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Abstract

A habitat suiability model was constructed to increase knowledge of the Rocky
Mountain ridged musséRMRM, Gonidea angulatdea), a rare and endemic species,
using Geographic Information Systems (ArcGIS 10.1) and the classification package
Random Forest. Identifyingossible relocation sites, sites of high importance, and the
overall potential distribution of RMRM were accomplished usixigteng Foreshore
Inventory and MappingFIM) substra¢ data and. angulatapresence dat@Ministry of
Environment) In addition,diverse aspects of mussel habitat quality were documented,
including: clay presence, dissolved oxygen concentration, shoreline morphometry,
species of fish and other mussels present, geomorphometric description, and effective
fetch. Important variables, pmtially limiting the distribution oRMRM, as identified in
these analyses, include effective fetch > 10 km, medhigh (%) embeddednes$
substrateshigh (%) sand, and low (%) boulder occurreriféectivefetch(i.e., site
exposure)used as a proxpr potential energy (from wind) can explain the distribution
of RMRM in Okanagan Laké his model was successful in predictipgviously
unknown locations of RMRM. This modeias developed as a tool fooifests | ands and
NaturalResourceOperationgProvince of BC)to improve management of this species in

the Okanagan Valley.
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Chapter 1. Introduction

Freshwater mussels are arguably one of the most endangered groups of animals in North
America, as ca. 70% of the species have either gone extinct or have some kind of listing
(Bogan 1993Williams et al. 1993Neveset al. 1997, Lydeard et al. 2004). This includes

the Rocky Mountaimidged nussel (RMRM;Gonidea angulatafamily Unionidae), an

aguatic mollusc native to North America west of the Rocky Mountains.

Once prevalent from British Columbia, south to Califarand eastward to Idaho and
Nevada, the RMRM has been largely extirpated from its original range for reasons
including, but not limited to, human development, industrial contamination of waterways,
habitat loss, river channelization, invasive species)@swlof host fish (Downing et al.
2010, Jepsen et al. 2010, Stanton et al
preferences are unknown, making conservation decisions difficult. In the Okanagan
Valley, development interestserlapwith existing and ptential RMRM habitat
(Department ofisheries andceans2011, Stanton et al. 201)hus, increasing the

importance of better understandiRyyIRM habitat requirements.

Unionids, including the RMRM, spend large portions of their life either
completely ompartially buried, therefore substratespadium for mussels to bury
in, are likely important factors controlling mussel distribution (Geist and
Auerswald 2007). Freshwater Unionoideareafter referred to as mussegls)
however, are also temporarily (daye®nths) obligate parasites on a fish host
during early stages in their development (Bogan 1988ghn and Taylor 2000,
Lydeard et al. 2004, Nedeau et al. 2009, COSEWIC 2010, Daraio et al. 2012,

Schwalb et al. 2013). Thus, mussels rely on fish for devetop and dispersal
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(Kappes and Haase 2011, Daraio et al. 2012, Schwalb et al. 2013). Nutrient
availability and potential (wind and wave) energy, as well as host fish occurrence
at each site are likely key factors for RMRM habitat selection. However, rauch i

unknown in relation to their habitat needs.

To clarify the needs of this mussel, | set out in this thesis to develop a habitat suitability

model for the RMRM. | also test specicpriorihy pot heses concerning th
distribution, including (1) RIRM are na distributed randomly, and (B)w

embeddedness, substrate type (i.e., boulders and cobblesyolderate slope, and high

fetch are useful predictors of RMRM occurrence. An additional goal is to determine how

widely this species is distributedrough the Okanagan Basin. Together, these studies

yield a better understanding of the RMRM6s d

enhancing our ability to identify critical habitat and possible relocation sites.



Chapter 2. Literature Review

2.1 Life history

Unionoidea are longved animals (36100 years; e.g., Morales et al. 2006) with a

complex life historyG. angulatalikely live between 8-50 years (Mageroy 2015). They
arefilter feedersandhave positive ifluences and important functional roles in their
environment: byiltering particlesreleasing nutrients, serving as food sources for many
animals, stabilizing substrates (providing area for benthic fauna), mixing sediments (e.qg.,
Morales et al. 2006),rpviding habitat for epiphytic and epizoic organisms on

their shells (Vaughn and Hakenkamp 2001, Krueger et al. 2007), and increasing

the depth of oxygen penetration into sediment (McCall et al. 1979).

Fundament al to under stedetdils aiits lifahstpryome ci es d bi
conception through to reproduction, and ultimately death. FeGa@gulatanhale
sperm from the water column (Nedeau et al. 2009). Therefore, the density and
distribution of male RMRM regulate sperm density, fertilimat and the probability of
their reproductive success (Krueger et al. 2007). Mature fegaeagulatdater release
packages of larvae (glochidia) surrounded by mucous, creating masses called
conglutinates (Figure 1Yiming of their release (nocturna)lgnd the appearance of the
conglutinates (i.e., mimic fish food) are likely evolved strategies of RMRMrien et

al. 2013) When conglutinates are inhaled by a suitableHisst, the successful glochidia
attach to (encyst on) the gills of their fish hosts as obligate ectoparateteto( et al.
2008,Stanton et al. 2012). On suitable fish hosts organogefiesjsievelopment of
organs)occurs and the larvae metamorphoge javenile mussels, which drop off the

fish. This life cycle put$. angulataat risk to high rudimentary and juvenile mortality, as
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their distribution and life cycle depend on a fish host as well as suitable habitat for the
free-living juveniles and adtd (COSEWIC 2003Department ofisheries an@ceans

2011).

Encystment on the host fish must be successful in order to complete reproduction

(O'Brien et al2013).G. angulatahave been found to metamorphose into

juvenile mussels othree species of sqih; margined Cottus marginatu8ean,

1881), shorthead], confusis Bailey and Bond, 1963), and @itulpin C.

pitensisBailey and Bond, 1963), and in very limited numbersvem species of
perch;hardheadNlylopharodon conocephali&aird and Girard, 18§, and tule

perch Hysterocarpus traskiGibbons, 1854in the Pit River system and Middle

Fork John Day River, OreggnSpri ng Rivers 2007, O6Brien et
addition, field data from Okanagan Lake suggest that sculpiagper

Richardson, 1836 alfor C. cognatusRichardson, 1836) are the primary hosts in

this system, while longnose dad@h{nichthys cataracta?alenciennes, 1842),

leopard daceRhinichthys falcatuEigenmann and Eigenmann, 1893), and

northern pikeminnowRtychocheilus oregonendiichardson, 1836) may also

serve as hosts (Stanton et2012, Mageroy 2015). After a short duration-D

days) on their hoGangua@osB-oufféfd éexalst20a8),
bury into the substrate as Shayer2008).i | esd ( sexu
If the habitat and conditions are suitable, recruitment can be successful at this

new location.

This early stage in the life cycle is thought to be the most sensitive, with

mortality occurring from attachment to an incompatible fish haysinsuitable



habitat where the juvenile mussels end up (e.g., Neves and Widlack 1987). The
juvenile stage is mostly an interstitial stage (Strayer 2008), lastige@rs in

the OkanagaBasin(Mageroy 2015)At seven (+) yearshe mussels then reach
sexual maturity. AdultG. angulataare primarily epifaund(i.e., live on the

substrate of the lake or riveillewton et al. 2008).

Predators of RMRM in Okanagan Lake include muskrats, racoons, several fish species,
some gastropods, many gull species, laumians (Nedeau et @009, Daviset al. 2013).
Desiccation from dam drawdowns pose a potential threat to RMRM in Okanagan Lake
as water level drawdowns can trap mussels above lake or reservoi(Bauetsand

Wachtler1937 Newtonet al.2015)



Transport .
ﬂﬁ' o

Fish that eat the conglutinates may host
glochidia during organogenesis. Successful
reproduction will result in encysted glochidia
on an appropriate host fish species.

Spawning:

Adult mussels release

Glochidia excyst after 10-11
days and bury in substrate.
This is an opportunity for
relocation.

glochidia in mucous sacs,
called conglutinates.

Females inhale sperm through their inhalent
aperture and brood, possibly through the winter.

Figure 1. Life history ofG. angulataand other mussels in the superfamily Unionoidea (Images from Roxanne Snook and Jon

Mageroy, 2013reproduced with permissipn



2.2 Taxonomy & morphology

Gonidea angulatgfamily Unionidae) is the only member of its genus. It is one of eight
species representing the superfamily Unionoidea in the Pacific watersheds of North
America.In the Pacific Northwest, thereatsoone speies from the family
Margaritiferidae Margaritifera falcataGould, 1850), and siAnodontaspecies (family
Unionidae), all of which are difficult to distinguish (Nedeau et al. 2009). The
ectoparasitic larval stage and large size are key characteristicgdishing the

Unionoidea from other native and roative bivalves.

Gonidea angulatas easily distinguished from other Unionoidea in British Columbia. It

has a unique and distinct ridge along its posterior margin, hence the name, Rocky
Mountainridgedmussel (Figure 2)G. angulataa | s o have a thick, heavy
in comparison to other native freshwater mussels (Clarke 1981, Fistuiedi€3ceans

Canada 2010). Thehell shapeisovatet t r apez oi dal 6/5( Onnl 2h5 ngnin ;1 oOn ¢
45 mm wide; Cleke 1981 as cited in Stanton et al. 2012, Fisheries and Oceans Canada

2010). The periostracum (outer shell layer) is yellowdstwn to brown to blackish

brown in colour (Fisheries and Oceans Canada 2010, Jepsen et aS@20ion et al.

2012. Slightly elevated growth lines radiate from the umbo region to the outer margins

of the shell in a concentric pattern (Fisheries and Oceans Canada 2010). The nacre, or

inner |lining of the shell, variesolloucedour
to light blue toward the posterior margin (Fisheries and Oceans Canada 2010, Jepsen et

al. 2010, Stanton et al. 2012).



Figure 2. Left: a RMRM with a distinct ridge along its outer shell (A), along with
concentric growth lines (B) radiating out from the unf@GpImage Roxanne Snook).
Right: the inner mother of pearl nacre, and a hard to distinguish pseudocardinal tooth

present on the right valve (Image Steven Browmegroduced with permissian

The type, absence, or p riyarassel specieo(ledeaset et hd ar
al. 2009). RMRM have no lateral teeth (COSEWIC 2003, Jepsen et al. @) Hdgulata

have small pseudocardinal teeth on the right valve, while the left valve may have one

poorly developed tooth or none at all (Nedeau et &1920rhe pseudocardinal teeth are

compressed, and can be hard to observe (Nedeau et al. 2009, COSEWIC 2010). These
differences are distinctive compared to other freshwater mussels with overlapping

distributions in the Pacific Northwest (COSEWIC 2010).



2.3 Theneedfor conservation

Freshwater mussels are arguably one of the most endangered groups of organisms in the
world (Ricciardi et al. 1998, Lydeard et al. 2004, Bogan 2008, Christian and Harris

2008). This is partly due to the limited knowledge @itlecology, as well as the limited
interest in these organisms (Lydeard et al. 2004). Parts of the life history of RMRM make
this species especially prone to high mortality when young (COSEWIC 2010). This can
be exacerbated by the introduction of invasigecies, weir and dam developments, dam
drawdowns, river channelizatioshorelinedevelopment, pollution (point and n@oint
sources), and water temperature increases attributable to water treatment facilities and/or
climate change (Bauand Wachtled937, Goudreau et al. 1993, Krueger et al. 2007,
COSEWIC 2010, Fisheries a@@teananada 2010, Stanton et al. 2012, Newton et al.
2015). Ovetharvesting (Dudgeon et al. 2006), sediment toxicity, wetland drainage, and
clearing of large boulders also negaty impact Unionoidea, sometimes completely
extirpating them from large sections of rivers (Becker 198&ters 1999, Poole and

Downing 2004).

Within the Okanagan Basin and Okanagan Lake, a large threat to RMRM conservation is
invasive species. Somevasive species predate on molluscs (Becker 1983). These can
include both fish and gastropod invaders. Mativemussel predatdish species known

to reside south of, or within, Okanagan Lake include the Common Cgppifuscarpio
Linnaeus 1758), BlackCrappie(Pomoxis nigromaculatusesueur, 1829), Largemouth

Bass Micropterus salmoidefl_acepéede, 1802), Smallmouth Babtidropterus
dolomieuiLacepéde, 1802) and Yellow Peréte(ca flavescenslitchill, 1814)

(Fisheries an@©ceansCanada 2010). Adult @amon Carp (also known as European

9



Carp) are known to eat mainly invertebrates (including mussels), as well as detritus, fish
eggs, and plant material (Becker 1983). Smallmouth Bass feed heavily on fish as adults
(B.C. Conservation Data Centre 2015), aretefore likely will have impacts on the fish

community structure, indirectly affecting RMRM by predating on host fish.

Okanagan Lake is also greatly impacted by Eurasian wattml (EWM; Myriophyllum
spicatumL.). This aquatic plant can survive inade diversity of habitats, and eut
competes native aquatic flora (Fisheries and Oceans Canada 2010). Excessive EWM
growth may inhibit neashore water movements; thus, increasing siltation (Dunbar
2009). Some research has suggested an increase inrsiti@imegatively affect

unionids, as this can cause suffocation (COSEWIC 2003), while aggradation of
sediments may bury mussels (Allen and Vaughn 2009). EWM can alter feeding habitats
of fish, as well as water quality, and decrease aquatic macrophytsitgiyEisheries and
Oceans Canada 2010). Management of EWM involves rototilling substrate in the littoral
zone, which negatively impacts RMRM (COSEWIC 2010, Mageroy 2015). Rototilling
similarly alters fish habitatandcan increase turbidity (Fisheries addeans Canada

2010), and kill adult RMRM (Mageroy 2015). Some sites in Okanagan Lake, which are
treated for EWM are home to known RMRM populations (Mageroy 2015). In addition,
disturbance of substrates can lead to early release of glochidia, conselgaeimtiy to

reproductive failure (Krueger et al. 2007).

Zebra and quagga mussdly€issenasp.) are very prolific and also pose a potential
threat to RMRM in Okanagan Lake should they ever spread to the Okanagan Valley

(COSEWIC 2010, Fisheries and Ocs@anad&010). Their planktonic (veliger) larvae

10



facilitate dispersal and do not require a fish host. The veligers can be suspended in the
water column for 3 weeks (Ricciardi et al. 1998). Zebra mussels are spreatuignce

within water bodies and gttaching themselves to boats (Sousa et al. 2011).

Zebra mussels alone have acceletdie loss of unionids Hold since their introduction

to North America (Sousa et al. 2011). These mussels biofoul substrate, using byssal fibers

to attach themselves any surface (Sousa et al. 2011). Using these threads to attach to
native bivalvesd6 shells, they can completely
position themselves anteriorly while filter feeding (Jepsen et al. 2010, Mackie 2010).

Zebra mussslcan also outcompete native unionids for food (Ricciardi et al. 1998).

Native unionids do not have defenses against these introduced species, and their

introduction to rivers in the US has resulted in extirpations o¥aaivalves within 43

years(Ricdardi 2003, Sousa et al. 2011).

Dam drawdowns have af8ld impact on RMRM. First, desiccation may octluough
stranding(McMahon 1991 Newton et al. 2015).&ondly, drawdowns mgyeventthe
northward migration of RMRM by inhibiting movement of sdalpr other potential

hosts (CGEWIC 2010, Jepsen et al. 2010). Finalkgdation by racoons or other
terrestrial predators may occur (Spring Rivers 2007). Weirs are used to slow the
movement of water along channelized sections of a river (COSEWIC 20&0).
placement can also affect fish composition upstream (in Okanagan Lake), which may

impact host fish availability (Jerry Mitchell MOE pers. comm., COSEWIC 2010).

Accumulatingsedimentnd substrate can kiB. angulata(McMahon 1991, Kreuger et

al. 2007), although juvenil&. angulataappear to be fairly good at excavating and
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orienting themselves after resurfacing (Kreuger et al. 20@r)exampleadultG.
angulatahave replacedl. falcatain onepartof the Salmon River Canyon, Idaho in
sectionshat accumiated sand (Brim Box and Mossa 1998imilarly, the act of
dredging(clearing and bringing up debris, mud, weeds, and other items freatea
bodybottom)is a disruptive activityand unionids are slow to recolonize affected areas
(Goudreau eal. 1993).Disrupting sediments can mob#izoxins within the substratum
andkill exposed gametes, which are more sensitive to pollutants in the water column
than adults (Goudreau et al. 1993). These same consequences occur during stream

channelization.

2.4 Distribution

Since essentially all of British Columbia (B.C.) was inundated by glaciers during the
most recent, Fraser glaciation (Walker and Pellatt 2008), the flora and fauna of the
province are almost entirely relatively recent immigrants, witHiteearrivals appearing
about 13,000 years ago (Waitt 1985pnidea angulatgpresumably found refuge in

valleys beyond the reach of the Okanogan Lobe of the Cordilleran Ice Sheet in the lower
Columbia River (e.g., Columbia River Gorge in Washington@rafjon), the Snake

River (e.g., Idaho, Oregon, Washington), and the John Day River (Oregon) during the
height of glaciation. The distributions of Unionoidea species are limited by their host fish
movements (Kat 1984, Kappes and Haase 2011, Daraio efidl. 26hwalb et al. 2013).

The northward posglacial dispersal of these species into Canada likely occurred

passively on the gills of dispersing host fishes (e.g., Elderkin et al. 2007).
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The historical (prel985) distribution of RMRMextended from the ntirernmost sites in
the Okanagan Valley of B.C. to southern California, and eastward into Idaho and Nevada
(Xerces Freshwater Mussel database 20@®artment of Fisheries and Oce2041).

The Rocky Mountains act as a distribution barrier to RMRM, ashheg not been found
east of this mountain range (COSEWIC 2010). However, RMRM is now considered
extirpated from much of its former range (Taylor 1981, Jepsen20H), Stanton et al.
2012). Large extirpation events likely occurred in central and sou@eifornia, with
numbers also declining in many watersheds of Washington and Oregon, including the
Columbia and Snake River watersheds (Jepsen2@HD). Extirpation from two

Columbia River tributaries, the Kootenai River and Clark Fork River, mag besn due

to construction of impoundments or metal contaminat@angloffand Gustafson 2000).

Furthermore much of their original habitat has been lost or modified (Stanton et al. 2012).

The Okanagan River is another tributary to the Columbia RRMRM are found within
the Columbia River drainagef which there are over 50 tributarie€®). angulatais much
more abundant in the Okanagan River than in any of the lakes or other streams in the

Okanagan Basin (Snook UBCO pers. obs.).

2.5 Habitat requirements

The key factors defining this speciesd distr
importance of each factor is likely to vary with spatial scale. At the largest scale, the

gl obal extent of this specibecBmatecdandst ri buti on
dispersal barriers, as well as availability and distribution of host fish (Vaughn and Taylor

2000, Schwalb et al. 2013). At a somewhat sn
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within individual watersheds may be defined by sucleawdes asydraulic habitat

(Morales et al. 2006), fish community structure (Vaughn and Taylor 2000, Schwalb et al.

2013), geology (Strayer 1983, Arbuckle and Downing 2002), cold summer temperatures

(Lysne and Clark 2009), high summer temperatures (Vaagah 2008), and land use

(e.g., affecting water runoff; Vaughn 1997, Strayer 1983, Arbuckle and Downing 2002,

McRae et al. 2004). At yet smaller scales, within any particular lake or stream segment,

the dominant influence may be substigi distributbn andembeddedness,

macrophytes, flow refuges, and possibly some chemical attributes (Nicklin and Balas

2007, Strayer 2014E mbeddedness of substrates is defin
boulders, cobbles, and other large materials are covered by finesecht s 6 ( Schl eppe
Mason 2009)Here | review some of the key variables, and how they might impact the

mussel sé distribution.

2.5.1 Physical environment

2.5.1.1 Temperature

Temperature is one of the most important determinants of freshwateglsy@sal can be
used for predicting presence (Allan 1995, Malcom and Radke 2005). Temperature has
significant biological implications for mussels as it directly affects their metabolic rate
(Brown et al 1998, Lysne and Koetsier 2006&. angulatacould beextirpated locallyby
increased temperatures (Jepsen 2(0). Increased temperatures can be caused by
decreasedtreamflow (or water diversion), a decrease in riparian vegei@goyshade)

and global climate change (Jepsen e2@1.0). Higher vater temperatures can cause

premature onset of a nayravid period (as observed in other freshwater mussels e.g.,
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Anodontasp.) or abortion (Aldridge and Mclvor 2003). The upper lethal temperature for
Unionoidea, in watered and dewatered environment(ot gurations, e.g., 96 hours) is
31.5°G38.8°C (Dimock and Wght 1993, Pandolfo et al. 201.®r >29°C for longer
durations (Fuller 1974). However, at the northern extent of RMRM distribution, it is

possible cold summer water temperatures are morengrittan warm temperatures.

Water temperatures lower than 16°C (Mackie et al. 2008) are limiting in the fall and

winter at the northern limit d&. angulataDisturbed mussels in water temperatures less

than 16°C must use valuable energy resources toyé€blackie et al. 2008). Lethal cold

water temperatures are specific to each species, but < 4.8°C is known to be below one
speciesdo thermal tolerance (Ml adenka and Min
is greatly temperature dependant (WattedsanO6 Dee 199 8) . Many speci e
glochidia during different times of the year dmale theipeakspawningperiod at

different temperatures (Watters and O'Dee 1988hidea angulataelease glochidia

when water temperatures exceed-10°C (Spring Rives 2007)

Furthermore, high amounts of pollution, low dissolved oxygen, or warm water
temperatures may indirectly affect freshwater mussel populations because of the effect on
fish hosts, as well as food sources (Jepsen 20a0).With increasingvater

temperatureghe Q carrying capacity of water decreases, while metabolic rates increase
simultaneously ipoikilothermicorganismswhich aredependent on sufficient ambient
oxygen levelsA study ofM. margaritiferaLinnaeus, 1758 (family Margaritiferae)

juveniles revealed an indirect negative correlation betwgrowth and decreasing

oxygen, because of its dependence on temperature (Buddensiek 1995).

15



2.5.1.2 Water novement

Water movement is known to be important to filter feeders, as both sesafuond and
oxygen.Water movement can be induced by wiRdtch is the distance wind can travel
over water without being impeded by land. Fetch thus provides a proxy measure of the
potential energy to which each site on a lake is exposed (Hakansgi&stérbom and
Jattu 2006, Callaghan et al. 2Q1Barge fetch can create wave action/turbulence and
water movement via longshore currents, which causes friction and energy transfer below
the water surface (Hakanson 1977, Michaud 2008sterbom and JatBD06, Callaghan

et al. 201%. Lakes can retain 380% of the wind and/or storm energy, which can transfer
down the water column (Michaud 2008) turbulent processesnpactingsediment

erosion and accumulation dynamics (i.e., the degree of substratedadbess and
substrate size, Hakanson 1977) and oxygen penettatiba sulstrate (Holtappels et al.
2015) Predictive models of species distribution have been explored withindoded
exposure to foreshore and littoral environments (Ekebom et al. @08&3erbom and

Jattu 2006, Callaghan et al. 201Bgcause turbulence is important for vertical mixing of
food (i.e., it can increase the supply and availability of nutrieoxygen,and mobilizing

fine sedimentfetch is thought to be an important véatefor Gonidea angulata

To try to explain wave action and sediment site characteristics (such as fine material
accumulation and sediment sizes), the potential energy to which a site is exposed can be
estimatediusing the potential maximum effectivedpt(or total fetch). This approach

provides a proxy measure of the potential energy from wind from every deviation angle

(i.e.,incident £ 6°, 12°, 18°, 24°, 30°, 36°, 42°) of fhrevailing wnd direction
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(Hakanson 1977ther studies incorporate the espire of sites (measured as fetch), to

explain distribution and community structure of species (Burrows et al. 2008, @3jr 20

2.5.1.3 Substrate

Since Unionoidea spend large portions of their life either completely or partially buried
(Strayer 208), itis likely that substrate typas well aghedistribution ofoxygen, will

have an effect on the probability of their presence (Morales et al. 2006, Geist and
Auerswald 2007). Substrate types vary greatly among li@ngngulatapopulations,

from cobblesand boulders, to burying in 40 cm of organics and silt (Dr. Jon Mageroy
UBCO perscomm) G. angulatahabitat variegreatly, from high velocity streams and
rivers, to the littoral zone of lakes (Stanton et al. 20®)research focuses d@h.
angulatain Okanagan Lake, thus flow regimes will not be assessed in this &udy.
angulatahave generally been observed in water deptBsnStanton et al. 2012). This
tendency foiG. angulatato inhabit shallow waters makes them susceptible to-di@awn

from cortrol dams in reservoirs (Stanton et al. 2012).

Significant habitat variables fdg. angulataabundancén a riverine studyncluded

substrate type (i.e., sand and gravel), flow refuges (Sti®@9), substrate cover, and

bankedge presence (definediss| oped steeply to the water 6s
stable, embedded boulders, bedrock, mud or other hardened sabstratBavi s et al
2013).Flow refugeshave been determingd beimportantfeaturedor unionid survival

in several studie@Morales et h 2006, Bartsch et al. 2009, Strayer 2014). Unionids are

often found behind boulders and cobble in the first 8 cm of substratum in riffles and runs
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of a stream (Neves and Widlak 198@).angulatawerethe predominant species (>90%)
in stable sand and gral barsin Salmon River Canyon, Idal{g'annote and Minshall

1982)

SinceG. angulatais a speciesf special concernSpecies at Bk Act, 2015, with

limited knowledge on habitat requiremergter Unionoidea studies were reviewed for
potential usefuhabitat similarities. In particulaMargaritifera falcatais a very wekl

studied species. It is often found in similar habitat with ranges overla@piaggulata

and in some cases has been replaced.l@ngulata(Vannote and Minshall 1982).

falcatais primarily a riverine species (although also found in some lentic systems), and is
generally found in areas with boulders that are thought to stabilize cobble and other small
substrates, while also offering protection from scouring events (flow ref{zgerote and

Minshall 1982) and predators (Davis et al. 2013).

One study measured habitat quality (i.e., instream cover, embeddedness, velocity/depth,
and sediment deposits) for instream Unionoidea, and found these vadtbiesgh all

correlatedwereall significant correlates of mussel dengidicklin and Balas 2007).

High silt cover(high embeddedness) at sites had a negative relationshi@with
angulataoccurrence (Hegeman 2012). Excess silt can clog gills of mussels and inhibit
light penetrabn for photosynthesis, both of which reduce food availability (Poole and

Downing 2004, Brim Box and Mossa 1999).
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2.5.2 Chemical environment

2.5.2.1 Oxygen

Water chemistry is considered important for mussels (Newton et al. 2008). For example,
oxygen, § a good indicator of their nelandom spatial distribution, since mussels depend
on a stable substratum which contains saturated or near saturated levels of dissolved
oxygen (DO; Oliver 2000 as cited in Young 2005, Geist 2005, Mackie et al. 2008), as
thes organisms respire through ciliated gills. Mussels have extenshexgaange

surfaces, directly dissolving oxygen in hemolymph fluid making #tsa®rying capacity
similar to that of the surrounding water (McMahon 1991). The large hemolymph volume
of mussels is responsible for delivering orgygio the heart and tissues by immersing

them (McMahorl991).

Low dissolved oxygen concentrations3<6 ppm) forG. angulata(or other unionids) are
detrimentafor many reasons, including survival, reproductiamd developmer(Fuller
1974, Buddensiek et al. 1993, Strayer 198atters 199p Dissolved oxygen saturation
levels of 90110% are best fazellular respiration itM. margaritifera a sensitive

member of the Unionoidea (Oliver 2000 as cited in Youngp200

2.5.2.2 Conduavity/salinity

Salinity is a measure of the dissolved salt content in water including such ions as sodium,
potassium, magnesium, calcium, chloride, and sulphate. Salinity can be altered via
changes in land use, drought, pollutiond aspeciallyclimate (Ercan and Tarkan 2014).

A small increase in salinity, within a range, can increase the growth rate of mussels (and
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fish) (Ercan and Tarkan 2014)evy low and very high salinity concentrations have
adverse effects on mussel reproductidecrease metabolic rate, and eventually lead to
mortality (Ercan and Tarkan 2014). Mussel species have sgpaesic ranges for these

dissolved salts (Ercan and Tarkan 2014).

Thesalinity can be estimated via the electrical conductivity of wader@es, when
corrected for temperature, yielding a measure referred to as specific conductance.
Growth, mussel diversity, and survival of Unionoidea are thus related to conductivity
(Buddensiek 1995, McRae et al. 2004, Nicklin and Balas 2007). Specificctamce

values above 140 uS/cm were positively relate@ tangulatadensity in the Middle

Fork John Day River, Oregon, while lower ionic concentrations were negatively
correlated (Hegeman 2012). Likewise, areas with higher conductivity values (> 800
puS/em) had limited mussel (of 21 species) distribution ¢utls-Eastern Michagan,
U.S.A.;McRae et al. 2004). However, recommended conductivity targets for a sensitive
Unionoidea M. margartiferg are < 100 €S/ cm (Oliver 2000
< 70 ¢ S/ to88).Jindlarly, w conductivity values (e.g., < 25 uS/cm), limited
the musselNlargartifera hembelConrad, 1838) distribution in a study by Johnson and

Brown (2000), in the R&River, Louisiana, U.S.A.

Low conductivity values may indicate waters with ion concentrations (e.g., calcium)
below those essential for shell formation. Other ions are important for mussels to
maintain osmotic pssure in the haemocoelic fluiBedford D73, Scheide and Dietz

1982). lon transport processes are continuously functioning inside mussels as they try to
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maintain the steadstate flux of ions essential for metabolic functions and cellular ion

balance (Dietz and Findley 1980, Scheide and Die&2)19

2.5.2.3 pH & @lcium

Calcium is necessary for shell formation in molluscs. Their shells are composed of

calcium carbonate (CaGOMcMahon 1991). Very high calcium concentrations (>10

mg/L CaCQ) however are correlated with the absence or reddessity of freshwater

mussels (Oliver 2000). TheH andminimumconcentratiorof calcium required by

freshwater mussels depends on interacting parameters of the habitat, and are often species
specific (McMahon 1991). Environments with low calcium concéioina (2.5 mg/L)

have had Unionoidea occur within them, while actively taking ujy (4cMahon 1991).

Low calcium concentrations, however, can result in small and thin shells (Williams et al.

2014).

Mussels have an open circulatory system and, like biealves, have no respiratory
pigments that maintain blood adise balance (McMahon 1991)ub&els have little
capacity to buffer their blood from acid buildup in their tissues during anaeroaiabis
therefore rely on different mechanisécMahon 1991) Instead, CaC&is mobilized

from their shells as a buffer (McMahon 1991). In these conditionsacielgsi$ calcium
released from the shell is harboured in the gill concretions so as to prevent its diffusion

and loss to the environment.

Environmens with lowpH (pH < 5.6) are known to be detrimental to Unionoidea

populationspecausehis causes shell dissolution (Fuller 1974, Kat4,#uddensiek et
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al. 1993, Strayer 1993). In addition, acidic waters are detrimental to fish populations
(Harris et & 2011,Kratzerand Warrer2013)that may serve as important hosts for
freshwater mussels, thereby negatively affecting mussel recruitBrrntonments of

low pH usually also have low concentrations of calcium (McMahon 1991).

Very high hydrogen potentigs also detrimental to unionids (Young 2005) and fish
(Serafy and Harrell 1993). A pH range of G.2 is optimal for a known sensitive

Unionoidea specieM. margartiferg Oliver 2000).

2.5.2.4 Other

Other aspects of chemistry are also importamerms of water quality (e.g., nitrate <1.0
mg/L, or <0.5 mg/Lsulphate, and phosphate <0.03 mg/L; Bauer 1988 and Oliver 2000 as
cited in Young 2005, Moorkens 2000 as cited in Outeiro et al. 28@&8nonia(e.q.,

from livestock access, fertilizers, eta)d common aquatic vegetation treatments (e.g.,
copper sulphates) introduce sometimes lethal doses of chemicals into water bodies.
Various aquatic contaminants are known to be lethal to freshwater mussels (Jepsen et al.
2010). For example, the following@wetaminants are lethal to unionids at the

corresponding concentrations: copper sulphatE8(Z ppm), ammonia (5 ppm),

cadmium (2 ppm), and many other known contaminants, such as zinc and arsenic trioxide
(Havlik and Marking 1987). Any chemicals that aegarded as indicators of

eutrophication (ammonia, phosphate, sodium, calcium, magnesium, nitrate, and
conductivity) have negative relationships with the growth and survival of unionids

(Buddensiek 1995, Nicklin and Balas 2007).
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While important, chemisgrshould not solely be used to explain the distribution of rare

mollusc species (Harris et al. 2011). Chemical variable measurements can easily be taken
(e.g., probeshptbdt di heasgedsnapl e under stand
throughouthe year (Nicklin and Balas 2007). Although measurements of water quality

(chemical and physical) variables in mussel beds have been conducted in many previous

studies (Buddensiek 1995, McRae et al. 2004, Nicklin and Balas 2007), when done

correctly theseneasurements can quickly become time consuming and expensive.

2.5.3 Biotic eavironment

The flora and fauna within the region, watershed, and mussel beds impact RMRM both
directly and indirectly. Directly, availability and abundance of host fishregulate

Unionoidea distributions (Vaughn and Taylor 2000). To serve as a host, the glochidia

have to fully encyst on gills of the fish (NedaeueRal 0 9, OO R018)dfn et al
encystment does not occur, the glochidia will die within a day or tveo s{iawning has
occurred. However, observing encystment is not sufficient to determine if a fish can serve
as a host. To confirm that a fish serves as a host for RMRM, metamorphosis into juvenile
mussels must be 02083 Whilealy glomdByfielkstudiest al
have been conducted in Okanagan Lake in 2013, the data suggest that the most important
host of RMRM glochidia is sculpirCpottus sp. (Mageroy 2015). This is further

supported by studief RMRM in its mid-western rangeconfirmingsculpin as the
primary hosts for RMRM ( S2013). Otger gotentidr s 200 7,
RMRM hosts in Okanagan Lake include longnose dRténfchthys cataractgeleopard

dace Rhinichthys falcatys and northern pikeminnowP{ychocheilus oregamnsig
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(Stanbn et al. 2012, Mageroy 2015).studyof RMRM at its southern distributidimit
also showed very limited metamorphosis of glochidia into juvenile mussels on tule perch
(Hysterocarpus traski and hardhead\ylopharodon conocephalu§SpringRivers

2007).

Predators and competitors add another direct effect on RMRM distribution. Some fish
species predate on glochidia, juvenile, and adult RMRM, such as European Carp
(Cyprinus carpio;McMahon 1991). Other natural predators include raccoonsnass

and occasionally humans (Mckan 1991, Davis et al. 2013).

Both resource and spatial competitors impact RMRM distribution. Aquatic macrophytes
can act as spatial competitors that can alter substrate and water movement where they are
prolific (Dunbar 2009). One such species, Eunasiatermilfoil (EWM, Myriophyllum
spicatun) establishes itself in dense beds that increase siltation and interrupt water
movement (Dunbar 2009). The accumulation of organic matter and sediments in EWM
(or any dense vegaion) patches can decrease dissolved oxygen along the benthic layer
through decomposition. While increased vegetation can create flow refuge and was
correlated with increased RMRM occurrence in a river study (Hegeman 2012), increased
vegetation likely hathe negative impacts discussed previously in lentic habitats.
Although bivalves and other filter feeders compete for suspended nutrients in the water
column with RMRM, Vaughn and Taylor (2000) have suggested spatial and resource
competition are negligiblem importance for unionid successfulness, and therefore do not

account for the patchiness of mussel distribution.
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2.6 Random Forest classification and calibration statistical background

Habitat suitability modks are created frospecieshabitat réationships Classification
procedures in ecology have become more popular in recent years (Vezza et al. 2012).
Classification trees are commonly used statistical methods used to predict species
distributions and create habitat suitability models (Moutaad.2010, Vezza et al. 2012).
Habitat suitability models can be used in conservation and management to (1) understand
interactions of organisms and their environment, (2) predict species occurrence, and (3)
Aito quanti fy h@bzzatebat201)eRandomr-aeastdRF}, developed by
Leo Breiman, is a low variance statistical algorithm, implemented in R, which can be

used for both classification and regresdimderive habitat suitability mode(Breiman

2001,Gromping 2009Chen and Ishwarar022).

A RF is created by hundreds to thousands of trees which branch from a bootstrap
sample (approximately twthirds) of the original data (Breiman 2001, Chen and

Ishwaran 2012)The first randomized step of RF occurs whesdjctor variables are
choserrandomlyfrom a given number of variables denoted bl retry@iuning
parameterwhich are then used to create a tree based offathiionedresponse

variable {.e. considering one variable at a tim&gfuer et al. 20104urphy et al.

2010).The secad layer of randomization occurs at the nodes, where RF selects a
random subset of variables in which to create the next node, rather than using the entire
dataset (Chen and Ishwaran 20112)e hundreds to thousands of trees produced creates
the forest. Tees are then combined into a single prediction, which is then used to rank

variable importance (Murphy et al. 2010).
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Model Validation is a buitin application of RF with the owdf-bag crossralidation,

using onethird of the original data (i.e., thosatd initially left out when creating the

RF (Breiman 2001). RF does not compptealues, regression coefficients, or

confidence intervals as traditional statistical analysis outputs (@atér2007).

| nst e adsubjetivelyadentify écologicallymportant variables for

interpretatio (Cutler et al. 2007) and can be very useful for determining ecologically
important predictorsRF accouns for correlations and variable interactioasdranks
interactions between variables by importance (Cherdsdivdaran 2012). The popularity

of this algorithm is attributed to its ability to incorporate large numbers of variables with
small sample sizes, and in addition output a valid assessment (Grom@thg 20
Buechling and Tobalske 201Chen and Ishwaran 201lany studies have illustrated

RF outperforming other statistical analysis procedures, such as linear regression (Vezza
et al. 2014), classification trees, and linear discriminant analysis (Cutler et al. 2007,

Siroky 2009).

Using RMRM presence/absencata RF selects random subsamples to predict
correlations of layers (Buechling and Tobalske 2011). This technique reduces the risk of
overfitting and correlation among predictor variables (Buechling and Tobalske 2011).
Ensembleof trees(i.e., a multitudeof decision treesjan average over stépnction
approximation, whereas a linear singjlee approximation is generally poor (Strobl et al.
2009). Ensemble methods, such as bagging and creating trees in RF, can approximate
(linear or nonlinearany decisbn boundaryi(e., the boundary betweelifferentclasses

of available variable measujagven a large data set and allowed to grow @to@er rate
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(Strobl et al. 2009). Additional advantages to the use of random forests in comparison to
other statisticleclassification procedures include:
(1) its high accuracy,

(2) its ability to predict variable importance amnovelway,

(3) its ability tomodel complex interdions among predictor variables

(4) an ability to perform several types of statistical data analysas,

(B)analgérthm f or i nput t i(Quterenal.2007).ng v al ueso
Each variable is select@hd consideredne at a time iclassificationand stepwise
variable selection mode(Strobl et al. 2009). The order in which these variables are
chosercan affect theanking of variable importandee., order effects; Strobl et al.
2009). lhsemble methods have an advantageaficingwithin order effects, as opposed
to logistic regression, in that parallel tr¢es., many trees where each variablehssen
in a different orderare counterbalanced, so the overall ranking of variable importance is
much more reliable than stepwise regression (Strobl et al. 2009). However, RF has been
shown to be affected by the scale of variables (e.g., includingfide€oarse resolution
datain the same model; Breiman 20@&trobl et al. 2009)wherecausation between
predictor variables may lmaptured Therefore, applying data of different scales to the
model may skew result3his occurs from biased variable séiec while building the
cl assi fieffectsinduced by bodtstrap sampling with replacedi8trioblet al.
2007) In addition, highly correlated predictor variables within RF create a bias towards
their selection in individual tree algorithms (Grémping 2009). Therefore, data reduction
is generally necessary to remove highly correlated varifédoesthe final model

(Grémping 2009).
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Chapter 3. Methods
3.1 Study site

3.1.1 Okanagan Lake Okanagan Valley BC, Canada

Okanagan Lake, | ocated at 50A06N, 119A3006W,
km long (approximately), and 3.5 km (amge) wide, encompassing a 270 km

circumference (i.e., shore length; Fig@reStockner and Northcote 1974). It is a warm

monomictic lake (Stockner and Northcote 1974) and has a watershed of 62 Foem

1995.

The outflow is the Okanagan River, flowisguth through Penticton to Skaha Lake.
Okanagan Lake reaches a maximum depth of 232 m, and has an average depth of 76 m

(Stockner and Northcote 1974).

Okanagan Lake has eigtnmmunitiedocated along its shoreline, including Kelowna,
Lake Country, Vamnon, West Kelowna, Peachland, Summerland, Penticton, and
Naramata. These communities have a combined population of approximately 325,000
(B.C. Stats accessed March 1, 2015). Wineries, golf courses, fishing, and boating make
Okanagan Lake a tourist attramtithroughout the summer (Stockner and Northcote

1974).

The Okanagan Valley is regarded as a dry climatic belt in British Columbia. The climate
variesfrom north to south, with average annual rainfall in the south being 27.5 cm/yr,
with 162 frostfree dag, and in the north 44 cm/ywith 107 frostfree days. ktreme

summer high temperatures can reach 41°C and extreme winter cold temperatures can

reach-27°C (Stockner and Northcote 1974).
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Okanagan Lake temperatures range from 1.7 to 23.0°C (Table 1;ev2iil0d), while
lake level fluctuations range from@5 m to £ 0.9 m (in 20092010; Stanton et al.
2012). In years of drought or little rainfall, these fluctuations may be higher (Stanton et

al. 2012).

A comprehensive analysis of Okanagan Lake (inolyitbtalphosphorous, totalitrogen,

zooplankton, periphyton, phytoplankton, arghfcommunity structure, annua&hi

depth, area drainage, and water renewal) in 1970 and 1971, identified it as an

oligotrophic system (Stockner and Northcote 1974%. lanked as one of the most

nutrient poor lakes in the Okanagan (Stockner and Northcote 1974). The tertiary water
treatment plant at Kelowna now effectively extracts much of the nutrient load from

Kel ownads waste; thus, makdeficignt(@klafffCargsan Lake

UBCO pers. comm, Jerry Mitchell MOE pers. comm.).

Epilimnetic dissolved oxygen in Okanagan Lake is supersaturated (1B&#hie 2010)

at times, with varying values depending on when and where these samples are taken.
Hypolimnetic dissolved oxygen (DO) in Okanagan Lake is approximately 11 mg/L (BC
Ministry of Environment 2013). Okanagan Lake spring overturn values of total nitrogen
(TN) and total phosphorus (TP) for 2013 were TN: 2289 pg/L (with the exception of

the Armstong Arm TN: 185 pg/L), and TP: 4:17.8 pg/L (BC. Ministry of

Environment 2013). Ranges in surface water chemistry for Okanagan Lake in 2010 are
listed in Table 1. Calcium and alkalinity values are high throughout the year, and

dissolved oxygen is higlo tsupersaturated (Mackie 2010).
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Table 1L Okanagan Lake seasonal surface water chemistry ranges in 2010 (Mackie

2010).

Variable Range
Alkalinity total (mg CaCQ@/L) 108116
Calcium (mg/L) 30.7-34.1

Chlorophyll a (pg/L) (mean summer estimate( 0.0-1400

Dissolved Oxygen (mg/L) 8.613.2

Conductivity (uS/cm) 164-313 (Mitchell and Hansen 2011)
pH 7.385

Temperaturg°C) 1.7 (winter) - 23.0(summer)
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Figure 3. The Okanagan Basin in southern British Columbia, Canada and northern

Washington, U.S.A.
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3.1.2 Anthropogenic history of Okanagan Lakes and River

There are and were many communities of Native Americans within the Okanagan Valley
(referredto as the Okanogan Valley south of the international border), and connecting
watershes of the Columbia River Valley (in Washington and Oregon). The Native
Americans of the Okanagan, spanning both sides of the international border, call

themselves the Sylix (Okanagan Nation Alliance, accessed March 1, 2015).

Historically, freshwater mussgewere a traditional food source for the Sylix First Nation
communities within the Okanagan, and also the larger Columbia River Basin (Brim Box
et al. 2006). RMRM were also used for jewellery (earrings) and trade (Brim Box et al.
2006).G. angulatawere sed in Oregon by the Kk Tribe (Davs et al. 2013).

Presently, the governing bodies of these Sylix First Nations have shared interests with
respect to all animals indigenous to their territory, includngngulata(Hobson and

Associates 2006).

Colonizaion of the Okanagan yuropean settlers began in 1860, and an intense
exploitation of cattle farming and gold mining ensued (Stockner and Northcote 1974). In
addition, the increasing population stressed the lakes and rivers of the Okanagan with
point (eg., waste water) and nepoint source pollution (e.g., agriculture), contributing to

the decreasing water quality of Okanagan Lake starting in 1920 (Stockner and Northcote
1974). The improved tertiary wastewater treatment plant at Kelowna empties into
Okarmagan Lake, and was introduced to reduce the overall nutrient load. Since recognising

the detrimental impacts lake eutrophication can have on ecosystems and populations,
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restoration and better management efforts have been used to maintain an oligotrophic

equilibrium in Okanagan Lake.

3.1.3 Water regulation of Okanagan Lakes and River

The Okanagan Lake Dam, Okanagan Falls, Mcintyre, and Zosel dams regulate water
levels and outflow from Okanagan Lake, Skaha, Vaseux, and Osoyoos Lakes,
respectively (Fishergeand Oceans Canada 2010). In addition to dam construction, river
channelization and severe landscape modifications occurred (Fisheries and Oceans
Canada 2010). It wasnot wunt i-staBlihlhe natutala t

meandering of ®anagan River (SOSCP 2011).

3.2 Site glection

To better establish the habitat preferences of RMRM and enable better conservation
management decisions for this species, a habitat selection model was developed using
RandomForest. Data used for constingthis model were derived frofRoreshore
Inventoryand Mappingdata (Schleppe and Mason 20@8g new surveys for the

mussels throughout Okanagan Lakke FIM substrate data were used to avoid

collecting data that had already been collected by a tégmofessionals at a much

greater scope and accuracy than could have beeradqraet of this researchhe sites
surveyed were spatially distributed throughout Okanagan Lake to make this model

inclusiveof all potential habitat types.

Prior to site skection, five persons with relevant expertise (Dr. Jon Mageroy, Dr. lan
Walker, Dr. Jeff Curtis, Robert Plotnikoff, and Shelly Miller), were consulted to identify
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a subset of variables included in the-prastingFIM dataset likely to be key

determinant® f t he RMRMOs di st r iRblativeigcentagesiof Ok anagan
each variablée.g., relative particle size for substratef)ch occurs along the foreshore,

andthe degreédi.e., categories ofow (0 to 25%), medium (235%), high (>75%)to

which large substrates are covered by fine sedim@otsan embeddedness meajure

were selectedSlope is a categorical measure of the gradient of the shofg@ased on

these consultations f i v elowibsulderpresence (<208);i abl e s
low (1-20%) and medium (280%)sand presencenedium (2575%)embeddedness

none and low (20%)cobble and low (05%) slope Weak variables identified were

medium (2540%), high (5660%), and very high (780%)boulderoccurrence; none,

high (4560%), andvery high (76100%)sand low (0-20%) and high (75+%)

embeddednesmedium (2540%) and high (50%gobble and bench, medium {30%),

steep (2660%), and very steep (604) slope

For the model, 22 sites were included where RMRM were already knowrptedent as

of 2013. The variables identified by the expert consultation process (described above)

were then used to generate 22 additional sites, selected in accordance with a stratified

random design, where two sites were chosen for each variable frémsther ongdé and
Oweakdé stratification categories (Table 2).
most RMRM occurrence, while the Oweakdé categ
GIS was used to locate these sites. This resulted inflautysites along Okanagan Lake

that were chosen (spatially ramdpfor this project, to gain a complegpresentation of

the | akeds habitat. Sites were selected on e

and southern sectors of the lake.
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Table 2. Straified sampling design from Foreshore InventandMapping database (bolded

numbers indicate the sum of RMRM presencessitigh the corresponding ordinal variaple

Variables (ordinal)[\Weak Strong

Boulder presence Med(2540):1, High(5060):2, Very high(7G [Low (0-20): 19

80):1

Sand presence  |None3, High (4560):3, Very High(78100): 3Low (1-20),8 Med(2540): 6

Embeddedness [High (75+):4, Low(0-20): 0 Med (2575): 19

Cobble Med (2540): 3, High (50):0 None:7, Low (1-20): 13

Slope Benchl, Med (520):2, Steep(2660):3, Very |Low(0-5): 16
Steep(60+)1t

3.3 Physical characteristics

In addition to the prexisting FIM dataset variables, several new variables were
considered. These included: geomorphometric descri@ioondewater ledge,

morphometrytotal fetch, clay and dissolved oxygen, and host fish presence.

3.3.1 Geomorphometric description

Geomorphometric descriptions capture a mawae habitat measurement of each site.

Combining multiple scales of variablesntussel habitat suitability models has been
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suggested to increase model accuracy (Newton et al. 2008). The geomorphometric
categories used in this analysis include: cuspate foreland, alluvial fan, crag, beach, bay,
cove, breakwater, bank, and a river modtituspate foreland is defined as an extension
outwards from shoreline in the shape of a triangle (C€8anjth 2005). An alluvial fan is

a fanshaped mass of alluvium deposited at the inflow of streams, in these cases, where
the water velocity decreaseso@1995. A crag is defined as a cliff or rock face, either
steep or rugged. A beach is defined as the shoreline of the lake where small gravels or
sand (sediment) are accumulating (R@885. A bay is a broademicircular indentation

of a shorelinewhile a cove is a smaller, more sheltered bay. A breakwater is-anada
structure built out into the lake with the purpose of protecting the shoreline from waves.
A bank is the land alongside the lake which slopes gradually down towards the water.

These degiptions were assigned based on Google Earth images asitt@mnalysis.

In addition, onrsite observation of an underwater ledge was recorded. An underwater ledge is
defined as a narrotorizontalshelf (approximately half a meter to three meters ofthyi

continuously submerged under water.

3.3.2 Morphometry

Shore morphometry was measured to compare convexity (points) and concavity (bays) of

the shorelinebds features. Screenshots wusing
scale bar (Figure 4Y.angential lines were drawn along the shoreline. The slope (first

derivative) was measured using these screenshots and the scale. The slope of this
equation (second derivative; O6A06) was then c

represent bays, numbersaring zero represent a straight shoreline, while positive
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numbers represent poi nt s featurewienwmtpawhesa The co
90° fetch has negligible wind impact, and a near 0° fetch has the highest fetch impact.

The morphometry, rosecond derivative multiplied by tiieature orientationis the

potentale ner gy of the feature. &6Zeroesd are site
0. 45, as these ar-fee ated ree snd .n eSbiredhrmmobtiei tOm oa ma j
river, or wastevater treatment output were omitted from this analgsesto their unique

energyand feature forming capacjtwhichallows them taespond differatly to wind

The measurement program Imaged32 was used to measure the first derivative of the

shoeline. Increments of 50 m were used for each site to capture important variables,

without including unnecessary scale. The following equation was used:
morphometry = A * C , where C = (1B°/90°)

This equation incl udes stohfeich effehe dldh-bouttherr i vat i ve

A

tangent iBdl, Oahn daxtihse 6constant O6CH6.
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=50 m=1increment ’

Figure 4. Determination of shoreline morphometmas done usin@oogleEarth
7.1.2.2041and imagel.48 In thissimplified diagramthe tangential line (red) of the
shordine is along the Nort#South axis. This is the baseline of the measurements. The
greybars indicateach50m. This increment length was chosen to attempt capturing
features at a relevant scale in Okanagan L&ke.scale of imageJ &t for each 1
increment = 50m withthe first derivative taken from measuring thember of increments
eachgreybaris from the tangent linéhereby making this dimensionles$he slope of

these measurements is the second derivati ve
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3.3.3 Fetch

Fetch is a proxydr wave action, turbulence, disturbance, nutrient movement, and

dissolved oxygen within sites (Hakanson 1977, Cyr 2009) relating to mussel presence or
absence. Effective fetch of a siteaisneasure of site exposuogpredominant winds

(Hakanson 1981Calaghanet al.2015. Effective fetch, also known as total fetch, was

calculated using a map of Okanagan Lake following methods descrilibd Bgach

Erosion Board (1972Prevailing wind directions were determined at each site from

nearby weather statiomst t he oOowi ndfinderd website (Tabl e

calculated from the location that would give the maximum distance.
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Table 3.Weather station location and prevailing wind directions used to calculate fetch

of each site.

Weather Station Prevailing Wind Geographic coordinates
Directions

Westbank NNW, SSW 119° 33'31.47"W 49° 50' 48.16"N
West Kelowna Yacht Club | W, NNW, E 119° 37' 26.00"W 49° 49' 0.96"N
Summerland NE, SE, & WNW 119° 38' 59.90"W 49° 33' 55.99"N
PentictonAirport N&S 119° 36' 2.22"W 49° 28' 7.47"N
McKinley Landing, Kelowna| W & E 119° 27" 26.35"W 49° 58' 5.16"N
Vernon, Beachcombers Bay| E & SW 119° 21' 44.46"W 50° 14' 2.61"N

Okanagan Lake hadternating and seasonaind patterns along its sreline from one

end to the other (as sérved on windfider.con). Data for wind direction were taken

from the Penticton airport, for the southenost sites on Okanagan Lake (FIM object ID

numbers 40, 42, 43, 44, 50 & 51); Summerland, for locations im&utand and

Naramata (0O»),ec39, DB, 29, 62, 63, 70); West
sites in Peachland and Squally point (Object
weather station (different than the Kelowna airport station) for sites st Mdowna and

Kel owna ( 8%10%k 115, 222P28%; the McKinley Landing weather station,

for most sites on the northern half of Okanagan Lakb ( e c 127, 13B,d42, 146,
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160, 1614, 190, 201) ; a(Rigure 9, dor sites on @raneaBtleea ¢ h ¢ o mb e
Vernon Arm (Object I D6s 173, 259, 266, 273,

service is in a separate valley from Okanagan Lake, it was not used in this analysis.

Wind direction distribution in (%)

Year

WNW . ENE

WsW ESE

Year

SEW SSE

Figure 5. Prevailing wind direction in Beachcomber Bay, Vernorwite incident (0°)

coming from the E and SWeproduced with permissidwindfinder.com)

Each siteds prevailing wind directi-pn was me
6°, 12°,18°, 24°, 30°, 36°, 42° (Hakanson 1981). Total fetch is the comimeeailing

winds, and calculated via the equation
FETCH = Xcos(Y)*S / cosY
whereY = the deviation angle from the prevailing wind direction

x= di stance between the site and a | and m

angle,
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S =the scale constant=Sl.1 for the map scale of Okanagan Lake (where 1 cm
= 1.63 knm B.C. Ministry of Environment, Bathymetric Maps Query, accessed

in 2014).

Sites located at stream or river mouths will have different current action that is not
controlled by the total fetcfHakanson 1977). As such, sites that were located at stream
or river mouths were omitted from the final modehese sites will likely act
independently of &etch dfect; beirg dfected by advectivevater movement, rather than

turbulence from wind and wavenergydissipation.

3.3.4 Clay & dissolved oxygen

Clay presencgand depth to anoxic conditions weneasured at each site. This was
accomplished by the use dbbbed rebafdriven into the substrate at each kifer two
reasonsOne, clay willstick to the ringed rebar surface during extraction; thus, upon

rebar removal, observations of clay presence within the top 30 cm of substrate could be
noted. The ungalvanized rebar also facilitated an assessment of dissolved oxygen. Rust
formation on theebar indicates oxidation, and thus, the presence of oxygen. This allows
a longterm evaluation of substrate conditions (Per Jakobsen Professor at the Department

of Biology, University of Bergen, Norway, pers. comm.).

Before placing the stakes, the relaas scrubbed with wire brushes and acid rust
remover to ensure no prior rust was present. At each of the 44 sites, rebar (one, two or
three stakes with a ringed rebar surface) was driven 30 cm into the substrate, unless this

was impossible. At each sitieet stakes were driven either in very close proximity to
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where mussels were present (positive sites), or, where mussels were absent (negative
sites), into a substrate that would allow rebar penetration. The rebar were not placed

along he entire length ofaeh site.

The rebar stakes were deployed at each site for a minimum of 8 weeks. Upon removal,
the rebar were photographed next to a ruler for scale. Notes were made recording where
rust occurred and, most importantly, the depth to anaxiawhere rusto longer

occurred).

3.4 SurveyingG. angulata

Surveys were conducted at each site to assess mussel presence or absence. Survey efforts
for G. angulataincluded a minimum of two snorkelers swimming beside each other,

making parallel sweeps along thestline. Sweeps progressed farther out (at greater

depths) once the entire length of the site was reached. This is a common survey approach
for rare freshwater mussel speci8sfth 2006 Mackie et al. 2008, Stanton et al. 2012).

Survey depths are limited approximately 4m with this method.

3.5 Host fish

Potential host fish presence or absence at each site was observed while snork@ling for
angulata Sculpin are very well camouflaged, small, and quick. They are easiest to locate
in the shallows<1m) and could be found by gently moving the cobble or large woody

debris, beneath which they often hide (Snook pers. obs.). Only sculpin were surveyed,
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although othefish species may be hosts Gt angulataglochidia (Spring Rivers 2007,

Stantonetak 012, OO6Brien et al. 2013, Mageroy 201

3.6 Sensitivity analysis

Highly correlated predictor variables are known to cause bias towards their selection

(Strobl et al. 2009) thus, a series of data reductions were conducted to remove highly
correlatedvariables from the final model. The main tuning parameter in RF models is the
omtryo6é function, Whiaoldodi gt atr e yaidblessatemdnpr edi
used to create each split in a nade classification treéBreiman 2001 Strobl et al.

2009. Multiple models, listed below, were run as iterations with data reductions and

omtryo6é ranging for each series from 2 (minin
average mean decrease in accudipA) over 100 iterations is used to calculate and

conpare the loweghisclassificatiorrates. The (MDA) is determined during the-ofit

bag error calculation phase (Breiman 2001).

Variables vere removed from the original twelgequentially, with the least important

variable being removed upon completidreach iteration, to produce a model with the

lowest averageisclassificatiorrate (Gromping 2009, Strobl et al. 2009), by tuning the

Omtry6é6 parameter. Each model run generated 5
various scenarios explored included:r&) depthto anoxia, B) no clay, C) no underwater

ledge or depth to anoxia, D) no geomorphometric description, E) no shoreline

morphometry, F) no clay, underwater ledge, and no depth to anoxia, G) no clay,

underwater ledge, depth to anoxia, and no colbbl@o sculpin, underwater ledge,

geomorphometric description, and no depth to anoxia. Finally, the most important
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predictor variables were used to generate a final model incorporating the top five

predictor variables.

3.7 Variable importance

Variableimportance was assessed using the mean decrease in accuracy (MDA). The

MDA for each variable was determined by normalizing the difference between the
classification accuracy for variable data 6o
variable radomly permuted (Cutler et al. 2007). The higher the value of the mean

decrease in accuracy, the more important the variable is within the classification (Cutler

et al. 2007).

Each variablebs effect on the protpatai | ity of
dependence plot. The partial dependence platsyis a logit function, which is the log

of the odds (probability/-probability). The xaxis is theandependenpredictor variable.

Partial dependence plots illustrate the probabilitsongulda occurrence based on one

predictor variable in the best model after averaging out the effects of all other predictor

variables (Cutler et al. 2007).

3.8 ArcGIS 10.1 nodel

The final model was produced from the Foreshore Inventory and Mapping data as a
vector map in ArcMap10.1. Layers within the FIM that were used included the most

favorabl e habitat ranges of embeddedness, sa
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(known presence) layer. Of these overlapping sites with favorable variables,ttidtal fe

was calculated.
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Chapter 4. Results

4.1 Modeldata reductions

For the model that included all dathe most important variables for predicting

occurrence of RMRM were embeddedness, effective fetct, banlders, and slope

(Figure §. The least important variables for predicting RMRM occurrence were
geomorphometric description, underwater ledge presence/absence within the foreshore,
sculpin presencedpttussp), and depth to anoxia (Figurg. @he latter variables were

then elimirated in a eries of reductiong/hile altering the main RF tuning parameter
omtry6é to establish the most accurate model
This procedure aims to identify the variables that add noise to the amatidiminish

model accurag The variables clay, underwater ledge presence within the foreshore, and
depth to anoxia were eliminated through this procedure. Subseq@emttydel was

produced which included nine variables (see appehéigure A2) with a
misclassificatiorrate 0f10.08%.In both of these models, embeddedness, total fetch,
sand, boulders, and slope were ranked as radsast important respectivelherefore,

the final model for RMRM includes tketop five predictor variable@-igure 7), witha

misclassificatiorrate of 12.75% in the asitivity analysis
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Figure 6. Variable importance plot for the full RF model (including all twelve predictor

variables) of habitat suitability f@e. angulata Themisclassificatiorrate for this tuning

parameter, set at mtry=i3, 11.65%.
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Figure 7. The mean decrease in accuracy (MDA) with the top five predictors in the random forest

with the lowesmisclassificatiorate (12.75%) in the sensitivity analysis (mtry = 2).

4.1.1Stratified random sampling of RMRM

The stratifed random sampling approach was successful in locating ttidéeaal
presence sited®r RMRM. This model, which was based on firedictor variable§Table
2) recommended by expeits.g., Dr. Jon Mageroy, Dr. lan Walker, Dr. Jeff Curtis,
Robert Plotrikoff, and Shelly Miller)for detecting suitable habitat and increasing the

likelihood of finding RMRM(for surveying from JuneAugust 2014), had a
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mi sclassification rate of 70% (i .e., three s
predicted RMRMwhile the remaining seven sites did not appear to have RMRb)€

A2.1). In comparisonthe random forests modeehsa 12.75% misclassification rate.

4.2 Partial dependenceof variables

The substrategrtial dependence plot (Figurgi@dicated thathe likelihood of RMRM

occurrence increased with increasing embeddednesshi | e 61 ow6 embeddedn
negatively correlated with RMRM occurrendéetrend of the marginal effect of

effective fetch on the probability of RMRM presence appears limitingwbel

approximately &m, dependerat 6-12 km, saturatect 12-20 km, and possibly

inhibiting after 20 km with a slight decrease in probability of RMRM occurrenis,

relationship is notlinear.

Increasing percentages of sand indicated increasing prapabiRMRM occurrence
with low sand appearing to limMRMRM. The highest probability of RMRM occurrence
occurred with low boulder presence in the foreshore, the lowest at medium boulder

presence, and increased again at high and very high boulder presence.

An increasing slope was correlated with @asing RMRM occurrence (Figurg &s
slope changed from bench to low inclination, there was a slight decrease in RMRM
probability of occurrence. With an increasing inclination of slope (i.e., from lowép)ste
the probability of RMRM occurrence droppédom steep to very steep Imation there

is little change in probability of RMRM occurrence.
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4.2.1 Partial dependence of variables omitted from the final model

The highest probability of RMRM occurrena@s when there were no cobbles pre¢Eigure

8). The probability of RMRM occurrence decreased as cobble presence increased.

The site morphometry variables included geomorphometric description and shoreline
morphometry(in addition to slope, Figure)8Geomorphometric descriptions of bank (the
land alongside/sloping down to the lake) and bays were the most important land forms, as
well as crag, for RMRM occurrencBays (regative shoreline morphometny-0.45<)

provided habitat for RMRM, with decreagiprobability ofRMRM occurrence at near

zero values (i.e., straight shorelines), and again increasing and highest RMRM probability

of occurrence in points/convexity (larger positive shoreline morphometry).
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Figure 8. Partial dependence plots of theiahles in the random forest models. Plots indicate
probability ofG. angulataoccurrence based on each predictor variable in the best models after
averaging out the effects of all other predictor variables in the model. Embeddedness is an ordinal
variableincludinglow (0-25%), medium (2575),and hi gh (. 75%) <categori
(effective fetch, kmj)s a continuous measui®and is an ordinal variabiecluding none, low (1

20%), medium (2540%), high (4560%), and very high (#Q200%). Boulder is an ordinal

variable including the followingategories of boulder: low {20%), medium (2210%), high (56

60%), and very high (7#80%). Slope is an ordinal variable including categories bench, k&), (0
medium (520), steep (2®0), and very steep (60+). Cobble is an ordinal variable, with

categoies including: none, low (20%), and medium (280%). Shoreline morphometry is the
combination of the angle of fetch off of the
derivative, which includes negative values for bays (concavity) and positivesvar points

(convexity). Geomghometric description includes eigtdtegories (alluvial fan, bank, bay,

beach, breakwater, crag, cuspate foreland, and river mouth). The main tuaimgiea (mtry) is

2, there are ninpredictor variables, and tmisclassificatiorrate is 10.08%.
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Chapter 5. Discussion

5.1 Predicting habitat suitability for at-risk species; importance for management

Habitat suitability models are a common and accurate tool to assist in management of at

risk species (Suzuki el. 2007, Vezza et al. 2012014 Lauria et al. 2015). Statistical

applications are important in determining classification, variable importance, and

assessment of parameters (Suzuki et al. 2007, Strobl et al. 2009). The application of these

models has#d cases of success where populations of rare arsk&pecies have been

located, numbers have been maintained or increased, or by describing and locating niches

and travel corridors (Suzuki et 2007, Vezza et al. 2012014). Current research

focuses on accurate and robust statistical modelling packages, as well as incorporating
variables that will enhance a model 6s predic
habitat suitability studies, recommendations include incorporating biotic and abiotic

interactions to increase model performance (Vezza et al. 2012, Davis et al. 2013).

Unionids are declining worldwide (Bogan 2008, Lydeard et al 2004, Strayer et al. 2004).
This creates a vital need to understand their biological and ecological needstto ass
sound recommendations for constructive conservation approaches. While most unionids
have narrow ranges of habitat parameters in which they can survive, they also have
species specific habitat preferences (Nicklin and Balas 2007, Steuer et aM20i0&nd

Smith 2010). Predicting habitat suitability forrégk species is useful for both

conservation management and analyzing relationships between organisms and the
environment (Guisan and Zimmermann 2000, Guisan et al. 2006, Buechling and

Tobalske 2@1, Humphries et al. 2012).
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5.2 Rocky Mountainridged mussel

RMRM reachests mostnorthern extent in Okanagan Lal&C. RMRM is listed aa
special concer(Species at Risk Act, 20},5declining in numbers throughout most of its
range (Davis et aR013), and is continuously facing habitat modification (Stanton et al.
2012). One main objective of this study was to develop a habitat suitability model to

determine important habitat variables within Okanagan Lake for RMRM.

TheRandomForest classificath package has been used to accomplish this objective, and
a robust RMRM habitat suitability model for Okanagakd.has been developed (Figure
6, 7). Of the complete Okanagan Lake circumferedée2% was surveyed for this
project.Results from this modere similar to other findings with regard to RMRM
habitat and other uniongpbecies with range overlapor example, substrates for mussels
to bury in, such as sand and embedded bou(¥ansnote and Minshall 198&trayer and
Ralley 1991 Bodis ¢ al., 2011 Davis et al. 2013) as well as sufficiergxposure (i.e.,
fetch) (Cyr, 2009)are important predictorf®r unionid distribution in othestudies The
second objective was to use this model to develop recommendations for potential
relocation sites antb predict and to depict where suitable habitat exists in Okanagan
Lake. This product will assist the Ministoy Forests, Lands, and NatuResource
Operations and the Ministry of Environmentionservatioomanagement for RMRM in

Okanagan Lake.

| hypothesized that the RMRM is not distributed at random with respect to habitat in

Okanagan LakeTlhis hypothesis is supported, in that top peaativariables clearly
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provide favorable habitat in determining RMRM distributibpredicted, based on

previous research that this speciesd habitat
presence of boulders and cobbles,-lowderate slope, and highdat While some of the

hypothesized predictors are supported, others are different than expected. Specifically,

high total fetch (seven and a half kilometers or higher) and slope (low and bench) are

supported by this model. Hypotlesghat are not supportétcluded boulder substrate,

where low boulder occurrenead high substrate embeddedness provide suitable habitat.

5.3 Key findings

The most important variables for RMRM, in this model, include high embeddedness
(>75%) as most important, followed bytal fetch (>10° 16 km), increasing sand
(>20%) presence, and lawv very highboulder occurrence (Figurg.&mbeddednegss
substratessand and bouldesubstrate typelsave been highlighted in earlier studies of
RMRM (in the USA)and other unionids (Males et al. 2006, Cyr 2009, Allen and
Vaughn 2009, Bodist al. 2011, Dauvis et al. 2013)it&Sexposure (measured as effective
fetch)alsoaffected unionid behaviour (Cyr 2009). RMRM are generally found in lotic
habitats, where water velocity caasilybe measured (e.g., cm/s) and/or categorized
directly (e.qg., glides, riffles). While embeddedness is often analyzed in unionid stiudies,
surprised expertthat RMRM are better adapted to medium high embeddedness
conditionsin Okanagan LakeéHowever, tiere are very different hydrodynanpooperties
for lotic and lentic habitats. In lotic habitats, water movenseablediner sediments and
organicso movedownstreamgelivering a constant source of food to mussels. In lentic

habitatsthere must beignificant wind and wave actioto transport and load sites with
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organics and fine sedimentdigher embeddedness measures observed in lentic habitats

supporting RMRM, as observed in Okanagan Lake, can atensl foa availability.

Host fish was recommenddy experts as a biotic component to include in this model
(Steuer et al. 2008, Davis et al. 2013), but was surprisingly ranked as one of the least
important variables. However, this is likely because sculpott(issp) are found at

every site, and asish are likely not important in predicting or limiting the distribution of
RMRM in Okanagan Lake. Therefore, | would argue host fish is still one of the most
important biological components for RMRM survivialit is an independeand

saturated variablm this lake systemin addition, model accuracy increased with the

removal of &6éclayd and dunderwater | edgebo.

contribute to aralkaline environmenthereby lowering the risk aicidshell erosio. An
underwatetedgewas thought to provide a suitable anchorage environment and stable
substratesmussels were often observaldng these features, witirganics and fine

sedimentaccumulaing below them (Snook pers. ops

The most accurate model for RMRM habitat swiltty included nine preditor variables
(10.08%;Appendix 2Figure A2. There is a higher percemisclassificatiorwith models
using all twelve predtor variables (11.65%; Figure &nd with only the top five
predictor variables (12.75%;jgure 3. While increasinghe number ofariables can

produce anoreaccuratepredictive modelthe efficiency of collecting and analyzing

fewerexplanatoryariables makeamodel more usefulWhi | e t hi' s studyo6s

approach was designed to highlight importzariables the mussel needs from its

surroundings, focusingplelyon substratéypesis not substantial in its explanation
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(Davis et al. 2013, Strayer 2014). Although there are studies that explain abundance and
distribution of Unionidae species from sulastim properties (Brim Box et al. 2002, Colle
and Callil 2012), additional variables can act as proxies to explain multiple relationships

(Davis et al. 2013).

5.4 Comparison with previous work- RMRM habitat relationships

5.4.1 RMRM relationship with substrate

Experts were surprised by the importance of high embeddedne$8(¥€)of substrates

in this model. It was expected that higjibstrateembeddedness would result in

suffocation of musselshus leading to conditionsnlikely to support RMRM.
Components of fine sediments that make u
organics that decompqs&eatinglow oxygen environments frotmacteria oxidation
reactionsEmbeddedness is often used to assess macroinvertebrate habitar®ylte
Fischenit 2002). Higher embeddedness is associated with a limited area for fish,
macroinverterbrates, and periphyton to live in (Sghd FischenicR002). High
embeddedness is not necessarily where one would expect to see RMRM in river habitats
(Bogan 1993, BrinBox et al. 2002)This is due to the hydrodynamic differences

between river and lake habitats (i.e., the downstream transport of finer materials in a
higher energy environment will reduce embeddednedsre rivers containing RMRM

may have little fine siment accumulation in RMRM vicinitfHowever, a high
embeddedness measagpears to be the optimal habitat within a lake syst#managan

Lake is a well circulated lake (pers. comm. Dr. Curtis), and likelyabaadanbxygen

throughouits littoral bentic environment.
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RMRM have well developed siphons and appear to be positioned mostly buried while not
having filtering functions affected, making them suitable inhabitants of fine sediment and
sand (Vannote and Minshall 1982). High embeddedness, howeasstill suffocate

these filter feeders (Bogan 1993) without a sufficient amount of oxygen deliVéred.
relationship between low {80%) embeddedness and the negative probability of RMRM
occurrence can be explained by the absence of food for the mumstas environment.
Unionid presence with medium or high embeddedness has been suggested to reflect the
increase in organic matter presence (i.e., food availability) or other factors such as
sediment stabilityvhere thedeposition of fine sedimentxcusin low energy

environments (Brim Box et al. 2002).

In accordance with earlier studies, absence of sand indicated zero likelihood of RMRM
occurrence, while increasing sand abundance was correlated positively with the
probability of RMRM presence (Vanreand Minshall 1982). Sand provides a suitable
medium for RMRM to bury in (Vannote and Minshall 1982, COSEWIC 20@%js et

al. 2013,Strayer 2014) and does not inhibit movement. Sand will also allow oxygen
penetration, whereas clay or silt wallow little or nongDr. Walker, professor at UBCO,
pers. comm.). High amounts of sand and medium embeddedness do not appear to
negatively impact RMRM (Snook pers. obs.). In sand and gravel, RMRM have been

recorded to move an astounding 5 cm/hour, vertically (Adled Vaughn 2009).

Low boulder occurrencis the most important category of this variable for RMRM.

Whil e Omedi umbé boul der occurrence predicts

a

there is an increase in predicighOoRMRMI|I decur
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percentages. Consistent with other (riverine) studies, boulders play an important role for
RMRM and other unionid distributionBoulders may provide microhabitats below
them, capturing fine sediments with eddies and currents at their batheeeatnly

supplying dissolved oxygemnutrients, and plankton (Davet al. 2013).

Boulders offer stable substrate and refuge from bed shear stress and scouring (i.e., high
energy water movement) which may remove glochidia, juveniles or adults (Vannote and
Minshall 1982, Strayer and Ralley 1991, Strayer 1993, Layzer and Madison 1995, Cyr
2009, Daraio et al. 2012, Davis et al. 2013, Strayer 2014). In this way, boulders may act
as protection from large fetch influences (i.e., surface and internal waves).ohrea

refuge can then provide stable substrate, and possibly explain some, but not all, of the
6patchinessd observed in mussel | ocations wh
drought (dam drawdowns) or scouring from storm events (Strayer 2014g Siaitrate

was found to be correlated with unionid occurrence in earlier studies (Vannote and
Minshall 1982, Strayer and Ralley 1991, Strayer 1993, Di Maio and Corkum 1995,
Strayer 2014). Although substrate stability was not measured in this studypi ca

inferred from the occurrence of embedded boulders and the increasing probability of

RMRM occurrence in these locations.

Il n Okanagan Lake, the variable category O&éver
boul der & occurrence9).(Sich |l mpdel adcdade sviaéto ne X@I0a
mediumbouldercorrelated with low RMRM probability aiccurrenceHowever, of the

314 sites within Okanagan Lake, only one sit

boul der measur ement . T hi sement. Therefad, iscanbéd ad a 6|
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assumed that this extremely low RMRM presence, coupled with unfavorable sand

availability, was reflected in the final model.

Zero cobble in the foreshore correlates with the highest probability of RMRM occurrence
in this model G. angulatahave been found to inhabit interstitial substrates between
cobbles and boulders in a river study (Vannote and Minshall 1982). An increasing
presence of cobbles may inhibit mussel movement, both vertaradlyalong the lake

bottom A low and nedium percentage of cobble presence can still allow mussel
movement, and possibly provide some refuge from large fetch asWele RMRM is
observed in many sites with cobbles in Okanagan Lake, this model suggests the
embeddedness of this substrate sanel, not the persistence of cobbles in each site, is the

more powerful explanatory variable for RMRM distribution.

5.4.2 RMRM relationship with total (effective) fetch and substrate

Fetch (the distance wind can travel without being impeded by lang)l@aa role in

lakes analogous to water velocities in streams and rivers, where RMRM are generally

found. Very large fetch, however, can result in scouring, bed shear stress, excess

turbulence, and removal of the fine sediments necessary for burying,paisiibly

creating unstable substrate (Hakanson 1977, Cyr 2009). In ad@boideamay

potentially be dislodged as juveniles and/or adultsdmuring events (i.ehjigh fetch

(Cyr 2009 Davisetal. 2003 as wel | as be fcrlues hseuwdl sstcroautr eedd
(Strayer 1999)This may be what is illustrated with effective fetch greater than 16 km

(Figure 8)
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Considering the long and narrow morphometry of Okanagan Lake, winds are able to
travel great distances, making fetch an important variable fleodel such as thiSites
with exposures less than kB are negatively associated with RMRM occurrence.
Probability of occurrencsharplyincreases (notinearly) from 10 km (approximatelyjo

16 km (approximately), thereafter decreasing. As fetcleas®s, this potentially supplies
sites and therefore benthic organisms with food and dissolved organics (Cyr3iGa9)
with exposures greater than & may limit RMRM occurrence-etch creates surface
waves, internal waves, and longshore currents wihetier dissolved oxygen, plankton,
and nutrients to benthos in littoral zones (Cyr 2009). Total fetch is therefore a measure for
the potential energy from wave action, turbulerace] water movement at each site.
Fetch is also responsible for sedimemstribution throughout the lak&rosiontransport
accumulation dynamics of fine sediments result from wind energy and lake bottom
dynamics, where wind direction, wind duration, and wind velocity affect longshore

currents and longshore sediment transpoak@tson 1977).

Wind action interacts differently at sites with different slopes (e.g., bench vs.

slope > 60%), where steeper slopes wil/ have
1977). The i mpamd adlce wsies ipridblRNM edutéece may be

linked to the turbulence arising from total fetch interacting with the need for an

environment where anchorage is accessible (i.e., fine material is present with an optimal

fetch range), food is available, and oxygedelivered to the benthiayer.

The accumulation of fine sediments and organic matter in habitats occur in low energy
locations (Hakanson 1977). An excess of turbulence (e.g., fetch >16 km), in a high

energy site, will result in the scouring and bed shear stress that trarfisygosesdiments
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away from the site, resulting in a low embeddedness measure for that location (Hakanson
1977). However, in this model we see an increase of fetch (to 16 km) correlating with
increasing RMRM occurrence, as well as high embeddedness bemgamaint habitat
parameter. Fetch in excess of 16 km likely causes too much turbaledaehibits

RMRM from establishing in these locatigrmit a fetch range of 106 km will create the
necessary turbulence RMRM need for dissolved oxygen, nutrientepametldedness

around boulders and in deeper sections than the immediate shoreline.

Solely using substrate size is not sufficient to determine mussel distribution (Davis et al.
2013).Hydraulic environments in combination with substrates will provide maleyant
information(Allen and Vaughn 209). Substrate size can be used as a proxyiforh e r e a |
contoshydr aulics and substrate stabilityo (Dav
(i.e., effective fetchand substrate embeddedness biologicalikensense fagxplaining

RMRM distribution since these variables, although correlated, reveal suitable habitat

5.4.3 RMRM relationship with shoreline morphometry

Slope is a site characteristic often measured for unionid studies (Korzeniak et al. 2004,

Davis et al. 2013). Slope is an important determinant of stream velocities, but for lakes it

indicates anchorage possibilitissibstrate stability (Davis et al. 2013nd wave energy

dissipationin the foreshoréi.e., waves interact with the lake bottp(hlakanson 197).

Therefor e, it i s not surprising that a o6benc
characteristic of a site, allowing stable substrate formation and therefore preferable

habitat for RMRM.Increased gradiemhay prevehfavorable anchorag both instream
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and lake foreshore environmsrty increasingerosionand removingand and mud,

which must be present for muséabt holding(Korzeniak et al. 2004, Davis et al. 2013).

Substrateelationshipssuch asheincreasing embeddedss withincreasing probability

of RMRM occurrence, can be explained within the shoreline morphometry relationship
(Brim Box et al. 2002). Convex features (points or cuspates along the foreshore) and
concave features (bays) are correlated with increasing RMRMreoce (Figue 8).

High energy hydrodynamics exist at convex features, with medium and high embedded

substrates existing on the leeward side of these locations.

Similarly, this explanation can be used for bays along the foreshore of Okanagan Lake.

Bays ae more sheltered habitats, gealgrhavingless wave action, and therefore

accumulate finer sediments more readily (i.e., have higher embeddedness, Hakanson

1977) assufficient energy is not available to remove thé&mwer plankton and lower
suspendedutrients are expected in more sheltered areas than cuspates, but the dynamics

of water movement in bays are more suitable for RMRM than straight shorelines. Since

straight shorelines are exposed to all deviation angles of total fetch, maximum shear

stressvould occur here (as with cuspates), and teBgge may be present for RMRM

This is also observed in the partial depende
ranked as the most important feature. The more protected sites, in locations with high

fetch nearby, likely have longshore curreptsitivelyaffecting RMRM success.
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5.4.4 RMRM and host fish in Okanagan Lake

Unionid distribution is passive and generally limited by their host fish movement (Kat
1984). Therefore, host fish movement has ingodrimplications for the distribution of
RMRM. RMRM glochidia have been found to encyst on several species of fish in
Okanagan Lake (Stanton et 2012, Mageroy 2015). However, the prevalence and
intensity of glochidial encystment on the fish suggesdtgbalpin Cottussp) are the

most important hosts for RMRM in the lakedeed sculpin were present at all sites. This
explains whysculpin were nimportant in predicting RMRM habitat preference. From
these data, sculpin are assumed to not be a linfactgr for RMRM success in

Okanagan Lake.

5.4.5 RMRM & other variables not measured

Although other variables may be important at larger scales than Okanagad.ake
comparing variables between lake systemmny of those (e.g., pH, specific
condwctance) were not identified by experts as worthinolusion in a model focusedo
Okanagan Lake. The lake, although large, is mélled; thus most measures of water

chemistry vary relatively little among locations in Okanagan Lake.

Okanagan Lake watehemistrygenerallysuppors RMRM and other unionids.
Okanagan Lake conductivity values reported by BC Ministry of Environment (2013)
support RMRM (i.e., RMRM are distributed throughout the lake at all measured

conductivity values). This is also true temperature, idsolved oxygen, total
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phosphous, total nitrogen values, and other measured water quality variables (BC
Ministry of Environment 2013). The ranges of pH and calcium which Mackie (2010)
reported for Okanagan Lake are within the ranges regtaracionid shell development

and survival (McMahon 1991). These measurements were all taken in the four distinct
basins of Okanagan Lake; the north basin, central basin, south basin, and Armstrong arm

(BC Ministry of Environment 2013).
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Chapter 6. Corclusion

6.1 Management implications

The 2014 stratified random sanmg approach correctly predictéotree RMRM
occurrence (positive) sites in Okanagan Lake, out of the ten predicted (Appédrablel
A2.1). Thesesites are recommended for protecti®&MRM occurrencesites: current
distribution). Additional sites are recommended as potential relocation sitesitgs;
Figure 9) based on the habitabdel. The surveyed sites are additidR&IRM absence

(negative)sites surveyed in the summer of 2014.

Additional sites recommended for protection include 2 new occurrence sites4)l.able
These sites occur on the sowthist side of Okanagan Lake, in Naramata. Two additional
sites were surveyed and considered decent RMRM hé#Sitat# 4 and 222pased on
researchers who have worked with this speGe®ok, UBCO pers. comm., Jerry

Mitchell, MOE pers. comm)One of these sites occurs in Peachland, (FIM objectID 4,
Table4). No mussels were observed here, yet this site appeared to provide decent unionid
habtat. In addition, objectID 222r Bear Creek in Westbank also appeared to provide
suitable unionid habitat. This site has a creek mouth and a variety of fish spexaes

observedSnook, UBCO pers. obs.).
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Table 4. Locations for recommended protectiand relocation d&. angulata.

Site # and UTM

Habitat or RMRM

Effective Fetch

#70 (Naramata) RMRM 13.9 km

11U 308926.00 E

5504822.00 N UTM

#63 (Naramata) RMRM 10.0 km

11U 310434.00 E

5503072.00 N UTM

# 4 (Peachland) low (0-20%) sand 9.7 km
presence, low cobble, low

11U 305112 E 5581 N | Poulder, medium

UTM embeddedness

# 222(Bear Creek, moderate slope, low sand| 8.5 km

Westbank) low boulder occurrence,

11U 319975 E 5533587 N
UTM

medium embeddedness
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Figure 9. Okaragan Lake, B.C., with sites of curréat angulatadistribution,

recommended sites for potential relocation, and sites with. rmmgulatafound (made in

ArcGIS 10.1).
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Recommended sites for protection within Okan
are derived from the 44 sites analyzed to create this model. Effective fetch was calculated

for each site included in the FIM for the whole of Okanagan Lake, with the most

important habitat variables (i.e., low boulder, very high sand, high embeddedness).

The recommended sites for further surveys and possible relocation sites include object

| D6s: 92, 96, (Table A2.2Rgure 9 Sites wahrefflectitededch

exceeding 10 km are further recommended for surveying and predicting sites of RMRM

suitable habitat and RMRM occurrence. Because this model suggests these sites contain

the top four favorable habitat conditions for RMRM, they are more likely to contain

RMRM, and if not, then potentially support future populations of RMRM.

Including andysis of fetch, with the greatest predictability above 10 km, is recommended

for any potential relocation sites within Okanagan Lakedtfiteon to fetch, the next top

threepredictor variables discussed above should be included in the analysis ofnadiditio

potential relocation sites and protected areas for RMRM. Sand must be present according

to this model. High and medium embeddedness values and a boulder presence of low,

high, and very high, RMRBMhabitairhustalsodalpresemdé f or s u
These four variables are the top predictors in this model (Figure 9), and therefore should

be assessed at each site for RMRM habitat suitability. An additeomdyhotentially

useful wvariable is Obenchod s oipagvariablesr appr op
rank lower in importance, and therefore do not necessarily need to be considered for

further RMRM habitat.
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6.2 Limitations

Most studies and locations of RMRM are in lotic habitats (located in riffles and glides in

rivers and streamgGoudreau et al. 1993, Lysne and Clark 2009, Stanton et al. 2012,

Davis et al. 2013). This should be taken into consideration when investigating this

model 6s top predictor vmeplow.litisbkelypatchds t hei r pa
within Okanagan Lakprovide optimal habitat for RMRM. However, optimal habitat for

RMRM may be more common in riverine systems. Long large natural lakes are more

prevalent in B.C. than farther south (Dr. Walker, professor at UBCO, pers. comm.), and

as such, RMRM may not occur many lakes south of the border because of the lack of

longshore currents and effective fetch.

While RF is known to create bias towards highly correlated predictor variables, data
reductions were carried out to eliminate highly correlated predict@bles from the

final model. However, there are some inherent correlations among some of the predictor
variables. For example, large fetch would result in a lack of embeddedness and sand, as
finer materials may be mobilized and deposited elsewhere (Hakag®37).

Embeddedness may include sand. These correlations are unavoidable when comparing

variables at these meso (1fB0mM) and macro (>100m) scales.

Within predictor corelations can beomewhat accounted for using the Mean Decrease in
Accuracy (MDA),which has robust outputs, despite within predictor correlations
(Nicodemus 2011). These correlations are taken into account when explaining these

musselhabitat relationships.
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Additional research into host fish presence and availability was not fefmilhes study.

Di sper sal of RMRM fimay be as critical a | i mi
(Vaughn and Taylor 2000). While host fipresence and population sizan be repressed

by various factors, the loss of host fish can create a cycle wiadrle mussel beds will

grow old and die without successful recruitment and dispersal into areas of perhaps more

suitable habitat (discussed in e.g., Jepsen 204D, Stanton et a2012, Mageroy 2015).

Imperfect knowledge of alb. angulatahost fish peciestheir distributionand t he host 0:
life cycle (i.e., foraging in shallow waters whiBe angulataare spawningjnaylimit the

success of conservation efforts for RMRM in Okanagan Lake. Knowledge of all the

suitable host fish species and their disttion, would likely add a useful component to

the biological aspect of this modelowever, at this time Okanagan Lake appears to be

saturated with a known host fish of RMRKdttussp.) (Snook pers. obs.).

6.3 Future directionskspeculation

A dam(theOkanagan Lak®am)existson Okanagan River, the outlet of Okanagan

Lake If the Okanagan Lakdam is opened, it is unknown how invasive fish will affect
sculpin populations, other host fish of RMRM, and juvenile RMRM in Okanagan Lake.
Smallmouth bassdve recently been discovered in Okanagan Lake (in 2014, Jerry
Mitchell MOE pers. comm.) and these fish could greatly affect RMRM (Dr. Jon Mageroy
UBCO pers. comm.), as these naattive fish are a generalist predator and can survive in
a large range of syats (Beck 2013)The reduction in host fish availability for RMRM

(and any unionid) could greatly reduce the recruitment of this sp&taeddn et al.

2008. Monitoring of invasive species will show if relocation sites are necessary over the
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next decaderawo. From the suryss in 20132014,and 2015host fish availability is

unlikely to be limiting to RMRM proliferation at this point.

Since optimal habitat fd&. angulataappears to include higher values of total fetch,
further research into currentsater velocities, and wave action at each site may be useful
in explaining their current distribution in Okanagan Lake. While currents are too minimal
to capture with current meters in Okanagan Lake, wiigsolution experiments or
calculations may be eful for determining these site characteristics. Preliminary results
from an agenbased model may provide information on future dispersal patterns for
RMRM, asdecisions based upon muskelst interactions and subsequent movements can
be observed on a GiSap.The potential from a model such as this includes future
RMRM distribution based on different environmental scenarios (e.g., warmer water
temperatures and lower lake levéin additional recommendatias to acquire
distributiondatafor RMRM from a (or many) paleoecological studyhis may help
determine if this species is shrinking in its distribution, or in fact a more recent

immigrant.

Replacement of the RandomForest statistical package with the Party package is
recommended when correlated préolicvariables are present (Strobl et al. 2009). A
model produced with Party will have more confidence, as its approach produces unbiased

outputs.

The transferability of habitat suitability models (i.e., the applicability of species
predictive models in aifferent area) has been tested in many studies, with varying

success (Randin et al. 2006, Strauss and Biedermann 2007, Acevedo et al. 2014, Lauria et
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al. 2015). The concept of transferring habitat suitability models to different regions for
conservation athmanagement reasons is still debated in the scientific community (Lauria
et al. 2015). Generally, a case study such as this RMRM model is static in space and time
(e.g., is built on data specific to a certain location) and may not have the ability tmiacco
for species distribution in another time or place (Guisan and Zimmerman 2000, Bulluck
et al. 2006, Lauria et al. 201Blthough asuccessful methodological approach to
generalization of a model for transference to a new location (or time) can bdrfound
Acevedo et al. (2014)hereare likely minimalinstances where RMRMccur inlong and
deep lakes were this model can be appli@e., this model is spatially explicit)

However the central importance of this moaelmes fronunderstanding thiole of

wind energyin sedimensizedistribution substrate embeddedness, and transportation
oxygen and foodor RMRM (e.g., Westerbom and Jattu 20@allaghan et al. 2015

This knowledgecan be transferred to other lake systeamsl potentially to othenussel
speciesto give a deeper understanding of the mechanisms shRpIRM habitat and

dispersal.
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Appendix 1. Additional experiments

A.1 Water movement experiment

The rate of dissolution of a soluble substance, NaCl, was sseg@graxy measurement
for water movement. Faster dissolution is expected where water movement is high. Salt
licks (animal grade, 96-96.0% NaCl), were cut into salt tiles¢b x 3cm X

1 cm), and were epoxied around all surfaces except for the 5cm xopcsurface (Figure

A1l). A glass fiber filter paper was epoxied to this top surface around the edges. Each
tileds weight was recorded at this step.
at each site with the aid of a polyethylene tube gluedamform a sleeve to ensure the

tile would remain in the same position and location. The tiles were left in the water for 4

13 days, depending on when researchers could return to each site.

After retrieval of these tiles, each one was heated in anavEdD°C for an hour to

remove any carbonaceous particles (e.g., algae). Erosion (%/day or mg/day) was used as
a proxy for estimating relative water movement at eachBabl¢ Al.1 advice from Jeff
Curtis). Although | am unaware of other studies whida€l tiles have been used for this
purpose, gypsurdissolution has be used elsewhere, in the same way, as an indicator of
masstransfer within aquatic systems (Porter et al. 2000). These results were not used in

this model due to the minimal numbers ofaeered intact tiles.
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Figure Al. Epoxiedsalt tile with sleeve attached to rebar stake.

Table Al.1 Results of water movement experiment for intact current meters.
%weight lost/

Object ID | RMRM | pre-weight post-weight | weight lost (g) | day
142 | no 29.753 5.964 23.789 4.009
160 | no 31.746 6.627 25.119 4.175
201 [ no 31.074 6.136 24.939 3.949
173 | no 27.268 6.072 21.196 4.453
312 | no 34.127 6.272 27.855 3.676
70| yes 33.698 6.468 27.230 3.839
63 | yes 30.541 6.177 24.365 4.045
62 | no 32.937 6.206 26.731 3.768
59| no 30.983 6.032 24.951 3.894
28 | yes 34.309 5.933 28.376 3.459
222 | no 28.724 6.044 22.680 1.619
25| yes 31.480 5.948 25.532 3.779
24 | yes 25.994 5.571 20.423 4.286
39 | yes 34.806 6.175 28.631 3.548
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Appendix 2. Additional data collection

Water chemistrglatawerecollected during the first field season throughout Okanagan
Lake, as well as Okanagan River, Skaha Lake, Osoyoos Lake, and Vaseux Lake. These
measurerants included conductivity, pH, temperature, and salinity. Vegetation data (%
cover by species, % cover by total vegetation and large woody debris), fish species, and
other freshwater mussel species were also noted. A total of 75 sites were visited and
suiveyed in 2013 (Snook 2@} These findings were not included in the model for
Okanagan Lake, as these original surveys were conducted throughout the Okanagan

Basin and not measured while collecting data for the model.

Variable Importance for FIM_rf

Embeddedne °
Sand_ord L
Total_Fetch L
Boulder_ord ®
Slope L
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Shore_morph L
Geomorph_desc ®
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Figure A2. Variable importancelpt with ninepredictor variables, after reductions, to

construct the habitat suitability model 18t angulata Eliminated variables include:
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6Clayé, 6Underw | edged (underwater | edge),

misclassificatiorrate forthis model is 10.08%, and mtry = 2.

Table A2.1 Sitesgeneratedor this project based off of weak and strong predictors for
RMRM occurrence in a stratified random sampling procedoled sites were

correctly predicted RMRM occurrence locations.

Variable | Embeddedness | Slope Cobble Sand Boulder
Weak 164 4 115 142 201
180 222 139 173 259
Strong | 63* 101 62 89 74
70 266* 146 59 312
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