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LAY ABSTRACT

The following Ph.D. describes hamperiod ofsustained low water levesnd
shoreline modifications1 Georgian Bay, Lake Hurohave impaatdthe coastal wetland
habitatused bymuskellungeduring their earlyife. To counteract these adverse effects,
the thesigprovides a dfinition of thewetland featurethat promote the survival of young
of-the-year muskellungen Georgian Bay. Included is a proposed management tool in the
form of an Index of NurseryHabitat Suitability(INHS) for muskellungehat can be used
to identify high-quality, early-life habitat ofmuskellunge Furthermore,ltieINHS can be
used topredicthow the quality of thisvabtat responds to different watkavel scenarios
and to shoreline modificatian Georgian Bayandto guide rehabilitative effortsfo

degraded wetland habitat
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PREFACE

The following Ph.D. thesis includes four chapters prepared as manuscripts for
publication in peereviewed journals. To place this research into context a General
Introduction is provided Chapter 1has been published in tdeurnal of Great Lakes
ResearchandChapters 2hrough4 are presented as manuscripts bweh®ot yet been
submitted for publication. Completed references for all chapters, whether published or
for submission, are found belovor all chaptersas first author| analyzed the data and
wrote all the manuscripts under the supervisioBroPat ChowrFraser. FoChapters 1
and2 Dan Wellercollectedsignificantsupplementainformationfrom southeastern
Georgian Baywhile | wascollecting datan northern Georgian Bagnd was included as
a ccauthor. For the data collected in the field, | am grateful to many graduate and
undergraduates students, and local stakeholders who are more formally recogtieed

acknowledgement seons.

LeblancJP, Weller JD, ChovirraserP (2014). Thirty-year update: Changes in biological
characteristics of degraded muskellunge nurserytdtab southern Georgian

Bay, Lake Huron, Canada.odrnal ofGreat Lakes Resrch 40 870-878

LeblancJP, Weller JD, Chovirraser R2015, CH). Similarities in fish communities
between muskellunge nursery sites from two adjoining embayments in

northern Georgian Bay, Lake Hur@g@hapter 2)
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Leblanc JP, ChoviFraser R2015, CEB). Nearshore ecosystem features predict
suitability of muskellunge nursery hadiis in Georgian Bay, Lake Huron
(Chapter 3)

Leblanc JP, ChoviFraser R2015,CH4). Index of Nursery Habitat Suitability for

muskellunge in Georgian Bay, Lake Hur@hapter 4)



Ph.D. Thesi§ J.P. MR. Leblanc, McMaster UniversityBiology

GENERAL ABSTRACT

Theself-sustaining status f Geor gi an Bayod&€sokrophy musk
masquinong)yfishery is owedn partto the widespread distribution of high quality
coastal wetlands used as nursery habifake specific wetland features thatomote the
recruitment of youngf-the-year (YOY) muskellunge in Georgian Bay have not been
clearly definedandwithout such informationt is unclearto what extenain
unprecedented period of sustained waterlevels(c. 1999) andbr shoreline
modifications, will continue to degrade the suitability of nursery habitatsl bge
muskellunge throughout Georgian Baw. this thesis, | use data from two years of
intensive sampling in two embayments of northern Georgian Bay to statistically
differentiatebetween wetlands that were found with and without YOY muskelluBgye
doing so, | have provided the first qudiatdle definition of suitable nursery habitat for
muskellunge in Georgian Bayluskellunge nurseries fi@a structurally complex
community ofsubmersed aquatic vegetation (SA/g.Potamogeton richardsonii
within the water columigO1-m depth) and a fish community that had abundant suitable
prey (e.gCypinid specie} and a scarcity of earlfe predators (e.g?erca flavescens
Somekey aspects of th&AV communitywere governed by wetland's bathymetry, and
this relationshipnakes it possible to model the effect of changing wletexl scenarios

on habitat suitability

| translated these results irmananagement toédr fish management agencies by
creatinganIndexof Nursery Habitat Suitability (INHBSthat can be applied to other

embayments in Georgian Bayittentify high qualityearlylife habitatsfor muskellunge.

Vi
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| developed two INHS models and applied therartandependent dataset from other
regions of Georgian Bay, and found them to differentiate between sites that were known
to be used by YOY muskellunge and those where YOY were absent. These were also
able to track deterioration in habitat quality asseciatith the recent decade of low

water levelsBoth INHS models rely omariablesbased on robust ecological

relationships known to favour YOY survivorshimtcanbe readilycollected byfish
management agencjemndonelNHS modeldoesnot require detailed information of the
aguatic plant communityBoth models were also designed to minimize the frequency of
false negatives (suitable nursery sites misidentified as unsuitable) and false positives
(unsuitable nursery sites misidentifiad suitable)TheselNHS modelsshould becoman
important tool hat will complement harvest regulatiottspromote this economically and

ecologically valuable, seBustainingmuskellunggpopulation in Georgian Bay

Vil
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Of the muskellungéEsox masquinongyopulations in Ontario, those in
Georgian Bay, Lake Huron are among the most prized because of their potential to reach
world record sizes (Casselman et al. 1308y et al. 2011 Contributing to the legacy
of muskellunge in Georgian Bay is also tHemmgevity (up to 30 years; Casselman et al.
1999), and a population that is managed strictly by natural reproduction, without any
supplemental stockings (Kerr 2011). Moreover, muskellunge in Georgian Bay are
characterized by genetically distinct spbpuktions that are separated by as little as 50
km of shorelinel{apuscinski et al. 203 hris Wilson, pers. comm.;r@arioMinistry of
NaturalResources anBorestry (OMNRF) Peterborough, Ontafipowhich is likely the
product of high fidelity to specificagly-life habitats Crossman 1990; LaPan et al. 1996;

Jennings et al. 20}).1

The subpopulations of muskellunge in Georgian Bay bestow high economic and
ecological value as apex predators. For this reason, government (e.g., OMNRF) and
private organizatios (e.g., Muskies Canada Inc.) have been judicious in their efforts to
protect breeding adults to promote muskellunge fisheries that argustdining (Kerr
2007; Farell et al. 2007). Despitguccess at limiting exploitation of adults (e.g., from a
harwest rate of 20% in the early 1980s to less than 1% today; Kerry 2007), muskellunge
populations in Georgian Bay are still liable to collapse if their dddyhabitats are lost
or modified Dombeck et al. 1986; Zorn et al. 1998; Rust et al. 2002; Kamks@nal.

2007. Thus, management agencies throughout the Gadats have made protecting

coastal wetlands used by muskellunge as spawning and nursery habitats (Craig and Black
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1986; Farrell and Werner 1999; Farrell 2001) a management prioagdition to

harvest regulation@-arrell et al. 2007Liskauskas 20Q7Kapuscinski et al. 2014).

To implement this part of the management strategy, muskellunge spawning
locations have been identified and intermittently monitored in Georgian Bay by the
OMNRF since 1998 (Liskauskas 2007). Although, it is widely believed that muskellunge
spawning and nursery habitats are spatially linked (LaPan et al. 1996; Farrell et al. 2007)
and occur in wetlands at depths less than 1.5 m (Craig and Black 1986; Farrell and
Werner 1999; Farrell 2001), both habitat types must be suitable for successful
recruitment. In general, the suitability of the spawning habitat is ubiquitously defined by
dissolved oxygen concentrations at the sedimeter interface that is at least 3r@)/L
(Dombeck et al. 1984; Zorn et al. 19981 Georgian Bay, there is little indication that
dissolved oxygen is limiting to the eadlife of muskellunge because majority of coastal
wetlands have been assessed to be in reference con@itietk@vic al ChowFraser

2017 based on Water Quality Index scores (WQI; CHernaser 2006).

On the other hand, much less is known of the wetland features that define suitable
nursery habitat for muskellunge in Georgian Bay. Only a single study exist that described
locations where youngf-the-year (YOY) muskellunge were found 30 years ago in
southeastern Georgian Bay (Craig and Black 19886)s is in contrast to the lower Great
Lakes (e.g., St. Lawrence River) that have developed a relatively sophisticatedogefiniti
of suitable nursery habitat for muskellunge. From an ecological perspective, this includes
structural complexity in the upper water coluthat allows the YOY to hide from

predator{Murry and Farrell 2007Kapuscinskiand Farrell 204; Wagner et al. @15)
3
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while at the same time ambush their preferred firey softrayed fusiform species;

Wahl and Stein 1988&apuscinski et al. 2012)Georgian Bayhoweverdiffers markedly
from the lower Great Lakes with respect togeomorphology (i.e., Precanin Shield

vs Sedimentary watersheds, respectiveéyson and Schaetzl 200eCatanzar@and
Chow-Fraser 201)land eceregions (i.e.Northern Forests vs Eastern Temperate Forests,
respectively; CEC 1997 This likely makes it inappropriate to directly extrapolate the
specific features defining suitable habitat from one region of the Great Lakes to another

without proper field validation.

More importantlyduring the course of this study, Georgian Bagerienedan
unprecedented period of sustained low water levels since 1999 (Sellinger et al. 2008).
These low water levels have reduced the numbeoadtal wetlands that are accessible to
fish (Fracz and Chowraser 2013)while many of the remaining wlands have
experienceé decline in fish species diversity resulting from a less diverse and less
structurally complex macrophyte community (Midwood and Civaaser 2012).
Considering that water levedsd shoreline modificatioimfluence the diversity of the
macrophyte community iwetland habitat (Keddy and Reznicek 1986; Wilcox and
Meeker 1991)there is uncertaty of how the suitability omuskellungenursery habitats
have been and will be impacted byelsustained low watdégvelsand increases in
shoreline modificationslt is therefore timely to conduct a proper investigation to
identify what features of a wetland promote muskellunge recruitment in the stoded
region of Georgian Bay. Moreover, it is important tigttery managers are provided

tools that cabe usedo identify these limiting earljlife habitats angbredicthow the

4
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suitability of these habitatsill respond to different wateevel scenarioand

disturbances from shoreline modifications

ThesisObjectives

In Chapter 11 examine how the low water levedsd shoreline modificationave
affected previously identified earlife habitas of muskellunge in southeastern Georgian
Bay. | hypotheszethat muskellunge recruitment is sensitive to the & of their
nursery habitatand predict thathanges in the wetland macrophyte and fish communities
induced by lowwaterlevels and shoreline modificatiofKeddy andReznicekl1986;

Midwood and ChowFraser 2012) will affect the quality of the wetlaondhe detriment of

YOY survival.

After locating wetlandsinitsthat support YOY muskellunge from a region in
northern Georgian Bay examine what aspects of the wetlands differed betiween
locations with and withoutOY. In Chapter 21 investigate ha the fish community
may influencehe suitability of muskellunge eatlife habitat Because YOY
muskellunge growth and survival appeagiated tchigher abundances of species
considered their preferred prey/éhl and Stein 1988apuscirski et al. 2012) and
limited numbers of earHife predators (Wahl and Stein 1989; Murry and Farrell 2007)
predict that muskellunge nurseries will be associated with higher abundances of prey and

lower abundances of potential predators thitgas withott YOY muskellunge.

In Chapter 31 expand the comparison between wetlands with and without YOY

muskellunge by focusing on differences in the macrophyte community and physical

5
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features of the wetland$Given that YOY preferentially inhabit the upper pontof the
water columrand are ambush predatg¥¥ahl 1995) | predict that wetlands with YOY
muskellunge will be associated with metnietated to habitat complexity from
macrophytes that grow throughout the water coluinmill also use a Discriminant
Function Analysis to differentiate between habigaturesof the aquatic plant
community at sitesvhere YOY muskellunge occur and where thegabsent | will
consolidate these habitat featureated to the fish and plant communitiespropose a

holistic definition of suitable nursery habitat for muskellunge in northern Georgian Bay.

Finally, | will create a Georgian Bay explititdex of NurserHabitat Suitability
(INHS) for muskellunge i€hapter 4o allowfishery managerthe ability to assess the
suitability of nurseryhabitats that are located near known spawning. stegINHS will
bedeveloped based on the ecological relationstiigsdefinesuitable nursery habitat
identified n Chapters 2 and 3, and incluggiablesconsidered mokt accessible to
fishery managersThelNHS will be philosophically consistent in its developmeuith
Habitat Suitability Index mods(US Fish and Wildlife Service 1981that are familiar to
fishery manager@De Kerckhove et al. 2008 The transferability of thétNHS
throughout Georgian Bay also tested by applying it iedependentlataof muskellunge

nurseriedrom other regions of Georgian Bay.

Results from this thesis will provide the first quantifiable definition of suitable
nursery habitat for muskellunge in Georgian Baatwill offer fishery managers a tool

that will complement harvest regulations by identifying important dddyhabitas that
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can be offered protection frogioreline modifications Furthermore, theNHS will
allow managers to monitor how the quality of the muskellunge nursery habitat is affected
by different water level scenarios; while at the same time provide guidance towards

rehabilitative and restorative actioas needed

The Chapters presented in this thesis are linear in nature, such that information
presented in earli€Chapters are directly related to those that follow. Thus, there will be
overlap regarding introductory information, prools used to collectata, andhe
literature cited among theh@pters. However, analysis, results and caiafudrawn are

unigue for each Rapter.
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Chapter 1:

Thirty-year update: Changes in biological characteristics of degraded muskellunge

nursery habitat in southern Georgian Bay, Lake Huron, Canada

Reprinted with permission from:

Leblanc, J.P., Weller, J.DChow-Fraser, P. 2014. Thiryear updateChanges in
biological characteristics of degraded muskellunge nurseitahabsouthern Georgian

Bay, Lake Huron, Canada.. Great Lakes Res. 4870-878.
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Abstract

Aquatic vegetation is a critical componemnarsery habitat for youngf-the-year
(YOY) muskellunge. The trophy status of the muskellunge fishery in southeastern
Georgian Bay owes its reputation to the widespread distribution of aquatic vegetation in
coastal marshes of this region. Unfortunatelgtland habitat has been in decline
because of an unprecedented period of sustained low water levels since 1999. In this
study, we strategically reampled 16 historic sites that supported YOY muskellunge in
1981. The sustainddw water levels and increased shoreline modifications experienced
by southeastern Georgian Bay may have contributed to the current disappearance of YOY
muskellunge at those sites. These physical stressors appeared to have altered the habitat
structure dthe plant community and led to changes in fish communities, making them no
longer suitable for YOY muskellungé&.he precise mechanisms limiting survival to the
YOY stage are unknown because spawning adults have been observed in the area in the
spring 0f2012 and 2013. These results corroborated previous sampling programs at the
historic sites (2002005: n = 8 and 2007: n = 16) that employed other fishing gears and
protocols as well as a supplemental YOY sampling in 2013 (n = 26 additional sites). If
this muskellunge population is to remain sgitaining, a complementary management
strategy specifically developed for Georgian Bay is required. This should identify and
ultimately protect suitable muskellunge breeding habitat by accounting for theeuniqu
geomorphology, current physical stressors affecting Georgian Bay, and the biological

links between suitable spawning and nursery habitats.

Keywords: Muskellunge, nursery habitat, Georgian Bay, Lake Huron
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Introduction

Currently, many native muskellungEsox masquinongyopulations are no
longer selfsustaining (Dombeck et al. 1986; Rust et al. 2002), the primary reason for
which appears to be degradation and alteration of spawning and nursery habitat
(Dombeck et al. 1986; Farrell et al. 2007; InskiB@9Rust et al. 2002). Although the
critical requirements of spawning habitat have been well defined (e.g., dissolved oxygen
(DO) concentrations > 3.2 mg/L at the substrate water interface; Dombeck et al. 1984;
Zorn et al. 1998), relatively little hasdre established for nursery habitat (Farrell et al.
2007; Kapuscinski and Farrell 2013; Kapuscinski et al. 2012; Murry and Farrell 2007),
particularly for seHsustaining populations. Newly hatched muskellunge and yoting
theyear (YOY) are assumed to regpiaquatic vegetation for protection since they are
vulnerable to predation by fish, birds and even predaceous insects (Johnson 1958; Wahl
and Stein 1989). As such, muskellunge nursery habitat in coastal wetlands has been
found in close proximity to areavhere adults spawn (LaPan et al. 1996). These areas
tend to have intermediate densities of aquatic plants including emergent, floating, and
submersed aquatic taxa, which structure the upper water column (Craig and Black 1986;
Murry and Farrell 2007; Weer et al. 1996) and that support suitable abundances of soft
rayed fusiform fish that YOY muskellunge prefer (Kapuscinski et al. 2012; Kapuscinski
and Farrell 2013; Wahl and Stein 1988). Despite these generalizations, large differences
in ecaregions ejst within the Great Lakes with respect to geomorphology, ecological

characteristics and wetland conditions (see GRoaser and Albert 1999; Cvetkovic and
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Chow-Fraser 2011), making it difficult to extrapolate from site to site in regard to specific
habita requirements for these early stages.

Since the miedl990s, spawning habitats have been identified and monitored
periodically throughout eastern and northern Georgian Bay (Liskauskas 2007), but
detailed inventories of nursery habitats have only been ctealuc1981 and only in
southeastern Georgian Bay in the Severn Sound region (Craig and Black 1986). Since
1999, water levels in the Bay have been extremely low (Sellinger et al. 2008) and in
January 2013, they surpassed the record low level set in T9&Speriod of sustained
low water levels is unprecedented and has altered the habitat structure of many coastal
wetlands in eastern Georgian Bay (Midwood and CRoaser 2012). Since the unique
geomorphology of these coastal marshes appears to larlakbward migration of
aquatic vegetation (Mortsch 1998), Fracz and Choaser (2013) estimated that almost
25% of the wetland habitat available to fish have already been lost between the historical
high and the current low water levels, and greateekase anticipated with continued
water level declines due to global climate change (see Fracz andrzhsegr 2013;

Midwood and ChowFraser 2012; and Sellinger et al. 2008 for greater discussion). Such
a magnitude of wetland loss and alteration is exguett have serious implications for the
reproductive success of salfistaining populations of muskellunge in Georgian Bay that
use these wetlands as nursery habitat (Craig and Black 1986). Along with this change,
large stretches of shoreline in southeasGeorgian Bay have also been modified for
cottage and recreational development over the past 30 years, alterations that include

shoreline hardening, vegetation removal and dredging.
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The goals of this study are mdfald. First, we carried out a fiekurvey in 2012
to determine the current status of historic muskellunge nursery sites in Severn Sound,
southeastern Georgian Bay, an area that has not begamened for over 20 years
(Leslie and Timmins, 1994). Secondly, using information collectedraig@nd Black
(1986; see Figurié.1) as reference conditions, we compared biotic characteristics
between 1981 and 2012 to investigate whether the structural diversity of submerged
aguatic (SAV) and emergent vegetation, an important determinant of tle®fishunity
(Kapuscinski and Farrell 2013; Murry and Farrell 2007), has changed. We speculate that
declining water levels and shoreline modification are associated with altered habitat
structure and have rendered the historic nursery habitats unsuitaile Yo
muskellunge. Finally, we conducted an expanded survey to determine the location of
nursery habitat for YOY muskellunge in the summer of 2013, by focusing on coastal
wetlands associated with areas where adult muskellunge were found during the 2012 and
2013 spawning seasons. This is the first study conducted in Georgian Bay to investigate
long-term changes in the habitat of early life stages of the muskellunge in Georgian Bay,
and will reveal important insights on the potential effects of sustained#ter levels on
the habitat suitability of historic nursery habitat for this economically and ecologically

important muskellunge trophy fishery.
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Methods

Study Site

Our study sites occur in southeastern Georgian Bay, in the body of water known
as Severn S3md (Figurel.l). This region has shallow contours, and is relatively warm
and productive compared to the rest of the bay which has deep, cold, oligotrophic waters
(Bennett 1988; Weilet988). Similar to the eastern and northern shores of Georgian Bay,
the northern portion of Severn Sound occurs on Precambrian Shield where coastal
wetlands are found among rocky outcrops, islands, and in protected bays (deCatanzaro
and Chowrraser 2011) Severn Sound began to experience nutrient enrichment by the
mid-1980s that was attributed to agricultural and urban development within the
watershed; this cultural eutrophication was sufficiently advanced that it was designated as
an Area of Concern (AOy the International Joint Commission in 1987 and a
Remedial Action Plan was enacted (Sherman 2002). It was delisted as an AOC in 2003,
and although the symptoms of eutrophication have disappeared (Croft aneéFGisaw
2007), water levels in the recatgcade have remained extremely low and this may have
exerted a different though equally adverse impact on the ecological integrity of the

coastal wetlands in this region.

Historic Data

In 1981, Craig and Black (1986) surveyed the fish communities of 103 coastal
wetlands in the Severn Sound region in an effort to identify muskellunge nursery habitats.

Twenty of the 103 sampled coastal wetlands were found to support YOY muskellunge.
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In this study, we will refer to these as "historic" sites and will consider them to have been
suitable nursery habitat for muskellunge. The Ontario Ministry of Natural Resources
(OMNR) provided field data from the 1981 technical report (Black and Craig 19&82)

was used subsequently for their 1986 publication. Data from both documents will be

used here to compare with data collected in 2012 (see below).

Fish Sampling

In 2012, we surveyed 16 of 20 historic sites sampled by Craig and Black (1986)
using the sae specifications of seine net (6.4 mm meshing x 15 m x 1.2 m) and same
protocols they used (see Craig and Black 1986 for seining details); only 16 sites were
included due to time constraints. Although only a single seine haul per site was used in
1981, we opted to use two seine hauls per site in both the June and July sampling (i.e., 4
seine hauls per site) to increase sampling rigor. The bottom of the seine net was chained
to prevent vegetation from rolling the net, and a third person trailed thehseiheith a
dipnet to catch or identify any fish that passed through the net. The sampling also took
place to match the original 1981 dates for at least one of the four seining efforts; all seine
hauls within wetlands were always separated by at leasn10fater temperature was
taken at a depth of 50 cm at each site after each seine haul. In June and July of 2013, we
conducted additional YOY sampling in coastal wetlands where adult muskellunge
congregated during the spawning period in 2012 and 20&{3. approach has been
successful at locating muskellunge nursery habitat in other studies (LaPan et al. 1996;
Leblanc pers. obs.) and was expected to yieldletstocations of current nursery habitat

for YOY in Severn Sound. The same net described guely was used in single hauls at
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26 sites. The 2012 and 2013 Severn Sound seining technique was identical to that used in
a northern Georgian Bay study in 2012 and 2013, which successfully caught YOY
muskellunge in both June and July (JP. Leblanc ungaks). All fish caught in these

surveys were identified to species, counted and then released in the water where they had

been caught.
Aquatic Vegetation Survey

We examined the habitat structure and other characteristics of the historic nursery
sitesduring the first week of August 2012. Due to time constsaihabitat features were
characterized foonly 14 of the 16 sites sampled for fish in 2012; none of the sites
sampled in 2013 were surveyed for vegetation. In 1981, Craig and Black placeatguadr
(0.25nf) at 2m intervals along three transects that ran from the shater interface to

the 1.0 m depth contour to survey the aquatic vegetation. In 1981, the deagigef

these transects was 23.8+2.1a95% CI) but due to the drop in watewel (from

176.7 m to 175.92 m) and the bathymetry of Severn Sound, the mean length of the 2012
transects was three times longer (71.4+18.6§95% CI)). This made it impractical to

sample every 2.0 m along the transect in 2012. Therefore, consigtettie protocol of

Craig and Black (1986) we ensured that the three transects were separated by at least 10
m, and extended them perpendicular to shore to the 1.0 m depth contour. Placements of
the quadrats were, however, separated by intervals gtleate2m, but we ensured that

there were at least 10 equally spaced quadrats along each transect. For smaller wetlands,

the start of the three transects were equally spaced along the shore but converged to a
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central point of the wetland at 1.0 m depliransect lengths were consistent within a

site, but varied among sites, depending on substrate slope.

Craig and Black (1986) estimated the percent cover of the dominant taxon of SAV

and identified all emergent and floating vegetation to species wheiiblppasd counted

their stems within each quadrat. We followed this procedure except we used a
standardized rakeweep method (see Croft and ChBraser 2009), where a garden rake
was swept along the substratater interface within the quadrat boundagaes all the

stems of SAV captured were identified and counted. This was required because high
winds at the time of survey resulted in high sedimessuspension that precluded a
consistent visual estimation of SAV cover. We should note that clearwagerormally

observed throughout much of the season in 2012.

Shoreline Modification

Our approach was to compare the number of docks present during 1981 and 2012
to determine if human development had significantly modified the physical condition of
the sloreline between the two time periods; however, we were unable to find aerial
photos of these sites acquired in 1981 and 2012. The closest approximation of these two
time periods were orthophotos taken in 1987 (Forest Resource Inventory aerial photos,
OMNR) and IKONOS satellite image -t resolution) acquired in 2009. We imported
both sets of images into Geographic Information System (ArcMap3RB] Inc.,

Redlands CA, USA, 20)&nd for each sitera we delineated the perimeter of the

wetland and countettie number of docks along the shoreline for the 16 sites. We
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calculated the number of docks per shoreline length (#") kon each period and

compared them statistically.
Statistical Analysis

All statistical analyses were conducted with the softyakage, STATISTICA
8.0 (StatSoft, Inc. 2007) We used a repeated measure statistical design to make
comparisons between 1981 and 2012 data collected at the historic sites. Each site
sampled (i.e. historic nursery wetland) was considered the sampiinfgr both fish and
habitat analyses. Thus, the data for each site from 2012 were matched with
corresponding sites from 1981. When parametric tests were used, the data were
transformed to satisfy parametric assumptions; however, if the data coble not
normalized, then neparametric equivalents were used. lgq@+1) transformations
were used except for proportions, which waresinesquare root transformedThe June
2013 fish community composition was only compared to the 1981 historic refsitaxe
and not to the 2012 data. All data reported are in transformed units unless otherwise
indicated.

Since we employed greater sampling effort in 2012 (4 samples per site) than in
1981 (one sample per site), one of the 2012 samples per site was Isaselected and
used in the direct comparison between time periods. Frequency of occurrence
(percentage of sites where a fish species was present), mean proportional abundance, fish
species richness, and Shannon&esachdsitenamdr si t y
compared to those calculated for historic

T mean alpha diversity) was also calculated for each sampling period. Proportional
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abundances of all fish species that occurred in >65% of thexs@tescompared between
time periods; those species occurring at <65% of the sites were first classified into
functional guilds (see Tablel) and then grouped for comparison. Data collected in 2013
were treated in a similar manner and compared agairsstdi¢cted in 1981.

Emergent and floating vegetation were first classified into families. We
standardized the data by dividing the stem counts for each family by total stem counts of
all families (% total for each family). In order to make the 2012 damparable to the
1981 data for SAV, we first had to convert the 2012 stem counts to an abundance
category. Following the description of Craig and Black (1986) relative abundance ratings
were calculated for each taxon within each site and their reltiwedance ranks were
compared to 1981 data. For all SAV taxa that occurred at >40% of the sites in 1981 and
2012, we compared median values of relative abundance ranks in the two time periods.
To minimize potential Typ# errors, due to the large numh#rpaired comparisons, a
highly conservative Bonferroni correction
differences between time periods. We also sorted SAV data according to two growth
forms (i.e., "low growing" and "canopy growth" following €kovic(2008) and carried
out a 2factor repeated measures ANOVA (year * growth form as independent factors) to
determine if there had been a significant change in habitat structure between 1981 and
2012 based on relative abundance ranks.

Craig and Blak (1986) divided the nursery areas they sampled into four "depth
zones" and provided a description of #Atypi

arbitrarily divided transects into these zones but did not indicate the actual depth
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associated with the per or lower limits of each zone. In order to compare the depths at
each zone between 1981 and 2012, we estimated a substrate slope that would have been
present in 1981 and used that to approximate the upper limit of each depth zone and then
applied thes to the 2012 data. The boundaries of the four zones were determined as
follows: Zone 1: 0.0 to 0.10m; Zone 2: 0:A53m, Zone 3: 0.58.90m and Zone 4:

0.91 to 1.0m. Using these estimated depth zones we directly compare the 1981 and 2012
stem couts of emergent and floating vegetation for each site after first performing a
square root transformation. We then performed afagtor repeated measures ANOVA

(time * depth zones as independent factors) to determine if this vegetation type varied
differentially among depth zones between time. For the 2012 data, we also determined
the significant effect of depth zones and growth forms (i.e. low growing versus canopy)

on stem densities of SAV using a tfaxrtor ANOVA after first performing a lag(n +

1) transformation. This analysis excluded depth zone 1 since no SAV was encountered

there.
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Results

Substantial changes in the fish community were noted between time periods;
despite our intensive seining efforts in 2012, we found a complete absence of YOY
muskellunge at all 16 historic nursery sites (Tdble Figure 1.2). There was a clear
shift in the species composition of the fish community between years (T.apleblack
crappie, smallmouth bass, and tadpole madtom (among others) that were dom8®h
were replaced with banded killifish, I onge
%). As a result of these substitutions, we did not find significant differences in species
diversity between time periods (i.e., mean species richnessand8hond6s | pdex sc
> 0.4).

Of the three most numerically dominant species present in both time periods, the
relative abundance of yellow pertitreased significantly between 1981 and 2012 (mean
difference £ SE: 0.233 + 0.07Paired ttest, {5 = 3.33Q p = 0.005), while that for
largemouth bass decreased significantly (mean difference £ 3566 + 0.101Paired &
test, 15 =-3.537 p=0.003; Tabld..1). Although we did not detect any significant
differences between time periods for pumgkiedsRaired ttest, i5 = 0.423,p = 0.675),
the combined catch of pumpkinseeds and yellow perch accounte@df of all the fish
caught in 2012, compared with only 39% in 1981 (Tdll¢. Thus, consistent with a
decline in betaliversitybetween 198 (b = 14.56) and 201(= 11.12), the fish
community appeared less diverse in 2012, dominated by yellow perch and pumpkinseed.
We also compared the less common species between time periods (seel)allbe

mean relative abundance of the "poterfbahge guild” for 1981 was 0.276 + 0.07
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(GEESE), which was not significantly different from the mean for 2012 of 0.390 +

0.081(Paired-test,t;5 = 1.100,p = 0.289) (Tablel.1). Similarly, there was no significant

difference between the mean proportiomdd undance of the Aot her
0.077 (fSE) calculated for the 1981 data, and 0.153 + 0.033 calculated for 2012 data

(Paired ttest, t5=-1.615,p=0.127; Tablel.1).

Physical features of the historic nursery sites differed significantly between time
periods. In addition to a significant differerinemedian transect length between time
periods (28.0 m vs. 59.3 m; Wilcoxon Matched Pairs Test: z = 3p156,004), he
median value of docks per shoreline km associated with the 1987 aerial photos was
significantly lower than that associated with the 2009 IKONOS satellite images (0.0 vs.
6.05 docks - kil; Wilcoxon Matched Pairs Test: z = 2.98; 0.003, n = 16).No
significant differences in water temperature were detected between sampling periods
(Wilcoxon Matched Pairs Tegt:= 0.642); however, consistent with climate change
predictions, water temperatures measured in 2012 showed greater variability (range:
17.4/305 °C) than those measured in 1981 (range:i2BM °C).

Differences in the physical structure and taxonomic composition of the aquatic

plant community were also evident. Averadjgha richness of SAV was significantly
lower in 1981 compared to 201éj'difference4_r SE:-3.714 + 1.150, Pairet;3=-3.229,

p = 0.007), even though gamma richness did not differ between time periods (i.e., 17
species; Tablé.2). Due to differences in methods employed to survey the SAV
community, (i.e. physically counting and identifying all SAV stems in 2012 vs. visual

estimation of percent cover of SAV in 1981), we decided to only investigate differences

27

S



Ph.D. Thesi§ J.P. MR. Leblanc, McMaster UniversityBiology

between years witlespect to the dominant SAV species present. We found relatively
few differences on a specibyg-species basis when relative abundance ranks were
calculated for all of the common SAV species (encountered in >40% of the sites; Table
1.2). The only exceptizs wereMyriophyllum spicatunandPotamogeton robbinsii

which were both more abundant in 2012 than in 1981 (Wilcoxon Matched Pairp ¥est:
0.0025;Table1.2). Consequently, the relative abundance rank of pooled SAV growth
forms was significantly greatar 2012 than in 1981 (Fs= 11.137p = 0.003; Figure

1.3), while low growth SAV had a significantly greater relative abundance rank than did
canopy forms, when pooled within years ¢g= 51.216p < 0.001; Figurel.3).

We wanted to know if meastem densities for the two growth forms differed
significantly among depth zones to describe present conditions of SAV at the historic
sites (Figurel 4). Within each depth zone, legrowing taxa were noted consistently
more frequently than were canopyaaFigurel.4). When pooled among depth zones,
stem density of lowgrowing SAV was significantly greater than that of canopy SAV (F
78= 35.760p < 0.001). There was also a significant main effect of depth zone (SAV
growth forms pooled; E 7= 11921,p = 0.02) with depth zone 2 having significantly
lower stem densities than did depth zone 3 (Tukey HSD multiple comparisgn-test;
0.02). The dominant canopy species in 2012 \idvdea canadensidlyriophyllum
spicatum andVallisnerias americanavhich accounted for >40%, >24% and >14% of all
the stems counted in 2012, respectively while the dominant taxa @frtoming forms
wereNajas flexilis, Chara spandPotamogeton robbinsigccounting for 85% of the

stems counted for this growth form (see Tdbh).
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In 2012, we found fewer families of emergent and floating taxa per site than in
1981 @ddifference+ SE:-3.928 + 0.485, Paired;s = 8.089 p < 0.0001). Except for

pipeworts Eriocaulaceag which was found more frequently in 2012 than in 1281,

other families were detected less frequently in 2012 tha88d (Tablel.3). Although

we were unable to detect significant differences in percent composition of emergent and
floating taxa at the family level, many families that had been present in 1981 were no
longer present in 2012 (Tahle3). We also compared stem densities of combined
emergent and floating vegetation to determine significant differences between time
periods ad among depth zones. Although no significant interaction between time period
and depth zone §Fs= 2.3246p = 0.081) was detected, differential patterns of emergent
and floating vegetation stem densities within years and among depth zones were found
based on Tukey HSD multiple comparison tests. Within respective years, stem counts
near the shoreline were significantly greater than those measured at all other depth zones
(Tukey HSD;p < 0.001; Figurel.5); however, between years, stem densities ir2201

were always significantly lower than those in 1981 for all depth zones (&8 p <

0.03 in all cases; Figurk5). Whereas mean stem counts in 1981 were significantly
higher in Zone 2 than in either Zone 3 op4(0.013), we found no significanifitrence

in stem densities of emergent and floating vegetation for depth zones 2, 3, or 4 ip 2012 (
> 0.191; Figurel 5). These data are consistent with the observation that the distribution
of emergent and floating vegetation was less dense and nmooganeous in 2012

among all depth zones compared with those in 1981.
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Twenty-six additional sites were sampled for YOY muskellunge in June 2013, in
coastal wetlands where adult muskellunge had been caught during the 2012 and 2013
spawning period. Despithis increased effort, we did not find any YOY muskellunge in
any coastal wetland. Although we found no significant differences in taxa richness
between 1981 and 2018¢= 0.346,p = 0.731), the beta diversity was slightly higher in
2013 (b = 16. 3ADRB1LItHH{d = 14.56), and we foun

composition and community structure of the fish communities (Tab)e The

proportional abundance of largemouth basas significantly lower in 20184 SE:

0.208 + 0.041) than in 19§t SE 0.511+ 0.094:;t4 = -3.380,p = 0.002) By contrast,

we found a higher proportion of fish that we grouped as "Other Species" (sed Iable

in 2013 (0.508 0.055) compared with 1981 (0.28%.077;t40=2.413 p=0.02; Table

1.1). This appared to be driven by the presence of the invasive round goby. Since round
goby had colonized Severn Sounrdy within the past decade, this species was absent in

the 1981 samples, but it had been firmly established by 2013, accounting for
approximately6 0 % of t he cat ch. Once round gobies
Specieso grouping, we no | onger foutgd a si

=-0.1714,p = 0.865).
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Discussion

The current suitability of nursery habitats for YOY muskelkingsoutheastern
Georgian Bay is questionable. Despite the greater seining effort expended in 2012
compared with 1981, and an additional year (2013: 26 sites) targeting théébest
nursery sites close to where adult muskellunge were found duringaivaisig season,
we have not been able to find a single YOY. There have been significant changes in both
the macrophyte and fish communities at the historic nursery sites, and at least some of
these changes are related to the recent episode of sustainsdtkr levels since 1999
(Midwood and ChowFraser 2012) and some are due to modifications of the shoreline
from human activities over the past 3 decades (D. Weller, unpub. data). The plant
community has changed with respect to species composition bitdt lséructure. We
noted an increase in the relative abundance ranik spicatumandP. robbinsiiin 2012
and aess diverse community of emergent and floating vegetation, and hence a less
diverse vertical structure. Similarly, we observesigmificant change in the fish
community, with a shift in species composition (e.g., establishment of round goby) and a
loss in betadiversity through time. Compared with 1981, we observed a significantly
lower catch of largemouth bass but a significahtgher catch of yellow perch in 2012 at
the historic nursery sites.

Since we only have data from two time periods, it is inappropriate to guess when
the changes actually began. It is important to note that during the early 1990s, Leslie and
Timmins (199) found a few YOY muskellunge in southwestern Georgian Bay (i.e., in

Sturgeon and Penetang Bays), which are located within an approximate 12 km radius
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from our furthest sites. By the following decade, however, CRmager (unpub. data)
conducted electreghing surveys and similar seining efforts in 2004, 2005 and 2007, and
did not find any YOY muskellunge at 16 of the sites sampled by Craig and Black in 1981.
In 2007, a shorter seine net (5.0 m x 1.0 m in 2007 versus 15.0 m x 1.2 m in 2012) with
smaller nesh (4.0 mm in 2007 versus 6.4 mm in 2012) was hauled three times at each of
16 historic sites during June and July. In 2004 and 2005timayboat electrofishing

surveys were used to sample eight of the historic sites opportunistically betwedunnaid

and midAugust as part of a study to examine the effect of gear bias on sampling
efficiency (see Cvetkovic et al. 2012). Because of these differences in methods, we were
unable to make direct statistical comparisons with either the historic or 2012 data
(Cvetkovic et al. 2012), but we can use these results to confirm that YOY muskellunge
have not been present for at least the past decade. We are confident that if they had been
present, the seining method we used in 2012 would have been able to catch YOY
muskellunge in Severn Sound because we used this protocol successfully to sample YOY
muskellunge in two embayments in northern Geordday during 2012 (JP. Leblanc,

unpub. data). These results confirm previous observations that the early life stages of
muskellunge are highly sensitive to alterations of their breeding habitat (Dombeck et al.
1986; Farrell et al. 2007; Rust et al. 2002). This study is the first to show this same
phenomenon in Georgian Bay, where the level of human activities is stivegldow

compared to elsewhere in the Great Lakes.

Suitable muskellunge nursery habitat likely requires intermediate densities or

cover of various macrophyte types (Cook and Solomon 1987; Craig and Black 1986;
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Murry and Farrell 2007; Werner et al. 199€)fficiently dense to provide cover from
predation but not too dense to impede foraging activities (Crowder and Cooper 1982;
Diehl and Eklov 1995; Gotceitas and Colgan 1989). Since YOY preferentially use the
upper portion of the water column (Murry andreéd 2007; Werner et al. 1996), presence
of canopyforming SAV, floating and emergent vegetation are important structuring
components of nursery habitat. Therefore, wetlands characterized by high densities of
emergent vegetation (Craig and Black 198&iriy and Farrell 2007) and canopy
forming SAV (Kapuscinski and Farrell 2013; Murry and Farrell 2007) should be
considered higiguality nursery habitat, whereas wetlands dominated by low growth form
SAV (e.g., macroalgae aml robbinsi) with relatively lov densities of canopforming
SAV should be considered lower quality habitat (Kapuscinski and Farrell 2013). Direct
comparisons of emergent and floating stem densities between 1981 and 2012 confirm that
the historic nursery sites had become structuraipdgeneous within the lower three
depth zones. Furthermore, lgrowing SAV taxa (primarily macroalgae), which are
less suitable as nursery habitat than canopy forms, were consistently more abundant in all
three depth zones. However, the mechanismgsijtieg in the altered macrophyte
structure remains speculative. Interactions between low water levels, shoreline
modification, and indirect physical processes such as increassdogeimpacts from
the shallower substrates, may act in tandem to fatlturrently observed macrophyte
structure (i.e., diminished canopy vs. increased low SAV densities).

Differences in species composition and structure of the fish community likely

followed changes in the macrophyte community at some point between 198Q1&nhd
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(Cvetkovic et al. 2010; Eadie and Keast 1984; Smokorowski and Pratt 2007; Weaver et
al. 1997). Midwood and CheWraser (2012) found a lag time of 5 years before both the
plant and fish communities showed a significant response to sustained loviewei®m
eastern Georgian Bay. Therefore, it is likely that changes in the plant community did not
facilitate a noticeable change in the fish community until the20@0s, at which point
yellow perch began to increase at the expense of largemouthTasss consistent with
the observation that largemouth bass prefer intermediate to high densities of aquatic
vegetation (Scott and Crossman 1998) and Midwood and Enaser's (2012) finding
that there was a general reduction in abundance of largemasgHdilowing a decline in
amount of "fish habitat" in wetlands of eastern Georgian Bay as a result of sustained low
water levels. Havens et al. (2005) recorded a similar negative effect oflexagker
decline on largemouth bass recruitment and abundanake Okeechobee, Florida.
The increased abundance of yellow perch can also be explained by the literature. We
know that this species can thrive in many habitat types from macrophyte dominated areas
(Bryan and Scarnecchi®92; Fullerton and Lambe2D06) to rocky habitats (Janssen
and Luebke 2004), both of which are found at the historic sites. Past studies have also
shown that habitats dominated by lgmowing SAV, similar to what we currently see at
the historic nursery sites, can lead to increasstsity of benthic macroinvertebrates
(Hanson 1990), which tend to favor yellow perch (e.g., Dettmers et al. 2003; Graeb et al.
2004; Romare 2000).

It is interesting to note that the relative abundance of the preferred forage type for

YOY muskellungei(e. softrayed fusiform species; Kapuscinski et al. 2012; Murry and

34



Ph.D. Thesi§ J.P. MR. Leblanc, McMaster UniversityBiology

Farrell 2007) had not changed through time, even though some of the species had been
replaced with ecological analogs (e.g., the reciprocal occurrence of bluntnose minnow in
1981 and baret killifish in 2012). Thus, it seems unlikely that availability of preferred
forage was limiting muskellunge recruitment. Instead, we suggest that the relatively high
numbers of round gobies and yellow perch are feeding on muskellunge larvae and eggs
ard thus limiting their recruitment (Fitzsimons 1990; Nichols et al. 2003; Riley and
Marsden 2009; Steinhart et al. 2004). The negative association between yellow perch
abundances and YOY muskellunge has been documented (Kapuscinski and Farrell 2013;
Murry and Farrell 2007), and round gobies are known to be predators of eggs of many
fish including other broadcast spawners (e.g., Lake Sturgenpenser fulvescejis

Nichols et al. 2003). Nevertheless, this is pure speculation because the extent to which
round gobies can limit muskellunge recruitment through egg depredation has not yet been
studied (Kapuscinski et al. 2012). Given that muskellunge have a relatively low natural
rate of recruitment (Scott and Crossman 1998; Zorn et al. 1998; Farrell and Werner
1999), continual exposure to increased egg and larval mortality could have dire
consequences for the overall viability of the population (Nilsson 2006). That adults
returned to the same areas during the spawning season in 2012 and 2013, areas which are
close to the historic nursery sites, suggests that muskellunge exhibit spaitaifidelity
(Crossman 199QJennings et al. 2011; LaPan et al. 996 this is the case, then the sub
population in Severn Sound are inadvertently spawning in coastahdetiaat are no

longer suitable habitat for YOY, and protecting these spawning habitats may do little to

ensure the reproductive success of this trophy muskellunge fishery.
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There is currently insufficient data to point to a decline in the adult muskellunge
population in Georgian Bay (Kerr 2007); however, muskellunge populations in this
region occur at low densities, and consist of genetically distinepspblations,
including one from Seven Sound (Chris Wilson, OMNR, pers. comm.). Because
muskellunge aronglived and have slow growth, current mimming programs (see Kerr
2007 and.iskauskas 2007) do not provide sufficient information to resolve statistically
significant change in populations over time for a particulasregibn of Georgian Bay
(Brosiand Biber 2009; Taylor and Gerrodette 1993). When we examined data from the
muskellunge Volunteer Angler Diary Program (VADP; see Kerr 2007 and OMNR

website:http://www.mnr.gov.on.cespecifically for Severn Sourtzetween 1995 and

2010, angler effort appeared to have been constant through time, while anglgrecatch
unit-effort (CPUE; measured as the number of muskellunge angled per rod hour) showed
a negative, albeit not statistically significant relationship witle (OMNR unpubl. data).
This divergent pattern between angler effort and CPUE with time also casts doubt on the
presumption based on VADP indices that the current muskellunge population is self

sustaining (Kerr 2007; Mosindy and Duffy 2007).

Despitethe strong recommendations by Craig and Black (1986) that the breeding
habitats in Severn Sound be protected from human development, and the demonstrated
association between shoreline modifications and muskellunge reproductive dysfunction
elsewhere (Dombécet al. 1986; Rust et al. 2002), the density of docks and development
of marinas were permitted to increase along the shoreline between 1981 and 2012. This

demonstrates clearly that we cannot rely on current planning regulations to protect critical
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fish habitat for this selfeproducing population in Georgian Bay, and there is urgency to
educate local planning units on the tremendous value of coastal wetlands in this region
(Brazner and Beals 1997; Jude and Pappas 1992; Wei et al. 2004).

We suggest thahe observed change in macrophyte structure, in addition to
shoreline modifications, may have been responsible for the disappearance of the YOY
muskellunge. Thus, in addition to restricting the harvest of adults, an additional
management strategy mustlue more stringent protective measures of both critically
important spawningndnursery habitat. Novel tools that can efficiently and effectively
identify suitable muskellunge spawning and nursery habitat must be developed
specifically for Georgian Bafe.g. Habitat Suitability Index model; Cook and Solomon
1987). Our study shows that in southeastern Georgian Bay, suitable muskellunge nursery
habitat may be very limited; therefore, more detailed information regarding specific
nursery habitat requirementor muskellunge, the processes that structure them, as well
as linkages between spawning and nursery habitat must be elucidated (Farrell et al. 2007).
If the southeastern Georgian Bay muskellunge population is to persist, complementary

management stragees are needed, with greater emphasis on habitat protection.
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Table12.  Frequency of occurrence (Freq occur; %) and mean relative abundance
(Rel Abund) with 95% Confidence Interval (Cl) relative abundance of
SAV sampled in 1981 and 2012. Common taxa are those occurring in >
40% of the sampl es. A conservative
was used to test differences between median values between time periods.
Untransformed data displayed for presentation purposes.

1981 2012
Freq Rel Freq Rel
SAV Taxa
Occur  Abund’ Cl Occur  Abund Cl
Slender water nymph 929 621 107 100 600 091
(Najas flexilig
Chara spp.
(Chara sp)® 85.7 4.50 1.56 92.9 571 1.07
Variable pondweed(Potamogeton 85.7 3.50 126 64.3 193 112
gramineuy’ : ' ' ' : :
Water celery 571 257 153 100 3.43  0.90
(Vallisneria american}®
Common waterweed
(Elodea Canadens)ibs 42.9 1.50 1.15 92.9 2.57 1.17
Coontalil
(Ceratophyllum demerSl)Pn 42.9 0.57 0.44 71.4 0.71 0.27
Clasping-leaved pondweed 64.3 114 0.78 50.0 0.50 0.30
(Potamogeton richardsonfi ' ’ ' ' ' ’
Milfoil sp.” A 42.9 0.43  0.30 100 264 1.12
Fern-leaf pondweed(Potamegeton
robbinsi)®A 28.6 0.29 0.27 100 3.14 1.34
Flat-stemmed pondweed 357 064 0.6 643 129 077

(Potamogeton zosteriforns

A Indicates median values are 9kK00025fbassdonal y di ffer
Wilcoxon Matched Pairs Test.

Low growing SAV taxa "Canopy SAV taxa ‘Data for 1981 were not identified to species whereas
2012 data consisted only @flyriophyllumspicatum)Iin decreasing mean relative abundance, those
taxa occurring in <43% of sites in 1981 were: arrowhead Sagittaria spp. pipewort Eriocaulon
aquaticum), bladderwort spp tricularia spp) , Becko6s wBidensbeckimaguidlwog ol d (
(Isoetes spp.pondweed sppPtamogeton spp.and largdeaved pondweed?ptamogeton
amplifoliug

°In decreasing mean relative abundance, those taxa in the "Other" category in 2012 were: quillwort
(Isoetes spp. curly-leaf pondweedPotamogeton crispys, Bec kdés water marigol d,
slender pondweedPptamogeton pusilljssago pondweedfuckenia pectinatysnd largdeaved
pondweed Potamogeton amplifoliys
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Table 1.3.

Comparison of frequenayf occurrence, and percent composition with

95% Confidence Interval (ClI) of families of emergent + floating vegetation
sampled in 1981 and 2012. Data correspond to means for 16 sites.
Overall family richness was significantly lower in 2012 (3.57 + 0)362n

in 1981 (7.50 £ 0.416) (Paireddst, {,= 8.089,p < 0.0001).

+95%
Frequency % Confidence
Emergent and floating oreHITence composition intervel
plant families 1981 2012 1981 2012 1981 2012
Grasses(Poaceag 100 21 7 5 4.4 9.7
Arrowheads (Alismataceag 100 <20 10 <3 12.1 -
SedgegCyperaceag 93 86 54 42 13.8  20.c
Pickerelweed(Pontederiacede 79 21 9 4 4.9 5.€
Water lilies (Numphaeacege 79 50 7 13 4.6 13.C
PondweedqPotamogetonaceae 79 43 5 3 3.8 3.7
Rushes(Juncaceag 71 -- 4 -- 3.3 -
Burreeds (Sparganiaceae 64 <20 2 <3 2.3 --
Pipewort (Eriocaulacea -- 64 - 17 - 15.¢
Cattails (Typhaceag <20 29 <2 4 - 5.C
Others 71° 21° 3 3 2.4 6.2

®n decreasing frequency of occurrence are 7 familisgs (ridacead, cattails
(Typhaceag pipeworts Eriocaulaceag horsetails Equisetaceag arums Araceas,

parsley Umbelliferag and smartweed$0lygonaceae

®In decreasing frequency of occurrence are 2 families: burr&gdsganiaceaeand

arrowheadAlismataceag
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GEORGIAN
BAY

/. 2012 Sites
O 2013 Sites

Figure 1.1.

Map of study area in southeastern Georgian Bay (inset shows location
of Georgian Bay within the Laurentian Great Lakes). Triangledentify
locations of 16 sites (corresponding to those sampled by Craig and
Black, 1986) sampled in 2012, while open circles show locations of 26
additional sites sampled in 2013 (see Methods).
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1981 data
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Muskellunge
Banded Kkillifish
Blackchin shiner
Bluntnose minnow
Brook silverside
Johnny darter
Largemouth bass
Longear sunfish
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Pumpkinseed
Round goby
Yellow perch
Black crappie
Other
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Figure 1.2. Comparison of proportional abundance of fish caught in the 1981 and 2012
surveys. Untransformed data displayed for presentation purposes.
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Figure 1.3. Comparison of mean (x S.E.) relative abundance ratings of low growing
and canopy growth forms sunexyin 1981 and 2012. Based on-&@a&tor
repeated measures ANOVA, no significant interaction was detqeted (
0.880) indicating that relative abundance ratings of SAV growth forms
followed similar patterns between years. However, significant main
effect of year F;, 26= 11.137 p = 0.003 and SAV growth fromHK;, 2=
51.216,p < 0.00) were detected.
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Low growing Canopy
Growth Form

Comparison of mean stem density ge@+1)) of SAV for two growth

forms sampled in 2012Data are plotted separately for each depth zone (2
to 4 inclusive). Twefactor ANOVA indicated no significant interaction
between growth form and Depth Zone (= 1.191,p = 0.309). Stem
densities of canopy plants were consistently lower than thfdeev-

growing forms irrespective of depth zoneg (= 35.760p < 0.001).

When data was pooled by depth zone a significant main effect was noted
(F1, 78= 3.927,p = 0.02) with depth zone 2 having significantly lower SAV
stem densities than only debne 3 (Tukey HSDp = 0.02).
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Figure 1.5. Comparison of mean (£ 95% CI) ste&lmnsities (square root transformed)
of emergent and floating vegetation measured at four depth zones in 1981
and 2012. There was no significant interaction between depth zone and
time period (2factor repeated measures; 5= 2.3246p = 0.0813); mean
densities calculated in 2012 were all uniformly lower than those in 1981
(Tukey-HSD multiple comparison testg< 0.05)
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Abstract

As an apex species, adult muskellungeax masquinongyexert a strong
influence on the species composition of the fish community insteae
ecosystemsLess is known about yourmf-the-year (YOY) and theiassociations with
coastal wetland fish taxa in nursery areas, especially in understudied areas of the Great
Lakes such as Georgian Baye collected fish community data during July 2012 and
2013 in northern Georgian Bay to determine if aspects of fistmzomty in which YOY
muskellunge are present (YGMusky sites) differ significantly from those in which
YOY are absent (Ndlusky sites).In total, 94 wetland units were seined in two
embayments of northern Georgian B&jixteen were YOYMusky sites, 11 $&s
contained YOY northern piké=( luciug and three of these sites had both esocids in the
same seine hauln both embayments, YO¥usky sites had higher species diversity,
higher relative abundances of preferred forage specie<Ciggnidaespp.),and lower
relative abundances of yellow perdrefca flavescenghan NeMusky sites. We
attribute the absence of YOY muskellunge in wetlands where yellow perch are abundant
to high rates of muskellunge egg depredatidfe hypothesize thahefish commuity is
an important feature of the nursery habitat for YOY muskellunge, and should be used to

develop models to identify suitable nursery habitat in Georgian Bay.

Keywords: YOY muskellunge, nursery habitat, fish community, yellow perch, Georgian

Bay, suiability
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Introduction

Georgian Bay, Lake Huron, supports Ont a
(Esox masquinongyishery (Kerr et al. 2011). The Ontario Ministry of Natural
Resources and Forestry (OMNRF) manages these naturally reprogapulgtions
primarily by protecting breeding adults (only individuals > 137 cm can be harvested in
Georgian Bay), while muskellunge anglers have adopted a voluntaryasatcblease
philosophy (Kerr 2007). laddition, the OMNRF advocatgsotection of lpeeding
habitats because alterations to spawning habitats have been linked to failed natural
recruitment elsewhere (Dombeck et al. 1986; Rust et al. 2002). As yet, there is no
recommendation for protection of nursery habitat, even thasglatial linkagdetween
spawning and nursery habitatbelievedLaPan et al. 1996; Weller et al. 2015). The
primary reason for this is likely because yowgfghe-year (YOY) muskellunge are
elusive and characteristics of suitable nursery habitat have not yet beeitlgxpl

documented for Georgian Bay.

The species composition of the fish community associated with the wetland
should play anmportant role in determining ttsaiitability of that habitat for YOY
muskellunggWahl 1999; Murry and Farrell 2007; Kapuscinskdaarrell 2014). For
example, suitable habitat must have ample prey items, including relatively high numbers
of preferred prey; secondly, it should have a low number of egg or larval predators since
YOY muskellunge are thought to stay close to spawningrgls (LaPan et al. 1996;

Weller et al. 2015). In studies of the lower Great Lakes (St. Lawrence and Niagara

Rivers; see Tabl2.1), and inlanddkes, preferred prey of muskellunge have included
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softrayed fusiform taxa (e.g. fathead minnowsgephalegpromelag and gizzard shad
(Dorosoma cepedianynm Wahl and Stein 1988; banded killifishundulus diaphanys
andCyprinidaespp.in Kapuscinski et al. 2012) whereas rueferred prey have
included laterally compressed and spiny speciesl(egpmisspp; Wahl and Stein 1988;
Szendrey and Wahl 1996). Predators of the YOY have included largemouth bass
(Micropterus salmoidedVahl and Stein 1989) while yellow perdPefca flavescensare
assumed to be predators of muskellunge eggs and larvae (Murry and Farrell 2007;

Leblanc et al. 2014).

Though data from the Lower Lakes exist, it is inappropriate to extrapolate directly
from these studies to wetlands of Georgian Bay without propieilatian. First, coastal
marshes of the St. Lawrence River and those in northern and eastern Georgian Bay are
located in different ecoegions (Eastern Temperate Forests vs Northern Forests,
respectively; CEC 1997) that have distinctive larsg patternsjegetation and climates
that can influence the distribution of fish taxa (Jennings et al. 1999; Seilheimer and
ChowFraser 2006; Smokorowski and Pratt 2007; Trebitz et al. 2009; Cvetkovic et al.
2010) irrespective of the presence of muskellunge. Secdmettpuse of the unique
geomorphology of eastern and northern Georgian Bay, most of the coastal marsh units are
small and lacustrine (< 2 ha; Midwood et al. 2012) compared to the larger riverine
marshes that dominate the upper St. Lawrence River (Bdll2Q@8). Therefore, it is
prudent to conduct a proper study in Georgian Bay to guide management of this important

muskellunge fishery.
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Within Georgian Baythere exist®nly a single study, dating back to 1981 that
describe wetland conditions of nursehabitat in southeastern Georgian Bay (Craig and
Black 1986). Leblanc et al. (2014) found that current nursery conditions have changed
substantially over the past 30 years and attributed an absence of YOY muskellunge to
these changes. One of the largesl most dramatic changes has been the unprecedented
and sustained low water levels experienced in Georgian Bay since 1999 (Sellinger et al.
2008), which have been associated with negative effects on both the quality and quantity
of habitat in coastal mamss for both plants and fish communities (Mortsch 1998;

Midwood and ChowFraser 2012Fracz and ChowiFraser 202). Undoubtedly, this new
hydrological regime will be associated with changes in wetland habitat, but the extent to

which this will influence tlk type of fish assemblage remains a matter of speculation.

In this study, we investigate how species composition of the fish community
differs between sites that support YOY muskellunge and those that do not. We ednduct
this study using data collectedtwo embayments of northern Georgian Bay where there
is minimal human disturbance, in order to eliminate any confounding effects of human
disturbance through shoreline modifications (e.g., Dombeck et al; L&BR&nc et al.

2014). Resultsshould allowidentification ofkey aspects of the fish community that are
important determinant®wardshabitat suitability for YOY muskellunge in Georgian
Bay, and ultimately help develop a s#tecific habitat suitability index (HSI) to

complement cuent managemerstrategies fomuskellungen Georgian Bay
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Methods
Description of Study Sites

The study sites in northern Georgian Bay have been given aliases, to honour the
request of local cottagers, who wish to prevent-@xgloitation of the muskellunge
fishery. The larger of the two embayments, Eager Bay, is hydrologically connected to
northern Georgian Bay, while a narrow channel connects Plant Lake to Eager Bay (see
Figure2.1). Both sites have relatively similar maximum depths but differ in surface area
and limnological characteristics (see Tab@); Plant Lake is smaller, warmer, andnma
dystrophic (with lower pH and conductivity). Human development in both sites is very
low, with only a small number of summer residents (e.g., 0.3 ddakg), many of
which are affiliated with Georgian Bay conservation groups. Based on thequality
characteristics (i.e. Water Quality Index; Chéwaser 2006), Cvetkovic and Chdwaser
(2011) ranked wetlands in this region of northern Georgian Bay to be "excellent" and in

reference condition.

Field sampling

The same protocol used to survey Y®OY muskellunge in southeastern Georgian
Bay and previously described by Leblanc et al. (2014) was used in both northern
Georgian Bay embayments. This involved drawing a single, standard seine net (15 x 1.2
m, 6.4 mm mesh) through each coastal wetlarglitvey the fish community during July
of 2012 and 2013. All fish species caught were identified to lowest taxonomic level (see

Table2.3 for all Latin names), counted, and a subset measured foletog#h (TL; to the
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nearest mm)Wetland units were operationally definedthe fieldaseitherbay or

fringing wetlands hat had a continuous band of emergent vegetation near shore and
submersed aquatic vegetation between shore and the 1.0 m contour. Fringing wetland
units were furthedistinguished by natural barriers (e.g., rock faces or points) that
bisected the band of emergent vegetatibtean size of all wetland units was

approximately 1.1 ha (S.E. = 0.17).

In July of 2013, we used an YSI 6600 sonde to measure-alaemistry
parametergi.e., conductivity, water temperature, pH, and dissolved oxyatehp m
depth at study sitesTurbidity was measured in triplicas eaclsite with aHach
Portable Turbidimeter witlvater collected ahe same deptimeasured byhe YSI 6600.
This was done at 6 sites where YOY muskellunge had been caughtK}Gky) and 6

where no YOY muskellunge had been caught-fiesky) that were randomly chosen.

During May 2014, we positioned GoPtbcameras over platforms that were
baited with muskellunge eggs to determine the likelihood of which fish species are
limiting early-life survivorship of muskellunge. The platforms were submerged in 1.0 m
of water at historic muskellunge nursery siteséwe3n Sound. These sites were selected
because adult muskellunge had been observed to congregate there during the spawning
season between 2012 and 2014 (Leblanc et al. 2014). An arbitrary number of
muskellunge eggs were distributed on one platform,arfigid of view of the GoPrdf
camera, and filmed continuously for approxima&dyminutedi.e., the battery life of the
GoPrd™ camera), while another platform was used as a control (with no eggs) and also

filmed. This was repeated 6 times at differdesations. The footage was reviewed and
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all fish observed over the platforms (baited anébaited) that were eating muskellunge
eggs were identifiedThe behaviour ofmuskellunge eggredators was assessed by
determining the amount of time it took potal predators to find the baited platfagnan
estimate of average number of fisbservedverthe baited fatform,and amount of time
spent over the platform. The rate at which muskellunge eggs could be preyed on was
determined by the foraging behawioof fish, which was defined as an attack or strike at
the baited platformThe actual rate at which muskellunge eggs were depredated could
not be assesseplantitatively because the number of eggs on the platform at the start and
end of the footage ctdinot be reliably estimatedlhus, thetotal number of strikeby all

fish observed at the platform was counted and divided by the average number of fish
observed over the platform during multipler@nutes intervals. This was then converted
into an estate of the number of strikes per fish per mirtotestimate the potential rate

of muskellunge egg depredation

Statistical Analysis

We compared frequency of occurrence (Freq occ; %) and the relative abundance
(Rel AB) of the residual fish community between Y@#usky and NeMusKky sites.
Frequency of occurrence was calculated as the percentage of wetland units in which a
species was caught, and the residual proportional abundance was calculated after
excluding YOY nuskellunge.Taxa that were found in more than 40% of sites in Plant
Lake and Eager Bay (combined Y&Wusky and NeMusky sites) and that were
considered unsuitable prey (elgepomisspp.; Wahl and Stein 1988; Szendrey and Wahl

1996) or egg/larval preda® (e.g., basses and yellow perch; Wahl and Stein 1989;
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Murry and Farrell 2007) were analyzed individually (Tab®). Other fish taxa that may
influence habitat suitability for YOY were classified irfBdunctional guilds and grouped
for analysig(i.e., Cyprinids, Other Fusiform, Other Speciéghl 1999; Kapuscinski et

al. 2012)(Table2.3).

For all statistical analysesneseine haul per wetland was considered the
sampling uniand all analyses wemmnducted with SATISTIE 8.0 (StatSoft, Inc.
2007). We first investigated patterns among fish taxa and guilds between embayments
(Plant Lake vs Eager Bay) and siyg@e (YOY-Musky vs NeMusky) with a factorial
multivariate analysis of variances (MANOVA; study site * gigpe as factors). Residual
propotional abundance data were used in the analyses after asgsiaee root
transformation, and unless otherwise stated, these are reported in transformed units.
Significant interactions between embayments anetite could be interpreted as
evidence thafish distribution patterns associated with Y@Msky sites is dependent on
the embayment of origin. Significant univariate results betweeitygieeand study sites

were determined based on U = 0.05.

General metrics of the diversity of fish species wevestigated with independent
factorial ANOVASs (study site * sit¢ype as factors) on residual species richness and
Shannon diversity index, respectively. Residual species richness accounts for inflated
species richness from the presence of YOY muskedlurighus, residual species richness
was total species richness at YOY muskellunge sites excluding any YOY muskellunge.
Shannon diversity index was estimated from residual proportional abundances. Residual

species richness and Shannon diversity did reptire data transformation.
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Results

Between 2012 and 2013, 94 sites were seined for fish in July in northern Georgian
Bay. Twenty YOY muskellunge were caught at 16 wetland units (WDOSKy sites);
and 12 YOY northern pikeEsox luciuywere caught at 11 wetland units (Figarg).
Three coastal wetlands were found to be sympatric with both YOY muskellunge and
northern pike caught in the same seine haul. The remaining 67 wetland units did not

yield YOY esocids (NeMusky sites).

Thetotal lengths (TL) of YOY muskellunge caught in July ranged from 79 mm to
140 mm over the two years. There were significant differences in TL between years;
YOY muskellunge caught in July of 2012 were significantly longx SE: 120.8 + 4.74
mm TL) thar those from July of 2013§* SE: 102.4 + 6.29 mm TL; F,,=5.243p=
0.04; original unts presented). Similarlyargemouth bass caught in 2012 were
significantly longer ¢§+ SE: 62.3 + 5.28 mm TL) than those from 204 (SE: 54.3 +
4.91 mm TL; ManAWhitney U testp = 0.004). This difference appears to reflect a three
week earlier spawning season in 2012 compared with 2013 (JP Leblanc, pers. obs.)
consequentlyJuly water temperature measured at 0.5 m depth wasisagiy warmer
in 2012 ¢j*= SE: 256 + 0.19°C) than in 2013dj+ SE: 250+ 0.5 °C; Fy 74=6.61,p=
0.04). Comparable patterns in TL between years (i.e., 2012 being slightly larger) were
observed for most other species, although differences were not significa@td5). The
only exception was for yellow perch, which were significantly shorter in 20325E:

72.8 £ 3.33 mm TL) than in 2018j& SE: 81.0 + 3.44 mm TL; Manwhitney Utest,p
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=0.02). In general, majority of fish caught were YOY or yearlings except for Cyprinids
and Other Fusiform spp., which were all adults. We found no significant differences
between years with respect to species compospiond(05), and therefe, pooled the

fish community data to continue analyses.

Study Site Effect¥Vater Chemistry & Fish Community Composition

There were statistically significant differences in water chemistry parameters
between Eager Bay and Plant Lake (Figa®). PlantLake had significantly lower pH,
conductivity,dissolved oxygeiand significantly higher water temperatures compared
with Eager Bay (maheffect ANOVA; p< 0.02, in all cases). Therefore, although both
embayments are oligotrophic, Plant Lake is dystrofie., tan coloured water) and has a
greater influence from the watershed, whereas Eager Bay is more influenced by the
alkaline water of Georgian Bay; however, within embayments, no significant differences
between sit¢ypes existed for any of the watelnemistry variables (TukeMSD, p >

0.05, in all cases; Figuiz?).

There were other significant differences between embayments with respect to the
fish communities when comparisons of the 6 standalone fish species and 3 guilds were
assessed .B3WIiFd74=$.818,p<0.001). When data were pooled by water
body, Plant Lake had significantly higher proportional abundances of smallmouth bass (F
1,79=5.959,p=0.017; Table.3) and a tendency for Higr proportional abundances of
Cyprinids (F1, 79= 3.197,p = 0.07; Table2.3). In contrast, Eager Bay had significantly

higher proportional abundances of yellow perch (5= 8.240,p = 0.005; Tabl&.3) and
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marginally higher proportional abundances of pumpkinseegsdE 3.867 p = 0.053;

Table2.3).

There was no significant interaction between water body antypiee(YOY-
MuskyvsNeMu s ky sites; factorialg/MABBNYA (Wil ks
0.566); however, TukeidSD multiple comparison tests showed that patteriise
relative abundance of yellow perch differed betweentgfie within embayments. There
were significantly lower abundances of yellow perch at YKaisky sites than at No
Musky sites in Eager Bay (TukédySD: p < 0.05; Figure2.3). Similarly, the riative
abundance of yellow perch within Plant Lake was marginally lower in N@igky than

in No-Musky sites (Figure.3).

Combined data from both embaymesk®weda significant difference in fish
groups between YOYuskyand NeMu s ky si t e 697( P4 3487ps = 0.
0.001). Muskellunge nursery sites were associated with significantly higher residual
species richness (9.13+0.515 vs 7.52+0.318 for YW$ky and NeMusky sites,
respectively; R 79= 6.397,p = 0.013) and Shannon diversity (1.72+0.082 vs 1.46+0.049
for YOY-Musky vs NeMusky sites, respectively; £79= 6.779,p = 0.011). We also
found significantly moreCyprinids in the YO¥Musky sites ¢4+ S.E., 0.488 + 0.050; £
79=5.51,p = 0.02) tharin the NeMusky sites ¢j+ S.E., 0.338 +0.035; Table 2.3; Figure
2.3). Thus, YOY¥MusKky sites appeared to have lower relative abundances of yellow
perch but higher abundances ofp@inid species, and overall greater species diversity

compared with NeMusky sites. No significant differences were noted for the any of the
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other fish taxa or functional guilds with respect to site type Q.05; Table2.3; Table

2.4).

Potential Muskellunge Egg Predators:

Five of the 6 baited platforms demonstrateaskellunge egg depredatibg fish
In total, 8 fish species were identified at the baited muskellunge egg platforms in May
2014. Of the species observed, yellow perchalaays the first to find the baited
platforms, generally in less than 20 minupes S.E.: 17.8 £ 4.02 minutefpm when
the platform wagpositioned in the wateandwasoftenthe sole species depredating
muskellunge eggs (Figure 2.40ther species observed depredating muskellunge eggs
includeda total oftwo round gobyNeogobiusnelanostomysand four bluntnose
minnow; however, they remaineder the baited platforrfor less than 10 minutes. In
contrast, once yellow perch found the baited platforms they consistently esloaer
the platform for the duration of the recordif@proximately 80 minutgs
Approximately6 yellow perch X + S.E.:5.7 £ 0.43) were observed over the baited
platform at any given timduring the course of the recordjrigpweveras many as 15
could be counted within the field of view of the cameFae feeding rate of yellow perch
alsoappeared relatively prolifigndyellow perchwould attempt to strike the baited
platform at a mean rate of 48.E. = 0.90}ktrikes peindividual per minute The rate at
which yellow perchwould strikethe baited platform showed a highly significant negative
relationship with time since the platform was first detected (Pearson Correlal@6%,

p < 0.0001 Figure 2.9. However, the mean number of yellow perch over the baited
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platform remained condent with time (Pearson Correlation 0.273 0.219 Figure 2.5,

and yellow perch appeared to spend more time scanning the platfaime few
remainingmuskellunge egghat wereembedded in the platfornt should be noted that
during the 5 recordingdat showed muskellunge egg depredation, the number of eggs on
the platform were reduced substantially to only a few égagsfish could not access

None of the other species observed over the baited plat{oan adult northern pike,

bowfin; Amia cdva, brown bullheadAmeiurus nebulosypumpkinseed; rock bass

appeared to eat any muskellunge eggs, but we cannot ascertain whether or not they were

potential larval predators. No fish were seen at any of tHeitad platforms.
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Discussion

We found consistent patterns in the residual fish communities at muskellunge
nursery sites within the two embayments of northern Georgian Bay. FirstMW@Ky
sitesin both embaymentsad lower relative abundances of yellow perch. Secondly, they
had higherrelative abundance ofyprinid geciesand thirdly, overall species diversity
(both richness and Shannon scores) were highteis was in spite of different
limnological conditions and differences in fish assemblages between the study sites. Our
findings are in general agreement with those hypothesized to foster YOY muskellunge
survival (Wahl and Stein 1989; Murry and Farrell 2007; Kapuscinski et al. 2012) and

consistent with the general ecological framework of Wahl (1999).

Some differences between a@sults and those reported for wetlands in the lower
Great Lakes that should be noted. In contrast to sites in the St. Lawrence River (Murry
and Farrell 2007; Kapuscinski and Farrell 2014), sunistethe dominant taxon caught
with YOY muskellunge in Gargian Bay. Although bluegills and pumpkinseeds have
been considered sudptimal forage for YOY muskellge (Wahl and Stein 1988), they
werefound in large numbers throughout Georgian Bay coastal wetlands, and adcount
for approximately 40 % of the fisktommunity (Cvetkovic et al. 2012). We do not know
if YOY muskellunge consumpumpkinseeds or bluegills in Georgian Bay, but the high
abundance of theseinfish aesnot differ between site types in this study. The literature
has also indicated th&ticropterusspp. (Wahl and Stein 1988zendrey and Wahl 1996
and rock bass (Murry and Farrell 2007) are predators of YOY muskellunge. In this study,

however, the TL of these fish weeon average only half that ¥OY muskellunge caught
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in July; therefoe, gape limitations precluded muskellunge as prey at the time of
sampling. All of the bass combined accounted for only 16 % of the fish community
caught with YOY muskellunge, and there were no consistent differences in relative
abundances between Y@Wusky and NeMusky sites. Nevertheless, it is possible that
at earlier stages of muskellunge development (e.g., larvae and smaller YOY's), both
Micropterusspp. and rock bass could have been a source of larval mortality (Wahl and

Stein 1989Szendrey and Wall996;Murry and Farrell 2007).

We found no significant differences between-syiges for any of the water
chemistry variables, and this suggests to us that water chemistry is not a discriminating
factor with respect to habitat suitability for YOY muskelye within Georgian Bay. We
caution against interpreting this as evidence that water quality is unimportant (Cook and
Solomon 1987); a more appropriate interpretation is that all embayments in Georgian Bay
have excellent water quality (Cvetkovic and Chermser 2011) and that the quality of
waterin Georgian Bayhould not be considered limitingwardshabitat suitability for

early life stages of esocids.

Although July water temperatures were significantly warmer in 2012 than 2013,
water temperaturesere below theritical thermal maxima (32.8C; Bonin and Spotila
1978)and were within the temperature ranget(veen 22.5 and 27.5 Y @atappeas to
promote the highegthysiological benefitfor YOY muskellunge (Bevelhimer et al.

1985; Clapp and Wall996) Thus,the currentiermal regime imorthern Georgian Bay
does not appear to be limiting theitability of nursery habitat. f] howeverwater

temperatures continue to rise in the Great Lakepredictedrom globalclimate change
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scenariogDobiesz and Lester 2009rumpickas et al. 2009YOY muskellunge may
experience symptoms of thermal strasgemperatures exceeding 27.5 °C for extended
periods of time (Bevelhimer et al. 1985; Clapp and Wahl 1996grefore water
temperatureshould ke monitoredn the earlylife habitats of muskellungeand this
information should béncluded as a criterion dfabitat suitabilityalongwith changes in

water level.

YOY muskellunge survival and recruitment is expected to depend on limited
abundances of earlife predators (Wahl and Stein 1989). Although yellow pésam
important prey for adult muskellunge (Scott and Crossman 1998; Bozek et al.th899),
can harper the recruitment of muskellunge by competing with and preying on their early
life stages (Walters and Kitchell 2001). We have shown that yellow perch are potentially
prolific muskellunge egg predators in Georgian Bay, and therefore, the relatively high
abundance of yellow perch at NMdusky sites could be limiting muskellunge recruitment
through increased egg and larvae mortality (Fitzsimons 1990; Nilsson 2006; Riley and
Mardsa 2009). These differencesnglative abundance of yellow perch (i.e., lowaer
YOY-Musky and higher at NMusky sites) are consistent with Leblanc €s4R014)
observations that wetlands with Y@Wusky were associated with low number of yellow
perch 30 years ago, but that these same wetlands no longer support YOY muskellunge,
and arenow associated with relatively high numbers of yellow perch. diservecigh
rate of egg depredation by yellow pernfthis study may explaithe antagonistic
relationship between yellow perch and YOY muskellunge in other studies of the lower

Great Lakes (Murry and Farrell 2007; Kapuscinski and Farrell 2014).
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Fish species that are softyed with fusiform morphology (e.gCyprinidaespp.)
are considered preferred forage for YOY muskellunge (Wahl and Stein 1988;
Kapuscinski et al. 2012). Satlile abundances of preferred forage should help YOY
muskellunge grow quickly and attain a size that allows them to escape predation-by gape
limited piscivores (Wahl and Stein 1989; Szendrey and Wahl 1996). We interpret the
higher relative abundances oyii2inid species at muskellunge nursery sites in northern
Georgian Bay to indicate greater availability of preferred prey for the YOY. The greater
fish species diversity at nursery sites may also provide alternative prey to predators of
YOY muskellunge (Wahl999). Since fish species diversity is often related to habitat
structure and complexity (Eadie and Keast 1984), this overall higher diversity may be an
indirect effect of more suitable macrophyte community (Warfte and Barmuta 2004;

Murry and Farrell 207; Wagner et al. 2015) for these ambush predators.

Management Implications

Effective fishery management requires identification of factors that limit or
promote the survival of target species (Rosenfeld and Hatfield 200&have identified
uniguemetrics of the fish community that could be used to predict haiiibility of
nursery sites. Thesretrics, together with those associated with habitat features and site
geomorphology could be combined to produce a habitat suitability index (HStgatha
be used to identify nursery habitats for YOY muskellunge in Georgian Bag HSI
must be built on robust ecologicallyeaningful relationships that can be applied broadly
across northern and eastern Georgian Bay. Given that there have beergesdict

observed changes in coastal wetland fish and macrophyte communities throughout
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Georgian Bay (King et al. 199€asselman 2002Jidwood and ChowFraser 2012),
development of such an HSI is very timely so that managers can identify and protect

these Igh-quality nursery habitats for the trophy muskellunge fishery.
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Table 2.2.

Ph.D. Thesi§ J.P. MR. Leblanc, McMaster UniversityBiology

Comparison ofake morphology and means (xSE) of limnological
variables measured Eager Bay an®lant Lake. Means for Plant Lake
and Eager Bay are for 6 sites. All limnological variables were measured at
0.5 m depth withmaYSI 6600 sondeluring July 201detween 11:00 am
and 1:00 pm

Variable Plant Lake Eager Bay

Maximum Depth (m) 28 21

Surface Area (kf) 4 15

pH 6.97(0.03) 7.75(0.08)

Conductivity ¢ 68.2(0.17) 98.3(10.46)

Temperature (°C) 23.1(0.112) 22.0(0.39)

Dissolved Oxygen (mg/L) 6.6(0.18) 8.2(0.17)

Turbidity (NTU) 2.3(0.10) 2.14(0.19)
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YOY Musky

A YOY N. Pike
® Sympatric
150, © No YOY Esocid ;
= 7 )N BTN R
0 1000 2000 3000 m
~ I T
g o Y LS Wr% aj

Figure 2.1. Map showing locations surveyed for esocidi Plant Lake (left embayment)
and Eager Bay (right embayment) during July of 2012 and 2013. Sites where
YOY muskellunge were found (YOY Musky; solid red circles) are
differentiated from those where YOY northern pike were found (YOY N. Pike;
solid greentriangles). Sites where YOY muskellunge and northern pike were
caught in the same seine haul (sympatric; solid blue circle) are shown. Sites
that had been surveyed but that did not have any esocids are indicated by
open diamonds (n = 67)
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Figure 2.2. Comparison of mean (£ 95% CHNvater temperature, pH,dissolved
oxygen (DO), conductivity, and turbidity values measured at 0.5 m
depth at sampling stations in Eager Bay and Plant Lake. No differences
between the YOYMusky (n = 6) and No-Musky sites(n = 6) were
detected for any of the parameters when data were separately
analyzed by site (TukeyHSD p > 0.05; two-way ANOVAS), but there
were significant main effect differences between water bodies for
water temperature (F 1, 8= 8.450,p = 0.020), DO (R, 8=39.136,p=
0.0002), pH (F1,8=62.350,p < 0.0001) and conductivity (F1,s=
10.957,p=0.011).
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Figure 2.3. MeanzSEof proportional abundances of a) Cyprinids and b) Yellow perch
found in different site types (i.e. YOMusky and NeMusKky sites).
Significant differences between site types were found when data for Plant
Lake and Eager Bay were pooled by taxon (Cypsnigl, 79= 5.51,p =
0.02; Yellow perch: k, 79= 8.240,p = 0.005). Mean relative abundance of
Yellow perch at YO¥musky sites in both embayments were statistically
similar (TukeyHSD; p > 0.05) but were higher in Eager Bay< 0.05) at
No-Musky sites.
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Figure 2.4. Animage from a 80-minute fmtage takemvith the GoPrd" camera,
showing a platform baited with muskellunge eggs at a historic nursery
site in Severn Sound. Yellow perch was the primary species eating
muskellunge eggs in this footage. Other species that ate muskellunge
eggs included bluntnose minnow and rogoty but at lower
frequencies. No fish were sérved at wibaited platforms.
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m Strikes e No. YP

o
Mean # of Yellow Perch

Mean # of Strikes*YP -1-Min -!
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Figure 2.5. Mean number of strikes per yellow perch (YP) per minute (Strikes: black
squares) and mean number of yellow perch (No. YP: grey circles) over
baited platformas a function of timsinceplatform was first detected. A
significant negative relationship (&bblack line)was foundbetweerthe
rateat whichyellow perch would strike the baited platform and time since
the platform was first detected (Pearson Correlatiel867,p < 0.0001).
In contrastthere was no significanelationshippbetween numbeosf yellow
perchover the platfornrand amount ofime after the platform was first
detectedPearson Correlation 0.273= 0.219;dashed grey line
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Abstract

We conducted a twgear study to determine the habitat characteristics of young
of-the-year (YOY) muskellungeHsox masquinongyn coastal wetlands of northern
Georgian Bay. During August of 2012 and 2013, we sampled 55 wethatsd(depths
0.5-1.0 m),16 of which contained at least one YOY from July seining. Habitat variables
that were significantly different between sites where YOY muskellunge were found
(YOY-Musky sites) and those where they were absentMisky sites) included higher
densities andreater diversity of submersed aquatic vegetation (SAV) in the upper water
column (i.e., Canopy SAV), a smaller contribution of substtatering SAV, and
Steeper substrate 48F6.10&x000WiWhénave @®mbinedd . 6 7 2,
these habitatariables with metrics of the fish community (i.e., higher residual species
richness, lower relative abundances of yellow pelRdrda flavescensandhigher
relative abundances ofy@rinid species in YOYMusky sites), we were able to correctly
classify87.5% of the YOYMusky and 89.7% of the Nblusky sites with a Discriminant
Function Analysis\WVilks &= 0.575, F, 47= 4.955,p<0.001) Variation in characteristics
of the macrophyte community (e.g., densities of subst@atering SAV and Diversity of
Canopy SAV) were directly related to site bathymetfyQr 0 pl01.,0 1) . The hat
features we identified are consistent with those hypothesized to allow YOY muskellunge
to hide from predators and forage efficiently for prey and thus increase thetedban
survival. These seven ecosystem characteristics should be useful predictors of suitable

habitat for YOY muskellunge in Georgian Bay.
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Keywords: Muskellunge, nursery habitat, bathymetry, predation refuge, macrophyte,

Georgian Bay
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Introduction

A primary requirement for theanagement ofedf-sustaining fish populations
identifying and protecting the most limiting habitat for the species (Rosenfeld and
Hatfield 2006). For the ecologically and economically valuable muskellusgpex
masquinony) in the Great Lakes, earlife habitats are considered more limiting than
those used by latdife stages (Cook and Solomon 1987; Kapuscinski et al. 2014). This is
because the earlife of esocids are sensitive to the condition of their coastal wktlan
habitats (Casselman and Lewis 1996; Murry and Farrell 2007), and alterations to these
earlylife habitats have been linked to failed natural recruitment in muskellunge
(Dombeck et al. 1986; Rust et al. 2002; Leblanc et al. 2014). Thus, identifying and
protecting wetlands used by muskellunge for spawning and nursery habitats should be a
management priorityHarrell et al. 2007Kapuscinski and Farrell 2014; Kapuscinski et al.

2014).

There is widespread acceptance that yeofrtipe-year (YOY) muskellungerefer
to occupy the upper water column in their wetland habitat (Wahl and Stein 1989; Wahl
1995) within relatively shallow water (< 1.5 m depths; Craig and Black 1986; Farrell and
Werner 1999). The water column itself is generally described as beintystily
compl ex, with macrophytes that grow to the
densities or cover (Craig and Black 1986; Murry and Farrell 2007). This type of
environment is assumed to provide sufficient protection from predatorsy(lstodr
Farrell 2007; Kapuscinski and Farrell 2Q¥agner et al. 2015), while allowing YOY

ambush opportunities to successfully prey on their preferred forage (i.eaysedt
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fusiform fish; Kapuscinski et al. 2012). From an ecological perspective, iitytab
nursery habitat for muskellunge is therefore a balancing of predation risks and foraging

opportunities within the same habitat structure (Wahl 1999).

Within the Great Lakes contextp othempopulation of muskellungis as unique
as tlosein Georgian Bay. First, the tropfoalibre muskellunge found here are among the
largest in Ontario (Casselman et al. 1999). Secondly, the fisbasyss of sub
populations along the eastern and northern shores of Georgian Bay that are genetically
distinct(Kapuscinski et al. 2013; Chris Wilson, pers. comm., Ontario Ministry of Natural
Resources and Forestry, Peterborough, ON). These genetically distipctmuations
are |ikely maintained through the muskel |l u

nursey areas yeaafteryear (Weller et al. 2015).

Unfortunately, more than a decade of unprecedented low water levels in Lake
Huron may have altered muskellunge nursery habitats sufficiently to make them no
longer suitable for YOY in some wetlands of soas$tern Georgian Bay (Leblanc et al.
2014). Low water levels have already decreased heterogeneity of the plant community
and a concomitant decrease in the species richness of fish communities in wetlands of
eastern Georgian Bay (Midwood and ChBvaser 202), and further declines could
severely restrict access of fish to coastal wetlands in the same region (Fracz and Chow
Fraser 2013). Given that the Great Lakes may be entering a novel hydrologic regime with
even more extreme low water levels (Sellingeale2008), there is an urgent need to
develop tools to identify and protect suitable habitat for YOY muskellunge in Georgian

Bay.
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Characteristics related to the suitability of muskellunge nursery habitat have been
published for wetlands located in thevier Great Lakes (Murry and Farrell 2007,
Kapuscinski and Farrell 2014), but it may be inappropriate to extrapolate these results
directly to wetlands of eastern Georgian Bay without field validation. This is because
wetlands of eastern and northern GeamgBay have unique site geomorphologies
compared with those in the lower Great Lakes and connecting channels (DeCatanzaro
and Chowrraser 2010) that result in differences in the macrophyte and fish communities
(Seilheimer and Chowraser 2007; Croft andiow-Fraser 2009). It is therefore
important to develop a set of characteristics that are relevant to sites within Georgian Bay,
rather than simply adopting results from published studies developed for sites elsewhere

in the Great Lakes basin.

The objecties of this study are to identify and quantify wetland characteristics
that can be used to define suitability of muskellunge nursery habitat specifically in
Georgian Bay. We make the explicit assumption that all coastal wetland satstat
available for se by YOY muskellunge, but that some sites are more suitable than others
and that we are able to identify the features that make them used preferentially. We test
the transferability of the factors identified as important in the literature to determine if
they are equally applicable to Georgian Bay. These include: stem dens8igswdrsed
Aquatic Vegetation (SAV) that blanket the substrate (i.e., substmtering SAV),
densities of SAV that grow throughout the water column (i.e., Canopy SAV; Mudry a
Farrell 2007), the stem density ratio of substteeringCanopy SAV, the diversity of

Canopy SAV Indicated byproportional abundance dRllisneria americang thedensity
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of macrealgae (e.g.Charaspp.; Craig and Black 1986; Murry and Farrell 2007), the

density of floating and emergent vegetation, and the slope of the substrate3(Thable

This studywas conductedh remote regions of northern Georgian Bay, where
coastal wetlands exist in referenconditions, with little human disturbance (Cvetkovic
and Chowrraser 2011; Leblanc et al. 2015, CHResultswill advancethe ability to
assess the current status of critical habitat throughout eastern and northern Georgian Bay
and to predict how theugability of these habitats will change in response to different

waterlevel scenarios for this tropkoalibre muskellunge fishery.
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Methods
Habitat sampling

During the month of August in 2012 and 2013, habitat assessments were made at
coastal wetlands where YOY muskellunge waskected by seiné.e., YOY-Musky, n =
16) and 39 randomly selected INtusky sites (sites where YOY muskellunge were not
caught). These sites had been identified in July of respective years (see Leblanc et al.
2015, CH2 for study site description; Figure 3.Assessments of coastal wetland habitat
followed the sampling protocol described previously by Leblanc et al. (2014); however,
depending on transect length, quadrats (0.95ware positioned at equal intervals of a

minimum of 2.0 m.

We only consider Hatat to be suitable at depth©> m since majority of the
YOY muskellunge caught (i.e., 19 of 20 individuals) occurred at depths greater than 0.5
m. Therefore, prior to statistical analyses,esémated a mean val@rem all quadrats
sampled at depsi» 0.5 mto 1.0 mfor each site (approximately 12 quadrats). These
habitat variables consisted of macrophyte and bathymetric features that reflect some
aspect of the structure in the water column or that had been identified as being an
important feature fanuskellunge nursery habitat elsewhere (T&i¢. For example,
submersed aquatic vegetation (SAV) was classified as either suostivateng SAV
(Sub SAV) or Canopy structuring SAV (Can SAV) to represent the contribution of
various forms of SAV in thevater column (Leblanc et al. 2014; TaBl&). We also

identified SAV to the lowest taxonomic level, and determined if stem counts were
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significantly different between sHiypes (i.e. YO¥Musky and NeMusky sites; Mann
Whitney U test) for all those taxhat occurred at > 33 % of our sampling sites.
Similarly, we compared between stigoes with respect to species richness and Shannon

Diversity Index of Can SAV.

Habitat features that differentiate between-ypes

We used SATISTI@ 8.0 StatSoft, Ic. 2007 for statistical analyses, and
univariate results from a Multivariate Analysis of Variance (MANOVA) of the habitat

variables (Tabl&.1) were used to identify specific habitat characteristics that differed

between siteéypes. Variables thatdifferd si gni fi cantly (U = 0.

contribute predictive power towards discriminating between the X@¥ky and Ne

Musky sites, and were used in a subsequent discriminant function analysis (DFA). Prior
to analyses, all variables were transforrteedatisfy parametric and multivariate
assumptions (Tabl@.1). Although some of the variables used in the DFA were weakly
correlated (r < 0.4), tolerance values indicated a lack of variable redundancy (Tolerance
values > 0.77Quinn and KeougR006). The contribution and ecological interpretation

of thevariablesselected to discriminate betwesitetypes was inferred from

standardized coefficients and factor structure correlations of the DFA canonical axis

(Quinn and Keough 2006).

Ecosystmbased features that differentiate betweentsipes

We combined habitat variables that described aspects of theagaiern

structure (listed above) with metrics of the fish community (i.e., proportional abundance
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of yellow perch Perca flavescensand Gyprinid gpecies and residual fish species
richness; Tabl&.1; Leblanc et al. 2015, CH2) in a DFA. All of the initial
transformations of the variables (TaBlé) satisfied parametric and multivariate
assumptions, and tolerance values indicatedladavariable redundancy (Tolerance >
0.72). As in the first DFA, contribution and ecological interpretation of the selected
variables to discriminate between digpes was inferred from the standardized
coefficients and factor structure correlationshaf DFA canonical axis (Quinn and

Keough 2006).

The small sample size used to discriminate betweettygigs precluded the use
of holdout data for validation purposes. Thus, performances of the DFAs were assessed
based on the classification of cagesn the DFA, thefalsm egat i ve r ate and
Kappa. Cohenés Kappa is a model assessmen
model agreement and is considered a more robust assessment of model performance than
is the classification of cases at(Fielding and Bell 1997). Landis and Koch (1977)
interpreted Kappa values () < 0.40 to hayv
bet ween 0.61 and 0.8 were considered to ha
values > 0.81 were considered almosfearpredictive models. Although arbitrary, the
proposed interpretation of Cohends Kappa i
model performance (Manel et al. 2001). Owing to the general scarcity of nursery habitat
(e.g., Craig and Black 1986; Leblast al. 2015, CH2), we want to be conservative when
evaluating the suitability of wetlands for YOY muskellunge, and therefore we want to

minimize the falsenegative rate (i.e., classifying YOMusky sites as Ndlusky sites).
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Thus, despite high overall rdel accuracy, the falsgegative rate was used to indicate the

potential conservation value of the DFA models.
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Results
MANOVA

We found overall significant differences in habitat features between-MOYky
and NeMusky sites (onavay MANOVA; Wi | ks5=6.089p<0.001; 56 8, F
Figure3.2). When we tested each variable individually, we found that -XQigky sites
had sigificantly higher overall densities of Can SAVi (k= 4.529,p = 0.038; Figure
3.2a), whid included higher densities Gfan SAV specieBotamogeton richardsonii
Elodea canadensisindCeratophyllum demersu(iiable3.2). This corresponded with
significantly higher Shannon diversity index of Can SAV at the YKAYsky sites(mean
+ SE: 1.15 £ 0.10) compared with the-Ntusky sites (mean + SE: 0.81 + 0.06;%
2.752,p = 0.005), but no significant differences in species richness of Can SAV (mean +
SE: YOY-Musky = 6.04 + 0.23; NdMusky = 6.51 + 0.32;58 = 0.807,p = 0.423).
Conversely, th@roportional abundance df americanavas significantly lower in YOY
Musky sites (R, 53= 10.032p = 0.003; Figure 3.2b).

There were no differences in substrate slope betweetyp#dor data observed
from shore to the 0.5 m contour (Tukey H$D3 0.05); however, beyond 0.5 m, slopes
associated with YOYMusky sites were signantly steeper than those for Mtusky
sites(F1, 53=11.430,0 = 0.001; Figure 3.2c). Sonvariation in the composition of the
macrophyte community appeared to be weakly, though significantly related to the
steepness of the substrate slopes; densiti8sb SAV (R = 0.214p < 0.001; Figure
3.3), ratio of Sub SAVCan SAV (R = 0.160,p = 0.003; Figure3.3), andproportional

abundance of. americangR? = 0.109,p = 0.015; Figures.3) all varied negatively with
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slope. In contrast, no relationshigxisted between substrate slope and density of Can
SAV (p = 0.466); however, Shannon Diversity Index of the Can SAV was positively

related with substrate slope?(R0.114,p = 0.013; Figure.3).

Differences between sitypes were predominately assdaewith the canopy
SAV community; we found no significant differences with respect to floating and
emergent vegetation taxa; (k3= 0.166,p = 0.685), densities of Sub SAV(k;= 2.876,
p = 0.096), or densities of marcoalgae SAY (k= 1.565,p=0.216). However, the ratio
of Sub SAV.Can SAV stem densities was lower in Y@Misky sites than in Ndlusky
sites (fr, 53=10.931p = 0.002; Figure3.2d), where YO¥Musky sites had, on average,
twice as many stems of Can SAV than Sub SAV stems (F&jRd¢. We also found that
median stem densities Gharaspp were significantly lower at YOYusky sites than in

No-Musky sites (Mans#Whitney U testp < 0.05; Table3.2).
Discriminating sitetypes with habitat variables only

Four of the seven habitatnables were found to differ significantly between the
sitetypes (Figure8.2). These included stem densities of Canopy S&@portional
abundance o¥. americanathe ratio of Sub SA\MCan SAV stem density, and substrate
slope, that are all related towttural features of the upper watsmumn in the wetland.
These variables were therefore used in the DFA to discriminate betwetpsige We
found a significant model that hads®n over
= 6.106,p = 0.00Q; Table3.3). The classification matrix indicated that 12 of 16 of the

YOY-Musky sites (75.0%) and 35 of 39 (89.7%) of theMiasky sites were correctly
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classified. Although this model was associated with a Cohen's Kappa value of 0.650
(indicating substatial model agreement), the faleegative rate was unacceptably high

for conservation purposes (25%).

The canonical axis correspondsatbabitat gradient reflectirgiructure and
complexity of the upper water column in the wetland (T&8¢. YOY-Musky sites
(canonical axis centroid mean £ 95% CI: 1.07 £ 0.502) were characterized by a denser
and more diverse macrophyte community, and were associated with higher densities of
Can SAV, lower relativeabundance of. americanaand steeper substrate slo€able
3.3). In contrast, the NMusky sites (centroid mean + 95% @&0.44 + 0.321) were
associated with high densities of vegetation that occupy the lower water column, limited
diversity of Can SAV and shallow substrate slopes (TaBlg indicating a less diverse
plant structure in the upper water column. Each variable had a strong contribution

towards the discriminating function of the model (Teh&).

Discriminating site types with ecosystem variables

To improve discriminating @ver,we addedhree metrics of the fish community
to the four habitat variables andnan the DFA. The resultantvariable model was
highly significant(Wilks &= 0.575, F 47= 4.955,p < 0.001; Table3.4) and improved
the overall accuracy of theadsification (87.5% accuracy; 14 of 16 Y@AMisky sites
correctly classified) but more importantly reduced the falsgative rate to 12.5%
(Figure34 ) . The Cohendéds Kappa increased to

agreement. As in the previous cae standardized coefficients and factor structure
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matrix yielded similar information (Tab®&4). Densities of Can SAV and steeper
substrate slope were positively related with Y-®Nsky sites while the proportional
abundance d¥. americanaand the SAVatio variable were negatively related (Table
3.4). YOY-Musky sites were positively associated with metrics related to habitat
complexity in the upper wateolumn (e.g., Can SAV density and diversity, substrate
slope and residual fish species richnesg) a fish community with higher relative
abundances dheir preferred forage (e.g.y@rinid sgecieg, and lower relative

abundance of earlife predators (i.e., yellow perch).

We also examined how the combination of different variables affected the false
negative rate of the DFA, which allowed us to make inferences about the power of
particular variables to discriminate between-gjfges (Table3.5). Regardless of the
combinaion of variables used, the model with the lowest falsgative rate included all
7 variables, and the next best model included all variables except the proportional
abundance of yellow perch (Tal83é). When only metrics of the fish community were
used,only 4 of the 16 YOYMusky sites were correctly classified; however, the majority
of the top performing models included variables related to the habitat and fish community
(Table3.5). Specifically, substrate slope and residual fish species richness were
consistently found among the top models, and on their own, correctly identified 11 of the
16 YOY-Musky sites (Tabl&.5). Itis worth noting that the two YOWMusky sites
misclassified by the 7 variable DFA were located very close to where YOY nortkern pi
were found (Figur&.4), and that one of these sites was never identified as aM@Ky

siteby any of the models tested (i.e., site 16; T&#¢. Furthermore, nearly all of the

108



Ph.D. Thesi§ J.P. MR. Leblanc, McMaster UniversityBiology

falsepositive cases stemming from the/&driable model were associateth sites
adjacento YOY nursery sites or where adult muskellunge had been caught during the

spawning season (Figugt).
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Discussion

In Georgian Bay, the wetland units where YOY muskellunge were found had
distinctive ecosystem characteristics thlkdwed these sites to be statistically
discriminated from other wetland units. Suitable nursery habitat was more likely to have
a steeper substrate slope that allowed for a more diverse community of submersed aquatic
vegetation that created a more stmually complex canopy in the upper water column
during an extended period of sustained low water levels (Sellinger et al. Z008)n
turn should allow YOY muskellunge to both hide from predators and to forage
effectively. These conditions are consigtwith those described by Craig and Black
(1986) in coastal wetlands of southeastern Georgian Bay some 30 years ago, when YOY
muskellunge were still common; on the other hand, the conditions that described the No
Musky sites are consistent with those sasites sampled by Leblanc et al. (2014) in 2012
when they failed to find any YOY. These consistencies attest to the spatial and temporal
transferability of the DFA in predicting results for habitats that are hundreds of kilometers

apart in Georgian Bagnd being applied to data collected over 30 years earlier.

The association between some macrophyte communities and substrate slope has
been noted by Duarte and Kalff (1986) when they examined littoral zones of lakes. Our
coastal wetlands that had steepebstrate slopes tended to support a more diverse
community of Canopy SAV, while shallower substrate slgpemoted higher densities
of low-growing substrateovering SAV, as well as higher relative abundancaé of
americana The exact mechanism thakoavs for these growth forms to dominate in

shallow or steep slopes is not known but may be related to different tolerances of
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disturbances that are bathymetrically dependent (e.g., increased wave action at shallow
slopes; Titus and Adams 1979; Angradile2813). Nevertheless, identification of slope
as a key feature makes it possible for habitats to be screened for suitability with

appropriate information about the site bathymetry and lake levels.

Two key difference between muskellunge nursery habitats from Severn Sound
and northern Georgian Bay anetland bathymetries observed paad posiow water
levelsand degree of shoreline modificatioBasin bathymetry in northern Georgian Bay
retained a substrate slofet was steep even after water levels declined by almost a
meterafter 1998 D. Weller, unpubl. data), whereas those in Severn Sound became much
shallower (Leblanc et al. 2014). Thus, muskellunge nursery habitats in northern Georgian
Bay were likely buffeed from the effects of sustained low water levels observed in
Severn Sound (Leblanc et al. 201Zhis hassubstantial management implications
because muskellunge exhibit site fidelity to breeding habitat (Crossman 1990; LaPan et
al. 1996; Jennings et.&01% Weller et al. 2015), andill continue to use the same
wetlands to spawn even though the sites have been altered and have limited recruitment
potential (Leblanc et al. 2014). Additionally, comparable slopesi (6 3) to those
observed here, werted aimuskellunge spawning locations in lakes outside of the
Great Lakes Basin (i.e., northern Wisconsin Lakes; Nohner and Diana 2015). Thus,
substrate slope appears to be an important determinant of suitable habitat for muskellunge
earlylife stagesn lacustrine systems (Nohner and Diana 2015), including Georgian Bay,
and have predictive properties towards macrophyte community composition and

structure. Secondthe degree of shoreline modification in northern Georgian Bay ha
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remained comparable withose observed in southeastern Georgian Bay when YOY
muskellunge were first found 30 years ago (Leblanc et al. 2014). This appfratisen
highlight the importance of limiting the amountsiforeline modification atoastal
wetlands used by muskellunge during their etféyin Georgian Bay (Craig and Black

1986; Leblanc et al. 2014).

Our results differ somewhat from those of previous studies conducted in the St.
Lawrence River (Werner et al. 1996; Murry and Fa2élD7). The YOY muskellunge in
northern Georgian Bay appeared to avoid sites wWeaenericanalominated (i.e.,
approx. 75 % of SAV community). Instead, they tended to frequent areas with higher
densities of Canopy SAV such Rsrichardsonii, Ecanadensis,andC. demersum
Unlike V. americanawhich has limited horizontal branching, these other SAV species
have leaves or leaflets that branch horizontally from their vertical stems, and thus
contribute to habitat complexity in the water column and gft¢ential refuge from
predation to the YOY (Gotceitas and Colgan 1989: Warfte and Barmuta 2004).
observations differ from those of Murry and Farrell (2007), who found that YOY
muskellunge in the St. Lawrence River were often sampled in dense pattphniesarily
V. americana These differences illustrate the difficulty in generalizing about the
suitability of plant taxa for YOY muskellunge. Instead, it may be more appropriate to
focus on the pattern of habitat complexity associated with a partroalenophyte
community, regardless of the taxonomic composition (Savino and Stein 1982; Werner et

al. 1983:Warfte and Barmuta 2004
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The suitability of muskellunge nursery habitat appeared best defined by
characteristics that described the compositioth® fish and habitat communities in the
wetland. Consistent with the proposed ecwalgframework of Wahl (1999greater
habitat complexity of the upper water column alone appeared insufficient to predict the
survival potential of early lifsstages.There must also be adequate densities of suitable
prey and a limited number of egg predatdisiry and Farrell 2007; Kapuscinski et al.
2012;Leblanc et al. 2015, CH2). By accounting for tieenposition of the fish
community, the F/ariable DFA improvedhe overall accuracy of the classification and

reduced the false negative rate.

The literature indicates that the composition of wetland fish communities is
closely related to the associated plant communiBeszner and Beals 1997,
Smokorowski and PraR007; Cvetkovic et al. 2010; Midwood and Chéwaser 2012).
Thus, differences in fish communities between Y¥@Msky and NeMusky sites
appeared to folloyatterns in habitat complexity observed at both sites. Wetlands with
low structural complexity in their macrophyte community may promote increased
densities and availability of benthic magnwertebrates (Hanson 1990: Cobb and Watzin
1998) and this contion appears to favour the abundance of yellow perch (Schaeffer et al.
2000). Thus, the lower relative abundance of yellow perch at muskellungeyrsirser
may also be related reater macrophyte diversity and complexity (Leblanc et al. 2014;
Leblancet al. 2015, CH2). Additionally, highly complex habitats are likely to support a
greater number of fish species (Tonn and Magnuson 1982; Eadie and Keast 1984),

including the YOY muskellunge that need to hide within the canopy to ambush their prey
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and avad being detected by larger piscivores (Savino and Stein 1989; Wagner et al.

2015).

The performance of the DFA improved when all 7 variables were used to
discriminate between sigpes but inclusion of this large number of variables could lead
to overfitting. However, we feel that these variables are complementary rather than
redundant, as they describe different components of the structure in the nearshore habitat.
Further investigation should be conducted to identify a more parsimonious model that
incorporates fewer but more integrative metrics of plant complexity in the upper water

column.

Despite the potential for model ovitting with the Zvariable DFA, nearly all of
the falsepositive cases were adjacent to locations where YOY muskellunge wer
eventually found or where we had observed adult muskellunge during the spawning
season.This suggests that the site was in fact suitable for YOY, but that we failed to
confirm its true status because of pseatisences during the July seining (LaPaal.et
1996). The two YOYMusky sites that were misclassified as-Masky sites were
located near habitat that had been identified as northern pike nurserieslifEdpitats
for these conspecifics are very similar, and are differentiated by only diffgrences in
substrate slope, with northern pike occupying sites that are shallower (e.g., shallow
emergent habitats; Cooper et al. 2008) than those used by muskellunge (Farrell 2001,
Cooper et al. 2008). Our falpegative cases may therefore refleabitat with slopes at
the extreme end of preference for YOY muskellunge (JP Leblanc, pers. obs.), in other

words, habitat that may not be as good in quality as those with higher slope. The binary
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nature of the DFA means that habitat can only be classifiesither suitable or not
suitable even though in reality, there is probably a range in suitability as a result of the

quality of the habitat.

Since wehad noa priori informationwhich of the wetlandbad been used by
YOY muskellunge, welecided to same as widely as possible in both embayments and
this meant we only had time anesources to conduct a single seine haul per wetland unit.
This may have compromised the accuracy of the pressrsence models and we have to
accept that some wetland unithere YOY muskellunge had not been caught mdgénh
have been used by YOY. This error would undoubtedly have influenced the performance
of the DFA, butwe do not havsufficientdata to determineow many of our presumed
absences weractuallypseudeabsences.Nevertheless, we know that when we re
sampled two wetland units 2013 a single seine was required to confirm the presence of
YOY in one wetland (1.2 ha), whereas three seines were required to confirm the other
(1.5 ha) Thus, in somenistancegreater sampling effoas necessaiy reduce
pseudeabsences and ensure replicability (i.e., consistently catching YOY at identified

nursery sites) with our seining protocol.

As part of a separate study in 2013, adult muskellunge were monitorediby ra
tracking during the spawning period to identify potential ebidyhabitats (JP Leblanc,
unpubl. data). When sites identified as likely edifgy habitats were seined in July, a
single seine was needed to catch YOY muskellunge at 4 of 5 wetlaad Aithough
pseudeabsences from our sampling protocol is a possibility, the frequency of pseudo

absences from the seining appeared limited when used in the relatively small wetland
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units K + S.E.: 1.1 + 0.17dn Leblanc and Chowraser 2015CH2) within thetarget
area Future studies should ascertain the minimum effort required to accurately sample a
site for presence/absence in Georgian Bay or estimate abundances of YOY muskellunge

(e.g., Farrell and Werner 1999; Murry and Farrell 2007).

Managemenimplications

Our results provide the first quantifiable definition of suitable muskellunge
nursery habitat in Georgian Bay, in a region that is generally accaptaging in
reference conditian This information can assist managers to identify and grbigie-
quality habitats for YOY muskellunge, as well as provide guidance for
restoring/rehabilitating sites that have been degraded by human activities. Some habitat
identified as suitable by our model may not be occupied by muskellunge if it is not
locaked close to spawning sites. This is an important consideration because of the
muskellunge's demonstrated site fidelity as discussed earlier. Therefore, the proper way
to use our results is to first target wetlands located near known spawning sitesand the
screen them for suitability based on site bathymetry. This should also allow researchers
to predict how suitability of coastal marshes may change with respect to nursery habitat

under different watelevel scenarios in Georgian Bay.

Although ourdefinition of suitable muskellunge nurseriessdeveloped during
an unprecedented pedi@f sustained low water levels, we believe that it can be applied to
higher or lower water levels that have been predicted by various global circulation models

and emissio scenarios (e.g. Mortsch & Quinn 1996fgren et al. 2002Angel and
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Kunkel201Q Hanrahan et al. 2010). Any forecast of wdésel change can be
incorporated to determirtee suitability of particular sites as long as there is information
on shorelineslope. For instance, nearshore bathymetries that retain a slope of moderate
steepness (e.g., between 3 andwadild likely buffer wetlands from adversdfectsof
high or low water levels (e.g., northern Georgian Bay). The moderately sloped wetlands
should provide a more consistent depth zone fomtherophytecommunity to colonize
as water levels fluctuateBy comparisonexcessively shallowocations(e.g. southeastern
Georgian Bay) mayeld to changes in habitat suitabibty the macrophyte community
has tomigrate a long distande colonize at the appropriate depth zone

Although the #variable DFA model has not yet been validated with an
i ndependent field dataset, the asstogi at ed
model performance. All variables included are grounded in sound ecological principles,
and are consistent with hypotheses that have been tested by researchers in other regions of
the Great Lakes (Murry and Farrell 206(gpuscinski and Farrell 2014 We are also
encouraged that patterns from thedelwastransfeablefrom northern Georgian Bay to
southeastern Georgian Bay, apgpeare@ble to explain results of a study conducted 30
yearsearlier when water levels were highetherefore, we are confident ththe
relationships we have identified in this study will advance management objectives to

sustain the naturally reproducing muskellunge fishery in Georgian Bay.
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List and ecological interpretation of variables used in this study. Habitat

variables apply to the water zone defined by 0.5 and 1.0 m contours.

Protocols described in Leblanc et al. (2014) were used to sampistthe f
community and fish habitatvariable rames in brackets are the acronyms
and citations for variable description reflect wetland features previously
identified as important to suitable muskellunge nursery habitat.

Variable Name

Variable Description

Habitat Variables

Substrate-covering SAV
(Sub SAV)®

Mean stem density of all substratevering SAV specie@Murry
and Farrell 2007; Kapuscinski and Farrell 201Bata were log
(n+1) transformed.

Canopy SAV?® "¢
(Can SAV)

Mean stem density afanopystructuring SAV taxgCraig and
Black 1986; Murry and Farrell 2007 Data were log (n+1)
transformed.

Floating & Emergent
vegetation®

Mean stem density of combined emergent and floating vegetze
(Craig and Black 1986)All data were log, (n+1) transformed.
This variable was considered an additional variable to infer
habitat structure in the upper wat@lumn in the wetland.

Macroalgae SAV

Mean stem density @@harasp. +Najassp. only. This variable
was included because previous studies indicated that macroa
were negatively associated with the quality of muskellunge
nursery habitat (Murry and Farrell 200Rajassp. andCharasp.
have similar vegetative structure and pireably similar habitat
structuring effects. All data were lgdn+1) transformed.

Proportional abundance of
V. americang" ¢

Vallisneria americanavas the dominant taxon of Canopy SAV
found at all wetlands surveyéiiurry and Farrell 2007)This
variable is intended to reflect the diversity of the canfyning
SAV community, with high values indicating a more monocult
of Vallisneria All data were arcsinequare root transformed.

Substrate Slope* ™ ©

Estimate of the substrate slope witltie wetland. Substrate
slope was estimated with the protocol by Leblanc et al. (2014
All values were log, transformed.

Stem Density Ratio (Sub
SAV:Can SAV) & "¢

Ratio of stem density of Sub SAM-Can SAV. Values <1
indicated that the site hadore Can SAV than Sub SAV. All
data were log(n+1) transformed.

Fish Variables

Proportional abundance of
Yellow Perch® ¢

Indicative of relative impact of potential egg depredafidarry
and Farrell 2007; Leblanc et al. 2015, CH2)l data were
arcsinesquare root transformed.

Proportional abundance of
Cyprinid species™ ¢

Indicative of conditions that promote good growth and surviva
for YOY; cyprinid species are assumed to be preferred forage
YOY muskellunggKapuscinski et al. 2012)

Residual spp. richnes$ ¢

An additional metric of the habitat complexity of the wetland tl
may also promote YOY muskellunge survival by limiting YOY
predation risKWahl 1999)

used in MANOVA analysis

used in DFA with all ecosystem variables

a
® used in DFA with habitat variables only
Cc
d

see Leblanc et al. (2015, CH2) for more detailed explanation regarding the fish variables
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specific substratcovering (Sub SAV) and Canojsyructuring SAV (Can
SAV) sampled at YOYMusky and NeMusky sites at depths > 0.5 m.

Untransformed means displayed for presentation purposes.

YOY Muskellunge No-Musky
Freq. Freq.

Species ((?,Z‘)’ (i/l gag) (()02‘): (i/l gag)
> ?&ZT;SGHZVSE nymph 100  10.61(3.67) 923  12.75(2.56)
g) Quillwort (Isoetes spp. 75 37.69(14.91) 87.2 120.94(30.63)
§) '(:F?ggrenaggpe‘igg":’gsgm gi 75 7.50(2.64)  74.4  15.75(4.84)

(Chara sp) @ 438  159(1.11) 69.2  4.47(1.18)

}’\V/g}ﬁ;ﬁggémericam 100 78.54(14.87) 100  63.24(6.72)

gifg::g;at‘gﬁmﬁgf d"ggf)% 100  6.77(1.09) 89.7  3.35(0.57)

éﬁ%@;r‘cg‘;‘;ﬁg’x;@d 875 15.03(3.47) 821  7.17(2.29)
f;f;:ﬁ?g@fodnpzzl?gﬁgf s 813 1266(:52) 821  6.11(186)
% ggﬁzéhﬂ?gﬂ demersyrh 75  3.30(0.90) 385  0.60(0.22)
§ (Shfg;ffrhggﬁanwﬁgaw N 56.3  0.96(0.45) 53.8  0.91(0.26)

(Potamogeton pusilys 56.3  2.88(1.44) 641  1.28(0.33)

E’Pa(;itgﬂiggtgiwg‘ﬁ?mneps 50 2.07(0.71)  43.6  2.09(0.82)

?B%é’n: b‘z Csk)i water 375  087(0.41) 462  0.44(0.19)

@%ﬂ%ﬂgggﬂpﬁ%‘l’iﬁiﬁgs 375  1.07(0.70) 30.8  0.93(0.41)

Northern watemilfoil 125  009(007) 205  0.13(0.07)

(Myriophyllum sibiricun)
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Table 3.3. Raw (unstandardized) and standardized coefficianis factor structure
correlations of the variables for the canonical axis obtained from the
Discriminant Function Analysis on the 4 selected habitat variables.
Variables with positive loadings are associated with YX@Ysky sites,
while those with negatevloadings are associated with-Niusky sites.

Raw Coefficients for

Standardized
Coefficients for

Factor Structure

Habitat Variables . . : Correlations for
Canonical Variables Canonical .
. Canonical Root
Variables

Canopy SAV (rif) 1.285 0.393 0.418
SubstrateSlope (°) 1.521 0.494 0.664
Proportlpnal abundance of 2 937 -0519 .0.623
V. americana
Stem Density Ratio
(Sub SAVito-Can SAV) -1.126 -0.284 -0.650
Constant -0.398
Eigen value 0.488
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Table34.  Discriminant Function Analysis (DFA) based all ecosystem variables to
define the suitability of muskellunge nursery habitat. The DFA model
(Wilks &= 0.575, I 47=4.955,p = 0.00029) correctly classified 87.5%
(14 of 16) of the nursery sites and 8%1(35 of 39) sites where YOY
muskellunge had not been caught. Positive and negative coefficients and
correlations are associated with sites with and without YOY, respectively.
Only sites that had both fish and habitat variable estimates were included
in the DFA (Nota = 55).
. Factor
DFA Variable R"?‘V.V Standgrdaed Structure
Coefficients Coefficient .
Correlation
- Proportional abundance of i i i
L%,$ vellow Perch 0. 774 0.149 0.212
2R Proportional abundance of 1.452 0.401 0.232
85 Cyprinid species
L > . .
= Residual spp. Richness 0.159 0. 403 0. 376
= Can SAV (n?) 1.272 0. 388 0.340
2
_‘,__U% Substrate Slope (°) 1.753 0.569 0.540
22 Proportional abund f
TG o oeAee Ol 2 118 0,491 -0.506
= . americana
= Stem Density Raito i ) )
(SubSAV-to-Can SAV) 0.259 0.065 0.528
Constant 2.394
Variation Explained (%) 73. 8
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Figure 3.1. Locations where YOY muskellunge were present (¥YR¥sky sites
denoted by circles; n = 16) and absent-{Masky sites denoted by triangles;
n = 39) in coastal wetlands of northern Georgian Bay. See Leblanc et al.
(2015, CRR) for studysite descriptions.The NoMusky sites were
randomly selected for habitat assessments from the 67 sites originally
identified as such from seining the wetlands in July (Leblanc 2046,
CH2).
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Figure 3.2. Means + 95% confidence intervalswfivariate habitat variables that
differed significantly p < 0.05) between sites with (YOY Musky) and
without YOY muskellunge (NdMusky). Data correspond to depths > 0.5
m. Variables include the stem density of Canopy structuring SAV (Can
SAV), Proportonal abundance (Pr. Ab.) ¥f americanathe substrate
slope of the wetland, and the ratio of SDén SAV stem densities.
Untransformed data are displayed.
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Figure 3.3. Linear regression relationships between variables conceriedhei
macrophyte community and substrate slope. Linear regressaistdm
density of Sub SAVb) Ratio of SubCanSAV,c) Proportionate
abundance ofV. americanaandd) Shannon diversity of Can SAV against
substrate slope. Rindp-values displayeih respective panels.
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Figure 34. Classification of cases from thevariable Discriminant Function Analysis
(DFA). FalseNegative denotes YO¥lusky sites that were classified as
No-Musky sites, while FalsPositive denotes NMusky sites classified as
YOY-Musky sites. Locations where adult muskellunge were caught

during the spawning season and identified northdca purseries (YOY
Pike Ste) are presented for reference.
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Abstract

To support Ge-sustgning muskBlang&éex nasglirfongy
fisheries, we developed two IndexMifirsery Habitat Suitability (INHS) modethat can
be used to identifgnd monitor the quality of muskellunge nursery habitats in coastal
wetlands. The INHS models were based on habitat features found in wetlands with
youngof-theyear (YOY) muskellungedentified at two large embayments in northern
Georgian Bay. One INHS mode&d 5 variables that includeelative abundance of
yellow perch Perca flavescensrelative abundance of Cyprinids, residual fish species
richness, t he weandaaetdcddated tamasrophytetaleundarceo p e
The other INHS model included only three variables from thartable INHS, omitting
information on macrophytendfish species richness. When they were applied to an
independent dataset, both INHS modelscegsfully tracked deterioration in nursery
suitability after 15 years of sustained low water levels in Georgian Bay, buivdréable
INHS had higher overall accuracy and showed stronger discrimination between sites with
and without YOY. We applied tH&variable model to classify coastal wetlands in other
regions of Georgian Bay and obtained a false negative rate <13%. We also obtained a
higher falsepositive rate with the-8ariable model compared with thevariable model
(54% vs 31%) because it ied a lower threshold to indicate suitability (0.6 versus
0.70, respectively). These INHS models should allow managers to screen for suitable
nursery habitat near current spawning sites across Georgian Bay, and allow managers to
predict how changes inaterlevel regimes might affect the suitability of spatially

explicit wetland units.
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Introduction

The muskellungeHsox masquinongyishery of Georgian Bay (Lake Huron) is
well known for its trophy status, for producing fish that reach world record sizes, and that
are of great economic and ecological value to Ontario (Kerr et al. 2011). Since&2001,
restrictive harvest regulatiohdt prohibis anglers from harvesting fish smaller than 137
cm (54 inches) has been effective in keeping many of the spawning individuals alive in
the population. Adult mortality is further minimized through voluntary catuthrelease
by many dedicatednalers. Despite these conservation measures which have successfully
limited the exploitation rate of adults in Ontario td% (Kerr 2007), the muskellunge
population in Georgian Bay could still be vulnerable to collapse if suitable nursery habitat
becoms unavailable (Kapuscinski et al. 2014; Leblanc et al. 2014). That is why many
Great Lakes jurisdictions, including Ontario, now focus on conserving habitat for early
life stages as part of the overall management strategy of muskellunge (Farrell @7 al. 20

Liskauskas 2007)

To implement this aspect of the management strategy, agencies must be able to
first identify nursery habitat. For muskellunge, this has been difficult because only a few
studies have been published to provide guidance. One ofrtlesestudies was
conducted by Craig and Black (1986), who showed that yotHtige-year (YOY) are
most often found in shallow portions of coastal wetlands from shore to approximately 1.0
m depth. More recent studies have provided further refinementdytipg out that
suitable habitat must also include a structurally complex macrophyte community that

allows YOY to hide from predators (Murry and Farrell 2007; Kapuscinski and Farrell
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2014; Leblanc and ChoWwraser 2015, CH3; Wagner et al. 2015) while stemdously
allowing them to ambush their preferred prey (i.e.,-smfed fusiform fish; Wahl and

Stein 1988; Kapuscinski et al. 2012; Lebla@l.2015 CH2). With such information, it

is now possible and desirable to develop an index that can beoudedtify suitable

habitat for YOY before any development can occur. Once a site has been identified as
being suitable, a more detailed study can be carried out to confirm the presence of YOY.
This index could be philosophically similar to the standdaditat Suitability Index

(HSI), except that the index should focus only on elifidgyhabitat instead of habitat of all

life stageqUS Fish and Wildlife Service 1981; Ahmadedushan et al. 2006; De
Kerckhove et al. 2008). To differentiate it from th8IHour index should be referred to

as an Index of Nursery Habitat Suitability (INHS).

The goal of this paper is to develop INHS models for YOY muskellunge in
Georgian Bay.We want to constrain this development to minimize falsgatives (i.e.
the incdence of nursery sites being misclassified as unsuitable) since we want to err on
the side of conservation. At least one of the INHS models to be developeldcontain
only variables that are readily measured and available to fisheries biologisssite #rat
the INHS willbe appropriate fdbiologists in most management agenci€ébe INHS
should not be confused with the Habitat Suitability Models (HSM) or Species
Distribution Models (SDM) that predict species distributions over a large geographic
region in response to climatic or environmental features (Guisan and Thuiller 2005).

Instead, the INH$s a site specific indexing tool for a particular wetland.
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Like the HSI score, the INHS score should take on a value ranging from zero
(indicating conpletely unsuitable habitat) to one (indicatientirely suitable habitat) &
Fish and Wildlife Service 1981), and may be used to reflect the degree of change in
suitability of a habitat thavaspositively or negatively impacted by natural (e.g. water
levels of a lake) or humaimduced disturbances (e.g. lakeshore modifications) (De
Kerckhove et al. 2008). We will also use a suite of suitability index Y&tiables
similar to those in HSI, that correspond to quantifiable dimensions of the habitat and
which are scaled from zero to one. These&lables will be based on habitat features
that can discriminate between sites with and without YOY muskellunge in wetlands of
Georgian Bay including stem density of various groups of submersed aquatic vegetation
(SAV), the relative abundance and species richness of fish taxa, as well as the substrate
slope of the wetland (Leblanc and Ché&waser 2015, CH3). We will compare the
performance of various INHS models and use independent data to validate the best
model Development of these indices will help protect critical nursery habitat and
complement existing efforts to minimize mortality of spawning adults, both of which are
necessary for theauskellunge population in Georgian Bay to be managed as a self

sustainng fishery.
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Methods

Data and INHS Development

The data used to for this study come from two large embayments in northern
Georgian Bay (see Leblanc et al. 2015, CH2 for site description; HdyreLeblanc
and Chowrraser (2015, CH 3) collectgrrallel information at sites where YOY
muskellunge were (YOYusky sites) and were not caughto-Musky siteshy seines
to determine variables that differed significantly between site types. To develop the
INHS models, we considered seven variablesdifered significantly betweeWOY -
Musky andNo-Musky sites. These were as follow&) stem density of canopiprming
SAV (Can SAV), (2)roportional abundance dfallisneria americanan the Can SAV,
(3) stem density ratio of substratevering SAV ($1b SAV) to Can SAV (Sub SAXCan
SAV), (4) t he we,t@H) relatidedaisundanceoos yellovagereh, ()| o p e
relative abundance of Cyprinigpaciesand (7) residual fish species richness. All of the
plant information was collected at wetland depbetween 0.5 and 1.0 m (Leblanc and
ChowFraser 2015, CH3), and all fish community variables were calculated with fish data

collected in a standard seine haul, after excluding YOY (Leblanc et al. 2015, CH2).

Suitability-Index (SI) curves wersuperimposed over the frequency distribution
of YOY muskellunge associated with different levels of the&lable (see Appendix);
the untransformed mean + 2 SE was given a Sl value of 1.0, while other values on both
shoulders of the SE would take orlues between 1.0 and zero. Thus, Sl curves are
representative of habitatise indices or comparable to a categibiySI (Ahmadk

Nedushan et al. 2006). In many cases, the shoulders on either side of the mean were
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simply extended linearly from one to zeomintercept the saxis at locations that bracket
observed distributions. When there were insufficient data, the linswgectively
broken or bent to reflect uncertainty of the relationsiip.a result, SI curves should be
considered hypotheses suitable habitat relationships for YOY muskellunigat require

further testingand refinement

The Sl scores for each variable were calculated for each site. Since there was
relatively low correlation between all-8lar i ab |l e p a), wesug@estthatthe r
Sl-variables are statistically independent. Additionally, no single variable was deemed to
be more important than others with regards to habitat suitability, anari@bles were
assumed to be compensatory. Therefore, we propasedte a composite INHS by

calculating the arithmetic mean of alk&riablesusing the following formula:
INHS =(B  wOn [1]

whereVi is the Sivalue for thg™ Sl-variable, and n is the number of&riables used to

calculated the INHS score.

We could have used the lowest Sl value as the criterion for overall suitability, but
an arithmetic mean of the variables is less biased towards unsuitability (Ahmadi
Nedushan et al. 2006), something that we were aiming for, to minimize the number of
casesn which YOY-Musky sites woulde misclassified as being unsuitable (i.e., a false
negative). Furthermore, we wanted to ensure that-ala&dbles had equal weighting

since the Sl curves were created with a small sample size that had higpesifeity.
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To determine what combination of-@riables could effectively identify the
suitability of YOY-Musky sites, multiple logistic regression and Akaike information
criterion (AIC) model selection was used with the #&tliables in Statistica 8.0 (StatSoft
Inc.2007). The combination of Stariables that produced thest fit of the data (based
on AIC values), and were most consistent with the 1sbare features hyphesized to
promote suitable nursery habitat, comprised the final list of variables for the INHS
(equation [1]). To aid interpretation of INHS scores, we divided the range (from 0 to 1)
into four categories to represent high, moderate, low and no $tytdds Fish and
Wildlife Service 1981). The cudff points separating these categories weoglifiedto
minimize the falsenegative rate while maximizing overall accuracy of classification.
This was guided by the Receiver Operating Characteristic (R@€¢ that compares the
true-positive (sensitivity) and falspositive (11 specificity) rates among all potential
threshold points to discriminate between the ¥MW¥sky and NeMusky sites (Fielding
and Bell 1997). The ROC curveasused to identify theut-off that maximizes the
sensitivity at the lowest falggositive rate (i.e., sensitivity falsepositive) that is
independent of the prevalence of the species and potential threshold effects from
presenceabsence models (Pearce and Ferrier 2000; Maradl 2001). This allowed us
to evaluate the usefulness or conservation value of the model (Fielding and Bell 1997,

Pearce and Ferrier 2000).

The Area Under the Curve (AUC) from the ROC was also used to evaluate the
Adi scri minat i on modeb(Rieding andBelb1997tPeace antll FeSier

2000). The AUC can be interpreted as an index of the probability that the model will
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correctly distinguish between a randomly selected Y@sky and NeMusky sites

(e.g., AUC = 0.80 means that 80% of timed the model will correctly identify the YOY

Musky site; Fielding and Bell 1997; Pearce and Ferrier 2000). AUC values range

between 0.5 (no discrimination capacity) and 1.0 (perfect model with no overlap of the
categoryds scor es ;andinodel$ wdth AUG vaduasdetviieent 0.5 199 7))
0.7 are consi deried. 9% poofrfroe a sheert aMeleeno ;0. whi | e

considered fAvery goodo discriminating mode

We further evaluated the performance of the selected INbt&hby applying it
to an independent dataset that consisted of published information corresponding to sites in
southeastern Georgian Bay that no longer supported YOY muskellunge (Leblanc et al.
2014), but which had been nursery sites for muskellunge8f (Craig and Black 1986).

We expected this model to correctly classify sites as being unsuitable in 2012.

Development of Alternative INHS Model

We know that data on the wetland macrophyte community are not readily
available to fishery managers. Thenmef, we combined different fistommunity
variables and substrate slope information from the northern Georgian Bay data to develop
an alternate INHS model that may be less effective but still useful for screening purposes.
The ROC and AUC for each modeére used to determine precision of classification and
to determine the cudff point that could be used to maximize the sensitivity and, as much
as possible, limit the falsgositive rate among the various INHS models. Once an

appropriate suitability thekhold was determined, all of the INHS models were applied to
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data from southeastern Georgian Bay to determine transferability of models from region
to region. The INHS model that yielded the lowest falsgative rate (i.e., highest

sensitivity) was furthr validated with data that had been collected in eastern Georgian

Bay as part of a separate study (Cvetkovic et al. 2012).speties composition and
presence of YOY muskellundgead been collected during July 2007 with paired fiykés.

We calculatedhe substrate slope by estimating the distance from shore to the 1.0 m
contour (we assumed that the location of the large nets was at or near 1.0 m because this
was a depth requirement for fyket deployment). We replicated this procedure for six
additional, randomly selected, wetlands from the same study that did not support early

life-stages of muskellunge.

Finally, we wanted to develop a simple metric that could be used to infer habitat
complexity of the macrophyte community without the neeadéamting stems in the
field. Macrophytebiovolumewhich reflects the percentage of the water column
occupied by SAV, can be estimated with hydroacoustic equipon@stimatedn the
field (Weaver et al. 1997; Valley et al. 2005), for which field derived and remotely sensed
estimates are highly correlated (Valley et al. 2005). Biovolume is also similar to other
indices that have been used to characterize the macrophyte cognminabitats used by
YOY muskellunge in the lower Great Lakes (see Kapuscinski and Farrell 2014; Murry
and Farrell 2007), which are associated with intermediate densities of SAV in the water

column.

At its simplest, biovolume can be derived by takingitean SAV height,

dividing it by the depth at which the SAV was measured, and then expressing it as a
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percentage (Valley et al. 2005). For each site with available data (n = 14WGky

sites and n = 37 NMusky sites), mean SAV height (estimated tortkarest cm) was

divided by the respective depth (cm) from which plants were found. These estimates of
biovolume were restricted to the last quadrant of the three transects used during habitat
assessments and a mean for each site was calculated. \Ii¢eerksstimates of

biovolume to this region of the wetland in order to make it consistent with data that would
have been collected by hydroacoustic equipment (e.g. approximately 1.0 m; Weaver et al.
1997). Prior to incorporating biovolume into the INHS, relationship with other SAV

related Sivariableswasinspected to determine the degree of audwelation.
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Results

Multiple logistic regression and AIC model selection identified 7 candidate INHS
models within 2 units of the lowest AIC value (Tabl&)4 The second ranked AIC
model consisted of 5 variables (i.e., proportional abundance of yellow perch, residual
species richness of fish, proportional abundance of Cyprieiciepsubstrée slope of
the wetland andtem density ratio of SuBan SAV; Table 4.1). This fariable INHS
model yielded scores that had a highly significant logistic fit of the northern Georgian
Bay data X* = 29.871p < 0.001;0dds ratio = 36.0). We could use the model to correctly
classify 12 of the 16 (75 %) YOW¥usky and36 of the 39 (92.86) No-Musky sites
(Figure 4.2) and the ROC plot indicated fAv

model (AUC = 0.911).

To more appropriately quantifyariation in the INHS scores, we manipulated the
threshold from the logigt regression when classifyingOY -Musky sites. The ROC
analysis indicated that a threshold of 0.70 was associated with the highest sensitivity and
lowest falsepositive rate among all threshold values. Given our overall objective was to
minimize the falsenegdive rate, we came up with a lower suitability-cidt of 0.60, and

break points at 0.70 and 0.80 to derive three suitability categories as follows: (Figure 4.2):

O 0. 8 high suitability
0.71 0.79  moderate suitability
0.67 0.69 low suiability

O 0. 5 9 no suitability

This framework facilitatedhterpretation of the scores derived from theabiable

model so that all of the YOWusky sites were correctly identified with at least moderate
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suitability (1 NHS) whied? aftheB9 BMuIK) sitesherg ur e
assessed as being suitable (I NHSarighteor e O 0
model to the 2012 data corresponding to sites that had supported YOY historically in
southeastern Georgian Bay, and foursliccessfully classéd all of the 2012 sites as

having Al owdo or finodo suitability for YOY m
Development of AlternatiM&lHS Model

Notwithstanding the relative importance of SAV as a component of suitable
habitat for YOY muskellunge (minimum one SA¥lated variable within all candidate
INHS models; Table 4.1), stem density estimatesrarely available to fishery managers;
therefore we investigated whether or not an alternative INHS model couliésoped
that did not requireise of stem counts (Table 4.2). We found that all logistic regressions
of INHS scores resulting from models without a SAV variable were statistically
significant X* O 1 4p.<®.001, for all INHS models; Table 4.2). Nevertheless, only 10
of the 16 (62.5 %) YO¥Musky sites and 36 of the 39 (92@) No-Musky sites were
correctly classified in northern Georgian Bay. Even so, the AUC value indicated that the
model s had Areasonableo discriminatory pow
5-variable INHS. Based on the ROC of these various INHS models, we found that when
the logistic regression threshold was manipulated, a suitability threshold value of 0.6
maximized the number of correctly classified Y@Msky sites. Using 0.6 as the -aift
to indicate suitability, the INHS model that included all fish variables as well as substrate
slope of the wetland (i.e., INHGsav) identified all YOY-MusKky sites coectly, but also

had a correspondingly high falpesitive rate > 50% (Table 4.2; Figure 4.5). All other
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INHS models (see Table 4.2) had relatively low failsgative rates and comparable
falsepositive rates as the INRSsav when 0.6 was used to indicateitability (Table

4.2).

To assess the transferability of the INHS models, we applied them to an
independent dataset and compared their performance. We found thatiab® model
that included the proportional abundance of yellow perch, proporidmeaidance of
Cyprinids and substrate slope (i.e., INHSve.siopd Was associated with the lowest false
negative rate (12.5 %; Table 4.2; Figure 4.6). All other INHS models haehiedsdive
rates O 25.0 % (Tabl e 4. 2éringow bonsertatons unacc
goals. Using this INHS model, we were successful in differentiating between YOY
Musky and NeMusky sites within northern and southeastern Georgian Bay (Tids&,

p < 0.001), but we also found a significant interaction betweenygieeand region (Fs;
= 2.946,p = 0.029; Figure 4.7). In both regions, the mean INiESp.siope SCOres for
YOY-Musky sites were similarly high (INHS > 0.7: TukesD, p > 0.5), whereas the
mean for NeMusky sites was significantly higher for the neath sites than for

southeastern Georgian Bay (Tukid$D, p < 0.001; Figure 4.7).

To further assess the transferability of the INHS/r.siopemodel, we applied it to
a site in eastern Georgian Bay that had supported-¥D¥kellunge, and the 6 other
wetlands sampled in an identical fashion that were not known to have supported YOY
muskellunge. The INH&.cvpsiopeCorrectly classified the one YOMusky site as being
suitable (INHSp.cyrsiope= 0.65), and the 6 other eastern Georgian Bay wetlands &@p bein

unsuitable (Figure 4.8).
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Compared to all other INHS models that excluded SAV variables, we found that
the INHS/p.cyp.siopeto be the most accurate for classifying YOY nursery habitat (14 of
the 16 correctly classified). It was able to detect chaimgeabitat suitability for sites in
southeastern Georgian Bay, even though it had been derived with data from northern
Georgian Bay; however, because of the greater variability in INHS scores, we had to use
a lower suitability threshold (0.6) than thaeddor the Svariable INHS (0.7).
Nevertheless, this-@ariable INHSailed to classify 2 YOYMusky sites as being suitable

in each region of Georgian Bay (Table 4.2; Figure 4.6).

We found YO¥-Musky sites associated with a significantly higher biovolgrme
+ S.E.: 49.0 £ 2.4%; n = 14) than at{Ntusky site§X + S.E.: 32.9 £ 1.9%; n = 3149 =
4.701,p < 0.001), and that YOY muskellunge were never found at sites with biovolumes
< 30% or > 70%. Additionally, we found that biovolume was significantlyetated
with all Skvariables related to macrophytgmsitively related to stem density of Can
SAV (r = 0.609p < 0.0001), negatively related to stem density ratio (Sab SAV), and
negatively related to the proportional abundancé.@mericanasl-varables (r <-0.464,
p < 0.001). When biovolume was substituted into thealable INHS, we found a
significant logistic relationship€ = 23.302p < 0.001, odds ratio = 20.6) that correctly
classified 10 of the 14 (71.4%) YGMusky and 33 of the 37 (8%%) NoMusky sites.
The I NHS with biovolume appeared to have
(AUC = 0.898) and the ROC plot indicated that a suitability threshold of 0.7 was still

optimal for minimizing the fals@egative rate. Using this tisieold, 13 of the 14 YOY
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Musky sites (92.3%) were correctly classified while 9 of the 3/Nsky sites were

assessed as being suitable (INHS O 0.70; F
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Discussion

Of the models we tested, thesariable model performed best, even when
comparedvith models that included all seven variables. ThimBable INHS included
three variables related to fish (proportional abundance of yellow perch, residual species
richness of fish, proportional abundance of Cyprinielcggs, one related to site
geomorphology (substrate slope) and one related to the macrophyte communiBa(Sub
SAV ratio). Information to paglate the first four variables would haveltecollected by
fishery biologistsn the field or, for substrate slope from existing digitalvation
models The last variable, however, may require additional expertise and effort to collect,
but since it can be substituted with biovolume, fisheries biologists can estimate this using
hydroacoustic technology (Weaver et al. 1997; Valley etGl5Pwithout having to
count stems of plant taxa. Another reason why we recommendvhisable INHS
model is because it had very good discriminatory power (i.e. AUC value) when applied to
the northern Georgian Bay data, being able to correctly cladbifg of the YO¥Musky
sites. When we applied this model to the 2012 data from southeastern Georgian Bay, all
of the NeMusky sites were also correctly classified as being unsuitable (Leblanc et al.

2014).

All things considered, the-®ariable INHS ighe one that we recommend to
fisheries biologists to index suitability of habitat for YOY muskellunge. If, however,
SAV information is unavailable, then we recommend tvau3able INHSp.cvp.siope
because this was able to identify suitable nursery hahitia a respectable falseegative

rate < 136, and correctly identified sites in southeastern Georgian Bay as being
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unsuitable when we were no longer able to find YOY muskellunge in any of the historic
nursery sites in 2012 (Figures 4.4 and 4.6). Wiolth lbnocels can correctly identify
YOY-Musky sites, addition of SAVelated variables decreased the false positive rate by
23% (31% vs 54% for the-Bariable INHS and the INH&.cyr.siopemodel, respectively),
and this increased level of sensitivity is likenore acceptable in jurisdictions where

development pressures are high.

Cook and Solomon (1987) developed a Habitat Suitability Index (HSI) that
considered all life stages of the muskellunge. This model was developed for both small
inland lakes as wkds larger coastal systems up to 10 000 ha (Cook and Solomon 1987).
It has not yet been applied to a system as large as Georgian Bay, with a surface area ~15
000 knf. We compared the usefulness of this HSI model against our two INHS models.
According b Cook and Solomon (1987), habitat for adult life stages are rarely limiting in
large systems and therefore, we focused on their four proposedi&les for early life
stages. The 4 Siariables were (1) a decline in water levels between April and(2)ine
adequate dissolved oxygen concentration (DO) at the substaste interface (3)
abundance of coastal wetlands and (4) adequate percentage cover of macrophytes.

These 4 Siariables were difficult to apply to Georgian Bay. For example, the
first Sl variable could not be a limiting factor because water levels in Georgian Bay
usually increase between April and eatlyne rather than declinend are therefore
suitable fopromoting egg and larval survival (Cook and Solomon 1987). Dissolved
oxygen athe substratevater interface in wetlands of eastern and northern Georgian Bay

are unlikely to be limiting because wetlands are at saturated oxygen concentrations
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(Cvetkovic and Chowrraser 2011), levels that should not interfere with development of
muskélunge eggs (Dombeck et al. 1984; Cook and Solomon 1987; Zorn et al. 1998).
Both of the last two Sl variables are too coarse to be applied to Georgian Bay, because
virtually the entire eastern and northern shoreline of Georgian Bay are lined with
abundansmall wetlands (< 2 ha; Midwood et al. 2012) that have high percent cover of
macrophytes (Croft and Chekraser 2007; 2009). Therefore, although some metric of
the plant community is no doubt an important component of habitat for YOY
muskellunge (Murryad Farrell 2007, Kapuscinski and Farrell 2014; Leblanc and €how
Fraser2015, CH3), prior to our INHS models, there was no standardized way to quantify

this for suitability assessment in Georgian Bay.

Since introduction of thelSI proposed by Cook and Solomon (1987), advances
have been made to identify whole lake (eRyst et al. 2002) and withiake features
(e.g., Nohner and Diana 201that can predict the sedustaining status ohuskellunge
populations. Most effortsadve focused on predicting the spawning locations selected by
muskellunge. For instance, NohnadaDiana (2015) developed a Gi&sed model to
predict spawning sites selected by muskellunge within relatively small (50 ha) and large
(1 500 ha) inland lakesf Wisconsin from remotely sensed information. Additionally,
Crane et al. (2014) developed a model of the rraioitat features related to the
spawning locations selected by muskellunge in the Niagara River. Although specific
features from the micrbabitat of the spawning sites appeared to diffieratlybetween
lacustrine and riverine systems, and among the trophic status of inlanddakgsréne

et al. 2014; Nohner and Diana 2015), the suitability of spawning habitat is consistently
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interpreted @ provideappropriate dissolved oxygen levels (Dombeck et al. 1984; Zorn et
al. 1998; Rust et al. 200€2rane et al. 2014; Nohner and Diana 2015), which, as

mentioned earlier, does not appear limiting in Georgian Bay.

There is no doubt that dissolved gey is important for muskellunge recruitment
and identifying locations that muskellunge use for spawning is a necessary management
strategy Suitability of muskellung spawning and nursery habitats, howelieg|y
reflects different requirements for eggdaYOY survival within the same wetland.
Consistent with others who have suggested that spawning and nursery habitats are
spatially linked (LaPan et al. 1996; Farrell et al. 2007), we also found that nursery sites
occurred in close proximity (< 30 m to Inkto their presumed spawning sites (Weller et
al. 2015). Furthermoreduls of muskellunge have shown high fidelity to particular
spawning areas within a large region (Jennings et al. 2011). In Georgian Bay, for
instance, muskellunge appear to havelusay specific spawning sites within the Severn
Sound region over a period of three decades (Weller et al. 2015), and continue to use
wetlands that have nursery habitats with poor suitability (Leblanc et al. 2014). It remains
unclear, however, if modetleveloped to predict spawnhsite selection can account for
the requirements of spatially linked nursery habitats andidetty behaviour of
muskellunge in Georgian Bay. Thus, managers can more appropriately assess the self
sustaining capacity of mkellunge in Georgian Bay by using the INHS models to inspect

the suitability of nursery sites near muskellunge spawning sites.
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Management Implications

The recent and unprecedented period of sustained low water levels in Lakes
HuronMichigan (Sellingeeet al. 2008) is one of the main threats to the quality (i.e., less
diverse macrophyte and fish communities; Midwood and CRmasger 2012) and quantity
(i.e., lost access to wetlands by fish; Fracz and Chager 2013) of wetland habitat in
eastern Georgn Bay. The low water levels are also likely impacting the suitability of
other coastal wetland used by muskellunge for dddyhabitats because the aquatic
plant community degnds in large part on watkvel fluctuations (Keddy and Reznicek
1986; Wiktox and Meeker 1991; Midwood and Chénaser 2012). With expected
changes in watdevel regimes within the Great Lakes over the next 50 yaato
global climate change (Angel and Kunkel 2010), Great Lakes fishery managers
everywhere, but particulartpose in Georgian Bay, are in urgent need of tools that can
help them screen for suitable habitat for YOY muskellunge, and to assess how the

suitability of the habitat would change in response to different vieteft scenariaos

The INHS models proposeeite provide a means to predict potential changes in
the suitability of nursery habitat over time. By accounting for the response of
macrophytes to water levels and the nearshore bathymetry, managers will have an
indication of the potential suitability ofurseries near identified spawning sites under
multiple waterlevel scenariosThus, managers can apply the INHS at locations with
suspected declines in nursery suitability to determine if YOY muskellunge are present,
the suitability status of the wetlanahd potential rehabilitative effortsThe labour

intensive requirement to populate the INHS and the vast distribution of small coastal
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wetlands in Georgian Bay (Midwood et al. 2012), likely makes it impractical to index the
suitability of nursery hakbdt from all earlylife habitats usedyomuskellunge. It may
therefore be more appropriate to establish sentinel sites at knowtifeanbitats used

by muskellunge to be monitored on a regular basis. By stratifying sentinel sites to reflect
the gradiat of nearshore bathymetries within Georgian Bhg recruitment potential of

the various suipopulations of muskellunge in Georgian Bay can be assessed under
different water level scenarios. Furthermore, the INHS models have the potential to
promote regiration efforts by identifying and indexing wetlands with a higher likelihood

of promoting earlyife survival if stocking initiatives are deemed necessary.

Broads cal e approaches used to model a spe-
changds no doubt necessary for conservation purposes (e.g., Species Distribution
Models (SDM); Guisan and Thuille©25) and preferable than a s#ecific assessment
tool. Species distribution models typically operate at regional or global scales and
include emotely sensed information that is easily accessible to populate the model.
However, many SDM models use variables thabétenindirect measures of ecological
relationships assumed to structure a speci
2000). Asa result, SDM modelsan be practical by providing an inventory of potentially
suitable habitat (e.g., Nohner and Diana 2015) iy lack the precision and resolution
needed to identify underlying ecological relationships operating at the site level that
accommodate requirements most limiting to a species (Randin et al. 2006). Ultimately, a
regional SDM for Georgian Bay would have to account for processes that structure a

suitable macrophyte community in the wetland and thehigeory traits(spawningsite
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fidelty)t hat | i kely increase the muskellungeds
Until then, the sitespecific INHS models developed hgexen though more labour

intensive are the most appropriate tools to satisfy management neadsis&ellunge in

Georgian Bay and to guide rehabilitative actions that appear to be necessary in
southeastern Georgian Bay (Leblanc et al. 2014). Finally, we recommend that our

proposed INHS models be used as a foundation on which to build a more regdeal m

for Georgian Bay that is based on the ecological relationships identified to promote

suitable earlfife habitat for muskellunge.
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Table 4.1.  Multiple logistic regression with AIC model selection of the suitability
index (SI) variables used to predict the occurrence of YOY muskellunge.
Ranks of models are sorted according to ascending AIC values, with the 7
variable model (i.e., Fyllpresented for reference. CYP = proportional
abundance of cyprinids; RICH = residual fish species richness; Slope =
substrate slope; Sub:CanSAV= ratio of stem densities of substrate to
canopy SAV; YP = proportional abundance of yellow pextht L =
propational abundance oYallisneria americangand CanSAV = stem
density of canopy structuring SAV. Respective?@hidp- values are
shown from the logistic regression for each IHSI model.

Sl-Variables Included

<

e >

s <

O

e 585,22 sa oa

Rank O @ w ® > > O Variables value Chi? p
1 0 o o o 4 46.72 29.61 <0.0001
2 0 e o o o 5 47.44 30.88 <0.0001
3 0 e o o 0 5 4754 30.78 <0.0001
4 0 e o o o o 6 48.42 3190 <0.0001
5 0 0 o o o 5 48.65 29.68 < 0.0001
6 0 0 0 0 4 48.68 27.65 <0.0001
7 0 e o o 0 5 48.71 29.61 <0.0001
16(Full) © © © o o o o 7 50.42 31.91 <0.0001
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Table 4.2. Comparison of fals@egatives (i.e. nursery sites classified as not suitable) and
false positives (i.e. nenursery sites classified as suitable) associated with
various INHS models developed without SA#8ated variables and applied
to data collected inarthern (i.e., calibration) and southeastern (i.e.,
validation) Georgian Bay. Receiver Operating Characteristic plots from the
various INSH models from the northern Georgian Bay data was subsequently
used to derive INHS scores to interpret suitable nyisabitat for
muskellunge (I NHS O 6.0).

False False

INHS Name Variables Included Negative (%) Positive (%)

YP, CYP, RICH,
INHSNo-sAV 0.0 51.3
Slope
> INHSyp.cypriech YP, CYP, RICH 6.3 56.4
c m
2 _% INHSyp.cypsiope  YP, CYP, Slope 12.5 53.8
£ 5
O -
=z g INHSyp-richsiope  YP, RICH, Slope 12.5 59.0
INHScyp.Rich
CYP, RICH, Slope 18.8 43.6
Slope
INHSYP—CYP—SIOpe YP, CYP, SlOpe 12.5 18.8
>
o INHSvp-richsiope  YP, RICH, Slope 25.0 12.5
[
©
k= YP, CYP, RICH,
3 INHSNo-sav 31.3 18.8
O Slope
c
% INHSyp.cypricn YP, CYP, RICH 37.5 18.8
()]
% INHScyp-Rich
(% CYP, RICH, Slope 56.3 12.5
Slope
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Figure 4.1. Location of study sites in northern and southeastern Georgian Bay. Data
collected in northern Georgian Bay were usedréate the INHS models
(see Leblanc et al. 2015, CH2), and was applied to independent data from
southeastern Georgian Bay (see Leblanc et al. 2014 for study site
description) to determine the transferability of the INHS models
throughout Georgian Bay.
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Figure 4.2. Logistic regression of the scores associated with {arable INHS
model for the northern Georgian Bay (NGB) data. A significant logistic fit
was observed = 29.871p < 0.00% odds ratio = 36.0) where 75 % of
the YOY-Musky sites (12 of 16) and 92.3 % of the-Maisky sites (36 of
39) were correctly classified. We i
to fiexcell ent o TDuibt9a kiol ihtaw,e didorme ¢ el
whereas score®»oo00sh9ttabihaveg.dp
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