but the proximatese remains unknown and is difficult to
determine. That such enrichment is not observenhgltine June — August period may reflect the
biological demand for P bgladophoraand the trapping of particulate material by dremnsg
mussels.

Much like the reduced nutrient concentrations ikd@®ntario, measuregdladophora
tissue P content also declined from lakewide avesag 0.49 % in 1972, to 0.20 % in 1983 (as
ash free dry weight; Painter and Kamaitis 1987)réht estimates of tissue P at Oakville rarely
exceeded 0.16 % (by dry weight; Houben 2007) urdesiepths of 10 m. Although not reported
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in this chapter, tissue P (by dry weight) at Pigkgraveraged 0.17 % (n=80) and exceeded 0.16
% only at depths of 5 m or greater, or in the memthSeptember and October (Leon et al. 2009).
The decline of tissue P during the summer montishallow waters indicates that dilution
through growth exceeds supply at that time. Givienrelatively low nutrient and tissue P
concentrations observed during the summer montlem ®@kadophorais actively growing, this
suggests that spatial associations between nui§Zladephoraand potential nutrient sources

might well occur at the study sites.

4.5.1Patterns of nuisanceCladophoragrowth and municipal WWTP outfalls

Although this study did not find strong evidencatt/WTP outfalls could impact water
chemistry on a local scale (e.g., < 1 km), follogvaiudies at Pickering in 2008 were able to
detect a considerable influence of the Duffins WW6FHocal water quality, primarily through
the effect of higher TP and SRP concentrationsriletal. 2009). However, it is important to
note that this effect is not constant; rather @msg to vary depending on the ambient conditions at
the time of sampling. The primary goal of a WWTRfalldiffuser system is to rapidly mix the
discharged effluent stream with the lake watemehg minimizing any potential localized
enrichment (Rao et al. 2003). Mixing of effluerarit a WWTP diffuser is generally
accomplished by two processes 1) intense mixingdéntion created by the turbulence from the
diffuser and 2) the mixing of the waste field bg thydrodynamic forces generated within the
lake. Depending on the density of the effluent #reddensity of the receiving lake water, this
waste field may boil to the surface or remain texppt a depth of neutral buoyancy (Murthy and
Csanady 1971, Rao et al. 2003). For most outfstilglies have shown that at distances of < 1000
m, water quality and bacteriological parameterscaraparable to background concentrations,
and suggest that mixing is generally thorough (peind Csanady 1971, Rao et al. 2003). Rao
et al. (2003) determined the optimal depth for @uiflacement in the western basin of Lake
Ontario to be 14 m depth and 1200 m from shorelieae efficient dilution and mixing.

The lack of a consistent outfall effect during theveys at Oakville and Pickering likely
results from a) stations situated beyond the 10@0stance which translates into a low
probability of “detecting” a waste plume, and b thbservation that infrequent sampling
(monthly at Oakville, bi-weekly at Pickering) magtrbe of sufficient to fully characterize the
dynamics. In both study sites, the WWTP have bdentified as the largest local source of P to
the immediate study areas (e.g., Aquafor Beech ,208@n et al. 2009). Despite this, the
concentrations of P that were measured in thisystivdraged close to the GLWQA target of 10

my L™, and rarely exceeded 1§ L™ during the summer months (June — August) when
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Cladophoragrowth is most prominent. Very high P concentrati¢tb — 30y L™) were
observed, however, during September and Octolmthtstudy sites, but this does not
necessarily implicate WWTP as the proximate sodtes.entirely possible that P discharged by
the WWTP outfalls is quickly assimilated by phytapikton, but the chlorophyll a concentrations
measured in this study do not provide compellingence for this.

In this study, no spatial association between mas&@ladophorabiomass and WWTP
outfalls was found for either the Oakuville sitetbe Pickering site. Based on the depths of the
outfalls at the Oakville site (Southeast WWTP ditfa4 m depth, 300 m from shore, Clarkson
WWTP outfall; ~ 16 m depth; 1.4 km from shore) sgger patterns might be expected to occur in
relation to the Southeast WWTP outfall, as it @selr in proximity to shore and large piers at the
north end of the study site likely disrupt alonghcurrents commonly observed in this area.
However, much of the excessive biomass occurrdistnces in excess of 2 km away, and was
clearly not locally restricted to the vicinity otlger the Southeast or Clarkson WWTP outfall. At
Pickering, the Duffins WWTP outfall is the majortfall influencing this study site. Although
nuisanceCladophorabiomass was found not to be spatially associattdthis outfall at any of
the survey periods, the lack of suitable subsirateediately adjacent to the diffuser complicates
interpretationCladophoragrowth within a 1.5 km radius of the outfall isbstrate limited, as
much of the lake bottom between Duffin’'s Creek el WWTP outfall is sand, particularly in
the shallow depths (< 5m) (D. Depew, unpubl. d&ajne hard substratum does exist, primarily
in patchy aggregations of large rocks and bouldermsore suitable substratum were available in
close proximity to the outfall, accumulation©fadophoraat distances closer than 1000 m might
well occur, especially given the high P concentragithat have been periodically measured in the

vicinity of the outfall (Leon et al. 2009).

4.5.2NuisanceCladophorabiomass and shoreline nutrient sources

In contrast to the placement and mixing conditiang/WTP outfalls, mixing and
dispersion of effluent is much less efficient fboeeline based discharges such as storm sewers
and tributaries. Both numerical and experimentaaence suggests that a given effluent plume
will tend to closely follow the shoreline in resanto flow patterns influenced by lake wide
circulation (Csanady 1970). With high nutrient loay] this can ultimately result in a situation of
coastal entrapment, creating gradients in nutaedtcontaminant concentrations that increase
toward shore. Depending on the discharge volumecandentration, this can form a widespread
zone of enrichment (Csanady 1970). Seasonal chatgemfluence these processes, the prime

example being the coastal entrapment of nutrientid thermal bar (Rao et al. 2004). With the
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thermal bar, an additional impediment to horizomating is provided by the presence of the
dense band of 3.98 °C water that gradually movishofe as the near shore waters warm in the
spring (Rao et al. 2004). Combined with the higitHarges that are characteristic during the
spring, the potential for a highly enriched neasrstzone is high. The early spring sampling at
Oakuville in April 2006 was designed to evaluatettinermal bar period. Parameters that can be
considered tracers of tributary input (e.g.,JN&hd CIl) displayed strong gradients in
concentration that decreased as distance fromithedry increased. Not surprisingly, the highest
concentrations were generally observed for theeltrggibutary (16 Mile Creek) and were
observed within 500 m of the tributary mouth. Hoeew concentrations did not comparable
spatial gradients and concentrations were genanatigmarkable (mean TP 8.31 + 1.91; range
4.75 - 13.951g L. The lack of a similar pattern for concentratiofid P, TDP and SRP
suggests either that tributary input of P durirng spring were not characterized by high
concentrations, or that P inputs quickly sink duthe water column or are quickly taken up. The
observation that P concentrations in tributarieth@se urbanized catchments are decreasing or
remaining stable while concentrations of &id NQ' are increasing (e.g., Ontario Ministry of
Environment 1999) support the former.

For much of the growing season (May — October)epagtin near shore water quality can
vary considerably. Hydrodynamic features commothé&Great Lakes (e.g., upwelling and
downwelling) can and do periodically disrupt thenfiation of near shore enrichment zones (Rao
and Schwab 2007). In general, dilution of effluaditcharged directly at the shoreline by
currents is generally quite poor due to the frictimparted by the bottom on very near shore
currents (Csanady 1970). This low frequency of ngxvith offshore waters was likely the cause
of widespread near shore enrichment in the loweaGrakes during the 1950s and 1960s, when
nutrient loading from point sources and non-pourses to the lake via tributaries was high
(Gregor and Rast 1982). If tributaries and stormese are providing a considerable nutrient load
from non-point sources, higher nutrient conceraregiin shallow waters should be a reasonable
expectation along these urban shorelines.

Patterns of water chemistry suggestive of chroagrshore nutrient enrichment were
generally not evident at the two study sites. Offa@ameters such as @t Oakville, and TSS at
Pickering were elevated at 2 m sites relative amé& 10 m sites, and are consistent with the near
shore trapping of discharge from storm sewers dbdtaries and such patterns are detectable up
to several hundred meters away form the sourCe(#3.is consistent with a similar study
conducted at the outflow of Cooksville Creek (neart Credit, ONT; see Chapter 3) during the

summer of 2004. Here, strong spatial patterns detrating elevated concentrations of TSS, Cl
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and TP up to 500 m away from the mouth of the creete evident across much of the season
(Hiriart-Baer et al. 2009). Although the pattertserved for Cland TSS at these sites were
consistent with those observed by Hiriart-Baerl ef2009) at Cooksville Creek, similar trends

for TP, TDP or SRP at Oakville and Pickering wentapparent. These contrasting patterns may
arise from differing geomorphology of the shoredirmad the subsequent effects on currents that
disperse tributary discharge. For example, a large-made harbor is adjacent to Cooksville
Creek. This provides a moderately protected arget inom the main portion of the lake (e.g., see
Figure 3.3b), while the Oakville and Pickering sitgg#e much more exposed and subjected to
wind and wave action (Pickering) and un-impededglshore flow (Oakville). Cooler, wet
summers with heavy precipitation can also resutiointinued measures of high P concentrations
near tributaries (e.g., Malkin 2007). 2004 was afemtified as an abnormally cool and wet
summer with higher discharge from 16 Mile CreekK@ite, May — September mean discharge
=1.71 + 1.63 rhs’, Water Survey of Canada stations 02HB004 and 028Band higher
concentrations of TP were measured at the Oalaitlein 2004 compared to 2005 (which was
warmer and drier, May — September mean discha@5+ 0.53 ms?) (e.g., Malkin 2007;
Malkin et al. submitted). Given the close geograghproximity of Cooksville Creek and 16

Mile Creek (~ 16 km) it is likely that Cooksviller€ek experienced comparable regional
meteorology as Oakville, and therefore higher tabydischarge and presumably nutrient
loading in 2004. The limited sampling conducte@®akville and near Cooksville during an
earlier study in 2005 (Chapter 3) demonstratedRogoncentrations and is consistent the trends
in tributary discharges observed at Oakville. Unfoately, discharges for 2006 are not available
for 16 Mile Creek. Inter-annual differences in nmetdogy may therefore affect nutrient
concentrations in near shore waters by increasimg) (or decreasing (dry) discharge.

Other local phenomena may also influence the pattef near shore water quality at
Oakville and Pickering. At Pickering, the re-susgien of sand and softer substrate via wind and
wave action, the transport of eroded sediments tt@nScarborough bluffs in an eastward
direction (e.g., Martini and Kwong 1985) may alsfiience water quality. The degree to which
this occurred during this study is not easily assdsHowever, the lack of comparable variation
in TSS at PI2 as compared to the other transeetddition to the general lack of soft substratum
at transect PI4 suggest the high TSS measureds# transects is likely derived from tributaries
(e.g., Rouge River at PI1, and Duffins Creek atdt@ P14) rather than re-suspension or long
shore transport of eroded sediments At Oakuville Ric#ering, the influence of upwelling was
evident in water temperatures, but less so on vediemistry. Historically, upwelling of cooler

metalimnion or hypolimnion water often increasecbRcentrations as remineralized P was
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injected into near shore regions (Haffner et aB4t9 Lean et al. 1990). However, as early as the
late 1980s, upwelling of hypolimnion water was etéerized by low nutrient concentrations
(e.g., Lean et al. 1990). Without samples collegtédin minutes of upwelling it is difficult to
assess the potential for P inputs from upwelledewdiut based on recent offshore water
chemistry trends (e.g., Malkin et al. submitted) &mited near shore sampling conducted soon
after upwelling (e.g., Malkin 2007), P inputs vigwelling can be assumed to be negligible.

Despite a generally widespread distribution of anceCladophorabiomass, on 23 June
and 1 AugustCladophorabiomass did show significant spatial associatidcth atorm sewers at
the Oakville site. Stom sewers are known to traridpath particulate and soluble forms of P
(Bannerman et al. 1993, Sorrano et al. 1996) amditnificant association between nuisance
Cladophora biomass and proximity to storm seweng snggest some influence of storm sewers
as contributing to the spatial patternsGthdophoragrowth. However, significant association
between nuisancéladophorabiomass and bathymetric slope was also observ@® dane and
complicates the interpretation. Partial Manteldesinducted for these dates explicitly to examine
relationships between bathymetric slope and prayitoi storm sewers also revealed a highly
significant relationship for 23 June and 11 Julyt, toot 1 August (partial Mantel r =0.18 and r =
0.08,p<0.0005 angh<0.05 respectively). This suggests that areas adjdo storm sewers at
Oakville often had relatively flat bathymetry. Sutdt areas may support excess@adophora
biomass by slowing the loss Gfadophorabiomass by attenuating wave energy or allowing for
deposition of detached biomass. The lack of a fsogmit relationship between proximity to storm
sewers and slope in August may be a reflectioh@ftmall sample size (Table 4.5) or it may
indicate a potential importance of periodic disgearof nutrients by storm sewers during the
summer for localized areas.

At Pickering, significant relationships betweensawceCladophorabiomass and
proximity to storm sewers were not obseved. Thi td@ relationship at Pickering may simply
be due the general lack of suitable substratunmorimity to storm sewers. Much of the
substratum in depths of 1- 2 m along the shorelinere storm sewers are numerous is composed
of sand and the maps indicate that these areasadjgmemained devoid of growth for much of
the study period (see Figures 4.11 to 4.19). Howaetis clear from the maps th&tadophora
does grow well at distances far removed from steemers, and these do not appear to be
contributing to growth patterns at this site.

Despite the obvious presence of a large patchafyheover and high biomass
immediate south of 16 Mile CreekJadophorabiomass did not show significant relationships in

proximity to tributaries at Oakville. This may baalto a non-linear pattern in biomass
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distribution when examined as a function of proxymad tributary mouth. This would not be
inconsistent with the patterns of growth inducedkyibutary plume that generates persistent
highly turbid water immediately adjacent to théatiary mouth. Here, light is limiting and the
tributary plume likely has a negative effect@adophoragrowth, even in the presence of excess
nutrients. Further from the tributary mouth, asvieaparticles settle and finer particles are
further diluted, light limitation is likely alleviad. Therefore, a strongly linear relationship
betweerCladophorabiomass and proximity to tributaries is not neaesexpected. However,

it is difficult to infer the stability and persistee of such turbidity plumes since tributary plumes
are generally transient. Tributary plumes are subgeto flow reversals and hydrodynamics once
in the lake (Rao and Schwab 2007). This may inctidges in direction on the order of 5 -8
days (Rao and Schwab 2007) or trapping near sudageg and after an upwelling event (Fong
and Geyer 2002).

At Pickering, significant relationships betwe€ladophorabiomass and proximity to
tributaries were observed on three of the survégsdanterestingly, these relationships were only
observed during the surveys when macrophyte growtliter Frenchman'’s Bay had expanded to
near maximum coverage. Repeating the partial Maests with the Frenchman’s Bay tributary
source removed, the partial Mantel tests wereall significant for all surveys, including the
three dates where Frenchman’s Bay induced a signifiresult (July 25, r = -0.04, and August 8,
r =-0.04, p > 0.9 respectively). This suggests tiwa significant association betwe€ladophora
biomass and proximity to tributaries at Pickeringsvinduced largely by the large area of

macrophyte an@ladophoragrowth west of PNGS in outer Frenchman’s Bay.

4.6 Summary and Conclusions

The current distribution of nuisan€@adophoragrowth at two highly urbanized
shorelines in Lake Ontario (Oakville and Pickerirgy)videspread and not well explained by
proximity to known point sources or shoreline reritisources. At these study sites, the local
WWTP are the largest P contributors in terms ofgeal nutrient load (Aquafor Beech 2006,
Leon et al. 2009), followed by the major tributar{e.g., 16 Mile Creek at Oakville, Aquafor
Beech 2006, and Duffins Creek at Pickering; Leoal €2009) and storm sewers as the smallest
(Aquafor Beech 2006, Leon et al. 2009). Near shater chemistry measured during the typical
Cladophoragrowing season (May — August) does not appeaave heturned to levels measured
during the 1970s and early 80s (e.g., Ontario Niyisf Environment 1980), and the current
patterns of widespread growth are difficult to redte with recent measures of P concentrations.

The absence of strong consistent patterr@Slafiophoragrowth at these sites in relation to these
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known and potential nutreint sources does not seciys preclude the dependence of
Cladophoragrowth on nutrients from theses sources, but rdtfa there is no compelling
evidence that these known nutrient sources aregibatibg to current growth patterns of
excessiveCladophorabiomass. There is little evidence that WWTP inwlest basin of Lake
Ontario have significantly increased their loadiid® to the lake with the discharge of treated
effluent because of improvements to treatmentifeesl(Medeiros and Molot 2006), and
monitored tributaries and calculated loads fromritagor tributaries at these study sites appear to
have declined relative to loads experienced in8w®0s and early 1980s (Malkin et al. submitted)
when high P concentrations were widespread alorghrofithe Lake Ontario near shore. A
companion study o€ladophoranutrient content conducted at the Oakville siteossistent with
the results of this study; little spatial variationCladophoratissue P or N existed, except that
which was imparted by depth (e.g., light limitafiomhis suggests that along the shoreline, the
nutrient content (and thus general availabilityofrients) was homogeneous and did not indicate
localized areas of continued enrichment (Houbery200

Dreissenid mussels could account for the currettépaofCladophoragrowth, largely
because they are relatively ubiquitous on hardtsatiesat these sites (e.g., Ozersky et al. 2009,
T.Ozerksy unpubl. data) and the rates of in sitwient supply have been estimated to be
sufficient to meeCladophorademand for P (Ozersky et al. 2009). Yet, it isastmple task to
determine whether or n@ladophorais solely dependent on dreissenid supplied nusjeror is
it simple to determine wether or not dreissenidsinfluence the mobility of catchment derived
nutrients once they enter the lake form tributagiestorm sewers. During the thermal bar period,
high P concentrations were not commonly observédbhville, despite clear patterns in NO
and Cl that could be attributed to 16 Mile Creek. Therthed bar has been hypothesized to be
important forCladophoraby providing conditions suitable for luxury uptaded storage of P by
Cladophorafor later growth in the summer (Rao et al. 20B#Hwever, there are two
fundamental problems with this assumption. Ftéhdophorabiomass must be sufficiently large
in order to sequester enough P to support the meesgrowths that occur in the summer months.
Second, since internal P contenGfidophoraduring the early spring is generally already high
(e.g., Higgins 2005, Malkin 2007), further uptakenot likely to occur without an increase in
growth (which is likely temperature limited at thmbient temperatures observed in the thermal
bar; Hoffmann and Graham 1984) because slow grgWingch tissue is already saturated and
unable to sequester significant P (Auer and Cat@82b). Therefore, P inputs from the
catchment during the thermal bar are unlikely tedaly benefitCladophora Wether or not

dreissenid mussels might be effective at trappiyrataining such P inputs during this time
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period remains unanswered, but does provide onéaném for the retention of spring runoff
derived nutrients in the near shore.

Unfortunately, it is not possible to discern frame tdata in this study if a particular
shoreline nutrient source might be problematic {eeexample the storm sewers and high
biomass at Oakville). Exposure to transient P sssistich as periodic urban runoff and tributary
plumes may provide sufficient P to support a tdd fiocrease irCladophorabiomass (Auer and
Canale 1982b) but further site specific work witbrenfrequent temporal sampling and a finer
spatial scale analysis would be required to eldeidach effects and quantify their importance to
the seasonal pattern of growth (if any). This stddgs, however, provide a starting point by
identifying potential areas of interest where swdhnk could be done.

The results of this study do not support the hypsiththat the current patterns of
nuisance biomass @fladophoraalong these urban shorelines in Lake Ontarioiiedrby
nutrient loading from known point or shoreline bdiseurces. These results are consistent with
previous surveys both at the same location (Oalyitither urbanized areas (Port Credit) and
other sites in Lake Ontario and Lake Erie that sivgespread accumulation of nuisance
Cladophora at sites that are characterized by dfigimdance of dreissenid mussels. Future work
at finer temporal and spatial scales would be heiaéfor conclusively separating the effects of

near shore nutrient sources and dreisseni@adophorain the Great Lakes.
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Chapter 5
Spatial structure in a complex coastal zone: New ntigods for

elucidating controls on water quality and phytoplarkton

5.1 Overview

Nighttime surveys of a 4 to 6 km long section efstern Lake Ontario shoreline were
conducted with a small boat equipped with instrutmeonfigured to sample at high spatial
resolution to assess the spatial patterns of beatbal distribution, phytoplankton photosynthetic
efficiency, dissolved gases (e.g., £8hd Q) and water masses in the shallow areas of tloedltt
zone (1 to 10 m depth). In early September, #dfieisloughing of benthic algal growth,
downwelling of offshore waters dominated, resultimg spatially homogeneous water mass
characterized by warm surface temperatures, higherdrations of TP (mean 17.71 £ 5.6@0L
1) and a phytoplankton community with high photostic efficiency (mean , = 0.62). In
contrast, during a mid-summer period characterigeexstensive heavy cover of benthic algae,
upwelling of cooler metalimnetic waters in the nslaore combined with warmer tributary
discharge, resulted in a significantly higher sgdatariability of water quality, phytoplankton
community composition, and phytoplankton photosgtithefficiency (mean J, ~ 0.43), with
much of the spatial pattern oriented along shoaéiefhs driven by both seasonal variability and
physical processes are apparent in the near shaeke Ontario. Signals in water column
dissolved gases (e.g., G@,) at times of high benthic algal cover suggest pladterns in the
near shore may be further influenced by biota. Re&wm this study provide a unique method
for characterizing the relevant spatial scalescobgstem processes in a highly dynamic, complex

costal zone.
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5.2 Introduction

Coastal ecosystems, both freshwater and marinejnaer serious threat from many
human related stressors (Niemi et al. 2007). Theatdrakes coastal regions are highly dynamic
ecosystems which link the terrestrial and aquatidrenments, facilitating the exchange of
energy and materials between coastal and pelagaystems (Edsall and Charlton 1997). The
coastal regions of the Great Lakes provide a witigl in many ecosystem processes that have lake
wide importance. Coastal regions may be importanpfimary and secondary production
(Mackey and Goforth 2005), provide crucial habitatfish (Randall and Minns 2002), resources
for anthropogenic uses (e.g., potable water antingpavater for industry; Edsall and Charlton
1997), and areas with intrinsic recreational vd@urehe near 35 million residents of the costal
regions of the Great Lakes (Niemi et al. 2007).sehaear shore regions are therefore of much
greater importance than their relatively limitecsg@ extent would suggest (Mackey and Goforth
2005). Although much of the previous scientifiecatton has primarily focused on the open
waters of the Great Lakes, there has been a renemplasis to include coastal components in
lake wide monitoring programs (Neilson et al. 2Q@Rjt much of the ecology and dynamics
remain poorly understood, especially in the expos=t shore areas (Randall and Minns 2002).
This limited understanding of near shore ecology thie processes controlling the variability is
therefore a serious impediment to coastal zone gaamant and restoration.

A recurring challenge to ecologists is to underdtamd ultimately predict, the factors
that determine structure in natural and managedhamties (Menge et al. 1997). At present, the
understanding of near shore ecology in the Greled. & based largely on research at relatively
small spatial scales (e.g., transects, or singlgbag sites). However, the influence of biotic and
physical factors can vary across spatial scalastlaninterpretations based on small scale studies
often need modification when large scales are densd. Therefore, further elucidation of the
determinants of near shore spatial patterns wilede on the study of links between small scale
and large scale processes. Presently, the limitddratanding of near shore ecology in the open
near shore of the Great Lakes is due to the histioias toward offshore sampling, logistical
difficulty conducting adequate surveillance, anel ittherent spatial and temporal variability
imposed by climate and meteorologically driven ptglsprocesses that dominate in the near
shore environment (Rao and Schwab 2007). Moredtivemperception of many open near shore
environments as “wet deserts” (Brazner and Be&@3 1&hat support little biodiversity in
comparison with other more productive areas (emghayments, wetlands) ultimately makes the

definition of the near shore, measurement andprggaition of patterns within it extremely
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challenging. Robust assessment and monitoring rdstace therefore needed to characterize near
shore areas. Without comprehensive knowledge ofphéal variability, conditions in the near
shore, and linkages to the open waters of the laledifficult to effectively devise management
strategies that lead to demonstrable improvememsar shore conditions.

In this study, methods to systematically sampleetrs for water masses (e.g.,
temperature, conductivity), biological processeass@ved gases GOO,), phytoplankton
community structure and condition (e.g., spectuarescence and active fluorescence), and
benthic algae cover and canopy height at high uéisalin a highly complex coastal zone were
evaluated. Geostatistical methods are employedaiuate and characterize the spatial structure
of the data collected, create snapshot maps afifigbution of the above parameters in the near
shore, and test hypotheses about factors that orayot the spatial structure in a highly dynamic
near shore zone. Specifically, this work seeksefind the relevant scales of spatial variability in
phytoplankton community structure and conditiohie near shore, and evaluate the potential for
recognizable spatial patterns to be imparted byangde crops of benthic algae at times of high
biomass and cover. To date, such data are noablafor the open near shore of the Great
Lakes. Consequently, the tools and methods emplioytiils study may be adapted and applied
to other areas to assess the linkages betweersimaar biological communities and the physical

characteristics of the near shore environments.
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5.3 Materials and Methods

5.3.1Study site and sampling design

Nighttime (2200 hrs to 0600 hrs) surveys were ceotetl along the Oakville shoreline in
western Lake Ontario (Figure 5.1) on two dates {&aper 14-15 2006, and June 25-26 2007).
This site is underlain by boulder and cobble sabstand supports moderate abundances of
dreissenid mussels (~ 3500°nDzersky et al. 2009) and heavy growttCiddophorais
common during the summer months (Chapter 2, Ch@ptdialkin et al. 2008).

Surveys were performed on a 21 ft aluminum vesstitied with two acoustic
transducers and a flow through system set up teuneaurface water (~ 0.3 m below surface)
pCQO,, conductivity, temperature, dissolved, @nd both spectral and variable chloroplayll
fluorescence. In 2006, the acoustic survey was tetegbduring daylight hours. The night time
survey covered a greater range of depths (to 3@nahtransects were run perpendicular to shore,
spaced between 75 and 150 m apart. In 2007 bothctiestic and night time survey were
conducted concurrently, running transects partilshore, spaced ~ 50 to 75 m apart. All
surveys were conducted with the vessel travelingden 1.8 and 2.3 m'sAcoustic data to

characterize benthic algal growth was analyzedguaiMatlab based GUI (Chapter 2).

5.3.2Flow through system and set-up

All underway data (acoustics excluded) were measaneinflowing water from a 12 V
pump (Cyclone pump, Proactive Environmental ProgjuBtadenton FL, USA, 10 L nifi
attached to an intake pipe (18 mm diameter), maliotethe bow of the vessel. The intake pipe
was located ~ 0.3 m below the surface and ~ 0.5 front of the vessel so as to sample water
that was not disturbed by boat passage. The imtipleeand was covered with nylon screen (~ 2.3
mm aperture size) to prevent large clumps of detd€tadophoraand other detritus from
fouling the system. Lake water was pumped througmfn ID opaque polyethylene tubing to a
stainless steel pre-filter (124A-SC, 108 mesh, Spraying Systems Co. Chicago IL, USA)
before being diverted to a three way splitting edior diversion to a series of probes and other
instruments (Figure 5.2). During the surveys, a BGHRC212, Japan Radio Co.) provided fix
updates at 1 second intervals (positional erroms; 3apan Radio Co.). Because of different
sensitivities and reporting cycles with differerP& units, | elected to use the DGPS data to co-
locate all data collected by other instrumentat@hinstrument clocks and laptop clocks were
synchronized to the clock time from the DGPS si#éslusing NMEATiIme v1.2 (VisualGPS
LLC, Orange, CA).
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Figure 5.1Map of the study site at Oakville, ON. Inset pastehotes location of the study site in
Lake Ontario. Sites sampled for water chemistr2006 are denoted by (). Sites sampled for
water chemistry in 2007 include transects OA1, O&&] two additional transects (OA5, and
OAG6) denoted by (). Storm sewers are represented on the map pyfd municipal waste
water treatment plant outfalls by [.Note only active municipal WWTP outfalls are |tk
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Figure 5.2.Schematic diagram of the flow through system engudioguring the study. Note that
for the 2006 survey, the Fluoroprobe and YSI-66@@eanot online due to logistical problems.
Blue arrows indicate incoming lake water (intakeepiocated ~ 0.3 m depth, 0.5 m in front of
vessel). Red arrows indicate outflowing water thas diverted back into the lake. Note that the
peristaltic pump for the IRGA also contained anidiet for measuring atmospheric gfxior to
commencing water flow.
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pCO;

Measurements of atmospheric, surface p@@l water temperature were made using an
apparatus designed by Morris Holoka and Ray HesflB@partment of Fisheries and Oceans,
Winnipeg, Canada). This unit consisted of a dagdogCR10X, Campbell Scientific, Edmonton,
Alberta), a peristaltic pump, and a non-dispergive-red gas analyzer (IRGA; Li-820, Li-Cor,
Lincoln, Nebraska, USA). Inflowing water from th@ake pump flowed first past a thermistor
(P107, Campbell Scientific) then through a membi@orgactor (Liqui-Cel, Membrana,
Charlotte, NC, USA). The membrane contactor extidititie dissolved gas by increasing the
pressure of the air stream, and the extracted ga<irculated using an air pump via a separate
system, first through Nafion tubing (PermaPure Tétner, NJ, USA) to remove moisture, then
via tygon tubing through the IRGA which measuresl tholar fraction of CQ(xCO,) of the gas
stream and gas pressure (atm). Gas removed fromatteg, once passed through the IRGA was
returned to the outflowing water stream before pginmped over the side of the vessel.
Measurements of water temperature, gas pressuneGiddwvere recorded on the data logger at
20 second intervals. The data logger was also abedieo a solenoid which directed either
atmospheric air or the airstream from the membcameactor into the IRGA, a reverser which
designated the direction of water flow, and a paimechanical switches to control these
components. The peristaltic pump pushed water tiraa a rate of 1.2 L mi varying slightly
with battery charge. The water volume housed intubang was never more than 0.02 L. The
IRGA analyzer was calibrated for a range of 0 tdQPpm on a bi-weekly basis using aLO

standard gas (Praxair Inc., Cambridge, ON.).

Conductivity, dissolved Dwater temperature

Measurements of conductivity, temperature (YSI §560d dissolved (Y SI-6150
ROX DO) were measured using a YSI-6600 multiprdie2 YSI probe sensors were immersed
into a 33 cm long cylinder of ABS pipe (closedfs bottom end; 14 cm diameter) and connected
to one inflowing water line. The displacement vouof the YSI probes and instrument body was
sufficient to keep the volume of water containethi& ABS pipe to less than 1 L, allowing for
complete flushing within 15 seconds. Recorded datie therefore averaged over 15 second
intervals prior to analysis and merging with the E¥sstring.
Spectral Fluorescence measurements

Measures of phytoplankton pigment fluorescence wexde at 5 wavelengths using a
Fluoroprobe (bbe Moldaenke, GmbH). The fluoroprobetains five light emitting diodes (450,
525, 570, 590 and 610 nm) for excitation of pigrsgaresent in phytoplankton and a UV-blue
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LED (370 nm max, range 350 to 440 nm) for the déffgial excitation and correction for
fluorescence emitted by dissolved organic matt@NI). The excitation spectrum is compared to
fingerprint curves for four different phytoplanktgnoups based on their response to multi-
wavelength excitation, and is reported as chl al(f)gequivalents (Beutler et al. 2002). Although
there are conflicting reports on the efficacy @ fluoroprobe at distinguishing phytoplankton
taxa in the Great Lakes (e.g., Ghadouani and S0y, Pemberton et al. 2007), the use of the
Fluoroprobe in this study was not specifically W@leate the accuracy of the measurements, but
to monitor substantial changes in spectral fluease that may indicate significant changes in
community composition. In addition, | hypothesizhdt the UV-blue LED would be moderately
effective at identifying fluorescent compoundsefestrial origin near substantial tributaries
(bbe Moldaenke, 2004). The Fluoroprobe was immeirsieda pail (volume of water ~ 2.3 L) and
the flow rate into the pail was adjusted to prowadiéushing time of ~ 15 to 20 seconds. The
Fluoroprobe was programmed to measure every 5 decand data aggregated over 15 second
intervals prior to merging with the DGPS string.
Active fluorescence measurements

Measurements of active fluorescence of phytoplantere made using a fast-repetition
rate fluorometer (FRRF; Chelsea Technologies Grolf), Maximal and minimal fluorescence,
Fn and K respectively, were measured on water from the flimough system (Figure 5.2)
passed through darkened tygon tubing (3/4” ID) thevdark chamber of a FRR fluorometer
(Mark I, Chelsea Technologies Group, SN 182055)atpd in benchtop mode. The FRRF
measurement protocol consisted of a gradient ofppileshes that delivered 100 excitation
flashes within 280 us, and 20 relaxation flashahiwi50 pus. A series of 8 flash sequences were
internally averaged and repeated every 5 secoasdark chamber under normal use has a
flushing time of 0.2 to 1 second, depending in mpation and profiling speed. The three way
valve system was used to adjust the flow rate gababmplete flushing occurred within ~ 2
seconds, which is sufficient time for 8 acquisite@guences before complete flushing occurs.
The ratio F/Fy, (where F =F,- Fy) measures the maximal quantum efficiency of phystiesn |
(PSIl) (Kolber and Falkowski 1993),/F, is considered to reach a theoretical maximum vafue
0.65 when all PSII reaction centers are open (Kadinel Falkowski 1993). Variability in A, is
associated with the physiological condition of pgtoplankton (Olaizola et al. 1996) and has
been linked to nutrient limitation in some wateBe(der et al. 1993). The functional absorption
cross section of PSII gs;) is a measure of photochemical target size of &&llis the product of
absorption by the suite of PSIl antennae pigmemdstiae probability that an exciton within the

antenna will cause a photochemical reaction (Ko#ted. 1998). Considerable taxonomic
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variability of g is observed; and, in addition, other factors sagphotoacclimation and
nutrient status can also affect this parameterd@est al. 1991, Kolber et al. 1998, Suggett et al.
2004). During daylight hours, dark adapted fluoesse may be affected by the activation of
non-photochemical pathways, depending on the durati the dark adaption period. Because
these surveys were conducted at night, phytoplanktre considered to be already dark
adapted, and measures ofFs reported in this study are somewhat unique sineg tepresent
“true” dark adapted (ie. night-time) measures ajtpbynthetic efficiency because phytoplankton
are not containerized for the purposes of dark tmfaprior to measurement. Downloaded FRRF
data were analyzed using the V6 software (run itlddaprovided by Sam Laney), which
represents an updated version of the V5 softwaaadl 2003). Raw data were quality controlled
by eliminating any data collected on gains highant16, and during times when the DGPS unit
was not recording. /i, was calculated on data processed to accountgttument noise (IRF)
but not for blanks (see below).
Effect of blanks

Determination of an appropriate fluorescence blarkthe signal associated with the
absence of chlorophyd, is recognized as an important issue in oceanbgrapsearch,
particularly in low chlorophyll waters (Cullen abhvis 2003). Because this study had a
significant spatial component to it, collectingequivalent number of sample blanks was not
possible. | therefore sought to evaluate the efféblanks on survey data by collecting blanks at
transect stations (Figure 5.1), which cover a rafgiepths and presumably the conditions
encountered during the survey. Samples for blardee wollected from the outflow of the FRRF
dark chamber into 60 mL dark polycarbonate bottes, stored in a cooler. Upon return to the
laboratory, blanks were filtered using a peristaitimp and a pleated cartridge filter (polysulfone
membrane, pore size 0.2n; Pall Corporation, Ann Arbor MI, USA). Filteredlde water blanks
were run on the same instrument gain as the sulatywas collected on (gains 4 and 16; except
in the mouth of 16 Mile Creek, where the FRRF vaawged to a gain of 1). No significant
differences in baseline or maximal fluorescenceavieund between the cartridge filtration
procedure described above at pressures below ~ Bigymand gravity filtration with a 0.2m
polycarbonate filter (D. Depew, unpubl. data). Feszence from the filtered lake water blanks
averaged between 3.6 and 32.5 % of the measum@e$icence signal, and increased at levels of
low sample Fand R, (Figure 5.3). This dependence was similar to dfaerved by (Suggett et
al. 2006) and has been observed in Lake Erie d@d. Silsbe, University of Waterloo,
Waterloo, ON, pers, comm.). Values gfdhd F, were corrected using the equation from Figure

5.3 prior to computation of F,.
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5.3.3Water chemistry

Water samples to characterize the ambient chemighhutrient conditions at the time of
the survey were collected and analyzed for totdlsotuble phosphorus (TP and SRP), nitrate
(NO3), chloride (CI), ammonium (NH'"), phytoplankton chlorophyll a (chl), particulate carbon,
nitrogen and phosphorus (Part C,N,P). These sam@escollected in 4 L polyethylene carboys
at the same transect stations where the FRRF blaetescollected (see Figure 5.1). Upon return

to the laboratory, samples were processed as Heddri Chapters 3 and 4.
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Figure 5.3.Blank fluorescence as a percentage of sample Baeree from the surveys in 2006
and 2007. One equation was fit to the data, %Rlark 084 + 57.38&352MP*F =28 Kh<0.0001.
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5.3.4Geostatistical Analyses

The fundamentals of geostatistics, with emphasitherassumptions and methodology
involved are well explained in several publicati¢es., Isaaks and Srivastava 1989, Cressie
1991, Webster and Oliver 2001), so only a shortreamg will be provided here. In this study, |
employed a spatial correlation function called‘®mivariogram” (Cressie 1991) to characterize
the spatial autocorrelation of the data collectdte semivariogram is estimated from the data,
taking into account the spatial position of the pla® by the following equation;

g === (z(x)- Z(x +h}’ (5.1)
2N(h) 2 |

where Zk) is the value of the variableat locationx;, h is a lag distance over which the local

average is taken and N(is the number of point pairs at the lag distafeThe semivariogram

is the average of the euclidean distance betweies gfasamplesh) plotted against average

variance at distande Once the semivariogram is computed, a functiba {heoretical spatial

covariance function or semivariogram model) iefitto the empirical semivariogram through an

automated fitting procedure. In this study, | enyeld the weighted least squares method of

fitting the semivariogram model as it typically ohefs the behaviour of the semivariogram model

at the origin most clearly, which is essentialgoediction (Cressie 1991). | used either spherical

or exponential semivariograms for all data giverit®y/follwing equations;

0, h=0
o(hg) = C,+C, ((3/2)(|n|/a)- @ 2)(n|/a.)®).0<|h| £ a, (5.2)
C, +C,, b= a
0, h=0

g(h;q) = (5.3)

C, +C.(1- expt|h|/a,)),ht 0

These spatial covariance models are definedreg tbssential parameters: the nugget
(Co) (indicating the variance not explained by thetighanodel), the sill ¢(indicating the
variance explained by the spatial model) and thgea (distance beyond which spatial
autocorrelation is no longer significant). Aftemgutation of the semivariograms for each of the
respective variables, the spatial models were wsickriging (either ordinary kriging; OK, or
kriging with external drift; KED; see Chapter 1 fodiscussion of the different kriging variants).
Mantel test

In addition to characterizing the spatial structofféhe data collected to produce maps, |

sought to assess the degree of correspondencedmeBRRRF derived photosynthetic parameters
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(e.g. R/Fyn and pg)) and other data collected during this study (&walgal cover, algal stand
height, phytoplankton classes as measured by Fualbe, water temperature, conductivity,

pCQ;, and dissolved €. To accomplish this, a partial Mantel test (Sneoeskal. 1986) was
employed. The partial Mantel test is a nonparame@itial regression approach based on
dissimilarity matrices of the predictor and respowariables rather than the variables themselves.
The advantage of the partial Mantel test is the&it explicitly account for spatial autocorrelation
in both predictor and response variables as walfitas-correlations among possible predictor
variables. While Mantel and partial Mantel testsehbeen used for causal modelling (Legendre
and Trousselier 1989), in this study, results ftbmpartial Mantel tests served to test alternative
hypotheses governing the spatial patterns, @i,fand ps;. Euclidean distances were computed
for the geographic distance matrix (Universal Tvamnse Mercator Zone 17N, NAD 1983) and
the Manhattan distance was used to construct distenratrices for biological and environmental
variables (as recommended in Legendre and Legdi®&). Partial Mantel tests were performed
using the packagecodist(Goslee and Urban 2007) in the statistical soféw&” (R Core
Development Team 2007). The significance of théigddvlantel tests was assessed using a
permutation procedure using 10,000 permutatiorekéda and Somers 1989) as outlined in
Legendre (2000), and the p value was adjustechéontimber of tests conducted (e.g., Bonferroni

adjustment, /n).
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5.4 Results

September 2006 survey

September 2006 was characterized by relatively veamface temperatures (18 to 20 °C)
(Figure 5.4a) with little spatial variability, asted by the very low sill value and large range
parameter (nearly 4 km) (Table 5.2). A weak graidrtooler temperatures toward the shore is
consistent with more rapid cooling of shallow watexpected to occur seasonally at this time.
Surface pC@varied little across the survey area, but was igdigeabove atmospheric saturation
(atmospheric ~ 394 to 407 ppm) for much of the ategeyed (Table 5.2; Figure 5.4b). Surface
pCQO, appeared to increase toward the Southeast WWTRllpand was also higher than at the
outflow of Wedgewood and Morrison Creeks (Figudb$,. and within the mouth of 16 Mile
Creek (Figure 5.4b).

Despite the apparent low spatial variability infaoe temperatures, considerable
variability was observed for concentrations of T 8RP. TP and SRP were generally elevated
across all four transects (OA1, OA2, OA3, OA4) tiet highest TP (26.02 + 2.12 pg;Lmean
and stdev) and SRP (9.70 + 2.50 |i{j toncentrations were measured at transect OA4 wich
near two WWTP outfalls and Joshua Creek (Figurg &Ea@ncentrations of Cand NQ’
displayed considerably less variability than P,0%" concentrations still spanned a range of
nearly 150 pg I* along this relatively small segment of shorelihough nutrient
concentrations were high (Table 5.1) chlorophylias not, averaging 0.43 ug (Table 5.1).
Particulate nutrient ratios (e.g. C:P and N:P)aatid that despite this relatively low biomass (chl
a), phytoplankton communities did not appear tgtbengly P limited based on the thresholds
defined by Guildford and Hecky (2000) (Table 5.1).

Spatial variation was present in botjiHz, and ps) (Figure 5.4c and d). The
semivariogram parameters for botjiHz, and pg), indicated the presence of a large nugget
variance (Table 5.2). | interpret this high propmrtof unexplained variance as a result of the low
chlorophyll a concentration that was present attilhie (Table 5.1). As a result of the high
nugget variance, there was little spatial variatiok,/F,, and ps; beyond the mouth of 16 Mile
Creek (Figure 5.4c and d). The lowest values df IbpF,, and rs; were measured in the mouth
of 16 Mile Creek (FF, ~ 0.31, ps ~ 121 x 16° m? photon; Figure 5.4c and d), but quickly
increased beyond the harbor to average values/fiey, 6f ~0.62 and pg; of ~ 365 x 1G° m’
photoril. A small decline in FF, to values near 0.55 was observed toward tran€e&Bsand
OA4, in the vicinity of the WWTP outfall and neartributaries, which may have been due to a

higher level of pheophytin:chlorophyll a (Figuré&b. s, appeared to increase in the same area,
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but the relatively high nugget variance (Table ®3cures much of the spatial variation #g;
(Figure 5.4d).

The acoustic survey f&ladophorawas completed during the preceding daylight hours,
and covered a more restricted area (only from Jpthdcontour to 10 m depth contour) than the
nighttime survey (out to 30 m contour). Attachedrbass ofCladophorawas below the detection
limit for the hydroacoustics at this time becauseimof the algal material that was present in
earlier surveys (e.g., Chapter 4) had detachedd¢pat observation). Accordingly, maps showing

the absence of any benthic algae have not beetedrea

June 2007 survey

In contrast to conditions the previous Septemeasyy cover oCladophorawas evident
along much of the shoreline in June, and coverechrofithe lakebed between 1.5 m depth and 7
m depth, before falling below the detection linfitlee acoustic system in deeper waters. In some
areasCladophorasp. mats exceeded 30 cm in thickness (Figure &risld). Surface
temperatures measured during the June survey pie$anmore complex pattern than that
observed in September, with cooler temperature$o(1®6 °C; Figure 5.5¢) and a far greater
spatial variability (much higher sill parameterdanmuch lower range; Table 5.3). The higher
spatial variance appears to be related to two ffacld warm water entering the lake from the
mouth of 16 Mile Creek and possibly other tribugaralong the shore, and 2) cooler water
immediately adjacent to shore (Figure 5.5c¢). Tlaiggon of surface temperature is highly
suggestive of warmer water trapped near the sudfeedying cooler water that is present after
an upwelling event. Conductivity generally showled $ame response as temperature (i.e. high
sill indicating high spatial variance, and a rapgeameter similar to that observed for
temperature; Table 5.3 and Figure 5.5d), and tlvere pockets of low conductivity associated
with areas of cooler water (Figure 5.5d). The patté UV fluorescence from the Floroprobe
(Figure 5.5c¢) also suggests some influence oftitoees, but the spatial patterns are not coherent
with those of temperature and conductivity (Figbirfec).

Surface pC@was far more variable that the prior Septembénpagh the range of
variation between the two surveys was comparaldelérs.3). In contrast to pG@uring the
September 2006 survey, here, p@@s widely undersaturated, particularly in shalkneas,
although it once again peaked in the mouth of 1& Kreek as in September (Figure 5.5f).
Dissolved Q displayed an opposite pattern to pC@maining above saturation for much of the
survey area (except in the mouth of 16 Mile Creblgj,was particularly elevated along shore, at

depths less than 3 m (Figure 5.5h). Dissolve@l€o varied over much shorter distances
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compared to pC&Xsee Table 5.3), and interestingly displayed moespondence with chl a (a
proxy of phytoplankton biomass).

Nutrient conditions were significantly differentrihg this survey when compared to the
previous September survey (Table 5.1). Concentratid TP and SRP were significantly lower
and did not show an increasing trend toward théheast as in September, although the survey
area was smaller than that in 2006. Despite lowasrfeentrations that in September,
phytoplankton chlorophyll a was on average 4 fogghbr during the June survey, and
stoichiometric ratios (C:P and N:P) indicated @estd moderate P deficiency in the
phytoplankton. N@ concentrations, although higher than the previeigtember, varied by a
nearly identical amount (Table 5.1; CV ~ 15%).

F/Fn and pg) displayed less overall variability than in Septem{as estimated by the
sill; Table 5.3). Part of the reduced variabilgydue to a higher chlorophyll a concentration
which reduced the nugget variance to 0 f@gFfFand to 525 for pg (Table 5.3), but also the
range of K/F,, and ps; was more constrained than that observed in Segte(Rigure 5.5h and
i). Average K/F,, throughout much of the survey area was ~ 0.43kBithe previous September,
F./Fr in the mouth of 16 Mile Creek was higher (~ 0.8&)n values measured in the lake.
Several shore parallel streaks of loyiHs, were observed, some in the vicinity of tributarimst
one area near the 10 m contour at the northeastadge survey grid.rs; was generally higher
than values measured in September (mean 413%M®photor’). s in 16 Mile Creek did not
fall below 300 x 1G3° m? photor, and generally appeared to be higher toward ther @dge of
the survey area (Figure 5.5i).

Spectral fluorescence signatures from the Flofepindicated the presence of a
alongshore plume of increased chlorophyll a thifirmaited at the north edge of the survey area
and extended down the coastline at depths rangang $hore to the 5 m contour (Figure 5.5j).
Based on the taxonomic differentiation assessdtid¥loroprobe, the algal taxa within the high
chlorophyll plume were mainly chlorophytes (Figbrék) diatoms (Figure 5.5l) and cyanophytes
(Figure 5.5n). Algal taxa that were not abundarnhirnithe plume consisted primarily of

cryptophytes (Figure 5.5m).

Factors affecting spatial variability of F=, and pg

The partial Mantel tests found significant assooret between -, and ps; with
surface temperature in 2006 (Table 5.4). Rdr £ this indicated that i/, declined toward
shore, where surface temperature was cooler. f=grthis indicated a decline inpg, areas of

cooler water (e.g. near the shore). In 2007, gavtantel tests again found a significant
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association between/F,, rs;and temperature. This indicates that water mags#isis case,
shore parallel parcels) were characterized by aimilues of {fF,, and pg);. A significant
association between/F,, ps;and depth also confirms the similar values werented in a

shore parallel pattern. A significant associatiaasviound between, f~, and pCQ, but the same
pattern did not exist forpg;. Both R/F, and ps; were also significantly associated with UV
fluorescence (Table 5.5). No significant assocrsiovere observed betweejiHz and pg) with
percent algal cover, algal canopy height, phytdglamclasses (as measured by the Fluoroprobe)

conductivity or dissolved (XTable 5.5).
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Table 5.1.Summary of environmental characteristics at thdystite during the night surveys.
Bolded variables indicate significant differencesvieen the two surveys (two-way ANOVA;
depth + year factorg, <0.05). Note that significant differences were detected between 2, 5 or
10 m station depths for any variables, thus sigaifi differences refer to differences between
September 2006 and June 2007 only. Note sampkesrsizs 12 for both 2006 and 2007.

Year Variable min mean max CcVv

2006 Chla (ug LY 0.29 0.43 0.67 30 %
TP (ug LY 11.80 17.71 27.93 32%
SRP (ug LY 2.95 7.55 12.24 29 %
NO;(ug L™ 187.30 237.93 323.50 17 %
CI' (mg LY 20.28 21.35 22.90 10 %
Part_C (ug L™ 181 231 304 19 %
Part_N (ug L™ 26 35 54 26 %
Part_P (ug L™ 2.95 4.45 7.68 29 %

2007 Chla (ug L™ 0.37 1.32 1.99 35 %
TP (ug LY 7.72 11.66 14.74 19 %
SRP (ug LY 0.99 1.64 2.47 32 %
NO;(ug L™ 234.21 307.36 397.09 15 %
Cl (mg LY ND ND ND
Part_C (ug L™ 358 454 557 13 %
Part_N (ug L™ 57 72 80 9 %
Part P (ug L™ 4.69 5.96 7.94 16 %

*Note ND implies No data available
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Figure 5.4 Kriged surfaces of a) Water Temperature, b) pCDR/F., and d) ps; during the September 2006 survey.
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Figure 5.5 Kriged surfaces of a) % algal cover, b) algalaggnheight , c)surface temperature, and d) Condtictiuring the June 2007

survey.
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Figure 5.5.contKriged surfaces of €) UV LED fluorescence (fromdtloprobe), f) pC®, g) dissolved @saturation , h) -, during the
June 2007 survey.

180



Figure 5.5. cont..Kriged surfaces of i) pg) j) floroprobe estimated total chlorophyll a, k)ribprobe estimated chlorophyte algae, |)
floroprobe estimated diatom algae during the JW@¥ Zurvey. Note that panels j,k and | represegihpnt responses suggestive of the algal
taxa.
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Figure 5.5 cont.Kriged surfaces of m) floroprobe estimated crypiaplalgae, n) floroprobe estimated cyanophyte atlysimg the June
2007 survey. Note that panels m and n representgriggresponses suggestive of algal taxa.
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Figure 5.6.Bar plots of phaeophytin :chlorophyll a ratio foettransect stations in 2006 (a) and
2007 (b). Note: transects names correspond to thdsigure 4.1. and proceed from southwest to
northeast. Solid line denotes a ratio of 30% abmvieh corrections to Ji, are suggested.
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Table 5.2Semivariogram model parameters and cross validatadrstics for variables measured
during the September 2006 survey. Covariate idestthe trend variable if KED was used,
otherwise implies OK. gls the nugget, C is the sill,is the range (m), Sp is the spatial
dependency, and model defines the semivariograotium

Variable Covariate @ C Sp Model

Temperature 0.003 0.06 3820 94% Exp

pCO, Easting+ O 3362 1043 100% Exp
Northing

FJ/Fmn 25x10° 32x10° 239 56% Exp
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Table 5.3.Semivariogram model parameters and cross validatatrstics for variables
measured during the June 2007 survey. Covariatifigs the trend variable if KED was used,
otherwise implies OK. gls the nugget, C is the sill,is the range (m), Sp is the spatial
dependency, ME is the mean error, MSPE is the meadiction error, Z is the normalized
residual error, and model defines the semivariodrartion.

Variable Covariate G C Sp Model
Temperature 0.016 0.901 219 99 % Exp
pCO, 0 19948 1158 94 % Exp
Conductivity 0 2233.50 343 100% Exp
DO 0 55.06 119 100%  Exp
Fo/Fm 0 0.001 227 100%  Exp
Pl 525.46 739.24 901 58 % Sph
%Cover Depth 210.36 880.56 566 81 % Sph
Height Cover 0.0006 0.0012 373 67 % Sph
Green algae 0.003 0.030 143 97 % Sph
Blue Green 0.008 0.123 254 98 % Sph
Diatoms 0.009 0.130 185 98 % Sph
Cryptophyte 0.002 0.142 187 99 % Sph
Total Chl a 0 0.103 278 100 %  Sph
uv 0.25 2.89 337 92 % Exp
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Table 5.4. Partial Mantel test results for variable fluoressemeasurements and other
environmental variablessplen,denotes pure partial Mantel correlation (accowgntor space and
inter-correlations among variables). p denotesifsigimce at the = 0.01 level, ns denotes not

significant.

FVEm rs.plenv p PSIl I’splenv p

Depth ns ns Depth ns ns

pCO, ns ns pCo ns ns
Temperature  0.107 0.0001 Temperature  0.080 0.0001
% cover ns ns % cover ns ns
height ns ns height ns ns
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Table 5.5. Partial Mantel test results for variable fluoressmmeasurements and other

environmental variables from the June 2007 surkgy,,denotes pure partial Mantel correlation

(accounting for space and inter-correlations ama@r@bles). p denotes significance at the
=0.0042 level, ns denotes not significant.

FVEm rs.plenv p PSIl rs.plenv p

Depth 0.12 0.0001 Depth 0.20 0.0001
Temperature 0.07 0.0001 Temperature 0.07 0.0001
Conductivity ns ns Conductivity ns ns

DO ns ns DO ns ns

pCO, 0.15 0.0001 pCoO ns ns

uv 0.11 0.0001 uv 0.094 0.0001
Greens ns ns Greens ns ns
BlueGreens ns ns BlueGreens ns ns
Diatoms ns ns Diatoms ns ns
Cryptophytes ns ns Cryptophytes ns ns

% Cover ns ns % Cover ns ns
Height ns ns height ns ns
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Figure 5.7.Time series plots of a)f~, and b) pg, for 2006 survey, and c)M, and d) ps for
the 2007 survey. Solid bar denotes sampling of 16 ®reek. Note: the larger scatter evident in
2006 data (left panels) is presumably due to thetdiomass present at the time of the survey
(see Table 5.1). Note upward drift i/, in panel ¢) occurred 5 to 10 min prior to sunrise.
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5.5Discussion

Apparent scales of spatial pattern observed hamied/among variables and sampling
periods, from 100 to >1000 meters, while both ptglsand biological controls on spatial patterns
appeared to be operating. This is the first resmiudf such spatial pattern in the coastal zone of
any large lake, but interpretations depend on abeuraf factors including the non-instantaneous
nature of the surveys, as this study attemptsduige a spatial description of a moving water
body. Taylor's Frozen Turbulence Approximation (Tcayl938) essentially links spatial data to
time series data, and is frequently used to dedpatal information from time series
measurements of single probes (Tennekes and LutBg). It is based upon the hypothesis that
a time series from a stationary probe can be regbad a spatial series due to the advection of a
“frozen” pattern past the probe with a mean spge¢in s). In this case, the probe(s) are not
stationary, but rather moving through a turbulégitdf(the water mass), and this presents a case
where the opposite condition applies; that ishéf ineasurement location (i.e. the probe attached
to the boat) is moving, then the speed of a prabkerh s%)] traversing the turbulent field (the
lake surface) must be large compared to the vglo€ithe turbulent field (e.g the lakd){(m s
1] for the data collected to be considered a statip “snapshot” of the spatial field. This is made
possible by the substitution tfx/U wheret is time (s) and x is position (m) (Tennekes and
Lumley 1999; p253). Given that the current velesitin the coastal regions of Lake Ontario are
generally in the range of 0.05 to 0.25 ™(Simons and Schertzer 1987) and the speed ofoiéie b

during the surveys was between 1.8 and 2.3 rthis approximates the condition @§>>U-.

5.5.1Physical structure and differences in hydrodynamiaegimes

The range and distribution of surface temperatabsgrved between the two surveys
indicate the presence of two very different hydmaiyic regimes. In 2006, the near shore was
characterized by widespread, warm (e.g. > 18 °@aese temperatures which displayed little
spatial variation. A Fluoroprobe cast at a congtation located at the 35 m contour earlier in the
day indicted that the entire water column was weXed to a depth of 35 m, with a change in
temperature across the entire water column of @. Because the seasonal thermocline in Lake
Ontario is generally between the 15 to 20 m deptim¢ns and Schertzer 1987), the presence of
near surface temperatures at the lake bottomaaegiir suggestive of a period of downwelling. In
contrast, the surface temperatures in 2007 sugfjyesturvey took place some time after a recent
upwelling event. Upwelling and downwelling are coomphenomena along the northern and
northwestern shores of Lake Ontario (Rao and Mu21, Rao and Schwab 2007; Wilson et al.
2006). Satellite imagery (e.g., Mortimer 1988) oates that periods of strong offshore winds
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induce upwelling of deep coastal water in all tlaeitentian Great Lakes and that upwelling
usually persists between 2 to 6 days afterwardsomtrast, downwelling during the summer
months tends to occur with strong on-shore windd,aan last longer than upwelling due to
strong westward flowing shore parallel currentsq®tal. 2003). Records from the Lake Ontario
meteorological buoy (C45139; 43° 15’ 36” N, 79° 22”W) indicate that moderate (20 to 35 km
h™) winds from the east to southeast direction doteihén the days leading up to the September
14 2006 survey (September 11 to September 13) amtsw5 to 35 kmhfrom a west to

northwest direction dominated prior to the Jun€@87 survey (June 19 to June 23), and strongly
suggest that much of the differences in spatiakstre that | observed in the near shore zone

during this study may have in fact been driventi®se two physical processes.

5.5.2Factors affecting K/F,, and pg

Before interpreting the patterns offs, and pg), observed in this study, it is important to
consider potential factors which may influencedgbentities of the measured parameters.
Variability in R/F,, and pg) in coastal waters has typically been attributedatgations in the
degree of nutrient limitation (e.g., Kolber et H88, Kolber et al. 1990, Greene et al. 1994),
differences in taxonomy (Moore et al. 2003, Modrale2005) and photo adaptive status (Moore
et al. 2006). Multiple lines of laboratory workde.Greene et al. 1991, Berges et al. 1996,
Lippemeier et al. 1999, Beardall et al. 2001) ssgtfeat nutrient limitation (Fe, N, Si and P)
induces a decline in A, as the relative fluorescence per unit Chl a ia&es in response to
nutrient stress (Cleveland and Perry 1987). Uperattdition of the limiting nutrient, recovery of
F./F, to near maximal values within a matter of hoursasmimonly observed (Greene et al. 1991,
Sylvan et al. 2007), thus low values @ff, co-occurring with high values ofg) in the field are
not inconsistent with the hypothesized relationsbiputrient limitation. However, some
laboratory studies (e.g., Parkhill et al. 2001, $kapf and Flynn 2006) suggest thatFgis not a
valid indicator of nutrient stress, particularlydan balanced growth conditions (Parkhill et al.
2001).

In addition to nutrient stress, other factors migp @roduce a decline in/FF,,. These
include photoinhibition, photoprotection, diel \aility, changes in community composition,
dissolved fluorescence, and fluorescence from oblaoyll a degradation products (e.g. Geider et
al. 1993, Olaizola et al. 1996, Fuchs et al. 200@re et al. 2005). As the surveys were
conducted at night, photoinhibtion and photoprateanechanisms are not likely to exert a
significant effect on the measured values @FFsince the surveys were initiated at least 2 h

after sunset, and photo protective processesxaxghophyll cycle) are likely to be reversed
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within 30 minutes of dark adaptation (Kolber eti®190). Likewise, diel effects should be
minimized, since the surveys occurred during themhdark period for phytoplankton.

Changes in community composition can alter the omealsvalues of i, and pg)
(Suggett et al. 2009). A recent review (e.g., Stiggfeal. 2009) found that among laboratory and
field data, a unique taxonomic signature is oftgmesimposed on physiological variability, which
suggests that measures @fHr and ps; on natural communities cannot be interpreted en th
basis of nutrient stress alone. Under nutrientateptonditions, -, and s are known to vary
considerably among algal taxa (Suggett et al. 200@h high values (~ 0.50 to 0.70) observed
for diatoms and chlorophytes (Koblizek et al. 2Q@hd lower values (0.1 to 0.4) observed
mainly for cyanobacteria (Campbell et al. 1998)e Tdw values of {#F,, and ps; associated
with cyanobacteria may be due to the presenceyafgifilisomes as the primary light harvesting
antennae for PSII (Suggett et al. 2009). For cyaotsia that contain appreciable amounts of
phycocyanin, the poor overlap between the FRRRatian light and the absorbance by
phycobilisomes can lead to very low values g, (Raateoja et al. 2004). Low values off,
can also result from fluorescence emission froncphyanin, or chlorophyll a fluorescence
originating from PSI in cyanobacteria (Campbelletl998).

Other non-physiological interferences may alsauierfice the computation of/Fn, but
these do generally not affect the computationgsgf (Fuchs et al. 2002). The coastal regions of
the Great Lakes receive allochthonous dissolvedroegmatter (DOM) from the surrounding
catchments (Hiriart-Baer et al. 2008). This temasDOM is often highly aromatic (fulvic or
humic acids) and has a strong absorbance in thand\blue wavebands (Kirk 1994), and may
thus be stimulated to fluoresce with the FRRF etion light (blue). The comparisons of sample
blank fluorescence against UV fluorescence fronRlaeroprobe (Figure 5.8) suggest that the
filtered lake water blanks are relatively constamd low, across the range of UV fluorescence
encountered during this study. Similar insensigigit sample blanks has been noted by (Bibby et
al. 2008) who found that the FIRe instrumentatgim{lar to FRRF) was insensitive to
background fluorescence when compared to fluorescereasured by a Turner Designs 10-AU.
However, even with a relatively stable and considamk the contribution of the sample blank to
measured fluorescence increases as the magnitdlde@scence declines (Figure 5.3). | was
able to characterize this response sufficiently @dect measures of Bnd F, prior to
computing K/F.. Since both fand F, are reduced by the same amount, this should have n
effect on the value ofpg) (Fuchs et al. 2002)

While dissolved fluorescence appears to contribtike to variability in K/Fy, here, the

presence of chlorophyll a degradation products (#hgopigments) can also reduce the value of
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F./Fn when the ratio of pheopigments to total chlorophydxceeds 30% (Fuchs et al. 2002).
During this study, phaeophytin:total chlorophyliadios were generally below 30 %, similar to
values reported for this region in the 1970s (Gébesko et al. 1972). The prevalence of
pheophytin:chlorophyll a ratios below the 30% vaduggests that for most of the areas sampled,
correction of K/F, is not likely to be necessary. In the few areasrelpheophytin:chlorophyll a
ratios were high (Figure 5.8) in 2006, applying tleerection factor in Fuchs et al. (2002) mostly
raises the value of f~, to levels seen in the surrounding waters (e.tfaasects OA3 and OA4).
In contrast, the correction of the low IR, values observed at approximately the 5 m contour
during the 2007 survey only increased from 0.33.85, which does not account for the low
values here. The proximate cause of high pheopkgtiah chlorophyll a ratios is not immediately
obvious, but there are a number of possibilitied thill be discussed in the following sections.
Other factors that may affeci/F., on a more local scale in the study area include th
presence of waste water treatment plant (WWTP)iefii which has been demonstrated to be
toxic to natural phytoplankton assemblages in L@kéario (Munawar et al. 1993), contaminants
from urban watersheds such as metals (West ed@B)2herbicides (Devilla et al. 2005) and
PAH’'s (Marwood et al. 1999). In most cases, tisgestances act to reducgHr, even though
nutrients supplied form WWTP effluent may increkg€&,. These effects should be strongest in
proximity to the source (e.g., tributaries, stoewsrs, WWTP outfalls), yet characteristic

patterns pointing to such effects were not appatering either survey.

5.5.3Spatial patterns during downwelling

For downwelling events, the structure and flow aftev within the coastal boundary
layer in Lake Ontario is strongly westward due ol to the nature of the on shore winds, but
also the propagation of internal Kelvin waves itoanter-clockwise direction (Rao and Murthy
2001). For relatively open areas of shoreline (fagthe one sampled in this study) downwelling
may therefore thoroughly mix the waters in the taldsoundary layer, smoothing the spatial
variability over large areas. The results for thestrpart tend to confirm this, as September
surface temperatures varied little and maximalalality was encountered at scales close to 4
km. Although the ranges of variation for p&®,/F,, and pg; are clearly less than that for
surface temperature (Table 5.2), this is mostlytdughanges in these parameters across the
gradient established by the inflow of 16 Mile Craefo the lake. For example, the largest
magnitude of changes in pGd=/F, and pg; 0n a short spatial scale were clearly seen at the
transition from 16 Mile Creek into the lake. Onoehe lake, variability of {fF, and pg,
dropped considerably, with only a gentle declinea transects OA3 and OA4 at the north

boundary of the survey area. Variability in pQ@thin the lake appeared to be similar to that
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observed across the transition from 16 Mile Cré#wever, the presence of potential sources of
CO, enriched water within the study area (municipasteavater treatment plant outfalls, storm
sewers and tributaries) may influence the pattef&CO, on a finer scale than temperature,
Furthermore, the presence of the large piers atdhtheast end of the study site may serve to
disrupt shore parallel flow, creating a quiesceatavhere C@rich water can accumulate.
Nutrient conditions during the period of downwegdjiwere characterized by unusually
high TP and SRP concentrations. Data collected figeference station at the 35 m contour (~ 3
km offshore) also revealed comparable TP (20.6 figend SRP (7.5 pg1) concentrations.
Offshore total P concentrations in the westernrbatLake Ontario at this time of year are
usually close to 15 ugi(Gouvea et al. 2006, Bocaniov 2007) and SRP cdrat@ms are
generally close to 2 pgi(Pemberton et al. 2007). While the exact causioh high TP and
SRP concentrations is difficult to resolve, the @gdread nature of high P concentrations
combined with low tributary discharge and preciita (Sept 11 — 15 2006, 19.3 mm, Climate
ID# 6155PD4) suggests that nutrient loading fromdatchment is not likely the cause. Effluent
from the numerous WWTP outfalls that discharge mithto 3 km of the lake shore is another
possibility (Rao et al. 2003), but regular samplt@akville over several years has not detected
such effects on a consistent basis (Chapter 4;imMak07), and high concentrations (when
present) are generally confined to distances wilkitnkm of the outfall (Pickering 2007 and 2008
data, S. Malkin, unpubl. data). High concentratioh$P and SRP are often also found along the
southern shore of Lake Ontario where the NiagavaRlischarges into the lake (e.g., Malkin et
al. submitted), but advection of this nutrient neater toward the western shore from the
southern shore seems unlikely. Re-mineralized i fitecayingCladophoratissue (e.g., Paalme
et al. 2002) and fecal matter from dreissenidsaarere likely explanation. Further support for
this hypothesis is provded by the data from th&dtiog surveys in 2007, where September and
October TP and SRP were comparably high, aftemijerity of Cladophorahad sloughed from
the lake bottom.
The variability of B/F,, and ps; was high in September primarily because of a tfarge

range in measured values, but also because obg daia set, due to low chlorophyll a
concentrations at this time (Table 5.1). This eadly illustrated by the high nugget variance for
both R/F,, and g during the September survey (Table 5.2). Spadpeddence for A, and

psi Was generally low (59% for A=, and 29 % for »g;) and combined with a high nugget
variance yielded a scenario with very little spatariability (Figure 5.4c and d) which is
consistent with strong controls mediated by dowhngkegimes. The moderate to high values of

FJ/Frn (0.50 to 0.80, mean ~ 0.62) observed in duringSyetember survey are consistent with a
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high maximal photosynthetic efficiency under coimis of adequate nutrients as reflected by
indicators of phytoplankton nutrient status (e@R and N:P; Guildford and Hecky 2000) and
measures of nutrient concentrations. A recent sbydyemberton et al. (2007) in the offshore
waters of Lake Ontario (including the western bas#ported FF,, in the range of 0.45 to 0.50
during late August to early September in 2004 atribated the near optimal condition of the
phytoplankton communities to a mild degree of Bsst{Pemberton et al. 2007). Similarly, a
study in Lake Erie suggested that by Septembedekeening mixed layer and lower light levels
mark the beginning of a period where phytoplankimmno longer severely P stressed (Rattan
2009).

Strong taxonomic variation from 16 Mile Creek i@ lake may indeed exist, but | lack
the data to confirm this. The generally widespraad relatively high values of #~, coupled
with moderate values ofs; suggest that strong taxonomic variation at tigtis not likely.
While | do not have spatial data on taxonomic digtion, vertical Floroprobe casts at the near
shore sites and the offshore reference site resvehllerophyll a concentrations that were
uniformly low, and estimated the community comgosito be dominated by cryptophytes. This
is not inconsistent with data from Pemberton et2107) for offshore Lake Ontario, where

cryptophytes were abundant/fs, was moderately high, ands, was comparable.

5.5.4 Spatial patterns during upwelling

During periods of upwelling, along shore flow iretboastal boundary layer is much
weaker and generally toward the east. These wealsfinay also reverse in direction soon after
an upwelling event (Rao and Murthy 2001). The atleacf cooler water from the metalimnion
or hypolimnion into the near shore, coupled witratvalong shore flow, can therefore allow for a
large increase in spatial variability in water nessi the near shore. Spatial variation may be
further exacerbated by input of warmer tributaryevaas this warmer water mass will become
trapped near the surface and remain buoyant (Mass&lurthy 1992). Water Survey of Canada
discharge records for 16 Mile Creek indicate thaw$ were above base flow conditions of 0.3
m® s* for the period 19 June to 30 June 2007 (rangéol0355 m sec’) so surface plumes
originating from local tributaries may have beesp@nsible for the part of the significant
patchiness observed during this survey. Mixingheke surface trapped plumes is usually
enhanced as the plume migrates toward the offshemmming thinner and closer in temperature
to that of the underlying water (Fong and GeyerlpRowever, these results suggest that these
surface trapped plumes were not migrating offshiouerather flowing toward the west in an
alongshore direction, consistent with a possilbe/fteversal in the post-upwelling period (Rao

and Murthy 2001). The much shorter range of valitgthin surface temperatures (219 m), far
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higher spatial variance, and overall cooler temijpees compared to the conditions during the
September downwelling strongly support this hypsithe

Nutrient conditions during the upwelling period wenoderate, with TP and SRP more
comparable to summer conditions commonly obserl@wehis section of shore line (e.g.
Malkin et al. 2008, Chapter 3, Chapter 4). Histallic upwelling often injected nutrient rich
waters into the near shore of Lake Ontario (Leaad.€t990), but no evidence of this is apparent
from these data, which is consistent with the tesefl Malkin (2007) and supports the evidence
of continual declines in offshore nutrients (Malkihal. submitted). Chlorophyll a concentrations
were higher than the prior September, and interglsti the water sample values displayed a
similar variability in concentration despite thevaus changes in spatial variability of the lake
surface. Higher chlorophyll during the June surrey have been partly facilitated by the thick
overstory of benthic algae that could reduce graeificiency of dreissenids.

With the increased chlorophyll a concentrationeréhwas far less noise in the measured
fluorescence, and f, and ps; were characterized by a much lower nugget variancesill
(Table 5.3). Spatial dependence o5 and pg, was nearly double that observed during the
lower chlorophyll a, downwelling regime, and resdlin a highly structured pattern of variation,
as shown in Figure 5.5h and i. The highly strudypatterns of {F,, and pg, displayed
significant associations with other variables thdicated a strong along shore variation. For
example, partial Mantel tests indicated significasgociations for /-, and pg; with depth,
surface temperature and UV fluorescence that disdlgatterns consistent with dominant along
shore flow, and indicates that spatial organizatvas oriented in this manner. Despite these
significant associations, the patterns of variabih F/F, and pg still suggest the interplay of
several factors. The values qff, and sigma measured in the June survey were oage/er
lower (mean ~ 0.43) and more consistent with vatygieally observed in offshore waters of
Lake Ontario (e.g. Pemberton, et al 2007). Couplithl moderate nutrient availability, higher
stochiometric ratios (e.g. N:P, C:P) and a sigaificnegative correlation betweegHz, and pg),
these are not inconsistent with a greater degreatofnt limitation.

Low F./F, occurred in elongated patches along the shorethed m contour. | also
observed high pheophytin:chlorophyll a ratios iteaist one of these areas (e.g. transect OAbB).
The proximity to 16 Mile Creek strongly suggestattthe low E/F.,, was a characteristic of the
plume emanating from 16 Mile Creek, ygtHs, within the harbor was high (~ 0.58). Explaining
the higher pheophytin:chlorophyll a ratio hereifficult without additional data, but might
indicate enhanced grazing by zooplankton (Carpesttal. 1986). Zooplankton are known to

migrate into surface waters to feed at night (Mcitdwand Hasler 1966), although many pelagic
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species may also avoid the near shore areas (etza\2001). Pelagic species however, can be
advected into near shore areas by the tilting @thiermocline during an upwelling event
(Megard et al. 1997). In Lake Ontario, the disphaest of the surface layer by upwelling changes
the composition of near shore zooplankton templgrarith copepods becoming more abundant
(Haffner et al. 1984). Coupled with the physicaheges during upwelling (e.g., trapping of
tributary plumes near surface) this can resultgnicant spatial variability in zooplankton
biomass (Pinel-Alloul and Ghadouani 2007). In masgstems, tributary plumes create frontal
boundaries where river and ocean water meet. Tdreses are frequently populated by high
zooplankton abundances, presumably for feeding(B@t and Peterson 2008) or in response to
density gradients (Woodson et al. 2005). Whetheh suphenomenon occurs in Lake Ontario is
not known, but does at least provide a plausibfeothesis why F#F.,, appears to be low in these
elongated patches relative tgHs, closer to shore or in deeper waters. Applyingcieection
factor suggested by Fuchs et al. (2002) howevess dot adequately compensate (8 % increase
from 0.33 to 0.36) suggesting other factors mainielved.

Although the partial Mantel test failed to findigrgficant relationship with taxonomic
classes as estimated by the fluoroprobe, the spdcirescence signatures from the Fluoroprobe
clearly indicated the presence of an alongshore tidprophyll a plume, occupied by a more
diverse assemblage than observed during the peeptember. In some partg/Hz appeared
to be low where cyanophyte biomass (as chloroghgljuivalents) was high, but the patterns
were largely inconsistent. The putative causetferiack of a significant result from the partial
Mantel test with FF,, and ps; and the Fluoroprobe data is not known, but masetsed to the
meandering nature of the chlorophyll plume. Askhged surfaces show (Figure 5.5 j to n),
adjacent transects were often characterized bydiéfgrent spectral and active fluorescence.
This would not be inconsistent with a meanderingv@ along the shore, drifting close to shore
over time. Because | did not use a pre-set navigaystem for transects, occasional overlapping
at a later time lead to awkward, streaked patteuggesting major changes to community
composition, water chemistry and active fluoreseerariables, yet these are still predominantly

consistent with a dominant along shore flow pattern
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Figure 5.8.Relationship between FRRF fluorescence of 0.2 ltaréd lake water (blanks) vs

UV (370 nm) excited fluorescence as measured b¥lineroprobe for samples collected in 2007.
Data plotted are the mean (error bars; standanaiitav) of 50 replicate fFand F, measurements
for sample blanks. Neither relationship was sigaifit (i = 0.001*UV + 0.186,%0.038,
F=0.319,p=0.59 and F=0.002*UV + 0.202,%=0.18, F=1.81p=0.21).

Figure 5.9.Relationship between /., and % pheophytin. Note the higher sensitivity in
September when phytoplankton biomass (measured@®phyll a) is lower.
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5.5.5Potential for benthic-pelagic interactions in nearshore Lake Ontario

Although it appears that hydrodynamics and tributafluence play key roles in
structuring the patterns of spatial variabilitypbfytoplankton communities in the near shore
environment, in this study, the extensive cropbeafthic algae (e.gGladophorg that colonize
the substrate during the summer may also exertietgting effect on the spatial distribution of
water quality variables, particularly in shallowtes where biomass is high. At times of
appreciableCladophorabiomass, the potential for competitive interacsiovith phytoplankton
exists. The absence of nuisai@adophorabiomass during the September survey in combination
with the downwelling regime do not allow for eluattbn of such patterns But, in June,
Cladophorawas approaching the typical midsummer biomass (dakkin et al. 2008) and | did
observe some evidence ti@adophoracan impart a signal on the water column. For examp
the spatial distribution clearly shows a band ofevavith supersaturated dissolvegd&ong the
shore, at depths < 3 m. This is consistent withotbeervations of Malkin (2007) and Davies and
Hecky (2005) thaCladophoracan achieve high photosynthetic rates, particukrshallow
depths where light is not limiting for much of theotoperiod. Once a significant biomass of
benthic algae has accumulated, it may exert steffiegts on dissolved aturation. A partial
Mantel test on dissolved,@aturation did suggest a marginally significarstoagation with
percentCladophoracover (r=0.032, p=0.06). The lack of correlatioithvtotal chlorophyll a and
the proximity to the shore suggest t@dadophorarather than phytoplankton are responsible for
the elevated dissolved,Or'he weak correlation with perce@tadophoracover is likely affected
by the smearing of this highly saturated band daewhy along shore currents into areas that are
low in Cladophoracover.

With potential effects on dissolved €aturation seemingly evident in shallow waters
whereCladophoracover is high, by extension, a similar patterrmwespect to pCOmight be
expected, sinc€ladophorais thought to dominate the C flux at depths < @valkin 2007). The
distribution of surface pC{uring the June survey is not inconsistent with, ths pCQ@was
widely undersaturated, down to levels approachD@@dpm in the shallow areas near the shore.
An increase in pCOwas clearly observed toward the offshore, andtimomouth of 16 Mile
Creek, suggesting a drawdown in the shallow wateis present. Although upwelling normally
injects metalimnetic or hypolimnetic that is supaturated with pC@along this shoreline
(Malkin 2007, D. Depew unpubl. data.) the widesgdreader saturation of pG@o soon after an
upwelling event implies that the C demandQigidophorain the near shore is substantial. Unlike
dissolved @ saturation, no significant association was obskbatween percent algal cover and

surface pC@(partial Mantel test, r=-0.04, p >0.9), howevarce pCQ is drawn down to low
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levels,Cladophoramay switch to other forms of inorganic C (e.g. H3@Choo et al. 2002).
The pH and buffering capacity of the alkaline watef Lake Ontario yields a nearly endless
supply of total dissolved inorganic C (Malkin 20@#f)d at the low concentrations observed
during the June survey (100 ppm ~ 5 uMadophoraprobably switches to other forms of
inorganic C, particularly in shallow waters whehme energetic costs of HGQiptake are likely
to be met by light availability (Malkin 2007).

BecauseCladophoraattaches primarily to hard substrate, sequestratimutrients from
the water column is the primary means of nutrif@fhitton 1970). If competition between
Cladophoraand phytoplankton is important in the near shbexpected to see some patterns that
would be consistent with nutrient stress of thetppkankton communities, either over areas with
heavy growth ofCladophoraor perhaps along a depth gradient. While dissignals in EFn,
and ps; Were not observed over short spatial scales thdtide interpreted as competitive
interactions, the possibility of competitive intetians for P cannot be ruled out. The ability of
macroalgae to sequester large quantities of nisrigss been primarily linked to light availability
(McGlathery et al. 1997, McGlathery and Pedersé®19or example, increased light
availability has been shown to boost Niptake inChaetomorpha linurMcGlathery et al.

1997) and P uptake kinetics in periphyton (Hwangle1998). The increase in water clarity
associated with dreissenid filtering activity (Hdnet al. 1996) and the potential for nutrient
supply from the benthos (Ozersky et al. 2009) naeleffectively tipped the balance toward
benthic algal dominance in the Great Lakes (Hetlat.€2004).

Without a detailed analysis of the phytoplanktomounity present during each survey,
| cannot conclusively link the differences i, between September and June solely to
differences in nutrient sufficiency, though thepasses are generally consistent with those
described in the literature (e.g., Geider et ad3l¥olber et al. 1990). It is apparent from the
results of this study that physical forcing playlame role in structuring the variability of water
guality and phytoplankton communities in the ndare. Super-imposed on these dynamic
processes are seasonal variations driven by diffeein nutrient supply and species interactions.
Seasonal variation aside, distinct differences betwalternating periods of downwelling and
upwelling lead to very different circumstances éitsal structure and variability in measured
paramters. Downwelling appears to be strong entmghccessfully homogenize conditions over
large areas of the near shore, while upwellinggangroduce high spatial variability, largely
due to the slowing of current speeds and the iigjectf cooler water into the near shore where it

must intereact with often much warmer tributary evat
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While further work is required to confirm the reguty of such responses, this study
provides a framework on which to move forward vétith studies. Geostatistical methods and
partial Mantel tests were able to detect significgratial variability in many parameters during
the surveys. The semivariance modeling and subsegtiging produced spatial snapshots that
capture much of the spatial variability in physi¢aly., temperature), biological (e.g., benthic
algal cover, phytoplankton pigment groups), chehiea., conductivity), and perhaps
physiological parameters (e.g., variable fluoreseedissolved gases) along an open coastline of
Lake Ontario. These results suggest that physiceirfg plays a large part in structuring the
spatial variability in the near shore, and provadmeans to quantify and characterize such
conditions. In addition, these results suggestltbathic algae may exert a significant effect on
water column properties, further compounding thegigpvariability in an already complex

ecosystem.
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Chapter 6
Cladophorain Lake Simcoe: Why does it not reach nuisance

proportions?

6.1 Overview

In recent years, a resurgence of filamentous eathae (e.g.Cladophorg in the
Laurentian Great Lakes has been perceived as aqueisce of dreissenid mussel invasion and
subsequent alterations to ecosystem nutrient aadjgicycling. Here, | conduct high resolution
hydro-acoustic surveys at two sites in Lake Sintoagssess the presence and extent of excessive
benthic algal growth on hard substrate in the gosissenid mussel period. Despite comparable
dreissenid abundance, water clarity and phosphamusentrations to sites in the lower Great
Lakes known to suffer extensi@adophorafouling during the summer months, only trace
amounts ofCladophorawere found in the surveyed areas. While the prakirause for the lack
of excessiveCladophoragrowth in Lake Simcoe remains elusive, distinfedences in water
chemistry and top down pressure from potentiallaggzers separate Lake Simcoe from the near
shore areas of the lower Great Lakes, and thesaréamay be relatively more important for
structuring the benthic algal communities in Laka&e. Overall, the results of this study and
other recent studies in Lake Simcoe are not instersi with the near shore shunt hypothesis that
predicts dreissenid mussels enrich the benthicemwvient, but the manifestation of the shunt in

Lake Simcoe is vastly different than the manifestabbserved in the lower Great Lakes.

201



6.2 Introduction

Excessive growth and biomass of the ubiquitousi@atous green algaladophorais
generally considered to be symptomatic of eutraioo (Dodds and Gudder 1992). Perhaps one
of the better known North American cases occunnettié Laurentian Great Lakes, where
Cladophorareached nuisance proportions due to cultural pbteation in the 1950s and 1960s
(Shear and Konasewich 1975) and public complaives shoreline fouling by decaying mats of
Cladophorawere a major driver for phosphorus (P) abatemesdrams that were implemented
in the Great Lakes Water Quality Agreement (GLW@Rainter and Kamaitis 1987). Lake
Simcoe also underwent considerable ecosystem dagradiuring the 1960s and 1970s due to
excessive nutrient loading (Evans et al. 1996hddihg during pre-settlement years (~1800s)
was estimated at approximately 30 T ggohnson and Nicholls 1989), and by the early 1980s
external P loading had effectively tripled to o®@0 T yi* (Evans et al. 1996, Winter et al.
2007), before stabilizing near the 75 T yarget since the early 2000s (Winter et al. 2007).

In contrast to the lower Great Lakes, historicabres ofCladophoragrowth in Lake
Simcoe are scarce. Whiadophorahas been recorded in qualitative surveys (JackS8a,
Jackson 1985, Sheath et al. 1988) quantitativefdataake Simcoe are limited to one report,
summarized by Jackson (1982). Jackson (1982) sedvewltiple locations in 1976 and 1980 and
found that whileCladophorawas present at many sites (particularly in thasipkzone),
accumulation of excessive biomass was consistémilyd only at one location, adjacent to the
sewage discharge from the town of Orillia, in SkenBay. This is in stark contrast to conditions
in Lakes Erie and Ontario where accumulation oesso/eCladophorabiomass was widespread
(Neil and Owen 1964, Taft and Kishler 1973, Neifl dackson 1982), but such a sporadic
occurrence as seen in Lake Simcoe was consistédnpafterns of nuisance growth in Lake
Huron at that time (Auer et al. 1982a).

In the lower Great Lakes there is widespread péiaefhat since the establishment of
the invasive dreissenid mussels over the past 4&ybenthic algal (in particul@adophorg
biomass and extent has increased (e.g., Higgials 2005a, Malkin et al. 2008). Due to the high
biomass achieved by dreissenids in the lower Gralats (e.g., Patterson et al. 2005, Wilson et
al. 2006, Ozersky et al. 2009), mussels have beslited with altering nutrient distributions by
filtering suspended matter and excreting re-mimegd|nutrients, and depositing mucus-bound
particulate nutrients in the benthos (Hecky e2@04). The clearing of the particles from the
water column enhances water clarity (e.g., Howtedll €1996) and solar energy flux to the

benthos, potential importance of benthic producand,therefore, potential energy flow through
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benthic organisms (Vanderploeg et al. 2002). W#tipating these remarkable changes observed
in the Great Lakes near shore regions solely t@sknaids has been difficult due to the paucity of
data for the time period immediately before asrdfteir successful invasion, and is further
complicated by concurrent P abatement strategiesdiace the P loads to the lakes. Decreased
nutrient loading can also act to decrease phytépdarbiomass and increase water clarity
(Nicholls and Hopkins 1993, Nicholls et al. 200hyl@herefore have a similar net result of
enhancing the relative importance of benthic prinmopducers.

Lake Simcoe provides a unique opportunity to exantine response of the benthic
producer community to changes induced by dreissamaksion. In particular, water quality in
Lake Simcoe has been consistently and continuaiyitored since the 1980s (Eimers et al.
2005) well before the invasion of dreissenid mussehich began in 1995 (Nicholls 1998).
Consequently the additive effects of mussel graaimdynutrient regeneration can be appreciated
relative to the impact of nutrient reductions tvatre well underway. In this study, a novel hydro-
acoustic method (Depew et al. 2009) is employexuitgey the littoral areas adjacent to the two
largest islands in the lake, Georgina and Thorkmds These areas are exposed to the open lake,
and are characterized by small to moderately sipbthle and gravel substrate, suitable for the
attachment of dreissenid mussels (Ozersky et bingted) andCladophora(Whitton 1970).

These surveys were designed to be comparableveysuconducted in the near shore regions of
Lakes Ontario, Erie and Huron in 2005 to assessxtent ofCladophoragrowth and biomass
accumulation (Chapter 3).

Current estimates of dreissenid abundance on afd¢asd substrate in Lake Simcoe
(e.g., Ozersky et al. submitted) are similar tstheeported in Lake Ontario (e.g., Wilson et al.
2006, Ozersky et al. 2009) and less than thoseatezpfor Lake Erie (e.g., Patterson et al. 2005),
but higher than those reported for Lake Huron (Nalet al. 2007)Dreissena polymorpheather
thanDreissena bugensis the numerically dominant species in Lake Simmsersky et al.
submitted) wheread. polymorphahas become a relatively minor member of the deeisis
assemblages in the lower Great Lakes (Pattersain 2005, Wilson et al. 2006, Ozersky et al.
2009). Nonetheless, | hypothesized that giventalsial time since dreissenid invasion, a similar
abundance of dreissenids, and an environment withbde environmental conditions, excessive
Cladophoragrowth should manifest itself on hard substratavbich they dominate in the lower

Great Lakes.
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6.3 Materials and Methods

6.3.1Study Locations

Lake Simcoe has a surface area of 722 lamd is the fifth largest inland lake in Ontario
(Evans et al. 1996). The main basin of the lakbedargest, and has a maximum depth of 33 m
(Evans et al. 1996). Kempenfelt Bay is a narrovepdeay with a maximum depth of 42 m
oriented in a southwest to northeast direction.KZoBay is a relatively shallow (maximum
depth 15 m), soft bottom bay at the south end@tdke near the Holland Marsh, that is carpeted
by macrophyte growth to depths up to 9 m (Chapteffie lake generally stratifies in areas
deeper than 15 m, however, parts of the lake akosver than 15 m; including most of Cook’s
Bay and the east portion of the main basin. Cormeityy these parts of the lake are well mixed
to the bottom for the ice free season. Agriculiartne dominant land use in the catchment (47 %;
Lake Simcoe Conservation Authority 2009) and cdasiginly of livestock and crop production,
but urban areas have been expanding rapidly (~°Slemyear since 1985; Winter et al. 2002)
and comprise ~ 6% of the catchment (Lake SimcoédRdgonservation Authority 2009). P
loading to the lake is well monitored, and hasided in recent years to a relatively stable annual
load of 68 + 7 T yit (Winter et al. 2007), with more recent estimateloading between 70 and
75 T yr* (Lake Simcoe Region Conservation Authority 20@@issenid mussels were first
identified in the lake in 1993, and were widelyadgdished in 1996 (Nicholls 1998). Since the
establishment of mussels, phytoplankton biovoluaedeclined, and water clarity has increased
(Eimers et al. 2005). Recent water quality datécate that the main basin of the lake can be

described as oligo-mesotrophic (e.g., Eimers €Q05; Guildford et al. submitted).
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Figure 6.1.Map of Lake Simcoe showing sampling sites. KemgeBfay stations denoted by
(), Cooks Bay stations denoted by)(and main lake stations denoted by)(Transect stations
at Georgina Island (), Thorah Island () and Pefferlaw () are show in the inset panel (upper
right). Bathymetric contours generated via univieksging of echosounder depth records
(easting and northing as covariates) for the agoastvey areas at Georgina and Thorah Island
are shown in the lower inset panel. Note thatatatin Cook’s Bay, Kempenfelt Bay and the
main basin of the lake are long term MOE stati@tation 900 excluded).
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6.3.2Physical and Chemical conditions

Physical and chemical conditions were monitorddrag term Ministry of Environment
(MOE) stations (e.g., Eimers et al. 2005; Figudd &nd at 9 additional stations located in the
southeast quadrant in 2006 (May 16 and August 8R&07 (May 22-23, July 4-6 and August
21-23) (Figure 6.1). At each station, CTD profiesre taken using aYSI-6600 profiler, and
analyzed to determine the depth of the mixed ldgbatosynthetically active radiation (PAR)
was measured with a LI-COR cosine sensor at 0.& bt intervals from the surface to the lake
bottom. The vertical attenuation coefficient forR&KPAR) was determined by linear regression
of the natural logarithm of irradiance vs. deptlirkkL994).

A 6 L Niskin bottle was used to collect ~ 15 L ofiter at a depth equal to 50% of the
mixed layer depth as determined from CTD cast. Hgpdon samples were collected ~ 2 m off
bottom during summer months when a thermoclinesgagirmed to be present. Water was
transferred to covered carboys and stored in cooietil transported to the laboratory (OMNR
fisheries assessment unit; Sibbald Provincial Plargrocessing and storage. Samples for total
dissolved P (TDP) and soluble reactive P (SRP) Weeed through a 0.2 pm polycarbonate
filter, particulate P (PartP) by filtering 500 roff lake water onto acid soaked (5% HCI ~ 4 hr)
Whatman GF/F filters (nominal pore size ~ 0.8 pifiotal P (TP) and all composite fractions
(TDP, SRP, Part P) were determined according tonilgbdate blue method (APHA 1998).
Samples for other particulate nutrients (carborart €, nitrogen — Part N) were determined by
filtering 500 mL of lake water onto pre-combust&8( C ~ 4hr) GF/F filters and assayed using a
CEC-440 Elemental Analyzer (Exeter Analytical, Melinsford, MA). Phytoplankton
chlorophylla was measured using a Turner Designs 10-AU fluotenualibrated yearly against
pure chlorophyll a (Smith et al. 1999). Additionahs (NG, CI) were determined using ion
chromatography (Dionex DX 500, Dionex AS17 and A@wlard column). Ammonium was
determined on a Turner Designs TD-700 fluoromeailodving the methods of Holmes et al.
(1999). Total suspended solids (TSS) were detewtiydiltering 2 to 5 L of lake water onto
pre-combusted (500 °C for 4 hr) pre-weighed GRtErf, drying at 65 °C to a constant weight
and re-weighing. AFDW was determined after comimunséit 500 °C for 4 hrs.

6.3.3Acoustic Surveys and Data Processing

Acoustic surveys at Georgina and Thorah Island wenelucted on May 16 2006 and
August 8 2006 (Figure 6.1) during daylight hour8Q0 — 2000 hrs) using a 7 m aluminum
vessel. Acoustic data were collected using a Bi@Sdnc. (Seattle WA, USA) DTX deck unit
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connected to two single beam transducers that metasted on 2 m long adjustable sliding
mounts attached to the side of the vessel withiassef clamps and bolts. The first transducer
(430 kHz, 10.2° full beam angle, source level 2B3 e 1nPPa at 1m) was set to ping at a
frequency of 5 Hz with a pulse length of 0.1 mgj ams used for detection of filamentous algae
(see Chapter 2). The second transducer (120 kHzfull beam angle, source level 216 dB re 1
nPa at 1m) was also configured to ping at 5 Hz wipulse length of 0.4 ms and was intended to
be used for substratum characterization. Unfortlpathe high transmission power of the 120
kHz transducer caused near complete saturatidmeakturned acoustic signal at depths < 6 m,
thus separation of substratum types using staretdra analysis algorithms (e.g., RoxAnn) was
not possible.

Acoustic survey transects were run in a back anti fzattern from the 1.5 m depth
contour to the 10 m depth contour, approximatehalfel to the shoreline of the islands.
Transects were spaced ~ 50 m apart. During thesticaurveys vessel speed was kept between
1.5 to 2.3 m set Differentially corrected GPS locations were proid at a fix update interval of
1 sec from a JRC DGPS212 (Japan Radio Company).

Acoustic data from the surveys were processed @siBraphical User Interface (GUI)
written in MATLAB® 7.2 (Chapter 2). A threshold sefy of -88 dB was used to characterize the
top of the algal canopy, and a threshold setting6fdB was used to characterize the substratum.
Although the threshold settings used for deteabibfilamentous algae (e.gCladophorg are of
lower energy than that used for vascular macrophfte65 dB), lower acoustic thresholds will
still correctly classify macrophytes if they aregent (Sabol et al. 2002b). The minimum height
of aCladophoracanopy that can be detected by acoustics is ttieslte determined from the
acoustic resolution of single targets (for example separate fish, or a fish and the bottom).
This is calculated according to Re52 (i.e. speed of sound in mediuen[~1500 m 8] x pulse
length, , [0.1ms] / 2 = 0.075 m; Simmonds and MacLennarb20bhis distance R is often
referred to the “acoustic dead zone” based on iffieuty of discriminating fish echoes from
bottom echoes (Ona and Mitson 1996). How this #dftee detection of vegetation is not clear,
as plants tend to occupy the entire area fromdhepy top right to the substrate and thus are not
spatially separated from the bottom. However, tiéshod has been extensively tested and
validated in the lower Great Lakes (Chapter 2, @ @nwhere excessiveladophoragrowth is a
seasonal occurrence during the summer months.Hoigever, important to note th@tadophora
stands that do not reach the height thresholddoustic detection (~7.5 cm) will be missed

entirely, but characterization of algal standsxoess of this threshold are well characterized.
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6.3.4Geostatistical Analysis

The recent availability of high resolution datanfracoustic systems has allowed
exploration of various methods to interpolate bemvdata points to provide a surface of
predicted values. Guan et al. (1999) and Valleal.g2005) have evaluated different methods and
concluded that kriging provides the most robusthroeétfor regularly spaced data collected using
acoustic methods. The prediction of spatial vasiafrom point measurements over surface areas
requires some realistic interpolation techniquestebministic and geo-statistical methods are the
two main groupings of interpolation techniques toduice a continuous surface from point
measurements. Deterministic interpolations creatiases from measured points using
mathematical functions which are based on the extfesimilarity (inverse distance weighting)
or the degree of smoothing (radial basis functioBgostatistical methods (i.e. kriging) utilize
both the mathematical and statistical propertieth@fmeasured points (Isaaks and Srivastava
1989). For a detailed and in depth discussion osgeistics and the underlying theory, the reader
is referred to Journel and Huijbergts (1978) amdks and Srivastava (1989). The basic
assumption required for geostatistics is that tioegss under study is stationary, and that the
observed values are simply one of many possiblorarealizations of the process (Webster and
Oliver 2001). In addition, spatial autocorrelatimnst be present (i.e. one point should be able to
provide some information about neighboring points).

The initial step in geostatistical analysis is te@struction of the semivariogram. The
semivariogram is a graphical representation of thefaverage squared variance between sample

points as a function of separation dista(igeand is defined in equation 1

1 N )
90 =N [2(x)- Z(x +h)] (1)
where (h) is the semivariance for Iqb), Z(%) is the measured value at locatignz{x+h) is the
measured value at locati¢x+h) andN(h)is the total number of paired samples for a giagn
(h) (Cressie 1991). The experimental semivariogranimpsrtant characteristics that reveal the
kind of spatial variation present in an area, far tariable under study. Generally, the
semivariance increases as the lag distamcim¢reases to a maximal value, after which the
semivariance is frequently flat. This lag distaigknown as the range and it represents the limit
of spatial autocorrelation. By definition(h)=0 whenh=0, however any smooth curve that
approximates values ofash approaches 0 is unlikely to pass through the mrighis value (i.e
whenh=0) is termed the nugget variance. The nugget negigs a combination of measurement

error and variation at distances smaller than tioetest sample spacing which cannot be
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resolved. The value ofwhere reaches its maximum is called the gi),(and represents the
maximum semivariance.

To describe the spatial variation at distancesrdtian just the lag distances, a
mathematical function is fit to the experimentahseriogram data, usually using weighted least
squares (Cressie 1991). Two of the three more commuadels were used: the spherical and
exponential model. These two models in terms ok#raivariogram are given in equation (2;

spherical model) and equation (3; exponential model

0, h=0
ghig) = Co+C, ((3/2(h|/a,) - W2)(n|/a.)*).0<[h|£ a, (2)
Co+C,, [n|* 2
0, h=0

ah;g) = 3)

C, +C.(1- expt|h|/a,)),ht 0

whereC is the sill of the variogram that represents th&imal variation Cs for the spherical
model andC, for the exponential model),is the range of the variogram beyond which daga ar
no longer autocorrelatedg(and . as before), an@, is the nugget effect. A variogram model can
also be nested, i.e. it can be a combination ofdimmore component models such as nugget and
exponential. Most variograms are nested in thismagralthough more complex models (i.e. a
double spherical with nugget) are sometimes usade@he semivariogram function has been
defined and fit, it can be used to weight preditditn the kriging system of equations to yield the
best linear unbiased estimator of the target viidtor more information on the various forms of
kriging the reader is referred to Webster and @I{2601).

Exploratory data analysis was conducted on rawsitodata before variogram modeling
and analysis. Data from the preliminary surveyslay 2006 were comprised of nearly all zeros,
as there was insufficient growth for charactermatvith the acoustic unit. Strong relationships
between percent cover and bottom depth were olbéovelata collected in August at both sites.
Following the general framework provided in Henghke (2004), block regression kriging was
used to provide interpolated surfaces of percewércand stand height for blocks of nominal size
25 m by 25 m. Breifly, this involved using genezalil linear models (GLM) to characterize the
relationship between percent cover and bottom deyith stand height and percent cover. GLM
with a poisson distribution (log-link function) wetused as the data sets displayed non-normal
distributions with over dispersion (Gotway and 8rd 997). Block kriging was conducted on the
model residuals, and the GLM trend was then adde# to the interpolated surface of the

residuals to generate the interpolated surfacésegtession modeling, semivariogram
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calculations, variogram model fitting, and subsexjlkeiging computations were performed in
the statistical software R (R Core Development T280V) using the base stats package and the

gstatpackage (Pebesma 2004).

6.3.5Cladophorasampling and internal nutrient analyses

Samples of benthic algae were collected at sta®@®1, 902, 904 and 905 during May
and July of 2007 during follow up water quality weys. Additional samples collected during an
additional survey in Cook’s Bay on August 9 2006 also compared here. Samples were
collected via snorkeling or with the assistanca empling rake for deeper stations. Samples
were placed in a small Ziploc bag, and stored miars until returned to the laboratory. Upon
return to the lab, samples were washed in a mesk ginesh size ~ 1 mm) to remove debris and
sediment. Invertebrates were removed with forcApgpresentative algal sample was placed in a
20 mL scintillation vial and fixed in 2 % glutaraldyde solution for later identification and the
remaining tissue was frozen at -20 °C pending aimsbt the University of Waterloo. Algal
material was examined under a dissecting microsfmpgnification 4 to 25 x) to confirm that
the sample was indeed primarily compose@laidophoraand not other filamentous
chlorophytes. Prior to analysis, algal tissue weasZe dried (Modulyo D, ThermoSavant,
Holbrook, NY) at -50 °C for 48 hours. Dry tissuesathen ground using a ball and mill grinder,
and homogenized sub-samples were combusted atCAt® 1 hour and then autoclaved for 30
minutes in distilled water with 4% potassium pefistgl solution added to a final concentration of
0.16%. Following digestion, solubilized P was meeadispectrophotmetrically using the
molybdate blue method (APHA 1998). Tissue contéi@ and N was assayed using an elemental
analyzer (CEC-440, Exeter Analytical, N. Chelmsfdvi®).

6.3.6Statistical Analyses

The resulting unbalanced design of the samplingvtter quality variables (variable
number of stations in each region) complicatesssizdl comparisons. Nonetheless, to contrast
conditions in Lake Simcoe with those encounteretthénGreat Lakes, a one way ANOVA was
used to compare average water chemistry and physicameters of interest. Data were;lpg
transformed to equalize variances and stations tiareed into corresponding “site” groupings.
In Lake Simcoe, groupings consisted of Cook’s B2y, (C6, C9), Kempenfelt Bay (K39, K42,
K45) and the main lake stations (S15, E50, E51, BI3Q, N32). Additional stations to
characterize near shore variability were compodéeleotransect stations at Georgina (901, 902,
903), Thorah Island (904, 905, 906) and near HaffeRiver (907, 908, 909). For comparative
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purposes, data from near shore areas of the Gadaslsampled in 2005 (Chapter 3) were used to
characterize differences between the Great Laké4.ake Simcoe nutrient chemistry. Great
Lakes sites comprised of a site in Georgian Bay€3ahin), two sites in Lake Huron
(Southampton and Pike Bay), three sites in Lake @tanticoke shoal, Peacock Point, and Grand
River) and four sites in Lake Ontario (Oakuville rPOredit, Presqu’ile Provincial Park, Dobb’s
Bank). Data were further binned into seasonal grggpbased upon the month of sampling and
thermal regime of the water body in question. Spoavered the period from mid April to early
June in the Great Lakes data, but only May sampéze classed as spring for the Lake Simcoe
data. Summer covered the months of July and Adguéioth Lake Simcoe and the Great Lakes
sites. While recognizing that these are somewhatecclassifications, obvious differences in
nutrient and chemical conditions should nonethdbesapparent. ANOVA was run using the base
statspackage in the statistical software R (R Core reent Team 2007). Post-hoc

comparisons were conduced using a Tukey-Kraemewtdsan level set to 0.05.
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6.4 Results

6.4.1Water chemistry and physical conditions

Considerable variability in thermal structurerigiarted by the variability in basin
morphometry and the seasonal thermocline in Lake&e appears to be between 12 and 15 m
deep (data not shown). Patterns of surface temperaaried predictably within the lake and
within the months of sampling, with shallow are&the lake (e.g., Cook’s Bay, eastern portion)
warming more quickly than deeper areas (e.g., KerafieBay). Surface temperatures measured
at the Island transects and Pefferlaw transedbetain May 2006 were ~ 10 °C, with
temperatures at bottom ranging from 6 to 8 °C. &@ftemperatures in the summer months (July
and August) were generally quite stable with oneepiion. Surface temperatures in August 2007
were considerably lower and more variable amongtagons (19.16 £ 1.18 °C) than in August
2006 (24.44 + 0.71 °C). Strong north easterly wididisng the August 2007 sampling may have
caused upwelling of cooler water from the main bdwsipolimnion into the east portion of the
lake.

Light attenuation in Lake Simcoe is comparablthtd in Lakes Erie and Ontario during
both spring and summer (Figure 6.2a, Figure 6i3@her PAR attenuation in Cook’s Bay and at
Pefferlaw during the spring was due to re-suspeséddinent, as the macrophyte overstory was
not yet fully developed. The main lake and othelskv areas (< 10 m) in Lake Simcoe have
similar attenuation coefficients for near shoredbteakes areas. In Simcoe, these shallow areas
(e.g. Georgina, Thorah and Pefferlaw transectshatamexperience high turbidity (and thus high
light attenuation) due to re-suspension of maténiah the lake bottom even in the summer when
accompanied by strong winds in August 2007 (FiguBa; see Thorah and Georgina Island
transects).

Concentrations of chlorophyll a in Lake Simcoe wem@arkably similar to Great Lakes
sites during both spring and summer (Figure 6.&yrE 6.3b). Patterns of variation were not
consistent among sites, or within lakes, howevghdii chlorophyll was observed in Cooks Bay
and Kempenfelt Bay during the summer comparededarthin lake and the transect sites which
are located in shallow waters over dreissenid d¢edahsubstrate.

Spring TP in Lake Simcoe was generally similacdacentrations in the Great Lakes
sites, but were higher than concentrations measarégorgian Bay and Lake Huron (Figure
6.2¢). In contrast, summer TP in Lake Simcoe waggdly the same as at the highly agricultural

Southampton site in Lake Huron, but was higher tibsites in Lake Erie and Ontario (Figure
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6.3c). Spring soluble reactive P (SRP) did not \amysiderably within areas of Lake Simcoe,
and was comparable to SRP measured at all the Gakes sites (Figure 6.2dFigure 6.3). In the
summer, SRP in Lake Simcoe was comparable to ctraciems in Georgian Bay, Lake Huron
and Lake Ontario. Lake Erie SRP was not deteciatday of the samples (Figure 6.3d).

In contrast to weak variation among sites wigpeet to P concentrations, there were
remarkable differences between Nénd SiQ concentrations (Figure 6.2e and f, and Figure 6.3e
and f). NQ concentrations in the spring in Lake Simcoe werearkably low (< 10rg L™ to
70.8ng L™), and dropped to concentrations at or below theatien limit (~ 10 pg L) in the
summer (Figure 6.2e, Figure 6.3e). This is in stankrast to the Great Lakes sites, wherg NO
concentrations were significantly higher in bothirsgp and summer (Figure 6.2e, Figure 6.3¢).
Spring SiQ concentrations in Lake Simcoe are similar to thalsserved in Georgian Bay and
Lake Huron, and greatly exceed concentrations fanhdkes Erie and Ontario (Figure 6.2f).
This pattern continues into the summer, althoughntiagnitude of concentrations differs, Si©

still quite high in Lake Simcoe (Figure 6.3f).

6.4.2Acoustic surveys

Maps displaying the kriged surfaces for percenec@nd estimated canopy height
derived from the analysis of acoustic data at Geargnd Thorah Island are shown in Figure 5.
During the spring survey at these sites, | faiteddtect any growth of either filamentous algae or
macrophytes using the acoustic system. Observatiaae during the survey with under water
video (SplashCam; Ocean Systems, Everett, WA, zeesky et al. submitted) at each of the
water quality sites (Figure 6.1) and randomly gelé@docations along survey transects showed a
substratum comprised of small to medium sized agltalonized by dreissenid mussels. Based
on visual examination of the underwater video,ghlestratum was not heavily colonized by
periphyton, and the presence of filamentous algatdmot be confirmed visually. Isolated stems
of macrophytes (mostlylyriophyllum spicatumwere observed growing in areas underlain
predominantly by hard substratum, perhaps rootetg/en rocks or interstitial spaces created by
dreissenid shells. Many of these single macrophyttelsably escaped detection by acoustics due
to a sparse distribution, low biomass, and closea@ation with the substratum.

The August surveys were far more successful faatigin of submerged vegetation with
acoustics. Isolated patches of moderate to higtepécover were evident along both islands but
the areal extent of growth at Thorah Island wasiBaantly larger due to the much gentler
bathymetric slope when compared to Georgina Is{&iglre 6.4 and Figure 6.1). Nearly all the

growth in these areas was characterized by bedhtsdigexcess of 20 cm, and was confirmed to
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be largely due to macrophyte growth with the aithef underwater camera system. Some growth
of Cladophorawas observed at Thorah Island, but it did nothiesadficient height for detection
with the acoustic system. Similar conditions wereceintered during follow-up water quality
surveys during 2007.

In the few areas whef@ladophorawas confirmed to be present either by visual
observation or with the underwater camera, sanvpége collected for tissue nutrient analysis via
snorkeling or rake sampling. Comparedadophoracollected from Cook’s Bay and Shingle
Bay where it was growing epiphytically on macrogsyCladophorafrom the Island sites in
May and July of 2007 appeared to be heavily enedusith epiphytic diatoms. These samples
also had the lowest tissue nutrient content (batind®N) (Figure 6.5a), yet did not appear to be
greatly P deficient when compared to samples frear shore areas of the Great Lakes (Figure
6.5b,c,d). Low tissue N and P content (as a % ddW may have been due to a high inorganic
content, as these samples were characterized bgriganic content (LOI ~ 41-47 %) when

compared to samples found elsewhere in Lake Sirandeghe Great Lakes (LOI ~ 65 — 89 %).
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Figure 6.2.Plots of average a) light attenuation (kPARY)nb) Chlorophyll a (g L™), ¢) TP (g
LY, d) SRP (g L%, e) NQ ( gL, f) Si0, ( g L™) in Lake Simcoe and selected nearshore
areas of the Great Lakes for spring periods (Apghrly June). Lake Simcoe data are compiled
from 2006 and 2007, Great Lakes data from 2005e Motor of bar denotes the water body as in
panel a).Superscript letters denote values notfiigntly different atp=0.05.
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Figure 6.3.Plots of average a) light attenuation (kPARY)nb) Chlorophyll a (g L™, ¢) TP (g
L), d) SRP (gL"), e) NG ( gL™), f) SiO, ( g L™ in Lake Simcoe and selected nearshore

areas of the Great Lakes for summer periods (dulugust). Lake Simcoe data are compiled
from 2006 and 2007, Great Lakes data from 2005e Molor of bar denotes the water body as in

panel a). Superscript letters denote values natfgigntly different agp=0.05.
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Figure 6.4.Maps of kriged surfaces showing percent cover air@ea Island (a), canopy height
at Georgina Island (b) and percent cover at Thiglaimd (c), and canopy height at Thorah Island
(d) on August 9 2006.
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Figure 6.5.Bar plots of a) % tissue P b) tissue C:P ratiossiie C:N ratio and d) tissue N:P ratio
of Cladophora tissue samples from Lake Simcoe #mer docations in the Great Lakes. Data
from Lake Ontario, Erie and Huron were collectednly2005 and 2006 and are summarized
from Houben (2007) and Higgins et al. (2008). Oabow upper specification line in panel a)
indicate P limit growth ( < 0.16% P DW) and beldwe fower specification indicate levels
corresponding to zero net growth (< 0.06% DW). Qddave upper line in panel b) and d)
indicate C:P > 1550 and N:P > 74 determined by l#au2007) to correspond to zero net
growth. Data above the lower line in panel b) apahdicate C:P > 550 and N:P > 42 determined
by Houben (2007) to correspond to P limited growth.

218



6.5 Discussion

The initial goal of this study was to apply the fyacoustic survey methodology
developed in Chapter 2 to areas in Lake Simcoe euitfditions that were hypothesized to be
conducive taCladophoragrowth. Although other filamentous chlorophytestsasUlothrix
zonata(Weber and Mohr) Kitzingstigeocolonium tenu@g.) Kitzing andSpirogyraare
common members of the benthic algal assembladeiteat Lakes rocky littoral areas, their
occurrence as nuisance blooms is less well docwdd@raham 1982). The dominance of
Cladophorain these highly turbulent environments is thoughdrise by virtue of its physical
attributes (e.qg., tenacious holdfasts and robustiraahalli) as well as its rapid growth rate
(Garwood 1982). Finer, un-branched filamentouselgag. Stigeocolonium tenu&pirogyra
andUlothrix) have delicate filaments and lack the robust laddf characteristic @ladophora,
and therefore may not be able to withstand theipalygirbulence common in rocky littoral areas
(Rosemarin 1982, Garwood 1982, Lowe and Pillsb@85). Recent work using molecular
markers (e.g., Ross 2006) has confirmed that th@rdmnt filamentous alga of the dreissenid
infested littoral zones of the Great Lakes is imb@&dophora glomeratdl.) Kitzing, and this
particular species is responsible for the excegsiNgance blooms in recent years in Lakes Erie
(e.g., Higgins et al. 2005a), Ontario (e.g., Mal&tral. 2008) and Michigan (e.g., Bootsma et al.
2004).

As mentioned in the introduction, the apparentmgsce of shoreline fouling by
Cladophorain the Great Lakes occurred in the mid 1990s, @pprately 5 to 8 years after
dreissenid mussels became established (Higgins22@Ba and references therein). Reconciling
the return of excessiv@ladophoragrowth to the near shore regions of the Great fakehe
presence of continued declines in offshore nutidencentrations (e.g., Malkin et al. submitted)
is complicated by the lack of data Gladophorabiomass and distribution in the intervening
periods between P control and the invasion of desisl mussels (Higgins et al. 2008a).
However, the apparent responseCtddophorabiomass and distribution to P control in Lake
Ontario in the early 1980s (Painter and Kamait®7)&oupled with lake wide declines in near
shore P concentrations (Nicholls et al. 2001) ssgtpat reductions i€ladophorabiomass were
likely to have occurred elsewhere, and that theetiresurgence is perhaps best explained by the
shunt hypothesis that links tk¥adophoraresurgence to ecosystem changes mediated by
dreissenids (Hecky et al. 2004).

Part of the rationale for this study was that tkiesive annual monitoring conducted by

the Ministry of Environment since 1980 (Eimers [e2805) covered time periods of high
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nutrient loads, declining nutrient loading, dreigdaénvasion, and currently a period of
established mussels and relatively stable P loadWinter et al. 2007). Therefore, trends in
water clarity and nutrients are characterized sigffitly during periods of P loading reduction and
the subsequent invasion of dreissenid musselgrtbuae some obvious changes to mussels rather
than nutrient reductions (Eimers et al. 2005). &@mple, while improvements in phytoplankton
bio-volume and water clarity were noted prior te #stablishment of dreissenid mussels, major
increases in water clarity were noted in the follgywears (Nicholls 1998). Phytoplankton bio-
volume declined and became much less variableghanto the dreissenid period (Eimers et al.
2005). Such changes are consistent with obsergtiom water intake monitoring in the Great
Lakes before and after dreissenid colonization (&ligholls et al. 1999) and support the
hypothesis that dreissenids are having a significapact on the ecology of Lake Simcoe.
Likewise, major increases in water clarity wereegbin 1996 and 1997 on a lake wide basis (e.qg.,
Eimers et al. 2005) and are more consistent weleffects of dreissenid filtering, as nutrient
loading during that time did not decline signifilgrcompared to prior years (Winter et al. 2002).

Although Cladophorahas historically been a shoreline nuisance in L%ikecoe (Jackson
1982), these surveys failed to detect significambants ofCladophorawith the acoustic system
during the surveys. While it must be acknowledded €ladophoraat low biomass (e.g., <31 +
18 g n¥ the estimated detection limit from Chapter 2) or of sufficient height for detection
with acoustics ( < 7.5 cm) will escape detectiormiy experience, underwater video and visual
observations in shallow water can frequently confihe presence or absenceCtddophorain
these cases.

Despite surface temperatures during the May 208&gwnear 10 °C and temperatures at
10 m depth ranging from 6 to 8 °C, the substratemained mostly devoid of filamentous algal
growth. Vegetative growth dZladophoragenerally begins as water temperatures exceed 5 °C
(Graham et al. 1982) and optimal photosynthetiesrate not achieved until water temperature
exceeds 15 °C (Graham et al. 1982), so excessivedsis ofCladophorais not expected to be
found so early in the season. In Lake Ontario, ¢inav® the first cohort o€ladophorais
generally underway at these temperatures, andugjthareal biomass is low (< 20 ¢ne.f.
Malkin 2007), the growin@ladophoracovers nearly 100% of the substratum with the
characteristic dark green filaments (Malkin 200Mpreover, other filamentous chlorophytes
(e.g.,Ulothrix zonata, Spirogyngare known to colonize areas with hard substratend early
season (e.g., April and May) when water temperatare cooler (Graham et al. 1985, 1995,
Higgins et al. 2005a), yet such growths were cangpisly absent in Lake Simcoe during this
study.
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As the water temperature warnpthrix andSpirogyragenerally suffer reduced rates
of photosynthesis (Graham et al. 1985,1995) anid thlative contribution to the total macroalgal
biomass during summer months appears to be low &hegath et al. 1988, Jackson et al. 1990,
Higgins et al. 2005, Malkin et al. 2008). The irpiof Ulothrix andSpirogyrato maintain high
rates of positive net growth during warm water @ési (> 15 °C; Graham et al. 1985, 1995) may
create an opportunity f&€ladophorato become the dominant filamentous alga duringmsem
months. In temperate lakes and rivé&gdophoragenerally reaches maximal biomass in mid-
summer (e.g., Higgins et al. 2005a, Malkin et BD&), sometimes followed by a second peak in
the autumn (Whitton 1970¢ladophorawas indeed observed during the August 2006 survey,
and again during follow up water quality surveysuty and August of 2007, b@adophoradid
not accrue to excessive biomass. This suggesteithat biomass simply does not accumulate to
excessive amounts in Lake Simcoe, or that perhiapsass had detached and washed ashore
prior to the surveys.

In the Great Lakes, sloughing (detachmertlaidophorafilaments from substratum) is a
common occurrence following the mid-summer biormmaagima, with much of the algal material
deposited on shore (Higgins et al. 2008a). Sudmea@gmenon was indeed noted by Jackson
(1982) during his seasonal study in Lake Simcak9ir6 and 1980. While debate continues on
the exact mechanism responsible (Higgins et al8BY)0t is generally recognized that sufficient
biomass must accrue prior to major sloughing evéntsle it is possible that the failure to locate
nuisance biomass @fladophoraat the Island sites may be due to prior detachwiealgal
biomass, significant shoreline accumulations altwegisland shorelines were not obvious at the
time (personal observation) and the lack of commpéaiirom shoreline residential communities (J.
Winter, Ontario Ministry of Environment, personahemunication) do not support this
hypothesis. Furthermore, no mention of excesSiaelophoragrowth was made during
invertebrate sampling in the fall of 2005 at muéiphoreline sites around the lake (e.g., Kilgour
et al. 2008), suggesting thatadophoraprobably does not currently achieve nuisance $eivel
Lake Simcoe at the present time.

Causes for the apparent lack of nuisance biomaStadbphoraare unknown, but
several possible explanations exist. The proxirfad®rs controlling benthic algal biomass can
be categorized into those regulating the procebssoofiass accrual and those regulating the
processes that lead to biomass loss (Biggs 199@)factors that lead to biomass accrual are
generally at the level of resources (e.g., nutsiamd light), while the main factor leading to

biomass loss is disturbance related (e.g., exassitaulence, abrasion, or grazing).
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6.5.1Nutrient control of Cladophora

Phosphorus and nitrogen are the most commonlyitigitutrients for benthic algae,
although carbon limitation can be a factor in sedter lakes (Turner et al. 1995). Because Lake
Simcoe is a hard water system with pH and totaladky comparable to shallow near shore
areas in Lakes Ontario and Erie (Lake Simcoe méhn 8.3 = 0.1, mean total alkalinity 2.10 +
0.05 meq [; c.f. Houben 2007, Lake Ontario mean pH = 8.33 Mean total alkalinity 1.77 +
0.09 meq [; c. f Houben 2007, and mean Lake Erie pH = 8024t mean total alkalinity 1.86 +
0.11 meq [; c.f. Depew 2003), and the observation Bkdophorais able to utilize HC®
(Choo et al. 2002), carbon limitation Gfadophoragrowth is not likely.

Although there are reports of nitrogen limitatidnGladophoragrowth in the literature
(e.g., Millner et al. 1982), nearly all studies@ladophorain freshwaters indicate that
phosphorus is the principal growth limiting nutti€éAuer and Canale 1982a, Painter and
Kamaitis 1987, Parker and Maberly 2000). Conceiommatof both TP and SRP measured during
this study in Lake Simcoe are similar to conceidret measured in 2005 in near shore areas of
Lakes Ontario and Erie, where excessiladophoragrowth is a seasonally recurrent
phenomenon (e.g., Chapter 2, Chapter 3, Higgias @005, Malkin et al. 2008). Yet, NO
concentrations in Lake Simcoe are far lower thasé¢lmeasured in the Great Lakes (Figure 6.2
and Figure 6.3). While perhaps somewhat peculizgrgihe dominance of agricultural land use
in the catchment (Eimers et al. 2005) and the dedihed trend of increasing NGoncentrations
in the geographically close water bodies of theaGkakes (e.g., Millard et al. 2003, Finlay et al.
2007), these values are comparable to those aatlesitice 1980 on an annual basis by the MOE
(A. Landre, Ontario Ministry of Environment, persdicommunication) and are not likely
erroneous. The low NQOconcentrations may reflect the ability of smalédes to denitrify or
bury most external NOor DON inputs (e.g., Molot and Dillon 1993, Lepigt al. 2006) better
than large lakes (Finlay et al. 2007).

The small number dfladophoratissue samples collected in this study makesstital
comparisons to other areas difficult, but curreetsures of tissue P are generally lower than
historical data (tissue P range 0.03 to 0.65 % D&l¢kson 1982), and remain between the 0.06 %
DW and 0.16 % DW values suggested for zero gro®#ripff and Fitzgerald 1976) and P
limited growth (Wong and Clark 1976). Tissue N frtm Lake Simcoe samples were generally
above the 1.1 % DW critical level defined by Gefrlrid Fitzgerald (1976). Based on the nutrient
ratio thresholds determined by Houben (2007) faraBtake<ladophora Lake Simcoe
Cladophoracan be considered P limited (Figure 6.5), althopgthaps to a lesser extent than

some areas in the Great Lakes. This is not incemgisvith Lake Simcoe’s status as a
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mesotrophic water body. Historical N:P ratios agerhbetween 10 and 17 (Jackson 1982),
which are far lower than current N:P ratios (meaR N 39, range 26 — 74, n = 11), further
confirming thatCladophorain Lake Simcoe remains P limited at present.

Despite comparable P concentrations to near sheas af the Great Lakes and an
apparent state of P limitation in Lake Sim&ladophora other factors such as turbulence can
affect the transport of limiting nutrients to thellsurface (Vogel 1994). For epilithic algae such
asCladophora their attachment to chemically inert substratwoassitates the acquisition of
nutrients from the water column, and thus theysaszeptible to physical controls on the
thickness of the benthic boundary layer (Whitto@@9 The diffusion of nutrients across the
benthic boundary layer is dependent on the thickoéthe boundary layer, which may vary from
mm to cm depending on the velocity of the overlyiveger and turbulence (Riber and Wetzel
1987) and the concentration gradient from the watkrmn to the cell surface (Vogel 1994).
Although SRP concentrations in Lake Simcoe arelairto concentrations measured in the lower
Great lakes, Lake Simcoe is considerably smaltet,raay not experience sufficient turbulence
to overcome nutrient demand in the lack of a carsible concentration gradient. SRP
concentrations in Lake Simcoe during the 1970seamty 1980s were generally in the 4 to 8 ug
L range, but concentrations >150 pi§\were observed at the site adjacent to the Os#iaage
treatment plant discharge where nuisance growthmess common (Jackson 1982). Insufficient
turbulence was cited by Jackson (1982) as the pyingason for the sudden cessation of
nuisanceCladophoragrowth beyond a depth of 3 m in Shingle Bay. Whikufficient
turbulence may explain the lack of nuisa@adophoragrowth in sheltered shoreline areas of
Lake Simcoe, the two locations surveyed in thighgtrere far more exposed that the site Jackson
(1982) sampled in Shingle Bay. The average fetstadce for the exposed portions of the island
sites was 16 km, and measurements of current ¥elioc2005 from an ADCP moored due west
of the study sites suggest that surface curremtsaged between 5 and 10 cmeand 3 to 10
cm se¢ at a depth of 10 m, with maximal values ~ 25 co skiring high wind events (Baird
2006). These current velocities are comparabledsd measured in the near shore regions of the
Great Lakes (Rao and Schwab 2007) and suggesittiegtst for these study sites, physical
turbulence was likely sufficient f@Zladophoragrowth at the attendant nutrient conditions.

Additional consideration of benthic boundary lagignamics must consider the effects of
nutrients excreted by dreissenids or re-mineralingte benthos. In Lake Simcoe, dreissenid
abundance and nutrient excretion rates measnratl are comparable to those observed in Lake
Ontario (Ozersky et al. submitted, Ozersky et @09, and dreissenids appear to excrete at an

N:P molar ratio of 19, which is close to the optimzio for benthic algae (Hillebrand and
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Sommer 1999; Kahlert 1998). Even if turbulence imasfficient to maintain a supply of

nutrients toCladophorafrom the overlying water column, insufficient tutbnce would
conceivably prolong the duration that nutrientsarailable for uptake in the benthic boundary
layer. Visual observations of the substratum ind_8kmcoe suggest that there is an extensive
epilithic algal film present, comprised mainly odtbms. Such epilithic biofilms are often
enmeshed with hydrated glycocalyx and other mugmaaicharides that are excreted by bacteria
and other algae which can enhance nutrient retenfiammonium and phosphorus (Avnimelech
et al. 1982). Reduced C:P and N:P ratios of bemliatoms growing on dreissenids compared to
bare substrate in Lake Erken (Kahlert and Pettar802) are also consistent with the hypothesis
that nutrients excreted by dreissenids can be dagaoh by benthic algae close to the substratum
surface. Based on the tissue P and nutrient storettry, Cladophorain Lake Simcoe does not
appear to be more severely P limited tldadophorafrom the Great Lakes and suggests that
perhaps other factors may be more important inrothimg the accumulation of nuisance

Cladophorabiomass in Lake Simcoe.

6.5.2Light availability

Control of Cladophorabiomass at the resource level can also be infeekbg the
availability of light. Since one of the major ece®m changes attributed to dreissenid mussel
filtering activity is a substantial increase in esatlarity (e.g., Howell et al. 1996, Zhu et al.
2006), an expanded habitat range and enhancedaligiiability at depth could reasonably be
hypothesized to result in an increas€ladophorabiomass accrual (Higgins et al. 2008a).
Although | lack direct measures of photosynthegéipacity forCladophoragrowing in Lake
Simcoe, experimental work from Lakes Erie (e.ggdihs et al. 2008b) and Huron (e.g., Graham
et al. 1982) suggest that photosynthesis is lightrated at intensities ranging from 205 to 300
HE nf s’. Based on the PAR attenuation coefficients measair¢he Island transects (average ~
0.35 m'), an average surface irradiance of 807 [fEsh{Lorenz et al. 1991), light limitation of
growth would occur around a depth of 2.8 to 3.9his approximates the depth of light
limitation of growth in both Lakes Erie (Higginsa&t 2008b) and Ontario (Malkin 2007), and
suggests that comparable levels of light energyeaehing the benthos.

The amount of light available to benthic algaeds solely dependent on the attenuation
and scattering within the overlying water columut also by the attenuation and scattering
induced by the presence and quantity of epiphyiocrization (Sand - Jensen and Sgndergaard
1981). The cellulosic cell wall d@Zladophoraand upright growth form provides a suitable

substrate for a diverse epiphyte flora which oftenomes structurally complex with populations
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of bacteria, prostrate and adnate diatoms, andaellliar filaments of green algae (Lowe et
al.1982, Stevenson and Stoermer 1982). A modestsiiy of epiphyte species has been found
on Cladophorain the Great Lakes (e.g., Lowe et al. 1982, Stegrrand Stoermer 1982, Malkin
et al. 2009) and the dominant group is often pripailiceous diatoms (e.gGocconei}that
adhere to th€ladophorafilaments and are thus able to stay attachedgh éhergy
environments (Bergey et al. 1995, Malkin et al. 20@Gince light must first pass through the
epiphyte layer, competition for light betwe€tadophoraand its epiphytes is therefore a strong
possibility (Dodds and Gudder 1992). Dodds et1890) estimated the maximal extinction
coefficient for a 30 pm thick layer @occoneido be ~ 4500 i and heavy coatings of
epiphytes have been shown to redGtadophoraphotosynthesis at light intensities < 500 UE m
s' (Dodds 1991). Whether the negative effects ofavpepiphyte coating is due to direct
competition for light (e.g., Sand-Jensen 1977)yomfilling between the filaments that acts to
impede current flow and presumably nutrient transfpothe filaments (Nowell and Jumars
1984), is not known. While other factors obviouaffect the light dependency of photosynthesis
(e.g., current velocity, nutrient supply, temperafetc), a heavy encrustation of diatom
epiphytes may significantly reduce photosynthestrastrict the ability o€ladophorato

achieve maximal growth rates at all but very shallepths.

The potential importance of epiphytesGmdophorabiomass accrual in Lake Simcoe
becomes more important with the observation thi@astoncentrations in Lake Simcoe are
significantly higher than silica levels measuredha lower Great Lakes (e.g., Lake Erie and
Ontario). In Lakes Erie and Ontario, dissolveccsilconcentrations generally fall well below the
threshold thought to limit siliceous alga (e.gatdims and chrysophytes) of 0.4 mg (Schelske
et al. 1986) during the summer months (Figure &N8)such mid-summer decline was observed
during the two years in this study, and silica @ncations never dropped below 0.5 my The
scarcity of silica during the summer months inltheer Great Lakes may therefore allow
Cladophorato outgrow its epiphyte layer (Malkin et al. 200Burther support for this hypothesis
is provided in a study of Danish lakes where filatoes green algae (e.@edogonium
Ulothrix, Spirogyra, Zygnemavere dominant only in lakes with low silica cont@tions or did
not flourish until the spring diatom bloom had eusted the available silica (Sand-Jensen and
Sendergaard 1981). The few sample€laidophoracollected in this study appeared brownish
and heavily encrusted by epiphytes. This is in rkatale contrast to the description of samples
collected at the Orillia sewage treatment plandfgkson (1982) of “dark green and healthy”, and
those that | observed at numerous locations in IGrkimrio and Lake Erie in previous years.

While | did not attempt to enumerate the epiphgteassay the silica content (Malkin et al.
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2009), these samples had a much lower organic mofit®!: 41 to 47 %) compared to
Cladophoracollected in Cook’s Bay and Shingle Bay (LOI: 8336 %). While not a direct
measure of epiphyte colonization, LOI will be lowdnen siliceous epiphytes are present and it
does indirectly suggest th@tadophoragrowing at the Island sites may been heavily estedi

by epiphytes and experiencing strong light limaati

6.5.3Grazer control of Cladophora

The principal mechanism controlling biomass remafa&ladophorain the Great Lakes
is physical turbulence that tears the elongataaniénts from the substratum during wind and
wave action (Higgins et al. 2008a). Top down cdrafdCladophoraby grazers is thought to be
limited becaus€ladophorais generally considered to be a poor, non-predeived source
(Dodds and Gudder 1992). Compared to diatom riciplpgton, Cladophorahas a much lower
content of amino acids and essential fatty aciasdfl3 and Gudder 1992), and may contain toxic
fatty acids (e.g., LaLonde et al. 1979). Furthdedence to grazing may be provided by the large
size of the filaments relative the size of the grgbodds and Gudder 1992). Despite this, many
species from varied taxonomic groups do gi@szlophorain freshwaters (reviewed in Dodds
and Gudder 1992), although Dodds (1991) notesait@tiental ingestion of filaments during
epiphyte consumption cannot be ruled out. Grazengaitso indirectly increase algal biomass by
selectively removing epiphytes (e.g., Sarnelld.et203) and by recycling nutrients within the
algal mat (e.g., Hillebrand 2002). However, whem dbbundance of grazing animals is high
enough, consumptive losses will far outweigh antgptial benefits produced by the grazers
themselves (Hillebrand 2002).

The importance grazers as controlling agentSlatlophorabiomass in Lake Simcoe is
particularly relevant since the biomass of macse@itebrate grazers appears to have nearly
guadrupled (D.R. Barton, Dept. of Biology, Univeéysaf Waterloo, unpubl. data) since the
period prior to the invasion by dreissenids (Rawson 1930). The significant increase in
macro-invertebrate abundance, biomass and divéis38/taxa, including sensitive species such
as mayflies (e.ghklexagenia, Ephemerella, Caenand caddisflies (e.g-elicopsyche boreal)s
Kilgour et al. 2008) is likely related to the ob&ation thatDreissenaappear to be key structuring
agents of benthic macro-invertebrate communitiéseishwater habitats (Stewart et al. 1998a,b).
While Dreissenaare known to negatively impact certain taxa thtoogmpetition for food and
space (e.g., indigenous bivalves and amphipDgsoteia hoy)) (Howell et al. 1996, Dermott
and Kerec 1997), colonization by dreissenids gdiyasults in an increase in macro-

invertebrate biomass, density and diversity of codoing taxa by providing habitat enhancement
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and food resources (e.g., Stewart et al. 199888l material from live and dead mussels acts to
increase the structural complexity and surface avedable for colonization by periphyton and
other sessile invertebrates (Stewart et al. 1998i®.interstitial spaces between the shells can
also provide refuge from predators and other distaces (Stewart et al. 1998b, Barton 2004).
Moreover, organic matter, pseudofeces and otheituethat would otherwise be washed away
by currents and wave action can become trappdukesetinterstitial spaces and become available
for use within the benthos (Roditi et al. 1997).

The amphipod§&ammarus lacustrigschinogammarus ischnamdGammarus fasciatus
were reported in considerable numbers during 20052808 (Kilgour et al. 2008, D. R. Barton,
Department of Biology, University of Waterloo, Wdt®, Ontario, Canada, personal
communication). @mmarus fasciatulsas recently been observed to feed directiZaaophora
filaments in Lake Erie (Johnson 2004) and Lake @mi@lalkin 2007), whileG. lacustrisandE.
ischnusare thought to graze mainly on detritus or epighygtganisms rather thatladophora
(Stevens et al. 1997). However, comparable abumdanics. fasciatusvere reported for eastern
Lake Erie in the 1970s (~ 2500 to 45006;Barton and Hynes 1978) wh@&tadophorareadily
achieved excessive biomass (e.g., Neil and Jack88?), suggesting that grazing by amphipods
may be of little consequence.

Caddisfly and mayfly larvae (e.g., Feminella andliR&991, Harrison and Hildrew 2001)
also grazeCladophorain stream and lake environments, but such actoaty be species specific
and vary on seasonal cycles ( Feminella and Re8h)1Barger omnivores such as crayfish (e.g.,
Orconectes propinquiandOrconectes viriliy have also been observed to c@pdophorain
stream and pond environments, even at low dengiié® n’) (Creed Jr. 1994, Dorn and
Wojdak 2004). Currently, three species of crayfishh found in Lake Simcoe at comparable and
higher densities (> 10 fjn (O. propinquis, O. virilisand the invasiv®rconectes rusticysyet
the N signatures of these crayfish indicated a prediipago carnivory rather than omnivory
(T. Ozersky, University of Waterloo, unpubl.daféhe abundance of net spinning caddisflies and
crayfish in the Great Lakes declined precipitowter the arrival of dreissenids, but this may be
more related to the elimination of suitable refagditat by infilling of crushed dreissenid mussel
shell material, pseudofeces and detritus (Rattiarton 2003). This does not appear to be the
case in Lake Simcoe, but whether or not grazerddmuce is sufficient to contr@ladophora

biomass remains to be tested explicitly.
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6.6 Conclusion

The absence of nuisanG#adophoragrowth on areas of hard substrate in Lake Simgoe i
strikingly different from the situation in the Low&reat Lakes (e.g., Higgins et al. 2005a,
Malkin et al. 2008). It is possible that a numbkthe above mentioned factors act in synergistic
manner to constrai@ladophorabiomass in Lake Simcoe. The high availability itita in Lake
Simcoe may allow for continued epiphyte growth@adophorafilaments. As a result,
Cladophoramay remain in a state of perpetual light limitatat all but the shallowest depths,
resulting in reduced growth rates and biomass atcdWith a slow accumulation @ladophora
biomass, control via an abundant grazer commuitpimes more plausible, though the
availability of other more palatable benthic aligmprobably the preferred food source for many
invertebrate grazers. The availability of silicaynadso influence the natural succession of the
community as a whole. For example, Carrick and L@97) found that with continued
enrichment of growth substrate with N, P and Sitains continued to dominate the benthic algal
community in Lake Michigan, effectively utilizingpé additional N and P. Without the added Si,
the benthic algal community progressed to one datathby chlorophytes and blue green algae
when diatom growth declined (Carrick and Lowe 2007)

In Lake Erken (Sweden), despite the establishmiettesssenid mussels in 1975, the
benthic algal assemblage on hard substrate isdemagily more diverse than the current mono-
specific assemblage @ladophoraobserved in the lower Great Lakes (e.g., Kahiedt a
Pettersson 2002). Lake Erken is also charactehiyeudater chemistry that is remarkably similar
to Lake Simcoe (Petterson 1990).

Further experimentation is clearly required to @mmthe mechanism(s) responsible for
the lack of excessiv€ladophoradevelopment in Lake Simcoe. There are, howeveltjptel
lines of evidence that the ecosystem changes indogereissenids are present in Lake Simcoe.
There has clearly been a diversion of energy asgesuded materials to the benthos as predicted
by the near shore shunt hypothesis (e.g., Hecl, 2004). In particular, significant increases in
water clarity (e.g., Eimers et al. 2005) and thenghtic increase in macrophyte cover in Cook’s
Bay (Chapter 7) is attributable to the filteringigity of dreissenid mussels. Increased abundance
and biomass of benthic invertebrates (e.g., Kilggwal. 2008) suggests an increase of food
resources which cannot be linked to increasedeamitioading (e.g., Winter et al. 2007), but
would be consistent with a diversion of energy flmmand the retention of nutrients in the

benthos.
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Chapter 7
Submerged Aquatic Vegetation in Cook’s Bay, Lake &i1coe: Assessment

of changes in response to dreissenid mussel invasio

7.1 0Overview

A high frequency echo sounding method was employedsess the extent of
macrophyte growth in Cook’s Bay, Lake Simcoe dutimg late summer of 2006 and 2007.
Results from this study are compared against hestianydroacoustic surveys in Cook’s Bay
conducted prior to major P loading reduction e§qft984) and before the period of dreissenid
mussel invasion (1987). While the historical stsdiaggest some expansion of macrophytes in
response to a moderate increase in water clangyresults of the recent surveys reveal a major
increase in macrophyte cover, extending to a defpth10 m, into the middle portion of the Bay.
Tissue nutrient content of the macrophytes growirtpe Bay did not show major changes when
compared to historical levels except in shallowesga{< 5 m) suggesting a possible relaxation of
light limitation. These results suggest that mabgtes have responded to the large increase in
water clarity mediated by dreissenid mussel graaivilgile bio-deposition of particulate matter
may be important in more nutrient poor environmgtiits historically enriched sediments of
Cook’s Bay appear to be sufficient to maintain esoee macrophyte biomass. These results are
comparable to other shallow macrophyte dominatstesys and indicate dreissenids as strong

regulator of water clarity.
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7.2 Introduction

Freshwater macrophytes are a diverse group of imqulants that include charophytes,
bryophytes and angiosperms that comprise a majoponent of submerged aquatic vegetation
(SAV) in agquatic ecosystems (Chambers et al. 1988.importance of SAV to ecosystem
processes is particularly evident in shallow la&ed embayments where SAV can play a
significant role in structuring not only the phyai@and chemical environment, but also the
biological components of aquatic ecosystems (Cagpemd Lodge 1988). For example, dense
beds of SAV can attenuate water flow (Fonseca. €i982), enhancing the trapping and
deposition of sediment and other particulates (Ecasnd Fisher 1986). SAV can alter the
thermal structure by shading and affect dissolvgayen levels in the water column through
photosynthesis and respiration (Moore et al. 198A) can provide substrate for epiphytic algae
(Cyr and Downing 1988), and zooplankton and snistil €an avoid predation by hiding within
the plant canopy (Crowder and Cooper 1982, TimnashNoss 1984). Extensive SAV coverage
in lakes therefore has the potential to affectjusit biogeochemical cycling of nutrients and
dissolved gases, but also the dynamics of pelagidanthic food webs. Consequently, a change
in the quantity and extent of SAV cover has theepbal to affect significant change on the entire
aquatic ecosystem (Carpenter and Lodge 1988).

The distribution of SAV in aquatic ecosystems isdamentally determined by the
complex interplay of numerous abiotic and biotictées (Lacoul and Freedman 2006). These
include; light quality and quantity (Chambers aralfK1985), nutrient availability (Barko and
Smart 1998), water temperature, pH and alkalisiégiment composition (Hutchinson 1975),
disturbance by benthivorous fish (Painter et aR&9wind and ice scour (Crowder and Painter
1991), losses to herbivory (Sgndergaard et al. 1896 inter-specific competition for resources
(Madsen et al. 1991). The quantitative role of SAVakes is largely coupled to their areal
distribution, which is regulated by the morphomaetfyhe lake and the maximum depth of
colonization (Middelboe and Markager 1997). Presistudies have largely confirmed that the
maximum depth of colonization is strongly linkedwater clarity (Chambers and Kalff 1985,
Hudon et al. 2000) thus changes in water clarityelthe potential to expand or contract the
extent of SAV cover (Sand-Jensen et al. 2008).

In lakes or embayments shallow enough to suppoxt §@wth, nutrient enrichment
generally leads to a decline in water clarity anlsequent loss of SAV (Sand-Jensen et al.
2008). In contrast, nutrient reductions can leaidigrovements in water clarity (Jeppesen et al.

2005) though in some cases high levels of turbidifyy remain; fueled by internal nutrient

230



loading or re-suspension of unstable sedimentsehyhivorous fish or wind and wave action
(Scheffer 1990). Increased light availability ikéa is also attributed to filter feeding by the
invasive dreissenid musseBrgissena polymorphandD. bugensisKaratayev, et al. 1997,
Karatayev et al. 2002). Consequently, it is expkthat the increased water clarity associated
with dreissenid mussel invasion will lead to in@®@ coverage of SAV in invaded lakes
(Karatayev et al. 1997). Furthermore, the egegsifdiitered particles and partially digested
phytoplankton that remain bound in mucus can skdttee bottom, thus potentially enriching the
benthos and promoting the growth of SAV or bentigae (Vanderploeg et al. 2002, Hecky et al.
2004).

Studies in North American lakes have for the mast peen unable to separate changes
in water clarity related to nutrient reductionsgdhose attributable to dreissenid mussel filtratio
(but see Zhu et al. 2006) partly because of theipaaf data for the time period after P controls
but prior to dreissenid invasion, and the fact thassels invaded while nutrient reductions were
still being manifested. Assessing the response®df i these ecosystems is further complicated
by the lack of historical data on SAV distributifor the appropriate time periods (Zhu et al.
2007). Much like the Great Lakes, Lake Simcoe lestsubjected to a long history of
anthropogenic activity that has affected water iggdrimarily through cultural eutrophication
(Winter et al. 2007). Water quality problems in take since the 1970s have been attributed to a
three fold increase in phosphorus (P) loading fppeisettlement rates (Evans et al. 1996).
Recruitment failure of the native cold water fisipplations and excessive growth of
macrophytes and algae are among the principal consince water related recreational activities
are of major economic importance to the regiomdirig in nearly 200 million per year to the
local economy (LSEMS 2003). These symptoms of ghication and potential economic losses
prompted the development of the Lake Simcoe Enuiental Management Strategy (LSEMS) in
1980 with the objective of reducing P loads tolthel necessary to re-establish a naturally
reproducing cold water fishery and mitigate aesthedtects (Eimers et al. 2005).

In contrast to areas in the Great Lakes, Lake Setnpcovides a unique opportunity to
compare changes in SAV cover through time perisds@ated with P loading reductions and the
subsequent dreissenid mussel invasion. Dreissemsdeis were first observed in Lake Simcoe
during 1993 but did not become widespread untibl@mers et al. 2005). Although dreissenid
mussels preferentially attach to hard substrategiidgev et al. 1997), their ability to colonize
soft substrates and macrophytes has also been datenn(Haltuch et al. 2001). While early
invasion studies estimated abundances of > 100100@ Lake St. Clair (Griffiths et al. 1991)

and European lakes (Musko and Bako 2005), estinaditgiissenid abundance on macrophytes
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in Cook’s Bay are closer to 2000%rtOzersky et al. submitted). Long term monitoriragadon
water chemistry and general physical limnologiaaiditions have been routinely collected for
over 20 years by the Ontario Ministry of Environrhéng. Eimers et al. 2005), and provide
context for historical changes to lake conditionsr these periods. Prior hydro acoustic
surveys in Cook’s Bay, the first in 1984 (baselian)l second in 1987 (P reduction period, pre
dreissena period) provide an estimate of SAV cawver nutrient content within the bay and can
therefore serve as comparative points relativeeacturrent distribution of SAV (2006 and 2007).
In this study, the distribution of SAV in the inn@ortion of Cook’s Bay is assessed using
a high frequency hydro-acoustic method (see Satadl 2002a). These results are compared to
the prior hydro-acoustic surveys in 1984 (Neillett885) and 1987 (Neil et al. 1991) to evaluate
the changes in SAV cover during these three time@g Additionally, the nutrient content of
the SAV assemblage in 2006 is compared to nutcentent of the SAV assemblage in1984 and
1987 to assess the potential for dreissenid bi@slepto enhance the nutrient content of the

sediments in Cook’s Bay.
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7.3 Materials and Methods

7.3.1Study Location

Cook’s Bay is a shallow, soft bottom bay locatetha south end of Lake Simcoe (Figure
7.1). The maximum depth of Cook’s Bay approachesis the outer part toward the main basin
of the lake, but much of the inner bay is charaoterby depths < 6 m (Millard and Veal 1971,
Figure 7.1). Most of the major rivers in the Laken&oe basin rise in the interlobate moraine
south of Lake Simcoe and drain northward througly plains, drumlin fields and large areas of
organic soils (Johnson and Nicholls 1988). Agriatgtis the dominant land use in the Lake
Simcoe basin (43%; Eimers et al. 2005) consistimgainly livestock and crop production
(Winter et al. 2002). The Lake Simcoe catchmeatss experiencing rapid urban growth (~ 8
km? per year since 1985; Winter et al. 2002). Cookdy Beceives drainage from the largest river
in the Lake Simcoe basin (east and west branchiére dfolland River). Treated sewage effluent
from the towns of Aurora and Newmarket was divededthward in mid 1984 via the York —
Durham trunk sewer to the Duffins Waste water treatdt plant on Lake Ontario, but urban
runoff from these areas continues to flow northwihrdugh the east Holland River, to Cook’s
Bay. The largest area of organic soils along tinetdHolland River was dyked and drained in the
1930s as a series of polders occupying ~ 30(@ohnson and Nichols 1988). Before the 1930s,
the Holland River meandered though a large marsifidw is now diverted to the Holland River
by a series of canals (Figure 7.1). Water within lttolland River has historically been high in
phosphorus (Nicholls and MacCrimmon 1975) and redata indicate that the concentration of P
in the Holland River remains well above the Proiah@ater Quality of Ontario guideline of
0.03 mg L* on a regular basis (Winter et al. 2007). Consetiyierater quality data indicate that
outer Cook’s Bay remains in the mesotrophic raisgagonal average TP ~ 13 |iY while the
lower part of Cook’s bay remains nearly eutrophiiith TP often exceeding 20 pg'l(Eimers et
al. 2005).

7.3.2Acoustic Surveys and Data Processing

Acoustic surveys of Cook’s Bay (Figure 7.1) weradwcted on 9 August 2006 and 24
August 2007 on a 21 ft aluminum boat equipped wiBioSonics Inc. (Seattle WA, USA) DTX
deck unit and two single beam transducers (430 kB2° full beam angle, SL=213 dB rena
@ 1m and 120 kHz, 7.1° full beam angle, SL 216 @BerlnPa @ 1m). Both transducers were

mounted on adjustable aluminum poles attachedetsitte of the vessel with welded brackets.
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Transducers were submerged ~ 30 cm below the suofahe water. Survey transects were
aligned across the bay from east to west, withvanage inter transect spacing of 150 to 170 m.
The transducers were configured to ping a ratetéf Swith a pulse width of 0.1 ms for the 430
kHz (standard for acoustic sensing of vegetati@aindbet al. 2002a) and a pulse width of 0.4 ms
for the 120 kHz transducer. Vessel speed was letptden 1.5 and 2.3 m seseparating the
differentially corrected GPS reports from a JRC [32F2 (Japan Radio Company) receiver by 3
— 5 m. Acoustic data were processed using the cooahgoftware EcoSAW v1.0, after
adjusting analysis parameters for proper receesisivity (BioSonics Inc. 2001) and increasing
the depth of maximum plant growth from 7 m to 12imspection of the echograms from Cook’s
Bay confirmed two common problems inherent to agowetection and characterization of
vascular macrophytes (Sabol et al. 2002b); theifirdue to areas of very dense vegetation that
obscure the acoustic signal from the lake bottonthis case, the peak of acoustic backscatter
intensity falls within the plant canopy rather trarthe bottom-water column interface. Because
EcoSAV v1.0 functions as a bottom-up algorithm alagsifier, the depth at which the peak
backscatter occurs is therefore incorrectly indimatias the bottom. The second problem
condition occurs when areas with very tall vegetafi.e. vegetation growing close to or at the
surface) are encountered. In this case, ECOSAV alagsifies these pings as excessive noise in
the water column, as the algorithm expects a mimimoise-free distance of ~ 18 cm between
the transducer near field and the top of the ptanbpy (Sabol et al. 2002b).

To evaluate the degree to which these condittonséaminated the acoustic data,
preliminary processing was conducted using theullie$attings for ECOSAV v1.0. Output from
the default run of ECOSAV v1.0 was then compareadresy the corresponding echogram file, and
ping sequences where either of the above problewithons was encountered were identified,
recorded and removed from the data set. The mosinom form of failure was loss of the bottom
signal due to dense macrophyte growth. Files wtherg@roblem conditions were identified were
reprocessed using the same settings, but thengatige feature (B1; BioSonics 2001) was set to
a lower backscatter intensity threshold (-55 dBrir®0 dB). This enabled the ECOSAV v1.0
algorithm to search deeper in the echo envelopekana the bottom depth closer to the actual
bottom depth, rather than placing the declaredbottithin the plant canopy. Reprocessed
output files were compared against the previoupuidtles and the associated echogram. If the
re-classified bottom depth was within + 0.1 m & dbserved depth for the ping sequences on the
echogram and the preceding bottom depths, thegs piare added back to the final data set
otherwise they were deemed unrecoverable. Usisgikihod, the number of discarded pings
was reduced from 11.1% and 12.6% to 4.9% and 520%6(and 2007 respectively).
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7.3.3Geostatistical Analysis

The recent availability of high resolution datanfracoustic systems has allowed
exploration of various methods to interpolate bemvdata points to provide a surface of
predicted values. Guan et al. (1999) and Valleal.g2005) have evaluated different methods and
concluded that kriging provides the most robusthoeétfor regularly spaced data collected using
acoustic methods. The prediction of spatial vasiafrom point measurements over surface areas
requires some realistic interpolation techniquestebministic and geostatistical methods are the
two main groupings of interpolation techniques toduice a continuous surface from point
measurements. Deterministic interpolations creatiases from measured points using
mathematical functions which are based on the extfesimilarity (inverse distance weighting)
or the degree of smoothing (radial basis functioBgostatistical methods (i.e. kriging) utilize
both the mathematical and statistical propertieth@fmeasured points (Isaaks and Srivastava
1989). For a detailed and in depth discussion osgeistics and the underlying theory, the reader
is referred to Journel and Huijbergts (1978) amdks and Srivastava (1989). The basic
assumption required for geostatistics is that tioegss under study is stationary, and that the
observed values are simply one of many possiblorarealizations of the process (Webster and
Oliver 2001). In addition, spatial autocorrelatimnst be present (i.e. one point should be able to
provide some information about neighboring points).

The initial step in geostatistical analysis is te@struction of the semivariogram. The
semivariogram is a graphical representation of thelfaverage squared variance between sample

points as a function of separation dista(igeand is defined as

1 N )
g(h) = NG [2(x)- Z(x +h)] (7.1)
where (h) is the semivariance for Iqb), Z(%) is the measured value at locatignz{x+h) is the
measured value at locati¢x+h) andN(h)is the total number of paired samples for a giagn
(h) (Cressie 1991). The experimental semivariogranimpsrtant characteristics that reveal the
kind of spatial variation present in an area, far tariable under study. Generally, the
semivariance increases as the lag distamcim¢reases to a maximal value, after which the
semivariance is frequently flat. This lag distaigknown as the range and it represents the limit
of spatial autocorrelation. By definition(h)=0 whenh=0, however any smooth curve that
approximates values ofash approaches 0 is unlikely to pass through the mrighis value (i.e
whenh=0) is termed the nugget variance. The nugget negigs a combination of measurement

error and variation at distances smaller than tioetest sample spacing which cannot be
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resolved. The value ofwhere reaches its maximum is called the gi),(and represents the
maximum semivariance.

To describe the spatial variation at distancesrdtian just the lag distances, a
mathematical function is fit to the experimentahseriogram data, usually using weighted least
squares (Cressie 1991). Two of the three more commualels were used with the acoustic data:
the spherical and exponential model. These two mmodéerms of the semivariogram are given

in equation (2; spherical model) and equation ¥ppaential model);

0, h=0
ghig) = Cy+C, ((3/2)(|h|/a,)- @ 2)(n|/a,)®),0<|h| £ a, (7.2)
Co+C,, [n|* 2
0, h=0

g(h;q) = (7.3)

C, +C.(1- expt|h|/a,)),ht 0

whereC is the sill of the variogram that represents th&imal variation Cs for the spherical
model andC, for the exponential model),is the range of the variogram beyond which daga ar
no longer autocorrelatedg(and . as before), an@, is the nugget effect. A variogram model can
also be nested, i.e. it can be a combination ofdimmore component models such as nugget and
exponential. Most variograms are nested in thismagralthough more complex models (i.e. a
double spherical with nugget) are sometimes usade@he semivariogram function has been
defined and fit, it can be used to weight preditditn the kriging system of equations to yield the
best linear unbiased estimator of the target viidtor more information on the various forms of
kriging the reader is referred to Webster and @I{2601).

Exploratory data analysis was conducted on rawsitodata before variogram modeling
and analysis. Strong relationships between perammr and bottom depth were observed for
data collected in Cook’s Bay. A non-linear, confdung effect of depth was also observed for the
height variable from Cook’s Bay. | therefore perfied kriging with external drift for the percent
cover variable with depth as a predictor, and uegdession kriging for the height variable with
depth as a predictor. To remove the non-lineartdigpnd from the height variable, | followed a
similar procedure outlined in Valley et al. (200BJiefly, a non-parametric regression smoother
(generalized additive model; GAM) using the defaeltings in thengcvpackage (Wood 2008)
in the statistical software R (R Core Developmesaii 2007) was used to determine the trend in
macrophyte canopy height with depth. The smootb&dionship between depth and height was a
9" order polynomial (Figure 7.2). Trend fits for deptere highly significant in both years (Chi
squarep<0.0001) and explained greater than 50% of theatiari in plant height (adjusted r
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0.599 and 0.655 in 2006 and 2007 respectively)idRats from the macrophyte height vs depth
relationships were kriged using block kriging (&aling the framework of Hengl et al. 2004) and
the trend was added back to the interpolated raida provide the grid of plant height.

7.3.4Macrophyte sampling and internal nutrient analyses

Qualitative samples of macrophytes were obtainé éocations in Cook’s Bay during
the acoustic survey on 9 August 2006 by snorkedimd) with the use of a rake in deep water
(Figure 7.1). Samples were placed in large garbags and stored in coolers until returned to the
laboratory. Upon return to the lab, samples werghed to remove debris, sediment and other
organisms (including attached dreissenid mussatsxarted for identification to genus and
species before drying at 65 °C for one week. Dysue was then ground using a ball and mill
grinder prior to analysis. Homogenized sub-sampie® then combusted at 450 °C for 1 hour
and then autoclaved for 30 minutes in distilledexatith 4% potassium persuphate solution
added to a final concentration of 0.16 %. Followdligestion, solubilized P was measured
spectrophotometrically using the molybdate bluehoet(APHA 1998). Tissue C and N content
was assayed using an elemental analyzer (CEC-4é@eiEAnalytical, N. Chelmsford, MA)

7.3.5Estimation of macrophyte biomass

Estimation of biomass is a commonly desired endpoisurveys of benthic vegetation
(Vis et al. 2003). Previous attempts at estimasitagding crop of macrophyte biomass from
echosounder data have generally followed two amhes the first relies upon the range
information (e.g., estimated height of the macraploanopy) to predict the standing crop of
macrophyte biomass (Duarte 1987). More recenttsffuave attempted to exploit characteristics
of echosounder data stored in digital format, diwvefor computation of standard echo
integration techniques (e.g., Sabol et al. 2002a}ter measures of echo intensity (e.g., Haga et
al. 2007). Yet, these newer approaches have naitedsn significant improvements, perhaps
due to different acoustic reflectivity from differespecies of plants (e.g., Hoshauva et al. 2008),
presence of epitphytic organisms (Sabol et al. @8pO2 acoustic shadowing at very high biomass
(Haga et al. 2007). | therefore chose to use thiadeoutlined by Duarte (1987), utilizing the
estimates of canopy height that can be relatedegtowth form of the species present, and
subsequently the biomass density (Duarte 1987).

The biomass density (g Hhof macrophytes can vary appreciably in mixed exsages
of freshwater macrophytes and has been demonstmtigpend on the growth form of
macrophyte species (Duarte and Kalff 1987). Thatieiship;
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Biomass = -343 + 37.7[height} 953[growth form x height]20.89 (7.4)
developed by Duarte (1987) for temperate lakésgen division of macrophyte species into 3
classes based on the growth form of the dominastieg. Tall canopy forming species (e.qg.,
Myriophyllum spicatumPotomogeton crispufotomaogeton richardsonithat grow to the
surface to flower have some of the lowest biomassitly values and are classes as growth form
1 (Duarte 1987). Intermediate biomass densityusdoin species that produce relatively short
understory and develop flowers that float to thdame on a short peduncle (edtricularia sp.,
Vallisneria americanpand these are classed as growth form 2 (DuaB€)1%he class with the
highest biomass density (growth form 3), include $pecies with submerged flowers (e.g.,
Ceratophyllum demersur@harasp.,Elodea canadensigDuarte 1987).

Two approaches were used to provide a spatialliiciixgstimate of macrophyte
biomass. | used the growth form classification sthasuggested by Duarte (1987) for species of
plants that were identified during this study (sterkel sampling, n=6) and a second study that
took place during 22-23 August 2006 where a porai wvas used (Stantec 2006; n=121). The
first approach was based on the rationale tha¢th@onmental conditions determine the growth
form of the dominant species (Chambers 1987) aamdathosounder tracings can estimated the
growth form of the dominant species (Duarte 1987dvided that nutrient content of the
sediments is sufficient, in temperate latitudels cenopy producing species replace shorter
understory forms as depth increases and the shortlarstory forms become light limited
(Chambers 1987). | set arbitrary limits on canopights for each growth form class; growth
form 3 (most dense) was assigned to canopies mOgsowth form 2 (moderate biomass
density) was assigned to canopies between 0.5.&mu In height, and class 1 (lowest biomass
density) was assigned to canopies > 1.5 m in heidtda equation specified by Duarte (1987) for
mixed assemblages was then used to estimate thmagstof macrophytes in each grid cell as a
function of kriged canopy height and the assigneavigh form. Wet mass was converted to dry
mass by multiplying by a wet/dry conversion faq@162) empirically derived from the data in
Stantec (2006).

The second approach consisted of a more complestagestical procedure called
sequential indicator simulation. As before, theagaovided in Stantec (2006) formed the bulk
of the input data. For the sites within Cook’s Baynpled by Stantec (2006), the dominant
growth form class was assigned to a location bgrdahing the growth form of the species that
contributed to the total biomass at each site {udia guidelines in Duarte 1987). The generation
of maps depicting vegetation species or types aftgplay non-overlapping polygons of different

classes indicating the presence or absence ofesp@diller and Franklin 2002). Such maps can
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also be viewed as continuous distributions mappigdavwgiven probability of occurrence if
indicator transforms are used (Miller and FranR92). Use of the more common geostatistical
methods described above can be problematic whepin@ppecies distributions (or in this case,
growth form of the dominant species) because tesyrae positive autocorrelation between
nearby observations to interpolate nearby values-@&ampled locations. This may be
problematic for delineating vegetation becausenatags in which SAV reproduces or propagates
may not necessarily produce smooth surfaces. Fongbe, although asexual or clonal
reproduction via rhizomes or tubers is a commotufean some macrophytes suchvadlisneria
sp. (Barrat-Segretain 1996) that theoretically mgleduce a smooth surface, the ability of many
macrophytes to reproduce via fragmentation of algveand tissues, overwintering turions or
seeds probably will not produce a smooth surfacpeties distributions as these are subjected to
dispersal by water currents and biota (Lacoul are@diman 2006).

To generate such maps, indicator kriging (IK; a-finear kriging variant; see Goovaerts
2001) is often used. IK aims to evaluate the proiakor the target variable to exceed a defined
threshold (or in this case, the presence or absgfrec@articular growth form) at a specific
location. However, IK also has a smoothing effext the conditional cumulative distribution
function (ccdf) obtained by IK can only provide aasure of local uncertainty related to a single
location, while the spatial uncertainty (multi-ldice uncertainty) of mapping at several locations
simultaneously cannot be assessed using IK (Juaalg2004). Sequential simulation, also called
stochastic interpolation was proposed to overcdisdimitation inherent in IK (Deutsch and
Journel 1998). The simulation methods are basquavabilistic models; systematically adding a
stochastic noise component into the kriging modeatg et al. 2004). Unlike kriging, where the
focus is on minimizing the error variance, simwatfocuses on reproduction of statistics such as
the sample semivariogram and the honoring of cgigiiata values (Goovaerts 2001).
Consequently, realizations generated by sequesitnallation look more realistic and these are an
effective way of describing the variability in sjgfields (Juang et al. 2004). Sequential
simulation yields not one butnumbers of realizations, each of which is an dguli&kly
outcome.

The sequential simulation method involved the felltg steps. The first step involves
coding each growth form observation into a vecfandicator values by indicator transforms as
follows:

L 20)=z

c=123 7.5
0, otherwise 1 (7.:5)

1(X%z) =
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Wherez. is a desired classification. In this study thessification was simply the presence or
absence of the particular growth form in questibr2(or 3). For each growth form, the
experimental indicator semivariogram was computedtsve and a valid semivariogram model
(e.g., spherical or exponential) fit and the paranseof the fitted model determined — the nugget,
the sill and the range. Next, the prior distribatestimation is done by defining a random path to
unsampled locations and visit each location to kted only once. At each unsampled location,
the indicator variogram is used to estimate th&ahdity of the presence of each growth form.
F[x,z, |n] = Prob, [2(X) = z, |n] = E[I (x, Z, |n)] (7.6)
whereF(x,z|n) is the ccdf oZ(x)=z andE[l(x,z|n)] is the expected value tk,z) which is
obtained via indicator kriging. The prior distribar is then built with calculated probability of
growth form presence. All original data and valties are simulated previously within a local
neighborhood are included in the simulation. MUétigealizations are produced, each following a
random path representing equiprobable spatialildigton of growth form presence. Therefore
numerous realizations can be used to evaluatedati@ion and uncertainty of the

presence/absence of each growth form following:
n[ z(x
Proby[2() = 7,] = 12 @.7)

where the sequential indicator simulation wasiedroutm times anch[z(x)] is the number of
realizations where each growth form was simulabeoet present. For the generation of indicator
growth form maps, 500 sequential indicator simolagiwere conducted using a local
neighborhood determined by the range of the indicegmivariogram. Each simulation was then
compiled and converted to a single map represettimgrobability of occurrence for each

growth form in each grid cell. A composite growthirh map was then created by assigning the
growth form with the highest probability of occunoe to the grid cell in question. Sequential
indicator simulation was performed using tietatpackage (Pebesma 2004) in the statistical
software ‘R’ (R Core Development Team, 2007). Bismas then subsequently computed using

the Duarte (1987) equation as above.
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Figure 7.1.Map showing the location of Cook’s Bay in Lake SaacZoomed rectangle
indicates the approximate location of the acowsiiweys. Bathymetry of Cook’s Bay was
generated using universal kriging with northinglas covariate and is shown in the zoomed
portion Note that the inner portion of the bay (blank)ds shallow for vessel passage and is
characterized by heavy growths of emergent vegetdti) denotes théocations of rake based
macrophtye sampling from this study and) @denotes the locations of ponar samples taken by
Stantec (2006).
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Figure 7.2.Boxplots of acoustically estimated plant heighh(lad into 1 m depth intervals) in
Cook Bay in 2006 (a) and 2007 (b). Black linestaeefitted GAM models for each year.
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7.4 Results

7.4.1Acoustic Surveys — Patterns of macrophyte growth ahbiomass in Cook’s Bay

Empirical semivariograms for percent cover anddtagight residuals and indicator
semivariograms for the three different growth farassifications are shown in Figure 7.3 a-g
and summarized in Table 7.1. Anisotropy was naéatetl when directional semivariograms
were computed, therefore the omnidirectional sermogaams were used for kriging. Much of the
spatial dependency (1G, / Gy + C) in the residuals for percent cover and standHieigs
accounted for by the semivariogram models choseahl€T7.1). Sill and range parameters for
percent cover and canopy heights in both years e@rarable (Table 7.1) and indicate that the
pattern of macrophyte cover and canopy height eiasively consistent between 2006 and 2007.

In Cook’s Bay, macrophyte growth covered nearly%Qif the bottom out to a depth of
8 m (Figure 7.4a and b). Some areas near the gi®redar the southeast end of the bay had
negligible macrophyte cover, however these areaslase to a heavily developed shoreline that
experiences excessive boat traffic (personal obsien). In general, taller (e.g., > 1.5 m), canopy
forming species occupied depths between 4 andvitinshorter, understory species colonizing
shallow depths (Figure 7.4c and d). The maximunildefnere | observed a plant-like acoustic
signature was 10 m, and while underwater videodddmnfirmed macrophytes at these depths, |
cannot confirm whether the plants were rooted besmply transient material that had been
uprooted and drifted to these locations.

The majority of the locations sampled by Stant@®O@) (74 %) were dominated by
species of class 3 (e.g., highest biomass densitg)) in relatively deep water. Samples
dominated by class 1 species were considerably(1ds%), and samples dominated by species of
class 2 comprised a mere 6 %. Indicator semivaaimgrfor macrophyte growth forms (Figure
7.3 e -g) displayed ranges of autocorrelation er#mge of ~ 500 m (Table 7.1) and, at least for
growth form 1 and growth form 3 displayed compagahigget and sill values. The low spatial
dependence observed for these indicator semivanegrs suggestive of a relatively connected
pattern of autocorrelation (Figure 7.4 e-g). Theemize of a nugget value for growth form 2
likely reflects the low frequency of this growthrfio as a dominant component in the data set.

Estimates of standing crop as dry biomass usingjrdtenethod (using acoustically
estimated canopy height to classify the dominaoivgn form) resulted in a total dry biomass of
3706 T for the area surveyed (data not shown). &5g&d on a perabasis, this is equivalent to

186 g n?. Estimated standing crop from the indicator siiatamaps of species growth form
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yielded a total of 6028 T for the same area (Figu#d). This is equivalent to 303 gran an

average areal basis.
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Figure 7.3 Semivariograms and fitted models for percent cogsiduals in Cook’s Bay in 2006 (a) and 2007
(b) and for height residuals in 2006 (c) and 20f)7 (
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Figure 7.3. cont..indicator semivariograms and fitted models forvgioform 1 (e); growth form 2 (f); and growth
form 3 (g) in Cook’s Bay.
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Figure 7.4.Kriged maps of percent cover August 9 2006 (a)Amgust 24 2007 (b) and stand height August 9 2@Dé&rfd August 24 2007 (d)
for acoustic surveys in Cook’s Bay.
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Figure 7.4 continued e) probability of occurrengedrowth form 1, f) probability of occurrence farowth form 2, g) probability of occurrence
for growth form 3, and h) estimated biomass frommglowth form composite map.
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7.4.2Comparison of current macrophyte distribution to historical macrophyte distribution

The historical surveys conducted in 1984 and 198@leyed an analog echosounder and
data was recorded on chart paper rather than stiogéelly on a computer as ours was.
Comparison to the historical data is thereforethahiby interpretation of chart paper recordings.
In the previous surveys, the authors categorizedtopayte cover as “continuous” or
“discontinuous”. Based on inspection and interpieteof these chart recordings and the digital
echograms and subsequent classifications for theseys, | approximated the “continuous”
cover tracings to be equivalent to > 80 % covettetermined by ECOSAV v1.0, and
“discontinous” to be < 80% cover as determined bgFAV v1.0.

From 1984 to 1987, the increase in “continuous cowas modest (~ 16 %) and
comparable to the increase in “discontinuous” cqve24 %) observed between the two years
(Table 2). In total, the estimated increase in wized area was ~ 20 % (Table 7.2). From 1987 to
the years 2006 and 2007, “continuous cover” (e80% cover) increased dramatically (mean
107 %) while “discontinuous cover” (e.g., < 80% eovincreased only by 21 %. Combined, the
total area covered by SAV in Cook’s Bay has inoedas 65 % since 1987 (Table 7.2).

7.4.3Macrophtye assemblage and tissue nutrients

Rake and snorkel sampling identified ten differgpecies in Cook’s Bay. The ten species
were; coontail Ceratophyllum demersungurasian milfoil Myriophyllum spicatury wild
celery {allisneria americanp common waterweedE{odea canadensjisflat stemmed
pondweedPotamogeton zosteriformiscclasped leaf pondweeBdtamogeton richarsonii big
leaf pondweedRotamogeton ampifoliiscommon bladderworttricularia vulgaris), the
macroalgaeCharasp. andCladophorasp.), and one unidentifiabl®¢tamogetorspp). The most
commonly observed species from sampling @agatophyllum demersurappearing in 50 % of
the samples across a range of degthgiophyllum spicatumvas the second most commonly
observed species, (46 %) followedBlpdeacanadensi@ndVallisneriaamericanaat 25 %
each. Other species generally had less than 10c%reace in the rake samples.

P and N concentrations in macrophyte tissue digplg@psitive correlations with depth
(Pearson correlation coefficient, r = 0.56 and 082 and N respectively in 2006; Figure 7.5),
perhaps indicating that macrophytes growing inlshadvaters may no longer be light limited,
but light limitation in deeper water (e.g., > 5nptt® may persist. Although a negative
correlation did exist between depth and % N and fgr Bamples from 1984, the samples taken

from a depth of 1 m in 1984 were sampled diredtiha mouth of the Holland River, and tissue
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nutrient content is probably biased high as a teduhe high nutrient loading and turbid light
regime. Eliminating these samples removes the ivegadrrelation associated with depth, but
significant positive correlations with depth aftee still lacking. %P (as AFDW) was
significantly lower in 2006 than in 1984 (t-test;2.84,p<0.005), but %N (as AFDW) was
equivalent (t-test=0.59,p<0.6). The N:P ratios for 2006 samples are in tmesrange as those
observed in 1984, but were significantly highemttizose observed in 1984 (t-test, t=-2.95, p
<0.005). N:P in 2006 were generally above the Isuggested by Duarte (1992) to indicate P

limitation for freshwater macrophytes (Figure 7.6).
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Table 7.1.Summary of semivariogram model parameters for tlyget Cy), sill (C), and range () and model denotes the form of
semivariogram model fitted to the residuals whéteg"” is exponential form.

Location Variable G C %Sp Model
9 August 2006 Cook’s Bay % Cover 130.00 31381 4&3. 71% Exp
Height 0.043 0.067 228.83 61 % Exp
Cook’s Bay Form 1 0.079 0.056 711.59 41 % Exp
Form 2 0 0.074 485.27 100 % Exp
Form 3 0.118 0.076 564.95 39 % Exp
24 August 2007 | Cook’s Bay %Cover 89.06 244.20 ZB15 73% Exp
Height 0.016 0.060 180.62 79 % Exp

Table 7.2Summary of the area covered by macrophytes in Gagkas estimated by hydroacoustic surveys duritgg 19987 and 2006 and
2007. Discontinuous cover is defined as cover <,80Btle continuous cover is defined as > 80%. Miissue P and N are averages for all
samples taken within the Bay.

Year Discontinous Area (knf) Continuous Area (knt) Total Area (km?) P (% AFDW) N (% AFDW)
1984 4.46 5.07 9.53 0.36 2.87

1987 551 5.88 11.39 0.21 2.20

2006 6.86 12.79 19.65 0.29 2.85

2007 6.42 11.49 17.91 ND ND

251



Figure 7.5.a) %N vs depth and b) %P vs depth for macrophyiisated in 1984 (red) and 2006
(blue) in Cook Bay. Pearson correlation coefficartsgiven for relationships in each year.
Species names as in Figure 7.6.
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Figure 7.6 N:P molar ratio as a function of % tissue P (AFD\f)macrophyte samples collected
in 1984 (red) and 2006 (blue). Solid line is N:P2df suggested by Duarte (1992) to indicated P
limitation.
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Table 7.3Summary of studies on lake or embayments contaimiacyophytes that were colonized by dreissenid aelsis€hange in parameters
(e.g., change in TP, light penetration and macrtpbgver) refers to the percent change in meampea values from the time period post P
control but prior to dreissena invasion to postshena invasion.

System Change in TP Change in light Change in macrophyte Reference
penetration cover
Oneida Lake, NY -43 % +35 % +23 % Zhu et al. 2006
Bay of Quinte, ONT -25 % +60 % +260 % Sefried 2002
Chaumont Bay, NY ND ND +35 % Zhu et al. 2007
Sodus Bay, NY ND ND +198 % Zhu et al. 2007
Saginaw Bay, Ml ND No change to + 60 % +15 % Skubbina et al. 1995
Cook’s Bay, ONT “No change to -35% “+30to + 60 % +65 % This study

®ND implies no data for the time pericdeased on changes over a number of different trés)Shiacholls 1998 °Eimers et al. 2005.
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7.5 Disscussion

Information on the areal distribution and biomasSAV are essential for the
monitoring, management and understanding of shadlguatic ecosystems (Vis et al. 2003).
Large scale synoptic assessments are becomingsiegty common in the literature, and are
helpful for assessing and reconciling the spatidl temporal heterogeneity inherent in SAV
communities (Vis et al. 2003, Zhu et al. 2007). #tiwl. (2003) review a number of these
methods, and | therefore refrain from discussimglibnefits and drawbacks of different
approaches, but rather focus on the interpretatidhis data. In this study, | used a combination
of echo sounder surveys and geostatistical mettwoassess the degree of SAV cover and to
estimate the standing crop of SAV in Cook’s Baykdé.&imcoe.

Acoustics have been used to assess SAV distribbtitmin other systems (e.g., Fortin et
al. 1993, Sabol et al 2002a, Winfield et al. 2@y et al. 2006, 2007, Istanovics et al. 2008) and
in Lake Simcoe (e.g., Neil et al. 1985,1991), wst Ktudies have examined the wealth of
information collected in a geostatistical framewtwlcreate accurate maps that can be used to
make informed decisions regarding the managemehtremmitoring of SAV (but see Guan et al.
1999, Valley et al. 2005). One of the drawbackthefacoustic method is that it cannot
adequately sample transition areas where the wef#h is too shallow for either vessel
navigation or the water column is in the near figldhe echosounder (Vis et al. 2003). In this
study, depths < 1.5 m were systematically undempéasindue to this restriction. However, the use
of geo-statistical methods allows for and estinratiad extrapolation into these un-sampled
areas. Further limitations are imposed by the ntetfgrocessing the acoustic data. SAV that
grows to the surface is by default excluded byEbeSAV processing algorithm, and very dense
SAV may obscure the reflection of the substratekingpaccurate determination of the plant
canopy difficult. | was unable to eliminate the greblem with canopies that were classified as
“too-tall” and thus excessive noise, but these aised a small percentage of the input data (see
Materials and Methods). Furthermore, | was abléeieelop a work around to the problem of
excessively dense SAV obscuring the bottom deptielaxing the trailing edge feature in the
EcoSAYV algorithm. Therefore, | believe that theenmpiblations of SAV cover and canopy height
are a reliable representation of the current SA8tridiution in Cook’s Bay.

The methods chosen to estimate the standing cr§afin the area surveyed is
modeled after the work of Duarte (1987) who shotied use of macrophyte growth forms could
improve the estimation of biomass determined frahosounder tracings (Duarte 1987). Other

methods to estimate SAV biomass from acoustic lae either provided estimates that are
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poorly unconstrained due to variability in scatigrstrength (e.g., Sabol et al. 2002a), or have
suffered from acoustic shadowing at high biomassyéet al. 2007). Although I lacked growth
form data at the same spatial resolution in thigytdetermination of growth form from
echosounder tracings is advocated by Duarte (1988 first method was based on observations
that taller canopy forming plants tended to occimpgrmediate depth ranges (e.g., >4 m), and
shorter understory forms occupied shallower weeigs, < 4m). This is not inconsistent with
observed distributions of these growth forms ingerate lakes (e.g., Chambers and Kalff 1985,
Chambers 1987). This method of estimating standiog (as dry weight) produced a bay wide
estimate of 3.71 x £(kg of total SAV mass, equivalent to 186 g.m

The second approach relied on conditional simurtétid reproduce 500 simulations of
species growth form distribution based on the dattantec (2006). This approach relies on
honoring the input data and modeling the distrdoutbf growth forms in a probabilistic
environment. Using this method, the SAV standirapavas estimated to be 6.03 X' k@,
equivalent to 303 g i The overwhelming preponderance of growth form thi data set
compared to growth forms 1 and 2 suggests thatpsrthe ponar grab does not adequately
sample tall canopy forming species particularlylwihis would inflate the estimated biomass
because it assigns a high biomass density valom @owth form class 3) to an area with a tall
canopy. However, the 2006 study which I culleddbeninant macrophyte growth form data from
Stantec (2006) provided an average dry biomas8®f21, which is close to the estimates for
both approaches if the standard error for the RUAI®87) equation (+ 68 ghexpressed as dry
weight) is considered, suggesting the estimatésoniass may not be unreasonable. However,
further and more intensive calibration and evatrais recommended before such approaches
can be confirmed as robust methods for estimatiig Bomass.

This study demonstrates an unequivocal increaS&w cover and in the maximum
depth of SAV colonization in Cook’s Bay since thstlsurvey in 1987, prior to the invasion of
dreissenid mussels. Luxuriant growth of SAV hasleeseasonal occurrence in Cook’s Bay for
several decades; Millard and Veal (1971) conduttiedirst SAV survey in Cook’s Bay and
found extensive heavy growth in the lower portidthe bay (e.g., > 80% cover) where water
depth was < 4 m. In subsequent years, hydro-acosistveys in 1984 (Neil et al. 1985) and 1987
(Neil et al. 1991) found that SAV growth extendediepths of 6 m. Currently, SAV in Cook’s
Bay grows continuously to a depth of ~ 9 m, antddesved SAV on echograms and underwater
video at depths of 10 m, though | cannot confirat fflants were actually rooted at these depths.
| estimated that “continuous cover” (e.g., > 80%3 Increased substantially since 1987, while

“discontinuous cover” has increased by a smallecgrgage (Table 7.1).
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Underwater irradiance has been identified as theagoy factor controlling the
distribution of SAV (Spence 1982, Chambers andKi#B5). Long term (20 + years)
monitoring of Lake Simcoe by the Ontario MinistryEnvironment has documented changes in
water clarity since the early 1980s when nutrieatling reduction programs were implemented
(Eimers et al. 2005). The 1984 and 1987 surveye wesigned to assess the response of SAV to
a reduction in P loading that occurred with divensof ~ 6 T yi* of sewage effluent from Aurora
and Newmarket out of the Lake Simcoe watershe®8#{Evans et al. 1996). Water quality in
the lower Holland River was expected to improveratte diversion of sewage effluent in 1984,
and there is some evidence of immediate reductitoB®P and TP concentrations at monitoring
stations in the River (Nicholls 1998). Accordindllye total area of Cook’s Bay covered by SAV
growth in 1987 (post effluent diversion) was estiedsto have increased ~ 20 % from 1984 (pre
effluent diversion), a change that was attributed thodest improvement in water clarity (mean
secchi depth increased from 1.7 to 2.1 m; Neil.€t391). Nicholls (1998) attributed the modest
change in water clarity in Cook’s Bay after 1984legacy P” that is stored in the sediments in
the Holland River. During the summer months, thedoreaches of the Holland River become
stagnant, and considerable P in the form of B@eleased back into the water column, fueling
phytoplankton growth (Nicholls 1998). This incre@s@hytoplankton biomass subsequently
affects the water clarity in the receiving watefshe Bay (Nicholls 1998). Further declines in TP
concentration and calculated P loads were estimtatedntinue for the main tributaries draining
into |Cooks Bay (Holland River and upper Schombixgr) well into the early 1990s (Winter et
al. 2007) which is after the 1987 hydro acoustiwvey. However, water clarity both in Cooks
Bay and elsewhere in Lake Simcoe did not changeéfiigntly (Eimers et al. 2005). Water
clarity dramatically increased in 1996, approxirhatme year after the establishment of a lake
wide population of dreissenids. Changes in phytdglan bio-volume and TP concentration were
also consistent with this, declining at all statiom the lake (Eimers et al. 2005).

The observed temporal changes in SAV cover in CoBly observed from 1984 to this
study are largely consistent with the temporal gesnin water clarity for observed in Lake
Simcoe (Eimers et al. 2005). Similar sequencesiahge have been noted in other systems
where data is of sufficient temporal resolutiont Egample, in Oneida Lake, NY Zhu et al.
(2006) clearly document that the largest changegier clarity during times of nutrient
reductions were associated with the arrival ofssrenid mussels. In the Bay of Quinte, a mild
increase in water clarity gk declined from 0.67 to 0.61nc.f. Millard et al. 2003) was
observed between 1972 and 1977 after point soucomfPols were implemented (Millard et al.

2003). However, the resultant increase in SAV cavehne shallow upper bay was modest, and
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increases into the deeper, outer bay did not g&ristow et al. 1977, Crowder and Bristow
1986). Following invasion of Lake Ontario and theyB®f Quinte by mussels in the late 1980s —
early 1990s, water clarity increased and expansi@AV into the deeper outer bay occurred
invasion (Seifried 2002). Similar changes in SAW&oand depth of colonization have been
inferred from historical collections of aerial pbgtaphs for other bays in Lake Ontario (e.g.,
Sodus Bay, and Chaumont Bay; Zhu et al. 2007) duhe same time period.

These results are consistent with these previagsest that have recorded an increase in
areal coverage and depth distribution of SAV inays that have been invaded by dreissenid
mussels after or during a period of nutrient reaunc{Table 7.3), and confirms that a common
theme among these studies implicates the increaatst clarity (and by extension, the quantity
of light reaching the bottom) as the causativediagbverning the distribution of SAV in these
systems. Consequently, | argue that mussel fitindtias had a stronger effect on water clarity in
Cook’s Bay than reductions in nutrient loading.

While water clarity appears to exert a primarytogirgoverning the distribution of SAV
in Cook’s Bay, the nutrient content of the sediniaaly sets the upper limit on the biomass
yield. Because rooted macrophytes generally acauitéents such as N and P from the sediment
(Barko and Smart 1981, Carignan and Kalff 1980y, ahditional input of nutrients to the
sediment may act to increase SAV cover and bionresssenids may therefore augment the
nutrient content of the sediment by depositing gaslied algae and other particulate matter in the
benthos (Vanderploeg et al. 2002). Pseudofecakaggtjons (e.g., Stanczykowska and
Lewandowski 1993) are generally produced at foattentrations above 200 pg C,land
production increases with increasing food concéintigdWalz 1978). The amount of deposited
material is likely to be a function of dreissenihdity, temperature, seston concentration and
degree of exposure to re-suspension (Klerks d086). For example, (Madenjian 1995)
estimated that the mussel population in westerre e consumed 5 million T of
phytoplankton and deposited 1.4 million T on th&dra in the form of feces and pseudofecal
matter. In Cook’s Bay, dreissenids are found larg¢tached to macrophyte stems and near the
base of the plants, but dreissenid densities #atvey low (~2000 rif; Ozersky et al.
submitted) compared to areas of hard substrater¢zet al. submitted). The elemental
composition of the feces and pseudofeces can &edltiue to different assimilation efficiencies
(Sterner and Elser 2002). For example, in oligdirojpake Constance, dreissenids excrete fecal
matter that is depleted in P relative to the se@@®rgs et al. 2009). For a shallow eutrophic

system such as Cook’s Bay, production of pseudbfeaterial is likely to be significant, and
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dreissenid mussels have the potential to augmergatiment nutrient content, and thereby affect
the growth of SAV (Vanderploeg et al. 2002, Heckgle 2004).

The tissue N and P concentrations reported hekgever, do not indicate that major
changes have occurred that would support the hgpisthhat dreissenids are enriching the
sediment to the benefit of SAV in Cook’s Bay. Whitany of the samples | collected in 2006
exceeded the 0.13 % P (DW) critical value suggdsye@erloff and Krombholz (1966) for
maximum yield limitation of freshwater macrophytdgse often fall below the species specific
growth rate threshold (Colman et al. 1987). Therjity of many abiotic (e.g., light availability,
sediment type, pH) and plant related factors (&aggnomy, presence of epiphytes) render
generic statements about the occurrence or lackdahef nutrient limitation at a given site
uncertain in the absence of laborious and time woirsy sediment fertilization experiments
(Moeller et al. 1998), but there is no supporttfe hypothesis that macrophyte growth has
increased due to increased nutrient supply fronsskeaid bio-deposits in Cook’s Bay. Factorial
experiments with macrophytes and manipulated sediédevels designed to test this hypothesis
in mesocosms (Zhu et al. 2008) concluded that &sa@ biomass is primarily in response to
changes in light climate rather than sediment entrcontent (Zhu et al. 2008).

The excessive biomass of SAV in Cook’s Bay is likalresult of decades of nutrient
loading from the watershed that created a softhsedli bottom rich in nutrients. Sediment TP in
Cook Bay in 2005 ranged from 0.7 to 1 mbdyy sediment (Kilgour et al. 2008) and more recent
spatially explicit estimates are consistent withsth values (V. Hiriart-Baer, Environment
Canada, pers. comm.). These values of sedimenteTiear the upper end of the range for other
temperate meso-eutrophic systems (0.3 to 1.2 hdngsediment; Carignan and Kalff 1980,
Rooney et al. 2003). Cook’s Bay receives nutrieptit from ~ 25 % of the Lake Simcoe
watershed (Nicholls 2001). Prior to European seitlet, P loading to the sediment of Cook’s
Bay was estimated to be approximately 1.5 T (#ohnson and Nicholls 1989). This represented
~ 5 % of the P retained in the lake sediments gaah (Johnson and Nicholls 1989). In the
1930s, the marshes at the end of the Holland Rveee channelized and removed, leading to
dramatic increases in P sedimentation in Lake Semnparticularly in Cook’s Bay (Johnson and
Nicholls 1989). P loading to the sediment of Coaly B the 1980s was estimated to be
approximately 20 T yt (~ 26 % of the total load to the lake sedimerasndon and Nicholls
1989). Assuming that the retention of P has nandtecally changed since 1982 (~ 48 % in
1982; Johnson and Nicholls 1989), based on reoaudirg estimates to Cook’s Bay (27 T yor
1990-98; Nicholls 2001) this equates to a sedirfelod of nearly 13 T Yt For comparative

purposes, dreissenid mussels at similar densiigsose in Cook’s Bay were estimated to
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generate ~ 783 T of fecal and pseudofecal matter @6 month period in shallow eutrophic
Lake Mikoljaske (Poland) (Stanczykowska and Lewavel® 1993). Assuming a constant P
content of the fecal matter (0.1 %; Stanczykowskal.e1975) this is equivalent to 0.78 Tyaf

P directed to the sediments, or about 6 % of ttuaé derived form the catchment each year.
Although the estimate of P diverted by musseliedy conservative, since they were derived
from a 6 month period of active feeding in a Poladte, filtration and pseudofecal production is
not likely to continue during the winter months,ragssels attached to macrophytes will likely be
transported elsewhere with scenescent macrophyteriaiaor fall to the bottom and perhaps be
covered by decaying SAV. Furthermore, the incréa$AV cover and biomass that is apparent
since the late 1980s has likely further enhancestéhtion mechanisms by reductions in
hydraulic flow in the inner portion of the bay aretlucing re-suspension of sediment (e.g., Barko
and James 1998).

7.6 Conclusions

The expanded distribution of macrophytes is areetqul outcome in systems where light
penetration has increased significantly (Sand-Jeasal. 2008). The increase in macrophyte
cover and biomass in Cook Bay since 1987 is liklelg to the arrival and colonization of Lake
Simcoe by dreissenid mussels and portends a siraggonse in other areas of Lake Simcoe
where macrophytes are known to grow. In particidapansion of macrophyte growth into areas
formerly unsuitable for rooted plants may occuslasll material and soft substrate comprised of
re-suspended sediments and mussel fecal and pseatiofatter accumulate. Although
nutritional subsidies via bio-deposition of drersddecal and pseudo-fecal matter are unlikely to
be of importance to macrophytes in Cook’s Bay,rtimportance cannot be discounted in other
more nutrient poor areas. For example, some afdtiey areas in the lake where insufficient
sediment accumulation formerly inhibited macrophytewth now is characterized by high
mussel abundance (e.g., Ozersky et al. submittetl)jrasome areas heavy cover of macrophytes
(Chapter 6, personal observation). The expansionaaffophytes associated with dreissenids into
areas formerly unsuitable for macrophyte growth tmayartly facilitated by insufficient wave
energy that appears to be unable to pulverize edmeigsenid shell material into fine fragments
(D.R. Barton, Biology Dept. University of Waterlgeersonal communication). This
accumulating shell material creates a complex tdieensional structure that allows for fecal
and pseudofecal matter to accumulate in interssigaces, and provide a potential rooting

medium for macrophytes.
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Because much of the nutrients sequestered by magexpare unavailable for much of
the growing season, macrophytes represent a paltaadthough poorly characterized mechanism
for nutrient storage and mobilization (Barko anda®M 981). For example, using the bay wide
biomass estimates from 2006 and the average timgtient content, the macrophyte community
in Cook’s Bay is estimated to contain between Ad HL.4 T of P and 68.6 and 111.7 T of N
(assuming a DW to AFDW conversion of 0.65; D. Depampubl. data). Considering the target
loading budget for the lake of 75 T'yfc.f. Winter et al. 2007), the extensive SAV growt
present in Cook’s Bay and likely elsewhere in @ideelrepresents a significant albeit poorly
characterized nutrient reservoir. Since SAV bedsganerally considered to be a long term sink
for both sediment and P (e.g., Rooney et al. 2G88)importance of macrophytes to nutrient
dynamics in Lake Simcoe is likely to increase. Remnnore, given the relatively shallow nature of
Lake Simcoe, the potential impact of an increas&d Sommunity on nutrient and oxygen
dynamics merits further study.
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Chapter 8

Summary of Conclusions

Throughout the littoral areas of much of the loweeat Lakes, the filamentous alg&dophora
accumulates to nuisance proportions. The deptllohzation forCladophoraappears to have increased
in recent years, largely due to the establishmédtessenid mussels which can clarify the watdurom,
provide expanded substrate for algal attachmenpatehtially provide a nutrient subsidy to benthic
algae (Hecky et al. 2004). Previous work@adophorain the Great Lakes has relied primarily on labor
intensive quadrat sampling to derive estimatedgafl diomass (e.g., Higgins et al. 2005). Theserab
intensive methods may be accurate on a point byt goale, but are largely insufficient for charaiziag
the spatial extent of nuisance algal growth ovegdascales. In Chapter 2, the utility of high wegcy
echosounder to detect and characterize nuisanakgatgvth was explored. Ground truthing at two
different locations in Lake Ontario revealed thatdlgal stands that exceeded the minimum detection
threshold, detection and characterization was laeccessful. While it must be acknowledged ttgéala
stands below the height threshold will not be deteither because the classification algorithmusbas
them completely, or they are not distinguishabberfibottom reverberation, the presence of algabstan
below this height threshold are not likely to be thost problematic from a shoreline resident oe lak
manager viewpoint. With higher frequencies andhierrexperiementation, it may be possible to redoice
minimum detectable stand height. However, suchmgte must balance the need or desire to gain
additional information on areas with low biomasaiagt the inevitable increase in energy absortiah
comes with using higher frequencies or the increéasgnal to noise ratio that comes with shortesgul
lengths. Both these problems will limit the effeetsurvey depth, but it may be worth exploring if

moderate increase in acoustic frequency is beagfici

In Chapter 3, the hydroacoustic methodology wasieghpo map the spatial distribution of
Cladophoraalong selected shorelines in the Great Lakes.élslesrelines were selected to encompass
varying land use types, dreissenid mussel abundaa®ambient water quality conditions. In additon
the shorelines, two offshore shoals were survegguidvide conditions that more closely resemblenope
lake nutrient conditions. The results of this stastipwed clearly that nuisan€adophoragrew quite

well in Lakes Erie and Ontario, but failed to aslei€omparable levels in Lake Huron. Nuisance
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Cladophorabiomass appeared to be unrelated to land use &yyksear shore nutrient concentrations,
but did show a significant relationship with dreisil mussel abundance. These results are consistent
with the shunt hypothesis (e.g., Hecky et al. 2@0%) the presence of significant nuisa@tadophora
growth at offshore shoals in Lake Eire and Ontariggests that even in the absence of adjacent
catchment loading, nuisan€tadophoragrowth can occur given suitable substrate and tghditions.
This is perhaps the strongest evidence that dredsare a key link in the return of nuisance Chdoa
growth to the lower Great Lakes.

To further build on the evidence from Chapter hapter 4, a modified survey approach with
the hydroacoustic surveys was undertaken at twailgaabanized shorelines in Lake Ontario. The
rationale for this study was principally to detemmiwhether patterns of nuisar€eadophoragrowth
displayed any spatial association with shorelingses of nutrients such as storm sewers and tribata
or from municipal sewage treatment plant outfallse working hypothesis was that if these potential
nutrient sources were responsible for the resusyehauisanc€ladophoragrowth, then excessive
biomass should manifest itself in patterns thaiciig the proximal importance of a nutrient soueceit
did in Lake Huron in the 1970s (e.g., Auer et 884). However, this hypothesis is predicated on the
assumption that nutrient conditions in the neareshad not returned to historical levels, when
concentrations were high enough to support widesbgeowth on much of the available substrate
(Wernezak and Lyzenga 1975). It was apparent duhisgstudy that some symptoms of near shore
enrichment were present (e.g., &hd turbidity) but that the same patterns didexd¢nd to P
concentrations. Yet, at both study sites, thenfalhths (September and October) presented extremely
high concentrations of P that are characteristioeairshore enrichment. The lack this pattern duhieg
May — August period may reflect P sequestratiomgjmobiological activity, and this complicates
determination of whether or not catchment sourcesrnereasing their nutrient loads. Nuisance
Cladophoragrowth was widespread at both study sites, butayggeto be substrate limited at Pickering.
Relationships between nuisar€ladophorabiomass did not display strong spatial relatiopshwith the
municipal sewage treatment plant outfalls or tiéioigts at Oakville, but did show significant assboizs
with proximity to storm sewers.However, these refahips are confounded by complimentary
relationships with low bathymetric slope, which na to reduc€ladophorabiomass loss, or perhaps
enhance sloughed biomass deposition. At Pickeniagignificant relationships were observed between
nuisanceCladophorabiomass and storm sewers or the Duffins Creek gewaatment plant outfall, and
significant relationships with proximity to tributas were largely explained by excessive

macrophyteCladophoragrowth in outer Frenchman’s Bay. Further reseatcnsite specific level with
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finer temporal sampling is required to fully confithe impact such features would haveGiadophora
growth, but this study provides the identificatiminwhere such studies might be performed.

Studies in estuaries and other semi enclosed sydtane indicated that benthic algae and
phytoplankton may interact in complex ways, pothticompeting for resources, despite the obvious
disadvantages that encumber benthic algae atkbébtatom. In Chapter 5, two contrasting time pesio
were examined at high spatial resolution durindgnhigne surveys of the Oakville site in Lake Ontatp
look for spatial patterns and potential influencdse first survey took place during the post-slopghiod
when much of th€ladophorabiomass had detached from the bottom. Downwelipgeared to
dominate the hydrodynamic regime, and patternsadémtemperature, pGQOand phytoplankton
photosynthetic efficiency (F,) were characterized by little spatial variationgd andicated thorough
mixing in the horizontal plane. Nutrient concentyas at this time were high, and the near optimal
photosynthetic efficiency of the phytoplankton measl at this time is not inconsistent with this. In
contrast, during the period of near maxir@édophoragrowth, upwelling dominated the hydrodynamic
regime, and tributary influence was evident as vearwater trapped at the surface of the recently
upwelled lake water. Spatial variability was faegger during this time due to the interaction iifutary
discharge and cooler upwelled water, and patteraster temperature, conductivity, phytoplankton
taxonomy, photosynthetic efficiency,(F) all displayed significant spatial variation theds primarily
oriented in an along shore pattern. Nutrient camakt during this time were moderate and consistétht
other seasonal data from this location (Malkin 200Fapter 4). Further support for the dominance of
long shore flow was provide by patterns of supémsaéed Q and under-saturated pg( shallow
waters that are consistent with the influence ottlie algal metabolism in the shallow depths, lvat a
smeared by water movement along shore. Althougtiineot association between benthic algae and
phytoplankton photosynthetic efficiency was foundtiis study, this does provide a framework andsbas
for future research. Given the dynamic nature efrtear shore environment, high resolution studies a

likely to further enhance the knowledge of thesepiex systems.

In Chapter 6, hydroacoustic surveys were undertakéake Simcoe. This study focused on two
areas where hard susbtrate dominated, along weiksdmid mussels (Ozersky et al. submitted). The
rationale for this work was to see if nuisai@adophorawould manifest itself given comparable nutrient
chemistry, light climate and dreissenid mussel dauaces to the Great Lakes. Suprisingly, nuisance
growth ofCladophorawas not a seasonal occurrence in Lake Simcoe efhel exact cause for the lack

of such nuisance algal growth is not known, theessaveral distinguishing characteristics that spa
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Lake Simcoe from the near shore areas of the Gedats. First, many areas of the near shore of Lake
Simcoe may not experience sufficient turbulenceugaport nuisanc€ladophoraaccumulation in the
absence of exceedingly high nutrient concentratidhis was cited as a plausible cause for the ddick
Cladophoragrowth beyond the splash zone in many of the ahesis of Lake Simcoe in the 1980s
(Jackson 1982). Currently, Lake Simcoe has compafadlsoncentrations to near shore areas of thet Grea
Lakes, and insufficient turbulence may limit thewth of Cladophorain many shoreline sites, but

limited measures of current speeds near the sitelydid not appear to differ greatly from currepeeds

in the Great Lakes, suggesting that other fact@ loe important in controlling nuisan€adophora
accumulation in Lake Simco€ladophoracollected from the survey sites appeared to beilyea
encrusted with epiphytic diatoms, and is not in¢sieat with the greater availability of silica irmke
Simcoe as compared to Lakes Erie and Ontario. figieer availability of silica may allow for contiad
growth of epiphytes, such th@tadophoracannot outgrow its epiphyte coating as it app&ado in Lake
Ontario (Malkin et al. 2009). This effectively lezsCladophorain a state of perpetual light limitation
except at the shallowest of depths, where phydisalirbance may prevent significant accumulation of
biomass. Additional control afladophorabiomass accumulation may arise from the abundant
invertebrate grazer community that currently existsake Simcoe (Kilgour et al. 2008, Ozersky et al
unpubl.data), which has increased significantiyicimiing with the dreissenid invasion. Further reskea

is needed to verify the proximal cause(s) of Wigdophoradoes not accumulate to nuisance biomass in
Lake Simcoe, for example, by using grazer exclusigeriments or with the use of artificial substgaio
alter nutrient regimes.

In the last chapter, acoustic surveys were condunt€ook’s Bay, Lake Simcoe. Here, the
objective was to assess the current distributiosubimerged aquatic vegetation (SAV) and infer chang
in distribution as a result of the invasion of ds&nids. Historical acoustic surveys were perforimed
Cooks Bay during the 1980s to assess the respotise SAV community to reductions in nutrient
loading that occurred when treated sewage efflwastdiverted out of the Lake Simcoe watershed. &hes
surveys were conducted prior to the invasion oisgema, thus the current distribution of SAV in €so
Bay can be appreciated against the historical dsdge to nutrient loading reductions. In this gtud
SAV was demonstrated to have dramatically increasedeal cover, and expanded into waters 9 to 10 m
deep. Long term monitoring conducted by the MOENEs et al. 2005) clearly show that the largest
changes in water clarity, TP concentrations, andqutankton biovolume occurred in the years

immediately following invasion by dreissena. Takegether, these unequivocally implicate dreissenids
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as the principal factor governing the penetratiblight to the benthos, and thus determine the
distribution of SAV in Lake Simcoe.

In summary, these chapters bring together new anldiag technologies and through the
application of spatial data analysis techniquesyide a framework to answer ecological questions in
environments that are complex and dynamic. Theareken this thesis provides support for the
hypothesis that the resurgence of nuisance algée iGreat Lakes is closely linked to dreissenid
mussels. Furthermore, the research from Lake Sirsgpports that idea that mussels are effective
ecosystem engineers (Zhu et al. 2006) and haveafoedtally altered the dynamics of aquatic
ecosystems as predicted by the near shore shuckyltdeal. 2004) and the benthification hypotheses
(Zhu et al. 2006).
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