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ABSTRACT

Loss of connectivity among populations and inteosxst with nonnative species
can negatively influence abundance of bull tf®atvelinus confluentusConnectivity
among bull trout populations and trophic relatidgpstamong native and nonnative fishes
in Glacier National Park (GNP), Montana, were exsedi Competition between
juvenile ( 80 mm) bull trout and lake tro&. namaycusfor cover habitat was examined
in a laboratory environment.

Connectivity among bull trout populations was inéer from genetic data.
Barriers (i.e., waterfalls 1.8 m) reduced genetic diversity and increaseefien
differentiation among populations. Genetic diffgration was positively related to the
length of tributary stream sections between popauiatand populations within the same
drainage were more similar than populations inedéht drainages.

Competition between bull trout and nonnative laket for prey is a potential
mechanism for declines in bull trout abundanceblgtisotopes analyses were used to
examine trophic relationships among fishes in Gakkes. Bull trout and lake trout were
top-level predators among laket°(N analysis), lake trout occupied a higher trophic
position than bull troutd®>N analysis), and bull trout and lake trout likeled different
foraging habitats ¢°C analysis). These data do not support the piedithat these
species are complete competitors for prey resouncéP.

Cover habitat protects fish from predators andimpeted for if limiting. Habitat
use by juvenile bull trout and lake trout was exkpentally evaluated. Bull trout and
lake trout differed in habitat use. Lake troutiaea bottom habitat, bull trout avoided
water column habitat when lake trout were presamd, neither species selected cover
habitat. The hypothesis that bull trout and laketcompete for cover habitat was not
supported.

The landscape in GNP allows connectivity among tsalit populations that are
not isolated by barriers and one-way dispersal waggrfalls is likely. This connectivity
allows dispersal and colonization by nonnativedsinto GNP lakes. Bull trout and
nonnative lake trout are not complete competitorgpfey resources in GNP or cover
habitat; however, future studies should examinghti@shifts by these species associated
with prey limitation and diel variability in habitase by these species.
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CHAPTER 1

INTRODUCTION

Background Information

Bull trout Salvelinus confluentus a species of char endemic to western North
America. Bull trout are distributed west of then@inental Divide and from northern
California and Nevada northward to the southeasteatdwaters of the Yukon system.
The primary distribution of bull trout is east dktCascade mountain range, including
most of Oregon (from the Willamette system eas@skhgton, inter-mountain Idaho
and Montana, and British Columbia. Additionallgnge coastal populations exist in
Washington and British Columbia, and some popufatiof bull trout exist east of the
Continental Divide in northern Montana and Alberfscross their distribution, bull trout
can be divided into three major groups consistiin) @oastal populations, 2) Snake
River populations, and 3) upper Columbia River papons (Spruell et al. 2003).
Within these groups, bull trout populations arepftlisjunct and the abundance of bull
trout within many populations is sufficiently low have a high probability of extinction
(Rieman and Allendorf 2001). However, dispersal gane flow among local
populations likely occurs (e.g., Costello et al020Whitely et al. 2006). Dispersal and
gene flow among local populations may decreasembigability of local extinctions
through rescue effects (Brown and Kodric-Brown 0)98durce-sink dynamics (Pulliam
1988), and metapopulation processes (Hanski anteslioif 1997; Rieman and

Mcintyre 1993), and Rieman and Allendorf (2001) d&aauggested that resource
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managers should strive to maintain natural conmggtamong local populations of bull
trout where those local populations are small (&d.00 spawning individuals).

Bull trout are coldwater fish that are generallyfoed to waters that do not
exceed 15° C for extended periods of time (McP&ad Baxter 1996; Selong et al.
2001). Bull trout exhibit fluvial (e.g., Mogen akeding 2005), fluvial-adfluvial (e.qg.,
Mogen and Kaeding 2005), lacustrine-adfluvial (efgaley and Shepard 1989),
allacustrine (e.g., DuPont et al. 2007), and armadies (e.g., Brenkman and Corbett
2005) life-history strategies. Regardless of history strategy, bull trout generally
spawn in the autumn in low gradient streams with \ater velocity and gravel substrate
(McPhail and Baxter 1996), and at stream tempezatitom 5 to 9° C (McPhail and
Baxter 1996). Bull trout eggs hatch at about 34W{Celsius Temperature Units;
Weaver and White 1988 Fraley and Shepard 1989), survival to hatch istgs at
temperatures from 2 to 4° C (McPhail and Murray9)9@nd emergence of bull trout fry
in the Flathead River system, Montana, occurredit®@0 days after egg deposition
(Fraley and Shepard 1989).

After emergence, bull trout fry are most abundargide-channels and pools and
may be associated with submerged cover (McPhaiBaxder 1996). Bull trout fry and
juveniles are generally associated with overheagcand stream substrate, but habitat
use can be variable both daily and seasonally (MitRhd Baxter 1996; Baxter and
McPhail 1997; Thurow 1997; Polacek and James 2AB8hokhachy and Budy 2007).
Juvenile bull trout are generally believed to reastreams from about age 0 to age 4

regardless of life-history strategy (see Pratt 1f8@2eview). However, bull trout in



3
MacKenzie Creek, British Columbia, migrate downatneas fry (age 0) and juveniles
(age 1 and age 2) into Upper Arrow Lake (McPhail Bturray 1979), and greater
numbers of age-0 bull trout migrate downstreamakd _Pend Oreille, Idaho, from
spawning and rearing areas in Trestle Creek thaer atge groups (Downs et al. 2006).

Bull trout become piscivorous when they reach 1080 mm (McPhail and
Baxter 1996; Beauchamp and Van Tassell 2001), ahdrbut are often top-level
predators in lacustrine environments (Leathe arah@&n 1982; Donald and Alger 1993;
Dalbey et al. 1998; Vidergar 2000; Clarke et aD®20 However, exceptions to piscivory
may occur in systems that contain no other fisltigige For example, bull trout
populations can subsist on aquatic invertebratesri®l 1985; Donald and Alger 1993;
McPhail and Baxter 1996; Wilhelm et al. 1999).

Although bull trout are widely distributed throughaorthwestern North
America and exhibit a variety of life-history segtes, which may allow them to persist
in a variety of habitat types and under variabiremmental conditions (Rieman and
Mcintyre 1993), bull trout populations have expeded local extirpations (Rieman and
Mclintyre 1993) and declining trends in abundandd wime (Rieman and Mcintyre
1993; Fredenberg 2002). Declining trends in bolit abundance have prompted
increased interest in this species since the BIO4, and bull trout were listed as a
threatened species under the US Endangered Spexties1998. Loss of connectivity
among local populations and the introduction ofmadive species have often been
implicated in the declining trends in bull troutusdolance (e.g., Donald and Alger 1993;

Rieman and Mcintyre 1993; Rieman and Allendorf 20&&denberg 2002).
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Within Glacier National Park (GNP), Montana, wektie Continental Divide,
lacustrine-adfluvial bull trout populations (hereafreferred to as bull trout) can be
negatively influenced by habitat fragmentation andsion by nonnative fishes. Bull
trout in GNP occupy a network of interconnectecekakFigure 1.1). The stream network
connecting these lakes has not been fragmentettuntiges such as dams or culverts in
the past, most likely a result of the protectetustaf GNP. Consequently, there is
potential for dispersal by bull trout among manyhaf lakes in GNP, and dispersal and
gene flow among local populations may increasetbbability of persistence of bull
trout (Rieman and Allendorf 2001). However, futactivities aimed at mitigating the
potential threats associated with invasion andraa&dion by nonnative fishes may result
in fragmentation of dispersal corridors. For ex@mnponstruction of a gabion-basket
rock weir was begun in 2004 downstream of Middle@uLake. This structure was
intended to act as a barrier to upstream dispefsannative fishes into Middle Quartz
Lake, Quartz Lake, and Cerulean Lake; however,tooctson was terminated prior to
completion once the presence of nonnative lakd tsag documented in Quartz Lake in
2005 (W. A. Fredenberg, US Fish and Wildlife Segyigersonal communication).
Nevertheless, the future construction of dispdraaliers in GNP to decrease the
probability of invasion by nonnative fishes has beén ruled out (C. C. Downs, US
National Park Service, personal communication).

Few guantitative studies have assessed the fisasoyrces in GNP; however,
general information regarding fish distribution amdel-census data have been

synthesized periodically (Schultz 1941; Morton 1868968b, 1968c). Nonnative fishes
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Figure 1.1 — Sixteen interconnected lakes in Giddational Park, Montana, west of the
Continental Divide, known to be occupied by lacastradfluvial bull trout. These lakes
are connected through a stream network consisfitigedNorth Fork Flathead River,
Middle Fork Flathead River, and tributary streanitie western boundary of Glacier
National Park is delineated by the North Fork Feath River and the Middle Fork
Flathead River. From north to south; UK = Uppeantka Lake, KI = Kintla Lake, AK =
Akokala Lake, BO = Bowman Lake, CE = Cerulean LaB¥, = Quartz Lake, MQ =
Middle Quartz Lake, LQ = Lower Quartz Lake, LO =dging Lake, AR = Arrow Lake,
TR = Trout Lake, MC = Lake McDonald, LI = Lincolrake, HA = Harrison Lake, IS =

Lake Isabel, Ul = Upper Lake Isabel.
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have been introduced into GNP lakes (see Schu#tz;1dorton 1968a, 1968b, 1968c;
Fredenberg 2002; Meeuwig et &l.pres$ and other areas in the Flathead Drainage (see
Spencer 1991). Of the nonnative species curréntbyvn to occupy lakes in GNP, brook
trout S. fontinalisand lake trous. namaycushave the potential to most dramatically
affect the persistence of bull trout populatiok/bridization between bull trout and
brook trout can occur (Leary et al. 1993; Kandale2002). However, Rieman and
Mcintyre (1993) suggest that migratory bull troetq;, lacustrine-adfluvial) may be less
susceptible to hybridization with brook trout th@amn-migratory bull trout because
migratory bull trout attain large sizes and pogitassortative mating may decrease the
potential for hybridization between migratory bbut and smaller brook trout.

Nonnative lake trout have been implicated in theide of bull trout in lakes in
Canada (Donald and Alger 1993) and the US (Fredgr2@2; Martinez et ain
review). Gill-net surveys were conducted in the fougést lakes west of the Continental
Divide in GNP (Kintla Lake, Bowman Lake, Loggingkeg and Lake McDonald) by US
National Park Service staff in 1969 and by the Wsh and Wildlife Service in 1977.
These lakes were surveyed in 2000 by the US Fidhdtdlife Service, and attempts
were made to mimic previous survey methodologiesdénberg 2002). These lakes
were surveyed again in 2005 using similar methodsitveys conducted in 2000 to add
to the current data set and to provide data reteweatime development of a management
document for bull trout resources in GNP (Fredeglatral. 2007; Meeuwig and Guy
2007; Meeuwig et aln press Chapter 2 this dissertation). The ratio of lakit to bull

trout has generally increased over the last 40syi@athese four lakes (Figure 1.2;
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Fredenberg 2002; Meeuwig and Guy 2007; Meeuwid. & @res3. Additionally, lake
trout catch per unit effort was greater than thdiwdl trout in these lakes in 2000 and
2005 (Figure 1.3). The presence and abundan@kefttout in lakes outside their
historic range within GNP is of concern to regiofistheries managers (Fredenberg
2002); in addition to the four lakes discussed a&btake trout have been documented in

Quartz Lake, Lower Quartz Lake, Rogers Lake, andistan Lake (Meeuwig and Guy
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Figure 1.2 — Number of bull trout and lake troutgded during gill-net surveys
conducted in 1969, 1977, 2000, and 2005 in Kindkd, Bowman Lake, Logging Lake,
and Lake McDonald, Glacier National Park, Montaiata for 1969, 1977, and 2000
from Fredenberg (2002). See Chapter 2 (this destsen) for 2005 data.
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Figure 1.3 — Bull trout and lake trout catch peit effort (mean fish per netehour +
standard error) from gill-net surveys conducte@000 and 2005 in Kintla Lake,
Bowman Lake, Logging Lake, and Lake McDonald, GladNational Park, Montana.
Data from 2000 provided by W. Fredenberg (US Fisth Wildlife Service, Creston Fish
and Wildlife Center). See Chapter 2 (this dissentd for 2005 data.

2007; Meeuwig et aln press Chapter 2 this dissertation). The continued s of
GNP lakes by lake trout may only be limited by finesence of natural barriers to

upstream fish dispersal (e.g., waterfalls; Meeuetigl.in pres$ under current

conditions.

Overview of Dissertation

This dissertation examines two of the topics mostmonly cited as relevant to
conservation of bull trout populations: connectivamong local populations (see Rieman
and Mcintyre 1993; Rieman and Mcintyre 1995; Dunteaard Rieman 1999; Rieman and
Dunham 2000; Rieman and Allendorf 2001; Nelson.2@02) and interactions with

nonnative species (see Donald and Alger 1993; Leaay. 1993; Rieman and Mclintyre
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1993; Fredenberg 2002; Martinez etialreview). The research presented here focused
on lacustrine-adfluvial populations of bull trontGNP, west of the Continental Divide.
This study system provides a unique area in whoagtxamine both connectivity of bull
trout populations and interactions between bullttieind a nonnative species. The
protection afforded GNP under the National Park/f8erOrganic Act of 1916 has
resulted in a relatively unaltered landscape in GNIRis landscape can provide insight
into patterns of connectivity among bull trout ptations in the absence of many
anthropogenic perturbations such as dams and tsitbet may fragment corridors that
maintain connectivity among populations. Unfortiehg these same corridors are also
pathways for invasion by nonnative species, sudhlastrout, into GNP lakes from
outside sources where they have been intentiomatlyduced (see Spencer et al. 1991,
Martinez et al. in review). Some lake trout invddiakes in GNP have exhibited an
increase in the ratio of lake trout to bull trobtgure 1.2). This type of trend is indicative
of interspecific competition (Ricklefs 1990), andrald and Alger (1993) suggested that
competition between these species for limited pespurces may occur. However,
competition between these species may occur fterdiit resources and at different
ontogenetic stages.

Chapter 2 provides a brief description of the stadga in GNP, the methods used
to sample fishes in 16 lakes in GNP, and an overakthe diversity and abundance of
fish species present within the study area. Tlagenmal has been separated out because it
is redundant for later chapters (i.e., Chaptersd4; additional methods specific to

those chapters will be presented where appropriate.
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Chapter 3 examines abiotic factors associated eatimectivity among bull trout
populations in GNP. Specifically, connectivityinderred from measurements of genetic
diversity and genetic differentiation among butit populations. These measurements
are influenced by ecological processes such aslatoguisolation, dispersal, and gene
flow (Wright 1965; Frankham et al. 2002; HedriclO2). The relationship between
landscape characteristics in GNP and patternsradtgediversity and genetic
differentiation among bull trout populations areeMned to elucidate what factors
influence dispersal and gene flow in this systekdditionally, statistical models were
developed to examine different conceptual framewdok addressing topics associated
with isolation by distance (Wright 1943, 1946) dhd influence of dispersal barriers on
genetic differentiation between bull trout popwas occupying a heterogeneous
landscape.

Chapters 4 and 5 examine biotic interactions batviredl trout and lake trout in
an attempt to elucidate potential competitive imt&ions between these species.
Specifically, Chapter 4 examines trophic relatiopstamong bull trout, lake trout, and
other fishes present in seven lakes in GNP. Stabtepe methods were used to examine
relative trophic positions of fish species withiNB and trophic similarities between bull
trout and lake trout. Chapter 4 was based on Imgsets put forth by Donald and Alger
(1993) suggesting that competitive interactionsvieen bull trout and lake trout for prey
resources may be a causal mechanism for declifadlitrout populations following the

establishment of lake trout.
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Chapter 5 examines interactions between juvenge & 80 mm) bull trout and
lake trout for cover habitat in a laboratory enaimeent. Cover habitat conceals fish from
predators and competitors (Orth and White 1999),cmver habitat is a resource that is
often defended or competed for through agonistiab®r (Moyle and Cech 1996).
Exclusion from cover habitat through competitiveenactions has the potential to expose
weaker competitors to predators or restrict poooenpetitors to less productive habitats.
Experiments performed in this chapter were baseobservational data indicating that
bull trout may migrate into GNP lakes as early@es @, and on recent research showing
that greater numbers of age-0 bull trout migratermgiream to Lake Pend Oreille, Idaho,
from spawning and rearing areas in Trestle Creak tther age groups (Downs et al.
2006).

Chapter 6 provides a synthesis of conclusions difesyn research conducted for
this dissertation. Conclusions are integrate@ims of bull trout ecology and

conservation. Additionally, future research dir@e$ are suggested.
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CHAPTER 2

STUDY AREA, FISH SAMPLING METHODS, AND FISH

SPECIES ASSEMBLAGES

Study Area

Lakes within Glacier National Park (GNP), locatadhorthwestern Montana (Fig.
2.1), represent portions of three major drainatiessColumbia River Basin (west of the
Continental Divide), the Hudson Bay Drainage (@she Continental Divide in the
northern portion of GNP), and the Missouri Riveabage (east of the Continental
Divide in the southern portion of GNP). Reseanttliis dissertation was conducted in
16 lakes within GNP west of the Continental Dividdaich are part of the North Fork
Flathead (US Geological Survey Cataloging Unit010206) and Middle Fork Flathead
(US Geological Survey Cataloging Unit: 1701020&tevsheds (US Environmental
Protection Agency 2006). Lakes within GNP can gelhebe classified as cirque and
moraine lakes (Gallagher 1999). These glacialdaley in morphometry and elevation
(Table 2.1), and are fed by headwater streamsnattigig from glaciers and snowfields.
There are 10 native fish species known to occupyNibrth Fork Flathead and Middle
Fork Flathead watersheds, but at least 17 addltfsiaspecies have been introduced or
are now known to inhabit portions of these watedsh&pencer et al. 1991). The study
lakes represent the known distribution of lacustadfluvial bull troutSalvelinus
confluentusn GNP west of the Continental Divide, with thecegtion of Rogers Lake in

which one bull trout was sampled in 2005 (Meeuwtiglgn press.
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Figure 2.1 — Sixteen lakes in Glacier National Pdt&ntana, where gill-net,
electrofishing, and hook-and-line surveys were cateldd. The western boundary of
Glacier National Park is delineated by the NorthkHelathead River and the Middle
Fork Flathead River. From North to south; UK =gdpKintla Lake, Kl = Kintla Lake,
AK = Akokala Lake, BO = Bowman Lake, CE = Ceruldaake, QU = Quartz Lake, MQ
= Middle Quartz Lake, LQ = Lower Quartz Lake, LQ.egging Lake, AR = Arrow
Lake, TR = Trout Lake, MC = Lake McDonald, LI = lcoin Lake, HA = Harrison Lak

IS = Lake Isabel, Ul = Upper Lake Isabel.
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Table 2.1 — Depth, surface area, length, and etevaf 16 lakes in Glacier National
Park, Montana, where gitlet, electrofishing, and hook and line surveys veereducted
Lakes sorted by geographic location (north to spubo depth data were available for
Upper Lake Isabel. Data reproduced from Meeuwij@ny (2007) and Meeuwig et al.

(in press.

Lake Depth (m)  Surface area (ha) Length (km) Elevat
Upper Kintla Lake 55.8 189.5 3.7 1332
Kintla Lake 118.9 694.1 6.8 1222
Akokala Lake 6.9 9.5 0.7 1443
Bowman Lake 77.1 697.5 10.5 1228
Cerulean Lake 35.9 20.3 0.7 1423
Quartz Lake 83.2 351.8 4.8 1346
Middle Quartz Lake 12.5 19.0 0.7 1340
Lower Quartz Lake 18.9 67.5 2.0 1277
Logging Lake 60.4 450.6 7.9 1161
Arrow Lake 16.5 23.9 0.8 1241
Trout Lake 49.8 87.4 2.8 1190
Lake McDonald 141.4 2780.9 15.2 961
Lincoln Lake 22.7 13.9 0.7 1401
Harrison Lake 41.1 162.6 2.3 1126
Lake Isabel 16.0 18.3 0.6 1742
Upper Lake Isabel 5.31 0.3 1826

Fish Sampling Methods

Gill-net surveys were conducted during the summe2004, 2005, and 2006 in
15 lakes within GNP (Table 2.2). Gill-net surveysre conducted during two years in
Quartz Lake and Lower Quartz Lake. Gill-net sussexere not conducted in Upper
Lake Isabel due to logistical constraints. Surwsgse conducted with sinking
experimental gill nets that were 38-m long and #ewp, and constructed of
multifilament nylon with five panels; 19-, 25-, 338-, and 51-mm bar mesh. Gill nets
were configured as either a single 38-m net or @suble net (two 38-m nets tied end-to-

end such that the 51-mm bar mesh panel of one a=tied to the 19-mm bar mesh panel
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of the second net). The number of gill nets usated among lakes (Table 2.2)

according to time constraints and scientific cdlat permit requirements; the collection

permit allowed lethal sampling of up to 10 bulldteer lake. Gill nets were set

perpendicular to the lake shoreline with one enthared near the shore. Gill nets were

set from a float tube, canoe, or motorboat dependmaccessibility and lake-specific

boating regulations. Gill nets were set duringl#te afternoon and evening, allowed to

soak overnight, and pulled the following morningjimming at sunrise. Gill-net soak

time and depth varied among lakes (Table 2.2) lmratiseasonality (i.e., day length in

Table 2.2 — Lake, month and year sampled, numbaeitlofets (), gill net configuration
(single = 38-m; double = 76-m), gill net soak ti(neean + standard deviation), and gill
net depth (mean + standard deviation) at the reaesand offshore ends of the gill nets
for lakes sampled in Glacier National Park, Montahakes sorted by geographic

location (north to south).

Month and Depth (m)

Lake year sampledN Configuration Soak time (h)Near shore Offshore

Upper Kintla ~ July 2005 4 Single 9.0+98.008+ 08183+ 54
Kintla Aug. 2005 10 Double 13.0+1.8 21+ 1Z%.4+152
Akokala July 2004 7 Single 94+£02 18%x 045+ 1.7
Bowman Aug. 2005 10 Double 141+£16 32+ BF4+ 99
Cerulean July 2004 4 Single 90+£11 05 AB8zx 6.1
Quartz Sep. 2005 6 Single 178+14 21+ 148+ 4.7
Quartz June 2006 2 Double 8.8+0.04.7+ 35142+ 54
Middle Quartz Aug. 2005 6 Single 115£02 44+ 2B7%x 1.0
Lower Quartz  Aug. 2005 8 Single 128+2.0 3.3 135+ 5.0
Lower Quartz  June 2006 4 Single 150+£01 424 66+ 14
Logging Aug. 2005 10 Double 122+17 27+ 205+12.0
Arrow June 2004 8 Single 93+£0.2 1.2+ QAD.7+ 3.9
Trout July 2005 4 Single 126+12 15+ 0123+ 2.7
McDonald Sep. 2005 10 Double 16.1+04 12.1+18M43+14.3
Lincoln Aug. 2004 12 Single 108+0.7 1.8+ 11P.3+ 55
Harrison Aug. 2005 10 Single 124+£09 50+ 189+ 64
Isabel Sep. 2004 3 Single 172+19 26+ 0&9+ 1.0

aStandard deviation value less than 0.05
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relation to different sampling dates), lake morpletm (i.e., surface area, maximum
length, maximum width), and lake accessibility.

Fish sampled during gill-net surveys were anesthdtin 30 mg/L of clove oll
(Prince and Powell 2000), identified to speciedhjie exception ofottid spp.),
measured for length (total length; mm) and weigkdt(weight; g), enumerated, and
returned to the lake. A minimum of 100 individualsre measured when greater than
100 individuals of a given species were sampletliwia lake. Two species of sculpins
are known to occur within the study area (mottleal@n Cottusbairdi and slimy sculpin
Cottuscognatus Holton and Johnson 2003). Accurate identifiaatid these species
requires laboratory examination (Eddy and Unded$lif8); therefore, sculpins were only
identified to genera. Westslope cutthroat ttOatorhynchus clarkii lewisiere
historically the only native member of the geuscorhynchugpresent in the study area
(Liknes and Graham 1988); however, rainbow t©umykissand Yellowstone cutthroat
trout O. c. bouvierihave been introduced to areas of the Flatheadh&gairesulting in
hybridization and introgression with native wespgautthroat trout (Hitt et al. 2003,
Boyer et al. 2008). Field identification of hyb@dd westslope cutthroat trout based on
morphological and meristic characteristics alongrablematic (Gyllensten et al. 1985,
Leary et al. 1987); therefore, cutthroat trout weoe identified based on hybrid status or
to subspecies.

Bull trout and lake trou§. namaycushbatch per unit effort (i.e., relative
abundance) was calculated for each gill net seglgras:

N
netconfiguraton  soak time

Catchperunit effort =
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whereN is the number of fish sampled, net configurat® (one 38-m gill net) or 2
(two 38-m gill nets tied end-to-end and set asrmt®, and soak time is the number of
hours that the net was set. Mean catch per uittefas calculated for bull trout and
lake trout by lake and year (if sampled more thaa gear).

Electrofishing surveys were conducted in the sursr&f2004, 2005, and 2006 at
sites located in wadeable portions of the litta@ie of 14 lakes within GNP (Table 2.3).
Electrofishing surveys were conducted during twargen Kintla Lake and Bowman
Lake. Electrofishing surveys were not conducte@énulean Lake and Upper Lake
Isabel due to logistical constraints associated e remote locations of these lakes.
Electrofishing sites were selected based on theepiee of large substrates (i.e., cobble
and boulder; Bain 1999), which was considered rikedy to provide fish cover.
Electrofishing sites were open to movement (i.lclonets were not used), 100 m in
length, and approximately 3-m wide, and the nunatbeites varied among lakes (Table
2.3); two sites were surveyed in Arrow Lake wittesengths of 106 and 173 m. Sites
were sampled using a backpack electrofishing mmitdel LR-24 Electrofisher, Smith-
Root, Inc., Vancouver, Washington) using a singlesp The LR-24 Quick Setup option
was used to produce a 30-Hz, 12% duty cycle at 2BeWer output with the exception
of Arrow Lake where a 10% duty cycle was used. pOuvoltage was increased if fish
were not exhibiting galvanotaxis, and output vatagried from 296 + 17 V (mean *
standard deviation) to 810 £ 0 V among lakes (T2#8¢. Electrofishing time varied
among sites (Table 2.3) based on the number oféstpled and habitat complexity.

Fish sampled during electrofishing surveys werestimetized in 30 mg/L of clove oll
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Table 2.3 — Lake, month and year sampled, numb&0@fm electrofishing site§\},

electrofisher voltage setting (mean + standardad®n), and electrofishing timengan 4
standard deviation) for lakes sampled in Glacietiovial Park, Montana. Lakes sorted
by geographic location (north to south).

Month and

Lake year sampled N Voltage Electrofishing time (min)
Upper Kintla July 2005 6 545 + 10 17.7+£ 3.5
Kintla June 2005 6 420+ O 31.0+6.7
Kintla June 2006 3 310+ O 254+ 3.7
Akokala July 2004 4 547 £ 78 196 +5.1
Bowman June 2005 6 392 £ 21 23.2+6.7
Bowman June 2006 4 296 + 17 22347
Quartz June 2006 6 397 + 40 184+ 25
Middle Quartz Aug. 2005 6 567 £ 26 107+ 24
Lower Quartz Aug. 2005 6 550+ O 154+43
Logging Aug. 2005 6 600+ O 15.1+4.0
Arrow June 2004 2 800+ O 23.0+ 8.8
Trout July 2005 6 467 + 26 13.7+1.7
McDonald June 2006 5 327 +11 20.3+3.8
Lincoln Aug. 2004 4 685+ 0 151+2.2
Harrison Aug. 2005 3 500+ O 13.2+2.2
Isabel Sep. 2004 2 785 + 35 18.0+ 8.9

PElectrofishing sites for Arrow Lake were 106 an®1i in length.

(Prince and Powell 2000), identified to speciesasueed for length (total length; mm)

and weight (wet weight; g), enumerated, and retitnehe lake (as above).

Hook-and-line surveys were conducted opportuniyica an effort to increase

sample sizes of target species (i.e., bull trodtlake trout) for genetic and stable isotope

analyses. Hook-and-line surveys were the only $ampechnique used in Upper Lake

Isabel. Fish sampled during hook-and-line surwegee anesthetized in 30 mg/L of

clove oil (Prince and Powell 2000), identified fmesies, measured for length (total

length; mm) and weight (wet weight; g), enumerated] returned to the lake (as above).

Hook-and-line surveys resulted in bull trout sareglem Upper Kintla LakeN = 9),
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Kintla Lake (N = 2), Akokala LakeN = 3), Cerulean LakeN(= 14), Quartz LakeN =
5), Lower Quartz LakeN = 1), Arrow Lake N = 7), Trout Lakel = 3), and Upper Lake
Isabel N = 7). Hook and line surveys resulted in lake tisamples from Kintla LakeN
= 2), Quartz LakeN = 3), Lower Quartz Lakd\(= 1), Logging LakeN = 2), and

Harrison Lake Nl = 1).

Fish Species Assemblages

Ten native and four nonnative fish species werepdatramong 16 lakes during
gill-net, electrofishing, and hook-and-line survay$sNP (Tables 2.4 and 2.5). Native
species included bull trout, cutthroat trout, maumtvhitefishProsopium williamsoni
pygmy whitefishProsopium coulterijilargescale suck&atostomus macrocheilus
longnose suckefatostomus catostomusculpin spp., northern pikeminnow
Ptychocheilus oregonensigeamoutiMylocheilus caurinusand redside shiner
Richardsonius balteatusAll nonnative species were in the family Salnta@ and
included brook trou$. fontinalis kokanedD. nerka lake trout, and lake whitefish
Coregonus clupeaformisThe total number of fish species observed withkes varied
from one to 13, and the number of native fish sgeearied from one to 10.

Bull trout catch per unit effort varied from 0.029.009 (mean + standard error)
to 1.081 + 0.387 bull trout per netehour (Figur2)2.For lakes inhabited by lake trout,
bull trout catch per unit effort was less than 8.0ull trout per netehour, with the
exceptions of Quartz Lake in 2005 and 2006 and kkdweartz Lake in 2006 (Figure

2.2). Lake trout were first documented in Lowera@m Lake in 2003 and Quartz Lake in



Table 2.4 — Sample sizbland percent of sample made up of 14 species ait®itakes sampled using gill nets in Glacier NadldPark,
Montana. An asterisk denotes nonnative speciesed sorted by geographic location (north to soatis) year sampled. Species arranged by
family (Salmonidae, Catostomidae, Cyprinidae, anttidae), native status (yes and no), and alphedibtiby species abbreviation.

Lake N BLT CUT MWF PWF BRK* KOK* LKT* LWF* LNS LSS NPM PEM RSS SCU
Upper Kintla 34 100.0

Kintla 626 1.9 75 605 5.4 17.7 56 1.3
Akokala 103 12.6 39 835

Bowman 543 3.1 42 74.8 9.6 6.8 0.9 0.6
Cerulean 54 11.1 88.9

Quartz-2005 373 10.7 6.2 68.1 0.3 121 24 0.3
Quartz-2006 120 11.7 42 65.0 14.2 5.0
Middle Quartz 210 5.2 57 66.7 20.0 2.4

Lower Quartz-2005 349 11 129 544 0.6 30.1 0.9

Lower Quartz-2006 92 9.8 141 489 27.2

Logging 984 0.7 4.2 50.0 25 17.8 24.3 0.5

Arrow 73 19.2 30.8

Trout 125 208 78.4 0.8
McDonald 478 1.7 04 142 21 1.7 6.9 153 86 48 241 188 1.5
Lincoln 278 3.2 25 234 3.6 67.3

Harrison 424 2.1 28 79.7 0.2 0.9 2.1 12.0

Isabel 150 38.0 62.0

BLT = bull trout, CUT = cutthroat trout, MWF = motain whitefish, PWF = pygmy whitefish, BRK = brotkout, KOK = kokanee, LKT = lake trout, LWF =
lake whitefish, LNS = longnose sucker, LSS = lacgés sucker, NPM = northern pikeminnow, PEM = peatinpRSS = redside shiner, SCU = sculpin spp.

0¢
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Table 2.5 — Sample sizBl), and percent of sample made up of 9 species atihakes
sampled using electrofishing gear in Glacier NaldPark, Montana. An asterisk
denotes nonnative species. Lakes sorted by geagrimgation (north to south) and
year. Species arranged by family (Salmonidae, STataoidae, Cyprinidae, and Cottida
native status (yes and no), and alphabeticallypegies abbreviation.

Lake N BLT CUT MWF BRK* LNS NPM PEM RSS SCU

Upper Kintla 9 100.0

Kintla-2005 198 0.5 64.6 5.6 29.3
Kintla-2006 61 39.3 3.3 57.4
Akokala 76 2.6 97.4

Bowman-2005161 9.3 13.7 77.0
Bowman-2006 51 59 94.1

Quartz 97 60.8 20.6 18.6
Middle Quartz 11 9.1 90.9

Lower Quartz 76 26 1.3 26.3 43.4 30.3
Logging 46 45.7 21.7 32.6
Arrow 39 46.2 53.8

Trout 7 100.0

McDonald 76 39 26.3 17.1 211 27.6
Lincoln 20 100.0

Harrison 7 14.3 14.3 28.6 42.9
Isabel 12 75.0 25.0

BLT = bull trout, CUT = cutthroat trout, MWF = motain whitefish, BRK = brook trout, LNS = longnose
sucker, NPM = northern pikeminnow, PEM = peamoR8S = redside shiner, SCU = sculpin spp.

2005; therefore, lake trout abundance may be oadyriming to increase in these lakes
and the response by bull trout populations observether lakes may not have occurred.
Lincoln Lake was the only lake in which bull trazatch per unit effort was less than
0.075 bull trout per netehour in the absence oé llmkut (Figure 2.2).

Lake trout catch per unit effort varied from 0.209.009 to 0.192 + 0.068 lake
trout per netehour (Figure 2.2) in lakes where laket were present. Lake trout catch
per unit effort was greater than bull trout cateln pnit effort in Bowman Lake, Kintla
Lake, Lake McDonald, and Logging Lake (Figure 2.Rake trout and bull trout catch

per unit effort were similar in Harrison Lake (Frgw2.2) where lake trout presence was
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documented in 2000. Lake trout catch per unitrefi@s less than bull trout catch per
unit effort in Lower Quartz Lake and Quartz Lakeg(Fe 2.2) where lake trout presence

was documented in 2003 and 2005, respectively.
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CHAPTER 3

PATTERNS OF GENEITIC DIVERSITY AND GENETIC DIFFERENATION
AMONG BULL TROUT POPULATIONS IN A STREAM-LAKE

NETWORK: A LANDSCAPE APPROACH

Abstract

The spatial distribution of populations on a laragseand landscape heterogeneity
can influence ecological processes. Landscapedigemalyses may be used to examine
the influence of landscape heterogeneity on pojumagenetic structure, thereby
identifying landscape attributes that influencegessses such as gene flow. This study
examined the influence of landscape heterogeneityemetic diversity and genetic
differentiation between lacustrine-adfluvial buthwt Salvelinus confluentysopulations
in Glacier National Park (GNP), Montana. Specificahis study examined the effect of
barriers on genetic diversity of bull trout, comgéudifferent models of dispersal
associated with barriers and different models aibigon by distance associated with
characteristics of the trellised drainage patter@NP, and examined the combined
effects of barriers, waterway distance, intra- amter-drainage distribution of lakes, and
elevation on genetic differentiation between brudut populations in GNP. Genetic
diversity was lower for bull trout isolated by bars; measured as expected
heterozygosityK; 14= 32.81,P < 0.001), allelic richnes$-{ 14=172.05P < 0.001), and
private allelic richnesg+; 14=1225.57P < 0.001). A statistical model that partitioned

the effects of one-way and two-way barriers (elgwing for downstream dispersal past
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waterfalls) better described genetic differentiato@tween bull trout populations in GNP
than a model that did not distinguish between oag-and two-way barriers. A
statistical model that partitioned stream distametsveen bull trout populations into
mainstem and tributary distance better describe@tgedifferentiation between bull
trout populations in GNP than a model that congidemly total stream distance between
populations. A model that incorporated the effeétsrainstem and tributary distance
between populations, the effects of one-way andwag barriers, and the effects of
intra- and inter-drainage differences between ldde=t described genetic differentiation
between bull trout populations and resulted inapprtionate reduction of total variation
in genetic differentiation of 0.852 (adjustgf). These data provide new perspectives on
how the landscape in GNP influences dispersal ane §fow among bull trout

populations.

Introduction

The influence of habitat connectivity and spatiatrdbution of populations on
ecological processes are topics that have beenayest to ecologists for more than six
decades (e.g., Wright 1943; MacArthur and Wilso67, 9 evins 1969; Pulliam 1988;
Hanski and Simberloff 1997). The spatial distribatand connectivity of populations on
a landscape have been used to debate reserve {@ggrond 1975; Simberloff and
Abele 1976, 1982) and understand topics such &scéign-colonization dynamics of
metapopulations (Hanski and Simberloff 1997) and&®-sink dynamics (Pulliam

1988). The discipline of landscape ecology hasaded our understanding of how
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spatial patterning of suitable habitat and landsdagterogeneity affect ecological
processes among populations (Turner et al. 208Mhilarly, the emerging field of
landscape genetics (Manel et al. 2003) has pro\adeamework for examining how the
physical landscape affects genetic characterisfipepulations. Landscape genetics
aims to identify and understand movement corriémic barriers to gene flow, address
guestions related to the influence of landscaperbgéneity on genetic variation, and
understand scale-dependent ecological processa$e(Stt al. 2007).

A landscape genetics approach has been used tesadyirestions related to the
genetic characteristics of freshwater fish popalai Aquatic habitat available to fishes
may be easily delineated, movement corridors ateomastrained by surrounding
terrestrial habitat, and at least some barriegete flow are readily identifiable (e.qg.,
waterfalls, culverts, dams, and dewatered streatioss). Questions most frequently
addressed include how natural and anthropogenpedial barriers influence genetic
characteristics of fishes (e.g., Taylor et al. 2008mamoto et al. 2004; Wofford et al.
2005; Crispo et al. 2006; Neville et al. 2006; \Whay et al. 2006; Deiner et al. 2007,
Guy et al. 2008; Leclerc et al. 2008) and whetladtepns of isolation by distance are
evident (e.g., Castric et al. 2001; Costello e2@03; Whiteley et al. 2006; Guy et al.
2008). However, the influence of elevation grathge.g., Angers et al. 1999; Castric et
al. 2001; Narum et al. 2008) and drainage pattggigs, Angers et al. 1999; Costello et
al. 2003) have also been shown to affect geneticacheristics of fishes inhabiting

heterogeneous landscapes.
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Dispersal barriers can fragment a landscape ragulhiisolated and subdivided
populations. Fragmentation can result in decregseetic diversity within isolated
populations and increase genetic differentiatiommagnsubdivided populations
(Frankham et al. 2002). Genetic diversity is oftempared between populations
isolated by barriers and not isolated by barrierg.( Taylor et al. 2003; Yamamoto et al.
2004; Deiner et al. 2007). However, there is Esssistency with respect to the
framework used to examine patterns of genetic @iffeation between populations in
stream networks containing multiple barriers. &mmple, genetic differentiation has
been related to the presence or absence of bamgesgen populations (e.g., Wofford et
al. 2005) or the sum of barriers between populat{@ng., Crispo et al. 2006; Leclerc et
al. 2008). However, many barriers restrict fishpdirsal and gene flow in one direction
only. Barriers such as waterfalls, dams, and ctdvean allow dispersal of fishes in a
downstream direction, but limit upstream disped&gending on the characteristics of the
barrier (e.g., height, width, breadth, gradienplmtepth) and of the fish being examined
(e.g., maximum jumping height, maximum swimmingeshe

The ability of some barriers to restrict dispeisabnly one direction could result
in complex patterns of genetic differentiation am@opulations in landscapes with
multiple barriers. Therefore, when examining thiguence of barriers on genetic
differentiation between populations it is importémtonsider not just the presence of a
barrier or barriers, but also the way they mayuiefice processes such as gene flow
between populations (Figure 3.1). For exampleggenlifferentiation was lowest when

comparing between populations of rainbow tr@uicorhynchus mykighat were not
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Figure 3.1 — Schematic representation of dispexsatarios associated with the presence
and configuration of barriers between two populaioccupying different drainages in a
stream network. Populations are represented lleg fdvals, the stream network is
represented by a solid line, the direction of dispkis represented by a dotted line
(Population A to B) and a dashed line (Populaticto B), and barriers are represented
by a solid line bound by diamonds. There is ‘noibaeffect’ on dispersal when barri
are absent (Figure 3.1a). There is a ‘one-waydyagffect on dispersal when a barriel
located downstream of one population, but not theraFigure 3.1b). There is a ‘two-
way barrier effect’ on dispersal when barriers@we/nstream of both populations

(Figure 3.1c).
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isolated by barriers, moderate when comparing batvpepulations isolated by
downstream barriers and populations not isolatelddrsiers, and highest when
comparing between populations isolated by downstrearriers and in different
drainages in the Russian River, California (Dekteal. 2007). Deiner et al. (2007)
considered not just the presence of barriers betwepulations, but also their spatial
configuration in relation to the populations becggnpared, acknowledging that
downstream dispersal over barriers was possibleth&r analyses that consider barrier
presence and spatial configuration when comparamgtic differentiation between
populations are warranted, and comparisons shaulddde to determine the most
appropriate framework for examining the influenééarriers on genetic differentiation
between populations.

Isolation by distance (Wright 1943; Wright 1946k Heeen used to examine the
genetic structure of spatially distributed populas for a variety of taxa. Isolation by
distance predicts that genetic differentiation lesw populations increases with
geographic separation (see Slatkin 1993). Althahghmay lend insight into the
influence of the spatial distribution of populatsoon population genetic structure, the
strength of isolation by distance patterns arenofriable. For example, genetic
differentiation between populations of brook tr&atlvelinus fontinalisvas positively
related to the stream distance separating theremolbscot River Drainage, but not in the
St. John River Drainage, Maine (Castric et al. 20@enetic differentiation of coastal
cutthroat trouO. clarkii clarkii populations were positively related to the stream

distances separating them in western Oregon, bubset of the observations from the
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Coast Range ecoregion did not exhibit isolatiormisyance (Guy et al. 2008). Variability
in the strength of isolation by distance has aklsenbobserved for bull tro&. confluentus
in the Boise River, Idaho (Whiteley et al. 2006 tipper Kootenay River, British
Columbia (Costello et al. 2003), and the Pine Riettish Columbia (Costello et al.
2003).

For freshwater fishes, patterns of isolation byatise are commonly examined
based on the waterway distance between populaéins; fnowever, landscapes may be
heterogeneous over the distances examined. Formeastreams generally exhibit
longitudinal changes in characteristics such adignd and discharge (see Knighton 1998
for review), and these characteristics likely iefhee the ability of individuals to disperse
through a stream network. Therefore, incorporal@mglscape heterogeneity along
stream sections connecting populations or partitgpdistance based on landscape
characteristics may be useful when examining pattef isolation by distance.

The influence of barriers and isolation by distaace commonly examined for
fishes (see above); however, other landscape dkastics have been shown to be useful
for describing genetic characteristics among fisphytations. Drainage pattern was
related to variation in allele frequencies of braadut in La Mauricie National Park,
Québec (Angers et al. 1999), and bull trout inRimee River and Upper Kootenay River,
British Columbia (Costello et al. 2003). In thes®lyses, drainage pattern was defined
by branching points in the stream network and patparis within the same drainage were
genetically more similar (Angers et al. 1999; Cligtet al. 2003). Genetic

differentiation between populations was positivehated to elevation differences
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between brook trout populations in the St. JohreRdrainage, Maine (Castric et al.
2001), and genetic diversity was negatively relateelevation for brook trout in La
Mauricie National Park (Angers et al. 1999) andlbaiv trout-steelhead in the Pacific
Northwest, United States, (Narum et al. 2008). iAoldally, studies have illustrated the
utility of simultaneously examining multiple lan@gee characteristics in order to
elucidate those characteristics that have the ggeaftfect on genetic diversity within
populations and genetic differentiation betweenytajons (e.g., Angers et al. 1999;
Costello et al. 2003).

Lacustrine-adfluvial bull trout populations (hereafreferred to as bull trout) in
Glacier National Park (GNP), Montana, provide agaidsystem to examine patterns of
genetic diversity and genetic differentiation asstad with landscape heterogeneity.
Bull trout in GNP west of the Continental Dividecopy an interconnected stream-lake
network arranged in a trellised drainage patterguieé 3.2; Mathews 1998). Lake
habitat is necessary for expression of the lanest@idfluvial life-history strategy (Varley
and Gresswell 1988; Northcote 1997); however, pothmmous bull trout are capable of
long-distance migration and dispersal within streg¢see Bjornn and Mallet 1964, Fraley
and Shepard 1989; Swanberg 1997). Thereforetroull are physiologically capable of
dispersing among lakes in GNP (assuming the abs#raiesolute barriers), and dispersal
among lakes could have ecologically important cqnsaces (e.g., gene flow; Rieman
and Allendorf 2001). The stream-lake network inFSid variable in waterway distance
between lakes, presence and spatial configurafidispersal barriers (i.e., waterfalls),

inter- and intra-drainage distribution of lakesd @tevation among lakes. Consequently,
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Figure 3.2 — Map of the study system (Glacier NaldPark) located in northwestern
Montana. From north to south; UK = Upper Kintla&keaKI = Kintla Lake, AK =
Akokala Lake, BO = Bowman Lake, CE = Cerulean LaB¥, = Quartz Lake, MQ =
Middle Quartz Lake, LQ = Lower Quartz Lake, LO =dging Lake, AR = Arrow Lake,
TR = Trout Lake, MC = Lake McDonald, LI = Lincolrake, HA = Harrison Lake, IS =

Lake Isabel, Ul = Upper Lake Isabel.
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a landscape-genetics approach may be useful foidaling the effect of landscape
heterogeneity on genetic characteristics of ballttpopulations in this region.

This study examined patterns of genetic diversithiw bull trout populations
and genetic differentiation between bull trout plagions in GNP and consisted of four
objectives. First, the effects of barriers on dgengiversity of bull trout were examined,
and genetic diversity of bull trout was predictede reduced in populations that were
isolated by barriers relative to populations thatewnot isolated. Second, competing
conceptual frameworks for examining the influentbarriers on genetic differentiation
between bull trout populations were evaluated, @artitioning the effects of one-way
and two-way barriers was predicted to better repregatterns of genetic differentiation
between bull trout populations than treating alrigas the same. Third, competing
conceptual frameworks for examining the influentevaterway distance on genetic
differentiation between bull trout populations wekaluated, and incorporated landscape
heterogeneity along dispersal corridors (i.e.edéhces between mainstem and tributary
streams within the trellised drainage network) ywaeslicted to better represent patterns
of genetic differentiation between bull trout pagidns than a standard isolation by
distance model. Fourth, statistical models theluithed the combined effects of
landscape and spatial characteristics betweerirbull populations were compared to
evaluate what characteristics where most usefudXptaining patterns of genetic

differentiation of bull trout populations in GNP.
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Methods

Study System

The study system consisted of 16 lakes and theacésted stream network
located in GNP west of the Continental Divide (F&8.2). The stream-lake network is
part of the North Fork Flathead (US Geological $yrZataloging Unit: 17010206) and
the Middle Fork Flathead (US Geological Survey Gafimg Unit: 17010207)
watersheds (US Environmental Protection Agency 200®e selected lakes represent
the majority of the known distribution of bull tropopulations in GNP west of the
Continental Divide. Bull trout have also been doemted in Rogers Lake (Meeuwig et
al. in pres$; however, Rogers Lake was not included in thelysis due to low sample
size (N = 1 bull trout). Lakes in GNP are generally ceqand moraine lakes (Gallagher
1999), and vary in morphometry, elevation, andagiseé from mainstem stream habitat
(i.e., North Fork Flathead River and Middle Forkthlead River; see Meeuwig etial.
presg. The stream network within the study area isst@mned by a ridge and valley

geology resulting in a trellised drainage pattéiatthews 1998).

Sample Collection

Bull trout were sampled from lakes in GNP (Figur2)3luring the summers of
2004, 2005, and 2006. Each lake was assumedriesey a ‘population’ for the purpose
of analyses performed hereafter; however, the pulation is used to represent a
sample population as opposed to a biological pajula Bull trout were sampled using

gill nets, electrofishing, and hook and line (sémgter 2 for comprehensive sampling
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methodology). A small tissue sample (25 fhmas removed from the anal fin of all bull
trout sampled, stored in 95% ethanol, and traneddd Montana State University. To
increase samples sizes for some lakes, archivédroul tissue samples were obtained
(Lake McDonald, A.M. Dux, unpublished data, colet®004; Kintla Lake, Bowman
Lake, Lower Quartz Lake, Logging Lake, and Harritkake, W.A. Fredenberg,
unpublished data, collected 2000-2001).

A Fisher exact test (GENEPOP; Raymond and Rou€8%)was used to
estimate the probability of genic differentiatiostWween archived bull trout tissue
samples and bull trout tissue samples collecteothg2004-2006 ( = 0.05); comparisons
were made within lakes. Markov chain parametengwet at a dememorization of 1000
iterations, a batch size of 100, and 1000 iteratjoer batch. Allelic distribution (i.e.,
genic differentiation) did not differ between anadal bull trout tissue samples and bull
trout tissue samples collected during 2004-2006fotla Lake § = 18.485, df = 22P
= 0.677), Bowman Laked = 14.561, df = 22P = 0.880), Lower Quartz Lake(=
7.567, df = 22P = 0.998), Logging Lakex = 22.102, df = 22P = 0.454), Lake
McDonald ¢ = 7.851, df = 22P = 0.998), and Harrison Lak&*(= 29.461, df = 20p =

0.079); therefore bull trout samples were pooledbkg.

Laboratory Methods

Genomic DNA was extracted from 279 bull trout tssamples using a QIAGEN
DNeasy Tissue Extraction Kit (QIAGEN Inc., Valenc@A). Sample sizes varied from
seven to 20 bull trout among populations (Tablg ®ith a median sample size of 20

individuals (lower quartile = 16; upper quartil€6). Template DNA was examined
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Table 3.1 — The presence of a downstream barnemamber of individual bull trout
sampled ), the number of allele®\|, expected heterozygositi{), allelic richness

(Ar), and private allelic richneséyg) for bull trout sample populations from 16 lakes i
Glacier National Park, Montana. Data sorted bypitesence of barriers (yes to no) and
expected heterozygosity (low to high). (see Fidugefor lake abbreviations).

Lake  Downstream barrier N A He Ar Apr
AR Yes 20 24 0.223 1.691 0.006
TR Yes 20 28 0.254 1.891 0.013
UK Yes 20 32 0.293 2.005 0.038
Ul Yes 7 25 0.306 1.943 0.200
IS Yes 20 51 0.452 2.843 0.303
HA No 20 45 0.367 2.382 0.543
MQ No 11 45 0.508 2.934 0.167
CE No 19 53 0.532 2.983 0.153
QU No 20 61 0.582 3.283 0.208
LQ No 20 59 0.611 3.179 0.221
AK No 19 45 0.634 3.048 0.377
LI No 12 56 0.652 3.597 0.476
BO No 20 69 0.662 3.575 0.379
LO No 14 59 0.679 3.744 0.610
MC No 20 87 0.726 4.269 0.690
Kl No 17 77 0.738 4.147 0.447

using electrophoresis (1% agarose gel) to deteribiv@ yield. Following
electrophoresis, the gel was stained using ethiditomide and visualized using an
ultraviolet light source. Template DNA was dilutieda ratio of 1 part extracted DNA to
9 parts HPLC (High Performance Liquid Chromatogsgpirade water prior to
microsatellite amplification due to high extractigield. The polymerase chain reaction
(PCR) was used to amplify template DNA at 11 polypinic microsatellite loci:
Omn1128 (Rexroad et al. 2009¢d.02,Scd 05 (Washington Department of Fish and
Wildlife, unpublished datasc@®00,Sc®02,Sc®12,Sc®15,Sc®16,Sc®20 (DeHaan
and Ardren 2005)$fdl8 (Angers and Bernatchez 1996), &mn22 (Crane et al. 2004).

Polymerase chain reaction was performed in a DNgitsnDYAD thermal cycler (Bio-
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Rad Laboratories, Hercules, CA). For each sangple,single and three multiplex PCR
reactions were carried out. The number of locheixad per multiplex reaction varied
from two to four and reaction conditions variecpdimize PCR products (Appendix A).
DNA was successfully amplified from 56 to 100% afrgples among populations and
microsatellite loci. The lowest percent amplificatwas from Upper Lake Isabel for
Sc@12 (which also had the smallest sample size; Taldle In general, percent
amplification was high (97 + 7%; mean + standandaten) among samples for all
populations and loci (Appendix A; allele frequerscavailable in Appendices B — M).

Polymerase chain reaction products were pooledané&oof two groups based on
fluorescent label and allele length to avoid oygdaong loci with similar fluorescent
labels. Group 1 include8cd02,Scd05,Sc®00,Sc®12,Sc®15,Sc®20, andSmn22.
Group 2 includedmn1128,Sc®02,Sc®16, andSfdl8. Allele lengths were
determined using an ABI 3108vantGenetic Analyzer (Applied Biosystems, Foster
City, CA) and allele calls were made using GeneMagoftware (GeneMapper version

3.7, Applied Biosystems, Foster City, CA).

Population Genetic Analyses

A Hardy-Weinberg exact test (GENEPOP; Raymond amaksRet 1995) was used
to test for significant deviations from Hardy-WeanQ equilibrium among populations
and loci ( = 0.05). Markov chain parameters were set ahaedeorization of 1000
iterations, a batch size of 1000, and 1000 itenatjger batch. A sequential Bonferroni

technique (Holm 1979; Rice 1989) was used to cofdraggroup-wide type-I error rate
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when interpreting results from the Hardy-Weinbexga test among loci within
populations and among populations within loci.

A Fisher exact test (GENEPOP; Raymond and Rou€8%)was used to
estimate the probability of genic differentiatiostiveen all bull trout population pairs.
Markov chain parameters were set at a dememonzafia000 iterations, a batch size of
200, and 1000 iterations per batch. The numbsigoiificantly different loci and the
overall difference among loci were determined fackepopulation pair following a
sequential Bonferroni adjustment£ 0.05; Holm 1979; Rice 1989).

Observed number of alleles, expected heterozygalglic richness, and private
allelic richness for bull trout from each populativere calculated using HP-Rare
software (Kalinowski 2005). Expected heterozygostlelic richness, and private allelic
richness were calculated for each locus by pomrand were averaged among loci.
Allelic and private allelic richness were adjusteda sample size of eight genes (see
Kalinowski 2004).

PairwiseFs; estimates (, Weir and Cockerham 1984) were calculated betvaien
bull trout population pairs using GENEPOP softw@aymond and Rousset 1995).
Gene flow between populations afgare negatively related (Wright 1965; Frankham et
al. 2002; Hedrick 2005), such tHaf is low when gene flow between populations is high,
and vice versa. Therefors; is often used as a measurement of genetic difietermn

between populations (Frankham et al. 2002; Hed(5).
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Barriers and Genetic Diversity

Barriers to upstream dispersal by bull trout (hitezaeferred to as barriers) were
located by walking stream sections between eachdakl either the North Fork Flathead
River or the Middle Fork Flathead River during twenmers of 2004, 2005, and 2006; no
barriers occur in the North Fork Flathead Rivether Middle Fork Flathead River within
the study system. Barriers were defined as wadkeméth a vertical drop of 1.8 m or
greater (Evans and Johnston 1980). Barriers veeagdd in Kintla Creek downstream of
Upper Kintla Lake, Camas Creek downstream of Ttakie, and Park Creek
downstream of Lake Isabel (Table 3.1; Figure 3'®)e structures identified as barriers
for this study have been shown to limit the disttibn of fishes within the study system
(Meeuwig et alin pres3. Populations were considered isolated if theyewecated
upstream of a barrier. When two populations inddume drainage were both located
upstream of a barrier, but without a barrier betwéem (i.e., Arrow Lake and Trout
Lake, and Upper Lake Isabel and Lake Isabel; Figug both populations were
assumed to be isolated because upstream dispsis#ihém from the majority of the
study system would be limited by the barriers. Wafons were considered not isolated
if there was no barrier located downstream withigirtdrainage.

Genetic diversity was compared between isolatedijptipns and populations
that were not isolated. Measurements of genebersiity that were compared included
expected heterozygosity, allelic richness, andgpenallelic richness; separate analyses
were performed for each of these measurementsedébr analysis, a mixed model

analysis of variance (= 0.05; PROC MIXED; SAS Institute 1989) was penfed where
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the measurement of genetic diversity was the respwariable, the fixed effect had two
levels (isolated or not isolated), each populati@s treated as an experimental unit, and
each locus was treated as a repeated measureefgeemental unit. An unconstrained

covariance structure was used to model the cowaiamong loci within lakes.

Barriers and Genetic Differentiation

The effect of barrier presence and spatial conéijon on genetic differentiation
between bull trout populations in GNP was examingidg two linear statistical models.
The first model (barrier model 1) classified bareéects in one of three ways. First, the
effect was classified as ‘no barrier’ when no bagiwere located between a population
pair (Figure 3.1a). Second, the effect was cleskHs ‘one-way barrier’ when at least
one barrier was located between a population patrthe spatial configuration of the
barrier or barriers was such that one-way disp@malld occur between the population
pair (Figure 3.1b). Third, the effect was classifas ‘two-way barrier’ if at least two
barriers were located between a population pairth@dpatial configuration of those
barriers constrained dispersal in both directidghgyre 3.1c). The second model (barrier
model 2) classified barrier effects in one of tways. First, the effect was classified as
‘no barrier’ when no barriers were located betwagopulation pair. Second, the effect
was classified as ‘barrier’ when at least one bamias located between the population
pair, regardless of the potential for one-way dispke

Statistical models were fit following the methodsdebed by Yang (2004). This
method incorporates a likelihood-based approadhdihectly models non-independence

of residuals. This method also allows differentartance structures to be specified (e.g.,
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compound symmetry, first-order autoregressivet-tirder autoregressive moving-
average), provides estimates for the model intéraeg slope parameters, provides a
significance test for the model parameters, angipes model likelihood statistics that
allow comparisons of competing models [e.g., Akakeformation Criterion (AIC;
Akaike 1973); Yang 2004]. The PROC MIXED procedur&AS software (SAS
Institute 1989) was used and the program provideddng (2004) was modified to
include multiple predictor variables when necessanmyodification suggested by Yang
(2004).

Linear statistical models were examined for thespnee of outlier populations
following the method described by Koizumi et aD@B). This procedure involves fitting
a statistical model to pairwise genetic data (@airwiseFs) and examining the model
residuals by population. If the mean residualaf@opulation has a 95% confidence
interval that does not overlap zero the populasozonsidered to be an outlier and is
removed from the analysis. In the event that B8 @onfidence intervals for more than
one population do not overlap zero, the populatith the largest mean residual
(absolute value of the mean residual) is removeh flhe analysis and the model is refit.
This procedure is repeated until the 95% confidentszvals of all the remaining
populations overlap zero. For the statistical nl®d&amined in this study, a population
was considered an outlier if 2 times the standaxdation of the mean residual
(approximately 95% of the normal distribution) diot overlap zero. This modification
to Koizumi et al. (2006) was made as the distridoutf the residuals was of interest, and

not the confidence associated with the estimatemhmesidual.
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The response variable for barrier model 1 and &amiodel 2 was genetic
differentiation between population paifs. The predictor variables for barrier model 1
and barrier model 2 were qualitative; therefordjaator variables were used to define
the classes of the predictor variables. ¢-olasses of a qualitative predictor variable
1 indicator variables are used (Neter et al. 1983trier model 1 used two indicator
variables to define the three classes of the qisié predictor variable (i.e., no barrier,
one-way barrier, two-way barrier). Barrier modealszd one indicator variable to define
the two classes of the qualitative predictor vdedbe., no barrier, barrier). Barrier
model 1 and barrier model 2 were fit with an inggricterm.

A likelihood ratio test (Yang 2004) was used toleate significance of model
parameters (i.e., intercept and slope estimateajameters were considered significant if
they differed from zero (= 0.05). Model slope parameters for each varialaiee
interpreted as the effect of a one unit increagbanvariable when other variables in the
model were held constant (Neter et al. 1996). imte¥cept parameter represented the
model predicted genetic differentiation betweenuations when no barriers were
present between populations for both barrier madeid barrier model 2. Barrier model
1 had two slope parameters, one representing tidelpoedicted genetic differentiation
when a one-way barrier was present between popaoatind one representing the model
predicted genetic differentiation when a two-wayrigs was present between
populations. Barrier model 2 had one slope paramethich represented the model

predicted genetic differentiation when a barries\yweesent between populations.



43

Barrier model 1 and barrier model 2 were rankedgigikaike’s Information
Criterion (AIC; Akaike 1973) with a small samplesiadjustment (Al Hurvich and
Tsai 1989). Akaike differencesi( wherei = the model rank) and evidence ratios
(wi/wo; wherews is the Akaike weight for the highest ranked maaiedw; is the Akaike
weight for the second highest ranked model) weleutsted. Evidence ratios were
interpreted as the likelihood that the highest emhinodel was the best model relative to
the second highest ranked model given that onleeofitodels must be the Kullback-

Leibler best model (Kullback and Leibler 1951; Bam and Anderson 2002).

Waterway Distance and Genetic Differentiation

The effect of geographic distance (predictor vdeijpbn genetic differentiation
(response variablés) between bull trout populations in GNP was examhinging two
linear statistical models. Both models measuregyghic distance as the waterway
distance between populations. The first modetddise model 1) used the trellised
drainage pattern in the study system to partiti@nwaterway distance between
populations. Trellised drainage patterns genetalye many small tributary streams
running in parallel that do not join each othet, join a larger mainstem stream;
therefore, the mainstem stream does not increastesam order, but does increase in
discharge (Matthews 1998). Waterway distance batvipaill trout populations was
partitioned into mainstem distance and tributastatice. Mainstem distance between
populations included portions of either the Nortrk-Flathead River or the Middle Fork
Flathead River that were located between a pougiair, and tributary distance

between populations included portions of the streatwork between a population pair
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that were not the North Fork Flathead River orNhddle Fork Flathead River (see
Figure 3.2).

Within the study system, the mainstem streamsittheorder streams and the
tributary streams are first through fourth ordeeams. Additionally, the gradient of the
mainstem streams varies from 2 to 4 m/km (lowergmgker quartile) and the gradient of
the tributary streams varies from 14 to 26 m/knradient estimates were calculated
from the difference in elevation (m) between branglpoints in the stream network (i.e.,
the confluence of mainstem and tributary streanaslake inlet and outlet elevations) and
the distance (km) along the stream network betviieese branching points. Elevation
data were obtained from a geographic informatistesy (GIS) digital elevation model
(DEM; grid data; NAD 1983 UTM projected coordinatgstem) and distance data were
obtained from a GIS stream layer (simple polyliN&D 1983 UTM projected coordinate
system).

The second model (distance model 2) consideredtotdydistance between
populations, which is the sum of mainstem distaratributary distance (as defined
above). Therefore, distance model 2 is analogoasttaditional approach for examining
patterns of isolation by distance. Waterway distavariables were measured in km from
a GIS stream layer (simple polyline; NAD 1983 UTkbjected coordinate system). It
was assumed that this resolution (or grain size,Tsener et al. 2001) was sufficient as
bull trout have been observed to migrate distancegcess of 300 km (Bjornn and

Mallet 1964). Mainstem distance varied from 0.0 86.6 km (48.2 £ 37.7 km; mean *
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standard deviation), tributary distance varied fl@dhto 68.4 km (27.8 + 12.0 km), and
total distance varied from 0.4 to 169.8 km (754249 km) among population pairs.

Statistical models were fit following the methodsdebed by Yang (2004),
modified to include multiple independent variabldsen necessary (as above). Outliers
were detected following the methods described bz i et al. (2006), but with
outliers based on 2 times the standard deviatidheofmean residual as opposed to 95%
confidence intervals (as above). These models ftesgthout an intercept term because
it was assumed that when waterway distance wastlzere would be no geographic
separation between populations and therefore gediéfierentiation would also be zero.
Additionally, populations that were located upstneaf barriers were omitted from these
models because it was assumed that barriers waulel dn effect on genetic
differentiation that would not be accounted fordmyy examining waterway distance.

Model parameters were estimated and evaluateddoifisance as above.
Distance model 1 had two slope parameters, onesepting the model predicted genetic
differentiation as a function of mainstem distaaod one representing the model
predicted genetic differentiation as a functionrdfutary distance. Distance model 2 had
one slope parameter, which represented the modeigbed genetic differentiation as a
function of total distance. Distance model 1 arsflashce model 2 were ranked and

andwi/w», were calculated as above.

Landscape Heterogeneity and Genetic Differentiation

The combined effects of landscape heterogeneityeoetic differentiation

between bull trout populations in GNP were examipgdomparing 16 competing linear
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statistical models. These landscape models indladenbinations of the waterway
distance variables (as above), barrier variables@ve), and two additional variables,
one representing whether or not population pairewethe same drainage (drainage
difference), and one representing elevation diffees between populations (Table 3.2).
All models included either the combined effectsrainstem distance and tributary
distance or the effect of total distance. All misdecluded either the combined effects
of one-way barrier and two-way barrier or the dffacbarrier (regardless of spatial
configuration). Models also included either noitiddal effects, the added effect of
drainage difference, the added effect of elevatiifierence, or the added effects of both
drainage difference and elevation difference.

An indicator variable was used to represent drardifference. The indicator
variable was coded 0 to represent two populatiooatéd in the same drainage and 1 to
represent two populations located in differentmizgies. Elevation differences between
populations were calculated following the methoti€astric et al. (2001). This method
guantifies the sum of elevation variation alongstream network between populations.
For two populations inhabiting lakeand lakeb, this measurement is calculated as:

Elevation difference = (e- &) + (& — &),
where g is the elevation of laka, g, is the elevation of lakl, and & is the elevation of
the lowest elevation at a common branching poitthénstream network. For lakes that
were in the same drainage with no branching poithé stream network, the lowest
elevation lake of the pair was treated @s kake elevation (m) was measured from a GIS

lake layer (simple polygon; NAD 1983 UTM projecteabrdinate system). Elevation
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difference varied from 5.8 to 1375.0 m (626.0 +.34% mean * standard deviation)

among population pairs.

Table 3.2 — Landscape model number and effectouotehfor 16 combinations of
variables used to examine the influence of landstegberogeneity on genetic
differentiation between bull trout populations ifeGer National Park, Montana.

Landscape model Effects in model

1 Mainstem distance, tributary distance, one-wayidra two-way
barrier, drainage difference, elevation difference

2 Mainstem distance, tributary distance, one-wayidra two-way
barrier, drainage difference

3 Mainstem distance, tributary distance, one-wayidra two-way
barrier, elevation difference

4 Mainstem distance, tributary distance, one-wayidra two-way
barrier

5 Mainstem distance, tributary distance, barriesirthge difference,

elevation difference

6 Mainstem distance, tributary distance, barriesjréhge difference

7 Mainstem distance, tributary distance, barrimvation difference

8 Mainstem distance, tributary distance, barrier

9 Total distance, one-way barrier, two-way barrigainage
difference, elevation difference

10 Total distance, one-way barrier, two-way barrikeainage
difference

11 Total distance, one-way barrier, two-way baymdevation
difference

12 Total distance, one-way barrier, two-way barrier

13 Total distance, barrier, drainage differenceyation difference

14 Total distance, barrier, drainage difference

15 Total distance, barrier, elevation difference

16 Total distance, barrier
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Statistical models were fit following the methodsdebed by Yang (2004),
modified to include multiple independent variablas above). Outliers were detected
following the methods described by Koizumi et 2D@6), but with outliers based on 2
times the standard deviation of the mean residziapposed to 95% confidence intervals
(as above). These models were fit without an caetr term because the effect of
waterway distance was included in all models (as/ap

Model parameters were estimated and evaluateddoifisance as above.
Models were ranked using AlCand models with ; values greater than 10 were
considered to be poorly supported and were not eatriurther (Burnham and
Anderson 2002). Evidence ratios for the best moelative to the other models were
calculated fi/wi; wherew; is the Akaike weight for thd" model) for models with ;
values less than or equal to 10. Evidence raterewterpreted as the likelihood that the
highest ranked model was the best model relativedd" highest ranked model given
that one of the models in the set must be the ldakH_eibler best model (Kullback and
Leibler 1951; Burnham and Anderson 2002). Addaibn an adjusted coefficient of
multiple determination (adjustd®f) was calculated to measure the proportionate
reduction of total variation in genetic differentta associated with the independent

landscape characteristics (Neter et al. 1996).
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Results

Population Genetic Analyses

No consistent patterns were observed for devidtmm Hardy-Weinberg
equilibrium either among loci within populationsamong populations within loci. Bull
trout in Harrison Lake deviated from Hardy-Weinbergilibrium atSc®20 P < 0.001)
and bull trout in Lower Quartz Lake deviated frorartlly-Weinberg equilibrium at
Sc®16 P = 0.001).

Allelic distributions differed significantly for I8.of 120 pairwise population
comparisons (Table 3.3). Allelic distributions diat differ between bull trout in Kintla
Lake and Lake McDonald, Cerulean Lake and Quarke] &erulean Lake and Middle
Quartz Lake, Quartz Lake and Middle Quartz Lake&, Arrow Lake and Trout Lake.
The number of loci that differed in allelic distution within a pairwise comparison
varied from 0 to 11 (Table 3.3).

Among bull trout populations and loci, expectedehetygosity varied from 0.223
to 0.738, total number of alleles varied from 2487 allelic richness varied from 1.691
to 4.269, and private allelic richness varied fi@/®06 to 0.690 (Table 3.1). Genetic

differentiation between bull trout populations eatifrom < 0.001 to 0.658 (Table 3.3).

Barriers and Genetic Diversity

Genetic diversity differed significantly betweleall trout populations that were
isolated by barriers and bull trout populationd tlare not isolated by barriers. The

predictions that isolated bull trout populationsuebhave reduced genetic diversity was



Table 3.3 — Pairwise genetic differentiation estesafs; upper diagonal) and the number of loci that détein allelic distribution (lower diagonal)
for bull trout sample populations from 16 lakesGlacier National Park, Montana. Sample populagiains that did not differ in allelic distribution
are denoted with a superscript ‘NS’. (see FiguPef@r lake abbreviations).

Lake UK KI AK BO CE QU MQ LQ LO AR TR MC LI HA IS ul
UK 0.241 0.385 0.377 0.485 0.450 0.514 0.411 0.396 0.615 0.561 0.297 0.349 0.550 0.421 0.561
KI 11 0.081 0.068 0.175 0.145 0.175 0.104 0.088 0.357 0.333 0.006 0.059 0.301 0.205 0.275
AK 11 7 0.138 0.244 0.202 0.243 0.167 0.165 0.368 0.352 0.106 0.132 0.345 0.265 0.333
BO 11 5 10 0.212 0.163 0.210 0.126 0.148 0.335 0.313 0.073 0.162 0.322 0.319 0.363
CE 11 9 10 9 0.005 <0.001 0.058 0.154 0.524 0.503 0.192 0.227 0.396 0.343 0.375
QU 11 7 9 9 g's 0.012 0.048 0.121 0.482 0.458 0.159 0.198 0.351 0.307 0.338
MQ 11 5 10 8 g' g' 0.063 0.168 0.568 0.541 0.202 0.245 0.430 0.371 0.412
LQ 11 8 9 9 5 3 2 0.124 0.413 0.392 0.118 0.172 0.340 0.284 0.322
Lo 11 5 8 7 8 4 6 5 0.454 0.430 0.116 0.159 0.326 0.283 0.333
AR 8 11 11 11 11 11 11 11 11 0.015 0.385 0.454 0.641 0.562 0.658
TR 8 11 11 11 11 11 11 11 11 g's 0.364 0.429 0.621 0.542 0.625
MC 10 S 9 5 10 8 6 10 6 11 11 0.078 0.318 0.219 0.297
LI 9 3 8 9 8 9 8 9 7 10 10 4 0.311 0.226 0.306
HA 8 11 11 11 10 10 9 11 11 10 10 11 9 0.431 0.520
IS 9 10 11 11 10 9 10 10 11 10 10 10 8 8 0.216
ul 8 11 10 11 7 8 7 8 9 9 9 11 8 8 7

0S
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supported for all three measurements of genetierdity (Figure 3.3): expected
heterozygosityK; 14= 32.81,P < 0.001), allelic richness${ 14=172.05P < 0.001), and

private allelic richnessH; 14=1225.57P < 0.001).

Barriers and Genetic Differentiation

The bull trout population in Harrison Lake was autlier in both barrier model 1
and barrier model 2 and was removed from the aizalyshe presence of barriers had a
positive effect on genetic differentiation betwdsnl trout populations in both models.

Barrier model 1 predicted that the presence ofeaveay barrier would increase;

E [solated
—— Not isolated

Mean genetic diversity (+ standard error)
[\]

i *
1 st
0 ; J
Expected Allelic Private allelic
heterozygosity richness richness

Figure 3.3 — Mean genetic diversity (+ standardrror bull trout sample population in
Glacier National Park that are isolated by barréerd not isolated by barriers. Genetic
diversity was measured as expected heterozygadigyic richness, and private allelic
richness. Asterisk denotes significant differences
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between populations by 0.242 and the presencéved-avay barrier would increasey
between populations by 0.441 (Table 3.4). Bamedel 2, which treated all barriers and
barrier configurations the same, predicted thaptiesence of a barrier would incre&se
between bull trout populations by 0.268 (Table 3 Bdth models predicted similar
levels of genetic differentiation when no barrielsre present between populations
(Table 3.4). Barrier model 1 was ranked highentharrier model 2 and evidence ratios
showed that barrier model 1 was 1.54 x thies more likely than barrier model 2 to be

the best model (Table 3.5).

Table 3.4 — Barrier model rank, model number (Mpdsffects in model, model effect
estimate [i.e., parameter estimate for genetiebfitiation )], likelihood ratio
statistic, and probabilityR) that the effect was different from zero for sthtial models
used to examine the effect of barriers on genéfierdntiation between bull troample
populations in Glacier National Park, Montana.

Rank Model Effect Effect estimate  Likelihood ratio P
1 1 No barrier 0.131 32.542 <0.001
One-way barrier 0.242 118.037 <0.001
Two-way barrier 0.441 111.869 <0.001
2 2 No barrier 0.132 26.624 <0.001
Barrier 0.268 112.468 < 0.001

Table 3.5 — Barrier model rank, model number (Mpdsffects in model, Akaike’s
Information Criterion adjusted for small sampleesfAIC,), AIC. differences (;), and
evidence ratiow,/w,) for comparing statistical models used to exanttireeffect of
barriers on genetic differentiation between buutrsample populations in Glacier
National Park, Montana.

Rank Model Effects in model AlC i W1/Wo
1 1  No barrier, one-way barrier, two-way barri€t46.9 0.0
2 2 No barrier, barrier -213.833.1 1.54x 16
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Waterway Distance and Genetic Differentiation

The bull trout population in Harrison Lake was autlier in both distance model 1
and distance model 2 and was removed from the sisaliMainstem distance did not
have an effect on genetic differentiation betweelhtbout populations (non-significant
slope estimate), biis; between bull trout populations was predicted twease by 0.006
for each 1-km increase in tributary distance iagise model 1 (Table 3.6). Distance
model 2 predicted thdts; would increase by 0.001 with each 1-km increadetal
distance separating bull trout populations. Distéamodel 1 was ranked higher than
distance model 2 and evidence ratios showed tetardie model 1 was 5.77 x®tlnes

more likely than distance model 2 to be the besieh{rable 3.7).

Table 3.6 — Distance model rank, model number (Modéects in model, model effect
estimate [i.e., parameter estimate for genetiebfitiation )], likelihood ratio
statistic, and probabilityR) that the effect was different from zero for sthtial models
used to examine the effect of waterway distancgesretic differentiation between bull
trout sample populations in Glacier National Pafiontana.

Rank Model Effect Effect estimate Likelihood ratio P
1 1 Mainstem distance < -0.001 0.851 0.356
Tributary distance 0.006 49.070 <0.001
2 2 Total distance 0.001 5.585 0.018

Table 3.7 — Distance model rank, model number (Modéects in model, Akaike’s
Information Criterion adjusted for small sampleesfAlC), AIC. differences (), and
evidence ratiow:/w,) for comparing statistical models used to exantiveeeffect of
waterway distance on genetic differentiation betwieell trout populations in Glacier
National Park, Montana.

Rank Model Effects in model AlC i W1/Wo
1 1 Mainstem distance, tributary distance  -166.8.0
2 2 Total distance -126.440.3 5.77 x 1b
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Landscape Heterogeneity and Genetic Differentiation

The bull trout population in Harrison Lake was autlier in all 16 models used to
examine the combined effects of landscape hetesiyeon genetic differentiation
between bull trout populations and was removed filmenanalysis. Four of the models
had ; less than or equal to 10 (Table 3.8). Only motteds partitioned waterway
distance into mainstem distance and tributary desgaand only models that included both
one-way barrier and two-way barrier effects hatess than or equal to 10. Among the
top ranked models, each 1-km increase in tribudgtance between populations was
estimated to increas&; between bull trout populations from 0.003 to 0.¢0éble 3.9).
The estimated effect of a one-way barriefFgrbetween populations varied from 0.194
to 0.209 and the estimated effect of a two-wayibahetween populations varied from
0.363 to 0.401 among the top ranked models (TaBle Ihe variable used to indicate
whether or not bull trout populations were in theng drainage was included in the top
two ranked models, and its effect g varied from 0.069 to 0.101 (Table 3.9). This
effect indicated that bull trout populations infdient drainages were genetically more
different than populations located in the samergrge when other variables were held
constant.

Mainstem distance had a significant negative efbacgenetic differentiation
between bull trout populations in three of the tapked models. The effect of mainstem
distance orfs; between bull trout populations was less than aaktp -0.001 among
these models (Table 3.9), and this effect wasivelgtsmall compared to the effect of

tributary distance, which was measured at the spatal resolution. Elevation



Table 3.8 — Landscape model rank, model number @jpeffects in model, Akaike’s Information Criten adjusted for
small sample size (Alg, AIC. differences (;), and evidence ratiosv{/w;) for comparing statistical models used to exar
the effects of landscape heterogeneity on gendferehtiation between bull trout sample population Glacier National
Park, Montana.

Rank Model Effects in model AIC, . wi/w; AdjustedR®

1 2 Mainstem distance, tributary distance, one-wayibanwo-way barrier,-286.6 0.0 0.852
drainage difference

2 1 Mainstem distance, tributary distance, one-wayiéanwo-way barrier-285.3 1.3  1.91 0.824
drainage difference, elevation difference

3 3  Mainstem distance, tributary distance, one-wayibgnwo-way barrier,-282.1 4.5  9.49 0.692
elevation difference

4 4  Mainstem distance, tributary distance, one-wayiegnwo-way barrier -279.1 7.5 41.57 0.666

GS
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Table 3.9 — Landscape model rank, model number @jpeffects in model, model
effect estimate [i.e., parameter estimate for gemifferentiation Fsj], likelihood ratio
statistic, and probabilityR) that the effect was different from zero for sthtial models
used to examine the effects of landscape heterdgemegenetic differentiatiobetweer
bull trout sample populations in Glacier Nationafle Montana.

Rank Model Effect Effect estimate  Likelihood ratio P

1 2 Mainstem distance -0.001 26.382 <0.001
Tributary distance 0.003 15.867 <0.001

One-way barrier 0.209 103.178 <0.001

Two-way barrier 0.401 108.420 < 0.001

Drainage difference 0.101 9.787 0.002

2 1 Mainstem distance -0.001 3.899 0.048
Tributary distance 0.005 11.602 0.001

One-way barrier 0.203 100.082 <0.001

Two-way barrier 0.386 100.027 <0.001

Drainage difference 0.069 5.574 0.018

Elevation difference <-0.001 1.088 0.297
3 3 Mainstem distance <-0.001 1.149 0.284
Tributary distance 0.006 39.569 <0.001

One-way barrier 0.194 97.559 < 0.001

Two-way barrier 0.363 94.544 <0.001

Elevation difference -0.001 5.302 0.021
4 4 Mainstem distance -0.001 21.932 <0.001
Tributary distance 0.005 43.483 <0.001

One-way barrier 0.200 99.407 <0.001

Two-way barrier 0.378 99.593 <0.001

difference had a significant negative effect intthied highest ranked model (Table 3.9).
Evidence ratios showed that the highest ranked hveate 1.91 times more likely
than the second highest ranked model to be thentedel, 9.49 times more likely than
the third highest ranked model to be the best mauohel 41.57 times more likely than the
fourth highest ranked model to be the best modejustedR® was relatively similar for

the first and second highest ranked models anthéthird and fourth highest ranked
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models (Table 3.8). A scatterplot of the obseraed model-predicteBs; between bull

trout populations for the highest ranked model déidear fit (Figure 3.4).
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Figure 3.4 — Scatterplot of observed genetic dffidiation Es) versus predicted genetic
differentiation ) from landscape model 2 (the highest ranked laaquiscnodel)
between bull trout sample populations in Glacieticveal Park, Montana. Effects in the
model include mainstem distance, tributary distanoe-way barrier, two-way barrier,
and drainage difference. Filled circles reprepapulations not separated by a batrrier,
open squares represent populations separated tig~&ay barrier, and filled triangles
represent populations separated by a two-way barfiee solid line is a one-to-one line.
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Discussion

Barriers have an effect on genetic diversity anuegie differentiation among bull
trout populations in a trellised drainage netwo@enetic diversity of bull trout
populations isolated by barriers was less thantgediersity of bull trout populations
that were not isolated. Genetic differentiatiobwsen bull trout populations was greater
when barriers were present than when absent, ahaignitude of the effect of these
barriers was larger than that of other landscajeacheristics examined (i.e., waterway
distance, drainage difference, elevation differ¢nce

One of the primary topics associated with the fafithndscape genetics is
identifying barriers to gene flow and understandimg influence of these barriers on
population genetic characteristics (Storfer e@D7). Consequently, the influence of
barriers on population genetic diversity and gendififerentiation has been documented
for a variety of fishes as well as other taxa. uxgtand anthropogenic barriers such as
waterfalls and dams have been shown to influenegémetic diversity of populations
and the genetic differentiation between populatiainsull trout (Whiteley et al. 2006),
cutthroat trout (Wofford et al. 2005; Neville et 2aD06), and rainbow trout (Deiner et al.
2007).

Deiner et al. (2007) made comparisons between ble&vier sites (analogous to
no barrier used here), between above barrier alogvd@rrier sites (analogous to one-
way barrier used here), and between above bartgsria different drainages (analogous
to two-way barrier used here) for rainbow trouthie Russian River. Medf estimates

were least between below barrier siteg £ 0.048), moderate between above barrier sites
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and below barrier site§{ = 0.158), and greatest between above barrierisitdi$ferent
drainagesKs = 0.237). Similar trends were observed in thislgt but with different
magnitudes. In the absence of other effects, gediferentiation was lowest between
bull trout populations when no barriers were betwgem Fs = 0.131), moderate when
a one-way barrier was between bull trout populati@: = 0.242), and greatest when a
two-way barrier was between bull trout populati¢fig = 0.441). In the absence of other
effects, the weight of evidence was greatly in fasfathe model that considered the
effects barrier presence and spatial configuratioigenetic differentiation between bull
trout populations compared to considering onlyibapresence. When considering the
effect of barriers in combination with other vatedassociated with landscape
heterogeneity, all of the highest ranked modelkiged the effects of one-way and two-
way barriers. Analytically treating all barriereetsame regardless of spatial
configuration does not allow discrimination of téerent ecological effects of one-way
and two-way barriers (as used here) and obscuoésgial insight into how barriers are
influencing genetic differentiation between budut populations in GNP.

Similar to examining the influence of barriers applation genetic structure,
examining patterns of isolation by distance is haotentral theme in the discipline of
landscape genetics (Storfer et al. 2007). Patrisolation by distance may be
obscured by a number of factors. For examplejassgregation of fluvial and fluvial-
adfluvial forms of Lahontan cutthroat trdOt c. henshawvithin a stream network was
suggested to produce a pattern similar to thadation by distance (Neville 2003).

Populations within a region that have had insugfititime to reach migration-drift
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equilibrium may not exhibit isolation by distanesd past bottlenecks and founder
events may obscure patterns of isolation by digtdsee Hutchison and Templeton
1999). Landscape heterogeneity along dispersatoos between populations may also
influence dispersal capabilities and gene flowr &@ample, habitat features such as
mountain crests, open deserts, and grasslandsleawneshown to act as partial barriers to
gene flow for even highly vagile terrestrial spscseich as pumuma concoloKErnest
et al. 2003; McRae et al. 2005). These types bitaiafeatures do not completely block
dispersal of puma (as do metropolitan areas; Egteddt 2003), but they impede
dispersal to a greater extent than other habipssye.g., undeveloped mountain
foothills; Ernest et al. 2003). Similarly, aredah relief, ecotone boundaries, and
catchment boundaries act as partial barriers fwedssl of the sand frdgeleiporus
psammophilugBerry 2001). Therefore, landscape heterogeradityg dispersal
corridors, and not just distance between populatioauld influence genetic
differentiation between populations.

Variability in stream characteristics (e.g., widtlepth, gradient, discharge) can
influence the ability of aquatic organisms to disgethrough a stream network.
Tributary distance between bull trout populatiom&INP had a greater effect (i.e., slope
estimate) on genetic differentiation between pajpaa than mainstem distance in the
absence of other effects. The weight of evidencéhie model that considered mainstem
distance and tributary distance to have differéieices on genetic differentiation between
bull trout populations was statistically more likelompared to the model that considered

only total distance between populations. When idensg the effect of waterway
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distance between populations in combination witteotariables associated with
landscape heterogeneity, all of the highest ramkedels included the effects of
mainstem distance and tributary distance; noneided total distance between
populations. Additionally, the effect of tributaglystance was always positive, but the
effect of mainstem distance was negative, non-Bggmt in one of the models, and
smaller than the effect of tributary distance amoraglels. Therefore, the effect of
waterway distance on genetic differentiation betwieell trout populations in GNP is
principally influenced by the amount of tributangtdnce between populations as
opposed to mainstem distance or total distance.

Similarity in allelic distributions and the smabserved~; between bull trout
populations in Kintla Lake and Lake McDonald pragdan example of the tributary
distance effect. Of 105 possible comparisons batvpopulation pairs (excluding
Harrison Lake), Kintla Lake and Lake McDonald had 78" greatest waterway distance
between them, but genetic differentiation betwéwmsé populations was the third
smallest. Only 8.90 km of the waterway distandsvben these populations consisted of
tributary distance; the f0shortest tributary distance. Therefore, partitigrwaterway
distance into mainstem and tributary streams help#ain the genetic similarity between
these populations. This poses an interesting imunestr management and further
research in this region. That is, do bull troonfrthese lakes represent one randomly
mating populations? It is also unknown whethet tsalt sampled from lakes in GNP
are connected to bull trout residing in other afabe Flathead Drainage. Further work

is needed to address these issues, and to elupolatetial metapopulation processes.
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The presence and spatial configuration of barbets/een populations and the
tributary distance separating populations were g in explaining genetic
differentiation between bull trout populations ilNB. Additionally, other variables had
an influence on genetic differentiation betweenyapons. Bull trout occupying lakes
in the same drainage were predicted to be mordagithian bull trout occupying different
drainages. An increase ky; of 0.069 to 0.101 was predicted for populationdifferent
drainages compared to populations in the sameatyainThis type of drainage effect has
been shown for bull trout in the upper KootenayeRiand Pine River in British
Columbia (Costello et al. 2003) and for brook trivuta Mauricie National Park, Québec
(Angers et al. 1999).

Within drainage similarities are exemplified by tdeldle Quartz Lake, Quartz
Lake, and Cerulean Lake complex. These lakesoastdd within the same drainage,
and these lakes are separated by a relatively ghographic distance and there are no
barriers between them. There was relatively lggaetic differentiation among bull trout
sampled from these lakes (pairwisgestimates 0.012) and allelic distributions did not
differ. The observed genetic similarity may bekéd to frequent movement of bull trout
among these lakes to fulfill life-history needsne&dotal information and available redd
count data (Meeuwig and Guy 2007; L. B. Tennantntdoa Cooperative Fishery
Research Unit, personal communication) indicatéttiestream section located between
Quartz Lake and Cerulean Lake is a high use spawariga for bull trout in the Middle
Quartz Lake, Quartz Lake, and Cerulean Lake comghekthat the majority of spawning

occurs in close proximity to Quartz Lake. Conselye genetic similarities could be a
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result of random mating among bull trout sampledfthese three lakes. These data
indicate that treating bull trout from Middle Quattake, Quartz Lake, and Cerulean
Lake as one demographic unit for management puspgesepropriate. A similar
situation was observed in the Arrow Lake and Tiaake complex. Bull trout sampled
from these lakes had similar allelic distributi@ml estimate&; between bull trout
from these lakes was small (0.015). These lakeslap within the same drainage, are
geographically in close proximity, and are not safed by a barrier. Therefore, frequent
gene flow between bull trout in Arrow Lake and Trhake is plausible. However,
additional information related to the location pagning habitat used by bull trout in
Arrow Lake and Trout Lake would aid this interpteia.

Elevation differences between lakes had a negaffeet on genetic
differentiation between bull trout populations wotof the highest ranked models;
although this effect was small compared to othfces in the models and had a slope
significantly different from zero in only one moderhis is contrary to patterns observed
for brook trout in the St. John River Drainage, Maiwhere a positive correlation was
observed between elevation difference and gendterehtiation (Castric et al. 2001).
However, no relationship between elevation diffeemnand genetic differentiation was
observed for brook trout in the Penobscot Rivelage, Maine, in the same study
(Castric et al. 2001) indicating that the influemé¢elevation is variable. In this study,
the model that included a significant effect ofvaligon difference between populations
was 9.49 times less likely to be the best model tha top ranked model. Additionally,

the adjusted coefficient of multiple determinataecreased from 0.852 to 0.692 between
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the top ranked model (which did not include elesatlifference) and the model that had
a significant slope estimate for elevation diffexen Therefore, it is unlikely that this
variable is providing useful information.

This study illustrates the influence of barriersimecreasing genetic differentiation
between bull trout populations in GNP. The disttibn of native, lake-dwelling fishes
in GNP waters west of the Continental Divide ig&dy determined by the presence of
barriers within the system (Meeuwig etialpresg. However, in the absence of barriers,
genetic differentiation between bull trout popuwat was mediated by distance. In the
absence of barriers, genetic differentiation waetireely small for bull trout populations
separated by short tributary distances. This ccinig may benefit bull trout and other
fishes in GNP if they rely on metapopulation (Levit969; Hanski and Simberloff 1997)
or source-sink (Pulliam 1988) dynamics for popwlafpersistence, but may also pose a
threat to native species within this region. Tksd¢hat may arise as a result of the
potential for dispersal between lakes in this systeclude the spread of nonnative
species and hybridization. Following their intratlan into the Flathead Lake-River
system in 1905, lake tro& namaycushave been dispersing throughout the upper
Flathead system and have currently invaded matiyediakes in GNP west of the
Continental Divide (Fredenberg et al. 2007; Meeuetigl.in press. Establishment of
lake trout into waters outside their historic ramge have a negative effect on abundance
and persistence of lacustrine-adfluvial bull trpapulations (Donald and Alger 1993;
Fredenberg 2002; Martinez et iml.review), and can result in changes in aquatic and

terrestrial food webs (Ruzycki et al. 2003; Koedkt2005) and abundance of species
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within an assemblage (Ruzycki et al. 2003; Dux 200%dditionally, the connectivity of
the Flathead Drainage has led to the spread ofdightion between native westslope
cutthroat trou©. c. lewisiand nonnative rainbow trout (Hitt et al. 2003; Bogt al.
2008).

The statistical models used in this study providedasonable fit to most of the
bull trout populations examined; however, the Hami Lake bull trout population
appeared to differ from other populations in GN& there not isolated by barriers.
Among populations that were not considered to bkied, the Harrison Lake bull trout
population had the lowest expected heterozygositiyadlelic richness; lower than some
populations classified as isolated. Initial modglindicated that the Harrison Lake bull
trout population was an outlier with large, postiesiduals. Koizumi et al. (2006)
suggest that positive residuals are indicative pdjpulation that is highly divergent from
other populations within a sample due to increagstktic drift.

Bull trout in Harrison Lake had similar genetic éigity compared to other
populations that were classified as isolated, attems of genetic differentiation for bull
trout sampled from Harrison Lake were consisteti watterns of genetic differentiation
for bull trout populations that were located upaineof barriers. It is possible that a
barrier was present but not observed in the stisstion between Harrison Lake and the
Middle Fork Flathead River. However, this seemiikety as nonnative kokane®.
nerkaand lake trout are present in Harrison Lake (Magwewal.in pres3, and the lack
of stocking records to explain their presence ssggiat they colonized Harrison Lake

naturally from downstream sources.
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Bull trout in Harrison Lake may have gone througbtoaulation bottleneck
resulting in an increase in random genetic dr#gréase in genetic variation, and an
increase in genetic differentiation from bull traaimpled in other lakes. Colonization by
nonnative lake trout into lakes historically inhahi by bull trout has been associated
with declines in bull trout abundance (Donald arige& 1993; Fredenberg 2002;
Martinez et alin review), and currently bull trout and nonnative lake troacur in
Harrison Lake at relatively equal abundances (Maeg@tval.in pres3. If colonization
by lake trout has led to a decline in bull troutiattance, the hypothesis that bull trout in
this lake have gone through a recent bottleneakltieg in increased genetic drift may be
supported. Kokanee are also present in Harrisé&e (fsleeuwig et alin presg, and
superimposition of bull trout redds by kokanee getlds been hypothesized to have a
negative effect on bull trout egg-to-fry survivilVéeber 2007), which could result in a
population level decline of bull trout. Superimgias of bull trout redds by kokanee has
been observed in Harrison Creek immediately upstreaHarrison Lake (personal
observation). However, a negative effect on bolit egg-to-fry survival resulting from
kokanee redd superimposition was not observedeMétolius River system, Oregon
(Weeber 2007).

The potential for bull trout in Harrison Lake tgresent a distinct stock
(MacLean and Evans 1981) should not be discountedious spatial, temporal, and
behavioral processes may effectively restrict geave even in the presence of dispersal

among populations (see MacLean and Evans 1981dom@rehensive review).
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Additionally, simulations have shown that divergenmt allele frequencies may occur
even under conditions of dispersal among populat{&tiendorf and Phelps 1981).

Lacustrine-adfluvial bull trout in GNP occupy a éietgeneous landscape.
Genetic differentiation between bull trout popuas is clearly linked to features that
restrict dispersal, but more subtle influenceslmawbserved by considering the influence
of potential one-way dispersal as well as by partihg dispersal corridors based on
characteristics of the stream drainage patterralyiical models that aim to explain the
influence of landscape heterogeneity on ecologioatesses will benefit from
considering not only distinct landscape featureg. (barriers, dispersal corridors, or
other environmental gradients), but variability it or associated with those features.
In addition, future research and management actioned at bull trout within GNP
should consider the potential for genetic and deaydgc connectivity among groups of

lakes and the potential for metapopulation dynammsng GNP lakes.



68

CHAPTER 4

TROPHIC RELATIONSHIPS AMONG BULL TROUT, LAKE TROUTAND OTHER

FISHES IN A LAKE TROUT INVADED SYSTEM
Abstract

Research has shown that lacustrine-adfluvial bolltSalvelinus confluentusan
be displaced following the introduction of lakeut&alvelinus namaycushnd dietary
overlap between these species has been suggestigubtential mechanism for this
displacement (Donald and Alger 1993). Trophictreteships of native bull trout,
nonnative lake trout, and other fishes were exadhineseven lakes in Glacier National
Park, Montana, using stable isotope dat&y and **N). Bull trout and lake trout
occupied dominant trophic positions relative toentspecies present. Differences PN
between bull trout and other fishe$°N = +2.7%o;F1 1,= 330.17 P < 0.001) and
between lake trout and other fishe¥Il = +3.6%o;F1 1, = 430.86P < 0.001) were
consistent with a one trophic level difference iN (e.g., 3.4 + 1.1%0; Minagawa and
Wada 1984). Lake trout occupied a higher troplisition than bull trout ¢°N =
+0.9%o; F1 1,= 22.01,P < 0.001). Bull trout and lake trout®C differed in six of the
seven lakes sampled and bull trout had higher $evel**C relative to lake trout in five
of the seven lakes examined, suggesting that gpms@es are using different foraging
habitats. Although both bull trout and lake trame top-level predators within lakes in
Glacier National Park, differences itPN and **C between these species suggest that

they are consuming different prey species or sinpitay species in different proportions.
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Therefore, displacement of bull trout as a diresuit of competition for food resources

is not anticipated unless diet shifts occur or foegburces become limiting.

Introduction

Introduced species can directly affect native sggethirough competition,
predation, disease, and hybridization (Moyle andhCE996). Species introduction may
occur both inadvertently and intentionally; howewtlae resulting outcome on native
communities is often negative, regardless of ihitieent. For example, the intentional
introduction ofMysis relictahas been shown to alter occurrence and composition
native zooplankton assemblages (Rieman and F&&d; Spencer et al. 1999; Vander
Zanden et al. 2003), growth rates of fish specief{z 1993; Stafford et al. 2002), and
fish assemblage structure (Spencer et al. 1991¢&fafanden et al. 2003). Intentional
nonnative fish introductions have occurred glob&idlyover 3,000 years (Balon 19i#

Li and Moyle 1999) in an attempt to increase foopgy, enhance fishing opportunities,
manipulate aquatic systems, and change aesthetiasd Moyle 1999). Unintentional
introduction and invasions may also occur as atre$other activities. For example, sea
lampreysPetromyzon mairnysative to Lake Ontario, invaded the upper fouureatian
Great Lakes after the Welland Canal was constructedlow shipping among the lakes
(Smith 1971). Predation on native fishes by seglays is considered to be one of the
major causes of the decimated fisheries in thedrian Great Lakes. However, this is
not an isolated event, as introduced species haeae implicated in contributing to a

majority of the fish extinctions in the United Stat(Li and Moyle 1999).
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Lake troutSalvelinus namaycusdre top-level predators that have been
introduced outside of their historic range througthmuch of the western United States
(Crossman 1995; Martinez et ad.review. Lake trout can attain large sizes and have
been introduced into many lakes and reservoirsusecaf their popularity as a sport fish
(Martinez et alin review). Lake trout were introduced into the Flatheadld-River
system in 1905 (see Spencer et al. 1991). Sinsentinoduction, lake trout have
colonized lakes throughout the upper Flathead Rgenincluding many lakes in Glacier
National Park (GNP), Montana, west of the Contiakbivide (Fredenberg 2002;
Meeuwig et alin pres3. These lakes are within the historic range df tbout Salvelinus
confluentusa species listed as threatened under the US BadzthSpecies Act. The
number of lacustrine-adfluvial bull trout has deelil concomitantly with an increase in
the number of lake trout in four lakes in GNP; Kantake, Bowman Lake, Logging
Lake, and Lake McDonald (Fredenberg 2002). Sityilantroduced lake trout displaced
native bull trout in Bow Lake and Hector Lake, Altze(Donald and Alger 1993).
Donald and Alger (1993) suggested that competitiay have resulted in the observed
displacement of bull trout and cite Gause’s Prilec{pe., competitive exclusion; Hardin
1960). Bull trout and lake trout had similar growates, gape limitations, and mouth
morphology, and had similar food habits in Bow Lakel Hector Lake (Donald and
Alger 1993); consequently, Donald and Alger (19R@)her speculated that dietary
overlap may limit the ability for these two speciesstablish sympatric populations.

Studying trophic relationships between bull trond dake trout can help elucidate if
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competition for food resources is common in lakéere the distribution of native bull
trout and nonnative lake trout overlap.

Food habits studies can be used to examine troplatonships within species
assemblages. Food habits studies of fishes ar pérformed by gut content analyses,
which entail collecting fish, removing their gutrtents, and quantifying the diet of the
fish. Fish can be collected and gut contents restdoy a variety of techniques and there
are a number of metrics for describing and compadliet composition (see Bowen
1996). Gut content analysis can provide fine taxoic resolution with respect to food
habits; however, this method does have limitatidBgessful sampling techniques (e.g.,
gill netting, electrofishing) may cause fish touegjtate gut contents (Bowen 1996). The
composition of gut contents may be daily or seaépmariable; therefore, researchers
must consider the timing of sampling when desigrrggudy to examine food habits.
Digestive rates may differ among different preynge which may positively skew an
analysis of gut contents towards species that are whfficult to digest (Bowen 1996).

Stable isotope analysis provides an alternativemtifying gut contents for
examining trophic relationships. Elements sucbaabon and nitrogen have more than
one isotope (Peterson and Fry 1987). For exanmptegtural systems carbon exists
primarily as the lightet’C isotope (98.89%) with a small percent (1.11%¥éng as the
heavier'>C isotope and nitrogen exists primarily as thetbgh'N isotope (99.64%) with
a small percent (0.36%) existing as the heaviisotope (Jardine et al. 2003). The

ratio of heavy to light isotopes in a sample (¢3¢;**C and"*N:**N) can be compared to
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an international standard and then expressedrimstef a value (e.g., °*C and **N),
which is used to quantify the isotopic compositidrthe sample (Peterson and Fry 1987).
Empirical evidence has shown that a 3.4%. differéncé®N between two
samples is consistent with a one trophic levekddhce between consumer and diet for a
variety of taxa (Minagawa and Wada 1984). Thigedéfnce in *°N is a result of isotopic
fractionation, which Hobson and Clark (1992) defiras, “changes in the isotopic signal
between diet and consumer tissues.” Predictabddef isotopic fractionation between
diet and consumer maké&N measurements a useful tool for examining thehiop
position of species within an assemblage. Tropbsitions are represented with non-
integer value (e.g., 3.4, 6.8, etc.), unlike tradbvels that are represented by integers
(e.g., 1, 2, 3, etc.). Conversely, there is ligletopic fractionation of**C between diet
and consumer (e.g.2*C = 0.2%. in freshwater systems; France and Pe89%)1and
studies have shown thaf’C values of littoral primary producers are gresan those of
pelagic primary producers in aquatic systems (Ferdr895; Hecky and Hesslein 1995).
Therefore, *C measurements are useful for determining wherenavhat species, a
consumer is feeding.
Stable isotope analysis provides a time-integragtuinate of food habits because

3¢ and N represent the average diet consumed over pevfoaiseks to months;
depending on the turnover rate of the tissue exathfa.g., Tieszen et al. 1983). This is
in contrast to gut content analysis that providpsiat-in-time estimate of diet.
Relatively few individuals of a species are neetbeelxamine trophic relationships using

stable isotope analysis (e.g., less than 10; Vaddeden and Rasmussen 2002), unlike
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gut content analysis that may require the samplfrigrger numbers of consumers to
achieve an adequate sample size of non-empty stema&®r example, 27% of bull trout
and 18% of lake trout had empty stomachs in LakelRareille, Idaho (Vidergar 2000),
and the percent of empty lake trout stomachs vdraed 19 to 70% among seasons in
Lake McDonald, Montana (Dux 2005).

The objective of this study was to provide an assest of trophic relationships
among fishes in a multi-lake system with sympagtopulations of native bull trout and
nonnative lake trout. Rather than providing anysiga of temporal and ontogenetic
variation in trophic relationships at a fine taxamo resolution, which would require
intensive sampling at a single site, patterns adinadly occurring stable isotopes were
examined to evaluate general predictions assocwtadrophic interactions among bull
trout, lake trout, and their potential prey at atsg scale that included multiple lakes.
The relationships between fish length aitC and fish length and">N were examined
among species and lakes, and plots'd€ and *°N were examined to provide a
gualitative assessment of trophic relationshipsragrgpecies within lakes. Consistent
with a competitive exclusion scenario, it was pceetl that bull trout and lake trout
would occupy a similar trophic position (simildPN) and would not differ in**C, and it
was also predicted that other species presentnwdRkies would occupy subordinate

trophic positions relative to bull trout and lakedit.
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Methods

Study System

The study system consisted of seven lakes locat&NP west of the Continental
Divide (Figure 4.1). The selected lakes have synmppopulations of native lacustrine-
adfluvial bull trout and nonnative lake trout araryin species richness and composition
(see Meeuwig et aln presg. Other native fish species present within thelgisystem
include cutthroat troudncorhynchus clarkjimountain whitefisiProsopium williamsoni
pygmy whitefishProsopium coulterjilargescale suck&atostomus macrocheilus
longnose suckefatostomus catostomusorthern pikeminnowtychocheilus
oregonensispeamoutiMylocheilus caurinusredside shineRichardsonius balteatys
mottled sculpirCottus bairdj and slimy sculpirCottus cognatus Other nonnative fish
species present in the study system include broak $alvelinus fontinaliskokaneeO.

nerka and lake whitefisiCoregonus clupeaformis

Field Methods

Gill-net, shoreline electrofishing, and hook aneelsurveys were conducted
during the summers of 2004, 2005, and 2006 in¢lersstudy lakes (see Chapter 2 for
comprehensive sampling methodology). Fish sampla@ anesthetized with 30 mg/L
clove oil (Prince and Powell 2000), identified fmesies, measured for length (total
length; mm), and released. A minimum of 100 indiidls were counted if greater than
100 individuals of a given species were sampletiwia lake. A 14-gauge soft tissue

biopsy needle (Achieve Soft Tissue Biopsy Needidihal Health, McGaw Park, IL)
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was used to non-lethally extract a sample of wiitsscle (2-mm diameter by 15-mm
long) from a subsample of fish at each lake foblstésotope analysis N and *°C)
prior to release. White muscle was selected eshibits lower within tissue variance in

13C than other tissues, such as red muscle, heartjven, and has been suggested as an

Figure 4.1 — Location of seven lakes in Glacieridial Park, Montana, inhabited by
sympatric populations of native lacustrine-adfllnaall trout and nonnative lake trout.
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appropriate tissue for examining trophic relatiopstamong fishes (Pinnegar and
Polunin 1999). Muscle samples were collected Bgriting the needle into the dorsal
musculature near the insertion of the dorsal fia posterior to anterior direction.
Muscle samples were placed in a portable cryogeeézer (model CX100, Taylor
Wharton, Theodore, AL) and transported to MontatageSJUniversity.

Sample storage capacity at the study sites watelihtd 80 samples based on
equipment limitations; therefore, subsampling wsesduto provide a representative
sample of fish species present within each lakseh Were subsampled at each lake as
follows: 1) up to 10 bull trout were sampled, p)to 10 lake trout were sampled, and 3)
up to five individuals of other fish species praseare sampled. Two sets of samples
were collected from Quartz Lake, one in 2005 anelior2006. These samples were
pooled for analyses resulting in a larger sampde ®r Quartz Lake. Additionally,
muscle samples were only collected from bull trad lake trout individuals large
enough to be considered likely piscivores (i.200 mm; McPhail and Baxter 1996). A
two-samplé-test ( = 0.05; PROC TTEST; SAS Institute 1989) was usecbtnpare the
mean length of individuals subsampled for stalidéojge analysis and the mean length of
all individuals sampled by lake and species focgseother than bull trout and lake trout
(Table 4.1). The mean length of redside shindediti between the subsample of
individuals used for stable isotope analysis ahthdlviduals sampled in Bowman Lake
(t=2.18,df = 28,P = 0.038), Lower Quartz Lake £ 3.31,df = 38,P = 0.002), and
Logging Lake (= 2.61,df = 18,P = 0.018); probability values for all other spedigs

lake comparisons varied from 0.064 to 1.000.
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Table 4.1 — Lake, species, sample sidg &nd length (mean + standard deviation) of
individuals used for stable isotope analysis arddtal sample of individuals measured.
Species within lakes followed by an asterisk hadfles that differed significantly
between the subsample used for stable isotopesasalyd the total sample. Descriptive
statistics for the total sample of bull trout an#d trout are based on individual200

mm; however, an addition eight bull trout varyimgrh 124 to 198 mm (minimum to
maximum) and an additional five lake trout varyfngm 132 to 197 mm were sampled
among lakes.

Stable isotope analysis Total sample

Lake Species N Length N Length
Kintla Lake Bull trout 10 347 + 111 12 353+101
Lake trout 10 421 + 102 34 451 +178
Cutthroat trout 5 176 £+ 12 50 194+ 74
Mountain whitefish 5 239+ 22 100 228+ 45
Longnose sucker 5 201+ 29 250 135+118
Peamouth 5 119+ 4 47 110+ 34
Redside shiner 4 141+ 35 8 145+ 24
Bowman Lake Bull trout 10 351117 12 370 £ 156
Lake trout 10 415+ 76 47 422 + 155
Cutthroat trout 5 132+ 5 23 155z 67
Mountain whitefish 5 251+ 45 104 276+ 63
Longnose sucker 5 158+ 32 55 148+ 68
Redside shiner* 4 110+ 6 26 85+ 22
Quartz Lake Bull trout 20 416+ 94 59 393+133
Lake trout 3 342 + 47 4 394 +111
Cutthroat trout 10 335+ 40 29 320z 74
Mountain whitefish 10 214+ 12 178 219+ 41
Largescale sucker 5 197+ 13 9 237% 86
Longnose sucker 10 271 +109 121 218 + 152
Redside shiner 5 118+ 8 27 97+ 24
Lower Quartz LakeBull trout 10 414+ 79 13 434+121
Lake trout 3 727+ 33 3 727+ 33
Cutthroat trout 5 231+ 64 61 244+ 87
Mountain whitefish 5 184 + 36 144 194+ 46
Longnose sucker 5 157+ 66 120 214+ 87
Redside shiner* 4 92+ 16 36 56+ 21

Table 4.1 continued on next page.
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Table 4.1 — Continued from previous page.

Stable isotope analysis Total sample

Lake Species N Length N Length
Logging Lake Bull trout 6 3221120 6 322+120
Lake trout 10 410+ 84 26 416 £ 149
Cutthroat trout 5 288+ 71 39 273+ 88
Mountain whitefish 5 191+ 15 102 194z 49
Longnose sucker 5 326+ 158 100 297 £+ 137
Northern Pikeminnow 5 131+ 2 126 132 56
Redside shiner* 5 105+ 6 15 78+ 23
Lake McDonald Bull trout 8 417+ 81 8 417+ 81
Lake trout 10 405+ 60 32 382+ 137
Cutthroat trout 2 308 + 45 4 187 +141
Kokanee 5 409+ 13 8 406+ 18
Mountain whitefish 5 266+ 41 68 267+ 77
Pygmy whitefish 5 132+ 4 10 139+ 32
Lake whitefish 4 383 +118 71 311+180
Largescale sucker 5 199+ 20 21 222 +104
Longnose sucker 5 263% 35 43 265+ 88
Northern pikeminnow 5 194+ 9 120 184+ 61
Peamouth 5 167+ 26 103 155z 40
Redside shiner 4 98+ 4 23 83+ 19
Harrison Lake Bull trout 8 471%133 9 467 125
Lake trout 10 521 + 112 10 521 +112
Cutthroat trout 5 289+ 25 22 272+ 71
Brook trout 1 198 2 139+ 84
Kokanee 4 305+ 68 4 305% 68
Mountain whitefish 5 211+ 17 147 208 + 42
Longnose sucker 5 192+ 16 53 213+ 92

Laboratory Methods

Muscle samples were dried for 48 h at 60° C andmido a fine powder with a
mortar and pestle (Jardine et al. 2003). Abouwt 2 ing of the prepared sample was
placed into a 4- by 6-mm tin capsule and shippeslasth Dakota State University —
Plant Science Department for stable isotope arsaly@ing an Europa ANCA-GSL 20-20

IRMS mass spectrometer. Isotopealues were calculated as:
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Rsample
Rstandard

X = -1 10,

whereX ="C or N, Rsample= "*C:*?C or ™N:"N of the sample, anBsiandar= °C:**C or
15N:YN of the international standards Pee Dee Belentinistone (for carbon) and

atmospheric nitrogen (for nitrogen).

Data Analysis

Pearson product-moment correlations (PROC CORR; I8st8ute 1989) were
calculated between fish length arfdC and between fish length antN for each
species by lake to examine trends for the lengtfistosampled. Correlation analyses
were performed when at least three individualsspecies by lake were sampled,
resulting in 50 species by lake correlation anayee each of the isotopes examined.
Values for *C and *°N were plotted against length when correlationsevgignificant
( =0.05). Mean (+ standard erroffC and *°N were calculated and plotted for each
species by lake to provide a visual representatfarophic relationships within lakes.

An analysis of variance (ANOVA) was used to exandifterences in °N
among bull trout, lake trout, and all other samgleld species combined (hereafter
referred to as other fishes) among lakes. Experiaterror variance of*°N was the
same for bull trout, lake trout, and other fishethin lakes ( = 0.05) based on a Brown-
Forsythe test for homogeneity of variance (Browd Borsythe 1974). The ANOVA
model used was a randomized complete block designswbsampling where lakes were
treated as random blocks, the fixed factor hadetheeels (bull trout, lake trout, and other

fishes), and individual fish were treated as sulamnits ( = 0.05; PROC GLM; SAS
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Institute 1989). Blocking by lake was used to actdor differences in*>N among
lakes. Contrast and estimate statements (SASUtesfi989) were constructed to test the
following predictions: 1) bull trout and lake trowtll occupy a similar trophic position
(i.e., will not differ in *N), 2) bull trout will occupy a higher trophic ptish than other
fishes (i.e., N will be greater for bull trout than for otherliiss), and 3) lake trout will
occupy a higher trophic position than other fisfies, *°N will be greater for lake trout
than for other fishes).

A similar ANOVA model was used to examine differeadn *°C between bull
trout and lake trout among lakes. This analysigceted an interaction between the
random block (i.e., lake) and the two levels offiked factor (i.e., bull trout and lake
trout). Consequently, two-samphkests ( = 0.05; PROC TTEST; SAS Institute 1989)
were used to examine differences 1iC between bull trout and lake trout for each lake

separately.
Results

Length and *C were negatively correlated for bull trout in Kant.ake, Bowman
Lake, Quartz Lake, and Logging Lake (Figure 4.8) #or cutthroat trout in Lower
Quartz Lake, lake whitefish in Lake McDonald, amditleroat trout in Harrison Lake
(Figure 4.3). Length andN were positively correlated for cutthroat troutlanountain
whitefish in Quartz Lake, redside shiner in Lowera@z Lake, and kokanee in Lake
McDonald (Figure 4.4). Plots of*C and N for each species by lake indicated that

bull troutd™*C was greater than lake traifC among lakes with the exception of Kintla



81

Figure 4.2 — Correlation between length aff€ for bull trout in Kintla Lake, Bowman
Lake, Quartz Lake, and Logging Lake, Glacier NaidPark, Montana. Trend lines
calculated using linear regression.
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Figure 4.3 — Correlation between length affC for cutthroat trout in Lower Quartz
Lake, lake whitefish in Lake McDonald, and cutthraut in Harrison Lake, Glacier
National Park, Montana. Trend lines calculatedig$inear regression.
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Figure 4.4 — Correlation between length aft\ for cutthroat trout in Quartz Lake,
mountain whitefish in Quartz Lake, redside shimektower Quartz Lake, and kokanee in
Lake McDonald, Glacier National Park, Montana. niddines calculated using linear
regression.



84

Lake, *°C values of bull trout and lake trout were gengriaitermediate within the
distribution of all species sampled by lalEN of lake trout was greater thaftN of
bull trout among lakes, ard}®N of bull trout and lake trout were greater theN of
other fishes among lakes (Figures 4.5 — 4.11).

Lake trout N was estimated to be 0.9%seater than bull troutN (Fy1,=
22.01,P < 0.001; Figure 4.12). Lake troutN was estimated to be 3.6%o. greater than

5N of other fishesK; 1,= 430.86P < 0.001; Figure 4.12). Bull trout°N was

estimated to be 2.7%. greater thaPN of other fishesR; 1,= 330.17 P < 0.001; Figure
4.12). Bull trout **C was greater than lake trodfC in all lakes except Kintla Lake,
where lake trout**C was greater, and Logging Lake, whel& was similar for bull

trout and lake trout (Figure 4.13).

Figure 4.5 — Mean (+ standard errafjC and *°N for fish species sampled from Kintla
Lake, Glacier National Park, Montana. BLT = budiut, CUT = cutthroat trout, LKT =
lake trout, LNS = longnose sucker, MWF = mountahitefish, PEM = peamouth, RSS
= redside shiner.



85

Figure 4.6 — Mean (+ standard errotJC and N for fish species sampled from
Bowman Lake, Glacier National Park, Montana. BLbuH trout, CUT = cutthroat
trout, LKT = lake trout, LNS = longnose sucker, M\WHnountain whitefish, RSS =
redside shiner.

Figure 4.7 — Mean (+ standard errotJC and N for fish species sampled from Quartz
Lake, Glacier National Park, Montana. BLT = budiut, CUT = cutthroat trout, LKT =
lake trout, LNS = longnose sucker, LSS = largessatker, MWF = mountain whitefis
RSS = redside shiner.
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Figure 4.8 — Mean (+ standard errofJC and N for fish species sampled from Lower
Quartz Lake, Glacier National Park, Montana. BL®uH trout, CUT = cutthroat trout,
LKT = lake trout, LNS = longnose sucker, MWF = mtain whitefish, RSS = redside
shiner.

Figure 4.9 — Mean (+ standard errotJC and N for fish species sampled from
Logging Lake, Glacier National Park, Montana. BtDBull trout, CUT = cutthroat trou
LKT = lake trout, LNS = longnose sucker, MWF = mtain whitefish, NPM = northern
pikeminnow, RSS = redside shiner.
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Figure 4.10 — Mean (+ standard erra)C and N for fish species sampled from Lake
McDonald, Glacier National Park, Montana. BLT dllticout, CUT = cutthroat trout,
KOK = kokanee, LKT = lake trout, LNS = longnose lsei; LSS = largescale sucker,
LWF = lake whitefish, MWF = mountain whitefish, NP¥northern pikeminnow, PEM
= peamouth, PWF = pygmy whitefish, RSS = redsideesh

Figure 4.11 — Mean (+ standard erraJC and N for fish species sampled from
Harrison Lake, Glacier National Park, Montana. Btbull trout, BRK = brook trout,
CUT = cutthroat trout, LKT = lake trout, LNS = lomgse sucker, MWF = mountain
whitefish, RSS = redside shiner.
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Figure 4.12 — Mean (+ standard error) relative ioposition (*°N) of bull trout, lake
trout, and other fishes among seven lakes in Gl&a¢ional Park, Montana.
Comparisons that were significantly different ardicated by different letters.

Figure 4.13 — Mean (- standard erralJC of bull trout (gray bars) and lake trout (white
bars) among seven lakes in Glacier National Padgtisha. Lakes where comparisons
between bull trout and lake trout were significarmifferent are indicated by an asterisk.
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Discussion

Bull trout and lake trout occupy dominant trophasipions relative to other fishes
present within the study system. Bull trotiN was 2.7%o greater than other fishes and
lake trout N was 3.6%. greater than other fishes. These valesonsistent with a
one level increase in trophic status (i.e., abodfgd Minagawa and Wada 1984)
between diet and consumer. Therefofd\ indicates that bull trout and lake trout (

200 mm) are predators of other fishes within tlegisystem. The prediction that bull
trout and lake trout would occupy a similar troppasition was not supported among

lakes. The prediction that bull trout and lakeutrvould not differ in **C was also not

supported in six of the seven lakes examined.

Donald and Alger (1993) suggested that dietarylapdretween bull trout and
lake trout may be a causal mechanism for the disph@nt of bull trout under conditions
of limited food supply where the distribution oee species is sympatric (e.g., northern
Montana, southwestern Alberta, and east-centraisBrColumbia). Analyses of>C
and *°N provide little evidence for complete dietary dagrbetween bull trout and lake
trout among lakes sampled in this study. Howedata needed to determine if food is
limiting within this study system are unavailabéeg(., bull trout and lake trout
consumption estimates, prey species abundanceiamas$s, lake productivity). Patterns
observed in this study may be a consequence ofkits associated with colonization
by nonnative lake trout. For example, lake trdutted from a largely littoral, fish-based
diet to a largely pelagic, zooplankton-based diiofving invasions by nonnative

smallmouth basMicropterus dolomiewand rock basAmbloplites rupestrign Canadian
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lakes (Vander Zanden et al. 1999). This conclusias based on a comparison between
stable isotope analyses of invaded (bass presemteference lakes (bass absent) and on
long-term studies of two invaded lakes (Vander Zamek al. 1999).

It is difficult to determine if thef**C andd™N values observed for bull trout
among lakes in GNP are a result of diet shifts @ased with colonization by nonnative
lake trout. Lakes in GNP that have not been cakeshby nonnative lake trout are more
depauperate in fish species richness (Meeuwig &t pftess) and bull trout food habits
often differ among lakes with different specieseaslages (e.g., Leathe and Graham
1982; Donald and Alger 1993; Wilhelm et al. 199@iliey et al. 1998; Vidergar 2000;
Beauchamp and Van Tassell 2001; Clarke et al. 200Bbgrefore, these lakes would be
poor references as the influence of species asagmbbuld not be controlled.

Bull trout and lake trout have been shown to beegaist and opportunistic
predators in many studies. The diet of bull tiautake Billy Chinook, Oregon, was
variable both seasonally and among size classdsnaluded kokanee, bull trout,
rainbow troutO. mykissmountain whitefish, other salmonids, cyprinidsitics,
catostomids, and invertebrates (Beauchamp and ¥asell 2001). Bull trout predation
on three aquatic invertebrates in Harrison Lakégefh, varied seasonally and was
similar to the seasonal abundance of the prey espéwilhelm et al. 1999). Bull trout
and lake trout fed on a wide range of availablataxcluding aquatic and aerial insects
and fishes in lakes varying in trophic complexityniorthern Montana, southwestern
Alberta, and east-central British Columbia; howewvdren present, fish composed the

majority of bull trout and lake trout diets (Donaldd Alger 1993). Dietary differences
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were observed between small (i.e., 177 to 406 nmd)arge (i.e., > 406 mm) lake trout
in Lac la Ronge, Saskatchewan, where small laké feal on invertebrates (especially
Mysis relictg, cicsoesCoregonus zenithicusndCoregonus artedj sculpins
(Myoxocephalus thompsor@ndCottus cognatys and ninespine sticklebacRsingitius
pungitiusand large lake trout fed on ciscoes, lake whitefisnespine stickleback,
longnose sucker, yellow peréterca flavescensculpins, burbotota lota walleye
Sander vitreumspottail minnowNotropis hudsoniudake trout, and small numbers of
invertebrates (< 11% of diet; Rawson 1961). Lakattin Algonquin Park, Ontario, may
feed on fishes or plankton, depending on theirlaladity (Martin 1966). Lake trout diet
varied with habitat (i.e., nearshore and offsharg) was related to prey abundance in
Lake Michigan (Miller and Holey 1992). These sasisuggest that differences iiC
and *°N between bull trout and lake trout in GNP coulsulefrom partitioning of prey
resources associated with species-specific halmstatand prey availability rather than
from diet shifts.

In five of the seven lakes examined in this studl trout d**C was greater than
lake troutd™3C and in four of the seven lakes there was a negyegiationship between
bull trout length and**C. Studies have shown ttéifC of littoral consumers in lakes is
often greater thad"C of pelagic or profundal consumers (France 1938dér Zanden
and Rasmussen 1999) as a result of a benthic dlf@deing greater thad°C of
planktonic algae (France 1995; Hecky and Hessl@db)L Therefore, the observed
trends are suggestive of bull trout foraging itolial habitat more than lake trout and of

bull trout shifting from foraging in littoral halait to foraging in pelagic or profundal
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habitat as they increase in length. Similarly) blut have been observed to be spatially
segregated based on size in Harrison Lake, Alberth,smaller bull trout (i.e., 250
mm fork length) observed in shallow water (i.e #n) and larger bull trout observed in
the profundal offshore waters (Wilhelm et al. 1999)

Lake trout occupied a higher trophic position thaf trout among lakes. This
may be the result of consuming different prey speor similar prey species in different
proportions, but the possibility that lake troug aeceiving some dietary contribution
from bull trout should not be disregarded. Lalkmitrcan consume prey fish with lengths
about 50% their own length (Ruzycki 2004). Therefdt is possible that bull trout are
contributing to the diet of lake trout even witlie size range of individuals examined in
this study. For example, the length of the smabed trout sampled in this study was
less than 50% the length of the largest lake tsaotpled within lakes with the
exceptions of Quartz Lake and Lake McDonald.

This analysis shows that bull trout and lake tiameat top-level predators in GNP,
indicating the potential for competition for pregsources; however these species differed
in levels of naturally occurring stable isotopesoaonly used to examine trophic
relationships. Differences between these spenieS€ and °N may be the result of
consuming different species or different proporsiah similar species and difference in

13C are suggestive of different foraging habitat ig¢hese species. Therefore, there is
little evidence for complete overlap in food hallnetween bull trout and lake trout in
GNP, which has been suggested as a causal mechfanipopulation-level declines and

extirpation of bull trout following the introductimoof lake trout (Donald and Alger 1993).
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However, implicit in this ‘competitive exclusionypothesis is the requirement of limited
food supply. No data are available with resped¢btml abundance or consumption rates
of bull trout and lake trout within GNP. Resourceay be sufficient to allow
partitioning of prey between two top-level predatasithin GNP. Additional research
such as bioenergetics modeling, abundance and bsoesiimates for predator and prey
species, and quantitative gut content analysesrtiptement stable isotope data will help
elucidate whether population-level declines in tndut are likely to occur as a result of

diet overlap with lake trout.
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CHAPTER 5

USE OF COVER HABITAT BY BULL TROUT AND LAKE TROUTN A

LABORATORY ENVIRONMENT

Abstract

Lacustrine-adfluvial bull trouBalvelinus confluentusigrate from spawning and
rearing streams to lacustrine environments as @arbge 0. Within lacustrine
environments, cover habitat provides refuge froepiial predators and is a resource
that is competed for if limiting. Interactions teien bull trout and novel competitors,
such as lake troi®. namaycustcould result in bull trout being displaced froover. A
laboratory experiment was performed to examinethabse and interactions for cover
by juvenile (i.e., < 80 mm) bull trout and lakeuto Differences were observed between
bull trout and lake trout in the proportion of timsing coverki 226= 20.08,P < 0.001)
and bottom; 237=37.01,P < 0.001) habitat, with bull trout using cover arattom
habitats more than lake trout. Habitat selectaiios indicated that bull trout avoided
water column habitat in the presence of lake temut that lake trout avoided bottom
habitat. Intraspecific and interspecific agonigtieractions were infrequent, but
approximately 10 times greater for intraspecifi@ractions between lake trout. Results
from this study provide little evidence that juMertoull trout and lake trout compete for

cover.
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Introduction

Bull trout Salvelinus confluentus an inland and coastal fish species that is
distributed throughout the northwestern United &@nd southwestern Canada. This
species exhibits a variety of migratory life-higt@trategies; including potamodromous
strategies [i.e., fluvial-adfluvial, lacustrine-adfial, and allacustrine (Varley and
Gresswell 1988; Northcote 1997)] and anadromy. aR#lgss of life-history strategy, it is
often stated that juvenile bull trout spend thstfone to three years of their life in
spawning and rearing streams, with lacustrine-aafldorms migrating from rearing
streams to lake systems primarily at age 2 (se F982 for review). For example, 49%
of the bull trout in the Flathead River system ratgrat age 2 and fewer migrate at age 1
(18%), age 3 (32%), and age 4 (1%; Fraley and Stej®89). However, bull trout in
MacKenzie Creek, British Columbia, migrate downatneas fry (age 0) and juveniles
(age 1 and age 2) into Upper Arrow Lake (McPhad &turray 1979). Additionally,
greater absolute numbers of age-0 bull trout méggdatwnstream to Lake Pend Oreille,
Idaho, from spawning and rearing areas in Tresté&elCthan other age groups (Downs et
al. 2006).

It has been suggested that maintaining abundantighequality rearing habitat
in streams may allow juvenile lacustrine-adflu\ball trout to attain large sizes prior to
immigrating to lacustrine habitats, thereby straeging adult populations (e.g., Downs
et al. 2006). However, migration to lake enviromtseby juvenile bull trout may be a
strategy that has developed over evolutionary soses and could offer benefits in

certain environments. Many bull trout populati@esupy high elevation headwater
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habitats. These areas often have seasonally l@gakam flows and resultant high
summer temperatures, as well as formation of anghdrfrazil ice during the winter.
Estimated peak growth of bull trout in a laborateegting occurred at 13.2° C with an
upper incipient lethal temperature of 20.9° C (8glet al. 2001), and field studies have
shown that bull trout distribution is influenced maximum water temperature (Dunham
et al. 2003). Therefore, streams that exhibit lsiginmer temperatures may be
physiologically stressful. Additionally, exclusidmom upstream habitat as a result of
water supercooling, anchor ice, and frazil ice migifivinter months resulted in
downstream movement of resident bull trout to paoid beaver ponds in the Bitterroot
River drainage, Montana (Jakober et al. 1998).réfoee, movement of bull trout into
lacustrine environments prior to age 2 could desesposure to physiologically
stressful stream temperatures in the summer andat@atmovement associated with
winter stream conditions.

Movement of juvenile bull trout into lacustrine émnments likely would not
reduce predation risk, and may increase it depgnaiinlake specific species
assemblages; therefore, the presence of habitatetthaces predation risk would be
important. Many studies have examined habitataydaull trout in lotic systems. These
studies have generally demonstrated that juveniletiout are positively associated with
cover habitat and the lower portions of the watduimn (e.g., Baxter and McPhail 1997,
Thurow 1997; Polacek and James 2003; Al-ChokhaokyBaudy 2007). However, there

is a lack of information related to habitat usguoyenile bull trout in lentic environments.



97

Electrofishing surveys in wadeable portions of ghine habitat in lakes within
Glacier National Park, Montana, detected the presenbull trout varying in size from
37 to 148 mm (Figure 5.1; Meeuwig and Guy 2007; iwag et al.in pres3. Although
ages of these individuals were not estimated, fata bull trout at similar latitudes
suggest that these fish varied from age 0 to ageo?.example, back-calculated length at
age varied from 52 to 75 mm for age-1 and 98 torh@®for age-2 bull trout from the
Flathead River Drainage, Montana (Fraley and Slikp@89), and age estimates were
103.2 £ 5.2 mm (mean = 95% confidence limit) foe-dgand 155.4 + 3.8 mm for age-2
bull trout from the St. Mary River Drainage, MongafMogen and Kaeding 2005).
Additionally, bull trout in Glacier National Parkkes were sampled from areas
composed of cobble and gravel substrates with lnlwegldedness (Meeuwig and Guy
2007; Meeuwig et aln presg, and it is likely that these fish were using msteial spaces
among these substrates as cover habitat.

Cover habitat would be important for juvenile bwdut entering lacustrine
environments occupied by predators. Cover habtacteals fish from predators and
competitors (Orth and White 1999), and cover halstaften defended or competed for
through agonistic behavior (Moyle and Cech 199Bpver habitat has been shown to be
selected for by fishes (e.g., smallmouth ddssopterus dolomieyiSechnick et al.

1986; Atlantic salmorsalmo salarHeggenes and Traaen 1988), and use of coveahabit
can reduce predation risk. For example, predatrosmall (i.e., 35 to 44 mm total
length) bluegilld.epomis macrochiruby largemouth badd. salmoideg4330 to 370 mm

total length) decreased in areas of high structoaiplexity (Savino and Stein 1982).
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Figure 5.1 — Length-frequency histograms of bautrsampled in wadeable portions of
the littoral zones of Akokala Lake, Arrow Lake, lealsabel, Upper Kintla Lake, and the
pooled sample in Glacier National Park, Montanapi@duced from Meeuwig and Guy
(2007).
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Juvenile bull trout entering lacustrine environnsanwbuld be exposed to both
native (e.g., bull trout) and nonnative (e.g., l&do@it S. namaycusmorthern pike€esox
luciug) predators, and potential fish competitors inahgdcatostomids, cottids, cyprinids,
and other salmonids. Of these potential compstittie lake trout is a novel competitor
that has been introduced into lakes throughout nofithe native range of bull trout, and
lake trout have been implicated in declines in bnalit abundance (e.g., Donald and
Alger 1993; Fredenberg 2002; Martinez etirakeview). The historic distribution of bull
trout and lake trout do overlap; specifically inrjpans of Alberta and British Columbia,
Canada. However, where these species do co-dadutrout and lake trout are often
spatially separated based on elevation (Donaldfdger 1993) or bull trout exhibit a
fluvial or fluvial-adfluvial life history strategyand lake trout have been shown to
displace bull trout after establishment in highvateon lakes (Donald and Alger 1993).
Following their introduction in 1905 (Spencer etE)91), lake trout have spread through
much of the Flathead River-Lake Drainage and tteative abundance has increased.
Concomitant with this increase in the number oél&dout has been a decrease in the
number of bull trout (Fredenberg 2002; Meeuwig &uy 2007; Meeuwig et ain
presg. This type of decline following the addition @hovel species is often indicative
of interspecific competition (Ricklefs 1990).

Little is known about habitat use by juvenile ldakaut. Juvenile lake trout have
been observed at various depths during theiryeat of life (Martin and Olver 1980).
For example, in Lake Superior, Michigan, age-0 lakat were observed in shallow

water (< 2 m) until they attained a size of 45 namgl it was hypothesized that movement
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to deeper water was a response to increasing swwfater temperature (Peck 1982).
Similarly, Wagner (1981) observed lake trout fr¢ 231 mm) at depths less than 7 m in
Lake Michigan. Substrate use by juvenile lakettiswariable. Eleutheroembryos have
been observed near spawning grounds within thestintes of rocks (Greeley 1986
Martin and Olver 1980). Lake trout fry have bed&served in association with a mixture
of cobble, boulder, and sand substrate (Wagner)198iormation regarding the specific
habitat requirements of small lake trout (e.gs lgn 125 mm) is largely anecdotal and
unpublished (see Martin and Olver 1980 for revieWpwever, based on available data
and the evolutionary association of lake trout vather predatory fishes (Martin and
Olver 1980), it is plausible that juvenile lakeutaise cover for protection, such as
interstitial spaces along lake shorelines.

Competitive interactions between bull trout ancel&out in lacustrine
environments could occur at or among different gatetic stages and for different
resources. However, if cover is an important resetor juvenile bull trout and lake
trout, exclusion of bull trout from cover by lakeat through preemptive, territorial, or
encounter competition (Schoener 1983) could resudull trout being exposed to
predators or being restricted to less productivefficient foraging habitats, which may
help explain declining trends in bull trout popudat following the establishment of lake
trout (e.g., Donald and Alger 1993; Fredenberg 2002

A laboratory experiment was performed to evaluatatat use and interactions
between bull trout and lake trout less than 80 natal length). Treatments were

designed to evaluate the influences of fish derasity species composition on use of
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cover, bottom, and water column habitats. Addalbn experimental tanks were
designed to allow emigration in the event that expental conditions were unsuitable
(e.g.., Matter et al. 1989; McMahon and Hartman9)9&pecific predictions were made
that: 1) a greater percent of bull trout and lakeitt would emigrate from experimental
tanks in the absence of cover habitat than if coxas available, 2) bull trout and lake
trout habitat use would not differ in the preseateonspecific competitors compared to
the absence of competitors, 3) in the presencempetitors, bull trout and lake trout
habitat use would differ depending on whether thiemtial competitor was conspecific
or heterospecific, and 4) in the presence of heparaifics, lake trout would displace bull
trout from cover habitat. Additionally, habitaieetion by bull trout and lake trout was

evaluated and agonistic interactions were recorded.

Methods

Fish Source and Rearing Conditions

Rearing and experimentation were conducted at @rdsational Fish Hatchery,
Montana, in an isolation room maintained for expemtal use (i.e., not used for routine
hatchery operation). Water used during rearingexmerimentation was supplied from
an artesian spring with an average annual temgerafiabout 8.3° C. Bull trout used in
the experiment were second-generation progeny sghwnSeptember 2006 from an
experimental bull trout broodstock maintained a<ton National Fish Hatchery. The
original broodstock was collected from two tribugarto the Swan River (Holland Creek

and Lion Creek) located in the Flathead Drainagentdna (Fredenberg et al. 1995).



102
Lake trout used were obtained as eggs in Novenf@#0@6 from Saratoga National Fish
Hatchery, Wyoming, and transported to Creston Mali¢ish Hatchery.

Bull trout and lake trout were incubated separatel§-tray Heath stack-type
incubators. Eggs and alevins were examined peadigiand dead or abnormal
individual were removed. Once alevins neared swmbull trout and lake trout were
transferred to separate light blue fiberglass ngatanks (3.0-m long x 0.6-m wide x 0.3-
m deep; 0.2-m water depth) where they were heldi tinety reached the target
experimental size of about 60 to 80 mm. Duringréaing period, artificial cover was
provided by two sheets of corrugated fiberglassheaeasuring about 0.4-m long x 0.2-
m wide and suspended about 5 cm off the bottorheofank. Bull trout and lake trout
were fed ad libitum by hand a diet composed ofe&sitbup Fish Feed (Nelson & Sons,
Inc., Murray, Utah). It was assumed that the fegdates were sufficient due to the
presence of uneaten food in the rearing tanks;tandaod was removed periodically to
maintain water quality. Bull trout and lake trawtre examined periodically and dead or
abnormal individuals were removed. Natural, amiblight was provided through a

window in the isolation room during the rearingipdr

Experimental Tanks

Experimental tanks were constructed from particartl (bottom and three sides)
and plexiglas (one side, to allow observationsjtigda board was sealed with light blue
epoxy paint (Sweetwater epoxy paint, distributedhlgyatic Eco-Systems, Inc., Apopka,
Florida). Tanks measured 56-cm long x 55-cm wi@&syxcm deep (20-cm water depth).

Tanks were a flow-through design with water entgtime back-center of the tank near
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the top. Water exited the tank through a 5-cnmdesliameter pipe located at the side of
the tank. The exit pipe was designed to providealow water exit to allow fish to
emigrate from unsuitable experimental conditionsffer et al. 1989). This pipe had a
removable screen that was left in place duringiaation to experimental conditions and
removed following acclimation. Tanks were arrangetivo rows of four tanks. A black
plastic sheet was used to obscure the presenbe observer; a small slit was placed in
the plastic sheeting to allow observations to bdertarough the plexiglas portion of the
experimental tanks. The black plastic sheet bld&mbient light from reaching the
tanks; thus, each row of tanks was indirectly ilinated from above with one 100-w
compact fluorescent light (CFL) controlled by aéinto produce a photoperiod of 14 h

light and 10 h dark; light phase beginning at OR00

Research Design

Once target fish length was achieved (June 20Qifl)trout and lake trout were
assigned to one of nine treatments. No individishlwere used in more than one
treatment x replicate combination. Treatmentsedhim the presence of cover habitat
(present or absent), fish density (one or two fishtank), and species composition (bull
trout, lake trout, or bull trout and lake troutlgfdle 5.1). These treatments were placed
into three ‘groups’ based on subsequent comparisbasgroup |, no cover habitat was
provided, fish density was constant at one fisht@ek, and species composition was
variable (either bull trout or lake trout). Foiogp I, limited cover habitat was provided,
fish density was variable (one fish per tank or fish per tank), and species composition

was variable (either two bull trout, two lake troot one bull trout and one lake trout).
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Table 5.1 — Group, treatment, number of replicateser present, fish density, and
species composition for experimental treatmentgafment lll.a consisted of one bull
trout for two days of observation period followeglthe addition of ( ) one lake trout
for an additional two days of observation (treattriérb).

Group Treatment ReplicatesCover present Fish density Species composition

I l.a 5 No 1 Bull trout
I.b 4 No 1 Lake trout
1 Il.a 6 Yes 1 Bull trout
Il.b 5 Yes 1 Lake trout
Il.c 5 Yes 2 Bull trout
I.d 5 Yes 2 Lake trout
Il.e 5 Yes 2 Bull trout and lake trout
11 ll.a 4 Yes 1 Bull trout
I.b 4 Yes 2 Bull trout and lake trout

Cover consisted of one 85-mm long by 98-mm insidenéter section of PVC pipe,
which was cut in half (internal volume = 0.32 Ljor group lll, cover was provided (as
above) and fish density consisted of one bull tchuring acclimation and two days of
observation followed by the addition of one lak®utrfor two additional days of
observation.

Treatments were randomly assigned to the eightrempatal tanks so that up to
eight treatment x replicate combinations could bgeoved concurrently. The number of
replicates varied from 4 to 6 among treatments I@atl). Freshwater inflow (L/min),
temperature (° C), and dissolved oxygen (mg/L) weeasured immediately prior to the
acclimation period and following the experimenteshwater inflow varied from (mean
+ standard deviation) 1.8 £ 0.4 to 2.0 £ 0.2 L/némperature varied from 8.8 + 0.1 to
9.0 £ 0.2° C, and dissolved oxygen varied from &7823 to 8.38 + 0.51 mg/L among

all treatments and between the beginning of actlonand the end of the experiment

(Table 5.2).
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Table 5.2 — Treatment, measurement period (Staatdfmation or End of experiment),
and number of measurement§ for mean (x standard deviation) freshwater inflow
(Inflow), temperature, and dissolved oxygen.

Treatment Period N Inflow (L/min) Temperature (° C) Dissolved oxygen (mg/L)

l.a Start 5 1.9+0.2 8.9+0.0 7.97+£0.31
End 5 1.9+0.1 9.0+0.2 7.78 +0.23
l.b Start 4 20+0.1 89+0.1 8.28 £0.79
End 4 1.9+0.2 89+0.1 7.95+0.28
Il.a Start 7 20+0.1 89+0.1 8.11+£0.40
End 7 1.9+0.1 89+0.1 8.01 +0.29
Il.b Start 5 19+0.1 8.8+0.1 8.32+0.33
End 5 1.8+04 89+0.1 8.06 + 0.23
Il.c Start 5 20+0.1 89+0.1 8.14 £ 0.22
End 5 20+0.1 89+0.1 8.02 + 0.22
Il.d Start 5 19+0.1 89+0.1 8.32 + 0.56
End 5 20+0.2 89+0.1 8.02 + 0.30
Il.e Start 5 20+0.2 8.8+0.1 8.38 £0.51
End 5 1.8+0.2 89+0.1 7.98 +0.24
lll.a Start 5 19+0.1 8.8+0.0 8.19+0.20
l.b End 5 1.8+0.1 89+0.1 7.96 + 0.21

Length (total length, mm) and weight (wet weightwgre measured on all fish.
Bull trout varied from (mean * standard deviatiéid)+ 4 to 70 + 2 mm and 2.4 + 0.5 to
2.9 £ 0.4 g, and lake trout varied from 68 + 3473 mm and 1.8 + 0.5t02.8+1.0g
among groups and treatments (Table 5.3). Bulktware shorter than lake trout, but
heavier, on average. Sample sizes of fish measueedreater than the number of
replicates for some treatments because some figjrated from experimental tanks
prior to observations for habitat use comparisddewever, these fish were included in
estimates of the number of fish emigrating fromezkpental tanks (see below), and are

therefore included in the sample sizes of individuaeasured.
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Table 5.3 — Sample sizBl and mean (+ standard deviation) length and weagbull
trout and lake trout by treatment.

Treatment Species N Length (mm) Weight (g)
l.a Bull trout 5 683 2405
l.b Lake trout 4 72+2 28+1.0
Il.a Bull trout 7 70+ 2 29+04
Il.b Lake trout 5 69+4 2.6+0.9
Il.c Bull trout 10 67 +2 2.7+ 0.7
I.d Lake trout 10 74+ 3 2.7+0.7
Il.e Bull trout 5 69 +2 28x0.4

Lake trout 5 71+3 22+0.4
ll.a Bull trout 5 67 +4 24+05
ll.b Bull trout 5 67 +4 24+05
Lake trout 4 68+ 3 1.8+£05

Fish were allowed to acclimate to experimental doos for about 36- to 38-h
prior to observation. The acclimation period begaabout 1800 h so that the first
observations could be conducted 36- to 38-h latetisg at 0800 h. A small amount of
food was added to each tank every morning pridhédoeginning of the light phase of
the photoperiod. Fish were observed feeding duhiegexperiment, but uneaten food
was always present in the tanks following the expent. Following the 36- to 38-h
acclimation, the screen blocking the tank exit wvaasoved immediately prior to the
beginning of the light phase of the photoperiodr groups | and Il, each tank was
observed for six observation periods through a kslitiin the black plastic sheet.
Observation periods occurred at 0800 h, 1200 h,1&0@ h on the first and second day
of the experiment. Each observation period lagtechin and fish presence (i.e., whether
fish emigrated from experimental tanks) and hahisat in the tank was recorded once
every 30 s during the 15-min observation. Hahita included a) if fish were using

cover (when available), b) if fish were using thek bottom, and c) if fish were using the
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water column (i.e., not in contact with the bottofrihe tank). A pilot study indicated
that these were the most common and discernabkvioel exhibited by these species
under similar laboratory conditions. Cover habitetupied 1% of the tank volume,
bottom habitat occupied 10% of the tank volume @mukisted of the lowermost 2 cm of
the water column (approximate body depth of bolitrand lake trout used) of the tank
minus the portion occupied by cover, and watermolinabitat occupied the remaining
89% of the tank volume. When two fish were preseiat tank, additional observations
recorded included chasing and nipping, which weoerded continuously throughout
each 15-min observation period.

For group lll, procedures were as above with theepkon that following
observations on the second day the tank exit wasket, a lake trout was added to the
tank, and observations were resumed then nextatawb additional days with the exit

to the tank open.

Data Analysis

All analyses were performed at= 0.05 using SAS software (SAS version 9.1;
SAS Institute Inc., Cary, North Carolina). Repeéatgeasures analysis of variance
(PROC MIXED; SAS Institute 1989) was used for @bhat use comparisons because
observations were made repeatedly on the sameimrgreal unit (tank) over a 32-h
(groups I and 11) to 80-h (group III) time periodll statistical models initially included a
treatment effect, a time effect (continuous timfeaf groups | and 1l: 0 to 32 h; group
[ll: O to 80 h), and an interaction term to testtreatment x time effects. If the

interaction term was non-significant the model Wamcluding only treatment and time
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effects and if the time effect was non-significdire model was fit including only the
treatment effect. Unless otherwise noted, inteaderms and time effects were non-
significant.

For group |, a repeated measures analysis of \@@iamas used to test for
differences between treatments in the proportiotneé using the tank bottom and the
proportion of time using the water column. Sepmeatalyses were performed for each
habitat. In the absence of significant interactow time effects, the treatment effect was
used to test for differences in habitat use betviegitrout and lake trout.

For group Il, a repeated measures analysis of Magiavas used to test for
differences among treatments in 1) the proportioinze using cover, 2) the proportion
of time using the tank bottom, and 3) the proportdtime using the water column. For
treatments Il.c and Il.d, two conspecifics werespre in the tank; however, individuals
could not be uniquely identified. Therefore, tlehavior of both individuals were
recorded at 30-s intervals during each observatesiod (as above), but a post-hoc
randomization procedure was used to randomly selezbf those observations per 30-s
interval for analysis. Separate analyses werepadd for each habitat. In the absence
of significant interaction and time effects, prepiad comparisons using CONTRAST
statements were used to compare between: 1) tretgri@ and Il.c to test for
differences in habitat use by bull trout at deesif one and two bull trout per tank, 2)
treatments Il.b and 1l.d to test for differencedabitat use by lake trout at densities of
one and two lake trout per tank, 3) treatmentdhd the bull trout in treatment Il.e to test

for differences in habitat use by bull trout in firesence of a conspecific and a
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heterospecific, and 4) treatment Il.d and the kaket in treatment Il.c to test for
differences in habitat use by lake trout in thespree of a conspecific and a
heterospecific. If no density effects (CONTRAS@&rid 2) and no species composition
effects (CONTRAST 3 and 4) were observed, a fifdNTRAST was performed to
examine differences in habitat use between bulittamd lake trout among all treatments
in group 1.

For group lll, a repeated measures analysis oékad was used to test for
differences in bull trout habitat use between tret fwo days of observation (treatment
lll.a) and the second two days of observation {tneat 11.b). Habitat use comparisons
included 1) the proportion of time using cover{t® proportion of time using the tank
bottom, and 3) the proportion of time using theavablumn. Separate analyses were
performed for each habitat. In the absence ofifsegnt interaction and time effects, the
treatment effect was used to test for differenadsuil trout habitat use before and after
the addition of a lake trout.

A chi-square procedure was used to evaluate whbthktrout and lake trout
were using habitats in proportion to their avail&pi For this analysis, available habitats
considered were cover, bottom, and water columitdtab Separate analyses were
performed for treatments in which individual fishutd be identified (i.e., treatment Il.a,
treatment Il.b, and treatment Il.e). For treatnéntseparate analyses were performed
for bull trout and lake trout. Each chi-squaré teas performed following the methods
summarized by Rogers and White (2007) in whichvidial fish are treated as the

primary sampling unit. Three chi-square statistvese calculated that evaluate if
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individual fish within a treatment were using habidifferently &% 1), if at least one of
the fish within a treatment was selecting a spetiéibitat X°»), and if the fish within a
treatment were using the habitat types in proportiotheir availability ¥3 1 —X?.5), on
average.

Population based selection ratios and Bonferonjuisaeld 95% confidence
intervals were calculated to examine selectionvordance of particular habitats (Rogers
and White 2007). For these ratios, values greéhtar 1.00 indicate selection and values
less than 1.00 indicate avoidance of a particudditat. The 95% confidence intervals
calculated for these ratios include informatiorvaniability among individual fish, and
selection or avoidance of a particular habitat daurily be inferred if the 95% confidence
interval did not overlap 1.00 (Rogers and White 200

Agonistic interactions were infrequent and variadoi@ong replicates within
treatments. Therefore, data were summed oveeplicates by treatment and presented
as interactions per minute of observation to predadjualitative assessment of agonistic

interactions.
Results

Emigration from experimental tanks varied from G@% among treatments and
between species (Table 5.4). By species, theaggeainigration occurred when cover
was present and fish density was one fish per aakthe lowest emigration occurred

when cover was present and fish density was twogdes tank (Table 5.4).
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Table 5.4 — Treatment and percent of bull trout laké trout emigrating from
experimental tanks. Treatments Il.c and Il.d haemsity of two conspecific fish per
tank; therefore, one fish could leave or both @shld leave.

Percent emigrating

Treatment Bull trout Lake trout
l.a 20
l.b 50
Il.a 43
Il.b 60
ll.c One leaving 20
Both leaving 0
Il.d One leaving 20
Both leaving 0
Il.e 0 20
l.a 20
ll.b 40

For group 1, the proportion of time using the tdodttom differed significantly
with time (F13s4=5.02,P = 0.031) and between treatmerfs {g= 20.21,P = 0.002).
The proportion of time using the tank bottom deseelwith time, and varied from 0.33
to 0.90 among observation periods for bull troud fnom 0.00 to 0.03 among
observation periods for lake trout (Table 5.5).e Bxact opposite trend was observed for
the proportion of time using the water column beeaonly two habitat types were
guantified for group I. The proportion of time ogithe water column differed
significantly with time Fj 35.4= 5.02,P = 0.031) and between treatmerftg {s= 20.21,
P =0.002). The proportion of time using the wat@lumn increased with time, and
varied from 0.10 to 0.67 among observation perfod$ull trout and from 0.97 to 1.00
among observation periods for lake trout (Tablg.5.5

For group I, treatments Il.a and Il.c did not diffor the proportion of time using

cover F1221=1.11,P = 0.303) and using the tank bottoR §3,=2.53,P = 0.126);



Table 5.5 — Day of observation, time of observatand the proportion of time using
bottom and water column habitats by bull troutgtneent I.a) and lake trout (treatment

l.b).
Proportion of time (mean + 95% CI)
Day Time Habitat Bull trout Lake trout
1 0800 Bottom 0.90+0.21 0.03 = 0.07
1200 Bottom 0.41 £ 0.28 0.01 £0.02
1600 Bottom 0.52+0.42 0.00
2 0800 Bottom 0.58 £ 0.70 0.00
1200 Bottom 0.33+0.40 0.00
1600 Bottom 0.46 £ 0.51 0.00
1 0800 Water column 0.10+0.21 0.97 = 0.07
1200 Water column 0.59+0.28 0.99 + 0.02
1600 Water column 0.48 £0.42 1.00
2 0800 Water column 0.42 +0.70 1.00
1200 Water column 0.67 £0.40 1.00
1600 Water column 0.54 +0.51 1.00

therefore, use of cover and tank bottom habitandiddiffer between densities of one
bull trout and two bull trout per tank. Howeveedtments Il.a and Il.c differed
significantly for the proportion of time using thwater columnF; 23 6= 6.60,P = 0.017),
with a greater proportion of the time spent usimgwater column at a fish density of one
compared to two bull trout per tank (Figure 5.Zyeatments Il.b and Il.e did not differ
for the proportion of time using covefi(4.1< 0.01,P = 0.980), using the tank bottom
(F1256=0.01,P =0.911), and using the water colunf £59< 0.01,P = 0.950; Figure
5.3); therefore, use of cover, tank bottom, ancewablumn habitat did not differ
between densities of one lake trout and two ladettper tank.

Bull trout in treatments Il.c and Il.e did not difffor the proportion of time using
cover F1215<0.01,P =0.976), using the tank bottora; (>, 4= 0.14,P = 0.709), and

using the water columri({ »30= 0.08,P = 0.779; Figure 5.4) indicating that bull trout
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behavior did not differ with species compositioe (iin the presence of a conspecific or
a heterospecific). Lake trout in treatments Ihd 8.e did not differ for the proportion of
time using coverK; 21 5< 0.01,P = 0.991), using the tank bottofA;(>24< 0.01,P =
0.989), and using the water coluni §30= < 0.01,P = 0.984; Figure 5.6) indicating
that lake trout behavior did not differ with specmomposition. Because no density
effects and no species composition effects werergbd for bull trout and lake trout for
the proportion of time using cover and the tankdrat use of these habitats were
compared between bull trout and lake trout amohgestments in group Il. Bull trout
and lake trout differed significantly in the propon of time using coverH; »,6= 20.08,
P < 0.001) and using the tank bottoR ¢3 7= 37.01,P < 0.001). Bull trout spent a

greater proportion of time using cover and the taoitom than lake trout (Figure 5.6).

Figure 5.2 — Proportion of time (mean + 95% conifkeinterval) using cover, tank
bottom, and water column habitats for treatmenthk wine bull trout present or two bull
trout present. Significant differences denotedwaih asterisk.
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Figure 5.3 — Proportion of time (mean + 95% coniickeinterval) using cover, tank
bottom, and water column habitats for treatmenth wne lake trout present or two lake
trout present.

Figure 5.4 — Proportion of time (mean + 95% coniickeinterval) using cover, tank
bottom, and water column habitats by bull trouttfeatments with two bull trout present
or one bull trout and one lake trout present.
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Figure 5.5 — Proportion of time (mean + 95% coniickeinterval) using cover, tank
bottom, and water column habitats by lake troutfeatments with two lake trout pres
or one lake trout and one bull trout present.

Figure 5.6 — Proportion of time (mean + 95% confickeinterval) using cover and tank
bottom habitats by bull trout and lake trout. $figant differences denoted by an
asterisk.
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For group 111, treatments did not differ for theoportion of time using cover
(F143=0.29,P = 0.591), using the tank bottorf(s» s= 0.45,P = 0.506), and using the
water columnF, 4o7= 0.04,P = 0.837; Figure 5.7). Therefore, the proportidtime
that bull trout used the different habitats wasilsinprior to the addition of a lake trout
and after the addition of a lake trout.

Within treatments Il.a, Il.b, and Il.e, fish werariable in the types of habitats that
they used (Table 5.64 1) and at least one of the fish within each treatrsetected a
specific habitat type (Table 5.8%,). On average, fish within treatments were using
habitats in disproportion to their availability @la 5.6;%%1 —x%.»). Bull trout avoided
water column habitat in the presence of lake trout,not in the absence of lake trout and

did not select or avoid cover or bottom habitaigiFe 5.8). Lake trout avoided bottom

Figure 5.7 — Proportion of time (mean + 95% conifkeinterval) using cover, tank
bottom, and water column habitats by bull troutobefand after the addition of a lake
trout.
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Table 5.6 — Treatment, chi-square analysis, degregesedom (df), chi-square value,
and probability value for tests for habitat us@iaportion to its availability. The;
analysis tests for differences among fish with@atments. Thg? , analysis tests if at
least one of the fish within each treatment seteatepecific habitat type. Thé1 —x2
analysis test whether, on average, fish withintineats were using habitats in
disproportion to their availability (Rogers and \Wh2007).

Treatment Chi-square analysis df Value Probability
Il.a X1 10 624.22 <0.001
X2Lo 12 872.50 < 0.001
X1 — XL 2 248.28 < 0.001
I.b X1 8 17.62 0.024
X212 10 48.47 < 0.001
X1 =X 2 30.85 < 0.001
Il.e — bull trout X1 8 160.05 < 0.001
X2Lo 10 1222.58 <0.001
X1 — XL 2 1062.53 < 0.001
Il.e — lake trout X1 4 68.38 < 0.001
X212 10 123.37 < 0.001
X1 =X 6 54.99 < 0.001

habitat in the presence and absence of bull tbatdid not select or avoid cover or
water column habitats (Figure 5.8). Intraspeaificl interspecific agonistic interactions
varied from 0.000 to 0.007 interactions per min {dtl agonistic interactions among
treatments) with the exception of lake trout chgdake trout, for which 0.116

interactions per min (52 total agonistic interasipwere observed (Figure 5.9).

Discussion

Habitat use did not differ with fish density or sgs composition for bull trout
and lake trout, with the exception of bull troutngsthe water column more at a fish
density of one fish per tank compared to two fishtank. Bull trout used the tank

bottom more than lake trout, and when lake troutevpgesent, bull trout avoided water
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Figure 5.8 — Square root of mean selection rattd3506 Cl) for cover, tank bottom, and
water column habitats for bull trout (filled cirsle bull trout in the presence of lake trout
(filled triangles), lake trout in the presence afllbrout (open triangles), and lake trout
(open circles). A reference line (dashed ling)lésed at a selection ratio value of one.
Selection for a habitat is represented by selectitins greater than one and avoidance is
represented by selection ratios less than onefidaoce intervals that overlap the
reference line indicate a lack of selection or daorce. A square root transformation
performed for presentation purposes only and doeaffect the interpretation of
selection or avoidance.
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Figure 5.9 — Intraspecific and interspecific agtinisteractions (chasing and nipping)
per minute by bull trout and lake trout.

column habitat. When cover was available, bullitnased cover more than lake trout. In
the absence of cover, bull trout spent a greatgsgtion of time on the bottom of the
tank and lake trout spent a greater proportiomnoeé in the water column. Lake trout
generally used the water column and avoided thelhattom; whereas the proportion of
time spent by bull trout was about equal amongetheer, tank bottom, and water column

habitats. When bull trout were allowed to acclient experimental conditions prior to
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the addition of a lake trout, bull trout habitaewdid not differ between observations prior
to lake trout addition and after lake trout additio

Habitat use by juvenile bull trout in lotic envirments has been well studied;
however, there is a lack of information with redpechabitat use and preference of
juvenile bull trout in lentic systems. Studies @ahown that juvenile bull trout in natural
and artificial stream environments are positivedgaciated with cover habitat (Polacek
and James 2003; Al-Chokhachy and Budy 2007), laituke of cover habitat may
change over a diel period (Baxter and McPhail 199%row 1997). Additionally,
stream dwelling bull trout are generally locatedhwi the lowermost portion of the water
column (Polacek and James 2003; Al-Chokhachy artyR007). Results from this
laboratory study indicate that bull trout do usgercand bottom habitat, but they also
used water column habitat. Additionally, there \wdack of selection for cover and
bottom habitat. This lack of selection may berdmult of variability in habitat use
among individual bull trout. Individual bull tromwtere using habitats in disproportion to
their availability. Bull trout were observed usiogver and bottom habitat about as often
as using water column habitat; although, watermoolthnabitat made up a greater
proportion of the tank volume (89% of tank voluméjowever, analyses of selection
included information on variability among individaand because some bull trout
generally used cover habitat and some bull tronegaly used bottom habitat no
selection for these habitats among all bull trauild be inferred.

Although there is little quantitative, publishedagelated to habitat use by

juvenile lake trout, few studies have indicate fh&enile lake trout may be found in
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shallow waters (i.e., < 7 m) and associated witre® substrates (Greeley 1936 in
Martin and Olver 1980; Martin and Olver 1980; Wagh@81; Peck 1982). In this study,
lake trout spent the greatest proportion of timtheawater column and rarely used cover
or bottom habitats. In an artificial stream enmim@ent, lake trout fry were generally
present in the water column except at high tempezat(i.e., 12.4 to 19.2° C), where
they showed a weak preference for cover habitagjgeees and Traaen 1988). In this
study, there was a lack of significant selectiondover habitat by lake trout, and lake
trout avoided bottom habitat, unlike bull trout.

The prediction that bull trout and lake trout habitse would not differ in the
presence of conspecific competitors compared talisence of competitors was
supported, with the exception that bull trout ugezlwater column more in the absence
of conspecifics; therefore, the effects of fishglgnwere generally insignificant.
However, there was a lack of support for the preahicthat habitat use by bull trout and
lake trout in the presence of potential competiteosild differ depending on whether the
potential competitor was conspecific or heterodpecHad this prediction been
supported, it would have provided evidence for talsihifts associated with species
composition, as fish density did not have an effatteast for cover and bottom habitat
use. Additionally, no change in habitat use waseoked for bull trout previously
acclimated to experimental conditions following #uition of a lake trout. Therefore,
the prediction that lake trout would displace lrdut from cover habitat was not

supported.
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If habitat preferences of these species differ suhglly, habitat shifts would not
be anticipated. For example, there were no chamgesver use, foraging rate, or
foraging distance of bull trout following the renadwf westslope cutthroat trout
Oncorhynchus clarkii lewidrom pools in a northwest Montana stream, andag w
speculated that bull trout and cutthroat trout hétle niche overlap (Nakano et al.
1998). In the same study, removal of brook t®utontinalisresulted in decreased cover
use, increased foraging rate, and increased fayatistance by bull trout (Nakano et al.
1998); suggesting greater niche overlap betwedrtroult and brook trout than between
bull trout and westslope cutthroat trout. Convigrsao shift in resource use (i.e.,
microhabitat use, focal point height, and surfasing frequency) by bull trout
associated with the presence of brook trout wasrebsd in eastern Oregon streams
(Gunckel et al. 2002); however, based on fastewtjroates and aggressive behavior
observed for brook trout, Gunckel et al. (2002)gasgged that over longer time intervals
than their study, or under conditions of resountetation, brook trout may displace bull
trout.

Agonistic interactions in this study were generaliyilar among treatments (<
0.007 per minute). Interestingly, incidents ofdakout chasing lake trout were
approximately 10 times higher than other agonistieractions within treatments. Bull
trout used the various habitats in about equalgagns; therefore, they may have
partitioned these resources resulting in feweasgecific interactions. Conversely, lake
trout spent a much greater proportion of time ewhater column and rarely used the

cover or bottom habitats, and likely had a greptebability of encountering
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conspecifics in close proximity resulting in anne&sed frequency of agonistic
interactions. The avoidance of water column halbyebull trout in the presence of lake
trout may have been a strategy to avoid intersgpeagonistic interactions by bull trout.

Although general differences in habitat use andhesgic interactions (to a lesser
degree) were observed in this study, certain lioites existed that may have influenced
the results. It was predicted that a greater peraiebull trout and lake trout would
emigrate from the experimental tanks when covertatlvas absent than when present.
A greater percent of emigration in the absenceogécwould have provided evidence
that cover was an important resource for theseispélatter et al. 1989). However, the
greatest percent of both species emigrated wheer veas present and fish density was
one fish per tank, with a lower percent of emigmatobserved at densities of two fish per
tank. Therefore, no clear trends with respecbigec presence or absence were observed,
and emigration was likely the result of exploratorgvements by bull trout and lake
trout.

Cover is often associated with reduced predatisk) end the study design of this
experiment did not include predation risk. It agspible that inclusion of predation risk
(e.g., introduction of a potential predator inte #xperimental tanks) may have resulted
in greater use of cover and competition for cowebbll trout and lake trout. For
example, predation risk by northern pike resultedhanges in habitat use and foraging
rate by brown trouSalmo trutta(Greenberg et al. 1997).

In this study, observations were made only duriagidht portions of the

photoperiod. Diel differences in habitat use hlbgen observed for bull trout in many



124

studies. Bull trout moved from cover during the tiashallow water habitats with low
cover at night in two tributaries to the Bitterrd®iver, Montana (Jakober et al. 2000).
Age-0 bull trout moved from deeper water habitatsrd) the day to shallower habitats at
night in Indian Creek, Washington (Polacek and 3a2@®3). Juvenile bull trout used
cover more during the day than at night in ar@#i@nd natural streams (Baxter and
McPhail 1997; Thurow 1997). Bull trout may havedgover to a lesser degree had
observations been made during the night. Additlgna greater degree of interspecific
agonistic interactions may have been observed hkdrbut moved out of cover or used
shallower portions of the water column in this stud

Habitat use may change and interspecific, agonistécactions may increase
when feeding territories are established for sald®(e.g., Glova 1986). However, a
small amount of food was added to the experimeaatds each morning prior to the light
phase of the photoperiod. It was assumed thariwmunt of food was sufficient to meet
energetic requirements of the experimental bullttemd lake trout as uneaten food was
always present. Therefore, territorial behaviat egsultant agonistic interactions could
have been unnecessary under the experimental morgjitinder conditions of limited
food availability both intraspecific and intersdecagonistic interactions may have been
more abundant.

Results from this study provide little evidencetthall trout and lake trout
compete for cover. Differences in habitat use betwthese species were observed and
there was some degree of selection and avoidanckfferent habitats. Additionally,

few agonistic interactions were observed betweesdlspecies during the study. Future
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research should examine the influence of predatotsabitat use by and competition
between juvenile bull trout and lake trout as wekhnges in diel habitat use by these

species in lentic environments.
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CHAPTER 6

SYNTHESIS AND FUTURE RESEARCH

Bull trout Salvelinus confluentysopulations have experienced local extirpations
(Rieman and Mcintyre 1993) and declining trendabandance with time (Rieman and
Mcintyre 1993; Fredenberg 2002) throughout thestribution in North America.
Consequently, bull trout were listed as a threatespecies under the US Endangered
Species Act in 1998. Loss of connectivity amongalgopulations and the introduction
of nonnative species have often been implicateéberdeclining trends in bull trout
abundance (e.g., Donald and Alger 1993; RiemanMaidtyre 1993; Rieman and
Allendorf 2001; Fredenberg 2002).

Lacustrine-adfluvial bull trout populations in GiacNational Park (GNP),
Montana, west of the Continental Divide, occupyetnork of interconnected lakes and
the stream network connecting these lakes hasasut tsragmented by structures such as
dams or culverts in the past. Consequently, tisgpetential for dispersal of bull trout
among many GNP lakes and resultant gene flow arpopglations. Dispersal and gene
flow among local populations may increase the plodibya of persistence of bull trout
populations, and Rieman and Allendorf (2001) sutggkethat resource managers should
strive to maintain regional connectivity among ldwall trout populations. However,
bull trout in GNP have the potential to be negdyivefluenced by loss of connectivity
through habitat fragmentation and to be negatiirdlyenced by invasion by nonnative

fishes.
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The construction of fish dispersal barriers in GINIR not been ruled out as a
management option to mitigate the threat to napexies posed by invasion by
nonnative fishes into GNP lakes (C. C. Downs, U8dwal Park Service, personal
communication); even though fragmentation of tmeast network may alter patterns of
connectivity among bull trout populations in GNBf the nonnative species that may
negatively influence bull trout populations in GN&e troutS. namaycushave been
colonizing lakes in GNP for more than 50 years @@y currently outnumber bull trout
in many lakes in GNP (Fredenberg 2002; Meeuwid.ehgres3. It has been suggested
that bull trout and lake trout compete for resosrcelacustrine environments (Donald
and Alger 1993) and displacement of bull troutdaling colonization by lake trout has
been document (Donald and Alger 1993; Fredenbe®g@)2@owever, the competitive
mechanism is unknown. Therefore, resource managersced with the difficult
decision of maintaining connectivity among bullut@opulations or fragmenting
dispersal corridors in order to decrease the piiihabf invasion by nonnative species.

The primary objective of this dissertation wasdenitify patterns of connectivity
among bull trout populations in GNP. These dathpwovide resource managers with
information regarding the relative connectivitytafil trout populations in GNP as well
as identify populations that may be naturally isedafrom invasion by nonnative species.
These data may also be used as a base-line forstading and predicting the genetic
consequences to bull trout of fragmenting the laags in GNP through construction of

structures such as dispersal barriers.



128

In Chapter 3, patterns of genetic diversity andegierdifferentiation among bull
trout populations in GNP were examined to infetgrats of connectivity. Bull trout
populations located upstream of natural barriees, (vaterfalls with a vertical drop1.8
m) had reduced genetic diversity compared to pdijounis that were not located upstream
of barriers. Genetic differentiation between lrtdut populations was positively related
to the presence of barriers between populationgtedhagnitude of the effect of barriers
was large compared to other effects examined (he.effects of waterway distance
between populations, intra- and inter-drainageedgifices in the distribution of
populations, and elevation differences between lapipns). Additionally, downstream
dispersal past waterfalls is a realistic assumgdboriishes and statistical models that
incorporated this assumption better represente@dtterns of genetic differentiation
among bull trout populations in GNP than models th@ not incorporate this
assumption. Therefore, these data provide eviddratenatural barriers are effective at
isolating bull trout populations in GNP and thattpens of genetic differentiation are
partially influenced by one-way dispersal.

In the absence of barriers, genetic differentiati@s largely influenced by the
length of tributary stream sections separating toalit populations and by the intra- and
inter-drainage distribution of bull trout populat& For example, bull trout populations
located within the same drainage and separatedlatvely short tributary stream
sections were genetically very similar and somesimdistinguishable (e.g., bull trout
sampled from Middle Quartz Lake, Quartz Lake, aedulan Lake). Habitat

fragmentation in such situations may have ecolégieasequences and alter the natural
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patterns of dispersal and gene flow that have bpenating over evolutionary time-
scales. Interestingly, some bull trout populatitved were separated by relatively large
geographic distances were genetically indistingaliéh (e.g., bull trout sampled from
Kintla Lake and Lake McDonald). However, the mayoof the geographic separation
between these bull trout populations consisteth®MNorth Fork Flathead River and the
Middle Fork Flathead River (mainstem distance),chlwas shown to have less of an
influence on genetic differentiation between brdut populations in GNP than tributary
distance.

The potential for one-way dispersal by bull trawatnfi lakes located upstream of
barriers and the genetic similarity between bualltrpopulations located within the same
drainage as well as some bull trout populationatkxt in different drainages separated
by relatively large geographic distances proviaegeatus for future research directions.
Many bull trout populations are composed of relinfew individuals and persistence of
these local populations may require the presematfaconnectivity among local
populations to facilitate metapopulations proceg¢Besman and Mcintyre 1993; Rieman
and Dunham 2000; Rieman and Allendorf 2001). Adddilly, bull trout populations
isolated upstream of dispersal barriers are likebtected from the threats associated
with invasion by nonnative species and have themi@t to act as sources of natural
colonization to populations that have been negitim@luenced by nonnative species.
Studies that examine habitat specific demogratesrof bull trout populations would
be useful for evaluating whether source-sink dyman(Pulliam 1988) are important for

persistence of bull trout populations in GNP. Aumhially, population viability analyses
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would be useful for evaluating the probability @rgistence of bull trout populations in
GNP. A thorough evaluation of spawning site lamasi for bull trout populations in GNP
would also be useful. There are currently limitieda available related to the distribution
of spawning habitat for bull trout populations ilNB. However, genetic similarities
among some bull trout populations examined indi@sertation are suggestive of random
mating. Therefore, data related to the distributbbull trout spawning habitat could
help in determining whether bull trout sampled frdifferent lakes overlap in spatial and
temporal distribution of spawning habitat use. ufeitresearch should also address the
potential for connectivity between bull trout pogtibns located in GNP and surrounding
areas in the Flathead Drainage.

Patterns of genetic diversity and genetic dissintylandicate that dispersal into
bull trout populations located upstream of barriefdémited. Similarly, patterns of fish
species richness in GNP are influenced by the poesef barriers within the stream
network such that species richness is reduced amdative species are absent in lakes
located upstream of barriers, with the exceptiospscies that were stocked in lakes
upstream of barriers (Meeuwig et i@ .presg. Therefore, bull trout in lakes located
upstream of barriers are most likely protected ftbmpotential negative effects of
invasion by nonnative species. However, nonnapexies such as lake trout are present
in many of the GNP lakes that are not isolated dayiérs (Meeuwig et aln press.
Therefore, the secondary objective of this distiertavas to examine potential
competitive interactions between bull trout ancelédout. Although lake trout have been

implicated in the displacement of bull trout in gead (Donald and Alger 1993; Martinez
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et alin review) and the decline in abundance of bull trout in GRR2denberg 2002), the
mechanism for displacement has not been identifidterefore, empirical data from lake
trout invaded lakes in GNP and experimental testewerformed to evaluate
competitive interactions between bull trout ancelédout.

Chapter 4 used naturally occurring stable isota@fesrbon (**C) and nitrogen
( >N) to examine trophic relationships among bull tréake trout, and other fishes in
seven lakes in GNP. Bull trout and lake trouttzoth generally top-level predators in
lacustrine environments and trophic interactiongehaeen cited as a likely competitive
mechanism for displacement of bull trout by lal@utrin lacustrine environments
(Donald and Alger 1993). Stable isotopes of cardweh nitrogen have been used to
examine trophic relationships among species bedhesehave predictable patterns of
enrichment as they move through a food-web. Uadmmpetitive exclusion scenario
(Hardin 1960) it would be predicted that bull treund lake trout would overlap in levels
of °C and ™N. However, results from lakes in GNP indicateak flake trout™N was
greater than bull trowd™N, indicating that lake trout occupied a highertiee trophic
position than bull trout, and that bull tradifC was generally greater than lake trout
d"*C, indicating that bull trout had a more littoralsed diet. Therefore, complete
overlap in diet was not supported.

Exclusion of bull trout in GNP resulting from contpien with lake trout for food
resources would require that food resources werigiig. It is unknown whether bull
trout and lake trout within GNP lakes are food tedi In order to determine whether

bull trout are likely to be extirpated from lak@sGNP as a result of trophic interactions
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with lake trout, future research should evaluaeeghundance and biomass of predator
and prey species, consumption rates of bull tradtlake trout, lake productivity, and
thermal characteristics of lakes in GNP. Additibpajuantitative gut content analyses
could be used to complement stable isotope data.

Stable isotope data collected for the analyse®prdd in this dissertation could
also be used to evaluate the relative contributiosifferent prey species to bull trout and
lake trout diets. These data could be used taat@loverlap in bull trout and lake trout
diets below the level of complete overlap. Mixtarelyses, analytical techniques that
use mass-balance equations, exist that can bewusadmine the contribution of several
sources (e.g., prey items) to a mixture (e.g., @@y based on stable isotope data
(Phillips and Gregg 2003). These types of analiisee been used to estimate source
contributions to a mixture for a variety of taxag(e Felicetti et al. 2003; Benstead et al.
2006; Fortin et al. 2007); however, a number ofpditying assumptions with respect to
uncertainty in the data must be considered, whachgreatly effect the reliability of
source contribution estimates (Moore and Semme@8)2(Recent advances in mixture
analyses using Bayesian techniques have allowetipiedources of uncertainty to be
modeled using stable isotope data (Moore and Ses2@08); however, simulations
have shown that recently developed Bayesian teabsigave the potential to
overestimate source contributions by up to 50 pergkackson et ain press.

Therefore, use of the mixture analysis techniqueseatly available may provide
misleading information, but future advances in éhiexhniques may warrant further

analysis.
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Chapter 5 examined competitive interactions betvweaeenile (i.e., 80 mm)
bull trout and lake trout for cover habitat in &daatory environment. Bull trout may
enter lacustrine environments as young as age @ligitand Murray 1979; Downs et al.
2006). Within lacustrine environments, cover hatbibuld conceal juvenile bull trout
from predators and competitors (Orth and White 1988d cover habitat is a resource
that is competed for if limiting (Moyle and Cech9H). Colonization of lakes by
nonnative lake trout may result in competition besgw juvenile bull trout and juvenile
lake trout for cover habitat and exclusion from eéokabitat may expose bull trout to
predators or less productive foraging habitatsthitia laboratory environment
differences in habitat use between bull trout ahe ltrout were observed. Additionally,
lake trout avoided bottom habitat whereas bulltteoided water column habitat in the
presence of lake trout. Few agonistic interactiwase observed between these species
during the study. Results from this study proJittke evidence that these species
compete for cover habitat. However, all observetiovere made during daytime hours
and bull trout have been shown to use differentthtsbover a diel period (Baxter and
McPhail 1997; Thurow 1997). Therefore, nighttinbservations may have revealed
different patterns of habitat use and selectioddiflonally, use of cover habitat may be
less important in the absence of predators; thexefoture studies of habitat use by
juvenile bull trout and lake trout should examim@er use in the presence of predators.

The studies presented in this dissertation prowiftgmation on the connectivity
of bull trout in GNP. Patterns of genetic diveysihd genetic differentiation among bull

trout populations were largely influence by theserece and spatial configuration of
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barriers within the stream network. In the absesfdgarriers, genetic differentiation was
generally influence by waterway distance betweguufaiions and intra- and inter-
drainage differences in the location of bull trpopulations. At least some bull trout
populations were genetically indistinguishable pogulations located in close proximity
to the North Fork Flathead River and Middle ForatRead River had low levels of
genetic differentiation. These patterns of ecaabconnectivity indicate that in the
absence of barriers, many lakes in GNP may be tipgvasion by nonnative species
such as lake trout. Lake trout may displace balittin lacustrine environments (Donald
and Alger 1993; Fredenberg 2002; Martinez etnateview); however, competitive
interactions between bull trout and lake trout weseobserved for food resources or
cover habitat. Further research regarding compeititeractions between these species
is warranted to help elucidate whether bull traud &ke trout can coexist in GNP.
Current data indicate that bull trout abundanceeases following colonization by lake
trout in GNP lakes (Fredenberg 2002; Meeuwig ang £307); although local
extirpations of bull trout have not been document&derefore, these species may be
able to coexist in GNP lakes; however, future redeahould examine the probability of

bull trout persistence under conditions of redusepulation abundance.
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APPENDIX A

POLYMERASE CHAIN REACTION REAGENTS AND CONDITIONS



Appendix A —Reaction (single or multiplex), reagents and gtygrand thermal profile for sing
and multiplex polymerase chain reactions (PCR).

Reaction  Reagents Quantityt) Thermal profile

Single* HPLC water 5.7 95° C for 10 min; 45 cycles
Gold buffer 10X 1.0 of 95° C for 30 s, 55° C for
MgCl (24 mM) 0.6 30s,72°Cfor30s;72°C
BSA (2 g/ L) 1.0 for 10 min; 20° C for 1 min
dNTPs (10 mM) 0.2
Scd05-F (10 m) 0.2
Scd05-R (10 m) 0.2
Amplitaq Gold 0.1
Template DNA 1.0

Multiplex* RNase free water 3.2 95° C for 15 miry dycles
QIAGEN Multiplex Master Mix 5.0 of 94° C for 30 67° C for
Scd02-F (10 m) 0.2 1.5 min (stepped down by
Scd02-R (10 m) 0.2 0.5° C each cycle), 72° C for
Sc®20-F (10 m) 0.2 1 min; 25 cycles of 94° C for
Sc®20-R (10 m) 0.2 30 s, 60° C for 1.5 min, 72°
Template DNA 1.0 C for 1 min; 60° C for 30

min; 20° C for 1 min

Multiplex* RNase free water 2.4 95° C for 15 miry dycles
QIAGEN Multiplex Master Mix 5.0 of 94° C for 30 67° C for
Sc®00-F (10 m) 0.2 1.5 min (stepped down by
Sc®00-R (10 m) 0.2 0.5° C each cycle), 72° C for
Sc@®12-F (10 m) 0.2 1 min; 25 cycles of 94° C for
Sc®12-R (10 m) 0.2 30 s, 60° C for 1.5 min, 72°
Sc@15-F (10 m) 0.2 C for 1 min; 60° C for 30
Sc@15-R (10 m) 0.2 min; 20° C for 1 min
Smn22-F (10 m) 0.2
Smn22-R (10 m) 0.2
Template DNA 1.0

Multiplex RNase free water 2.4 95° C for 15 min;cy&les
QIAGEN Multiplex Master Mix 5.0 of 94° C for 30 67° C for
Omn128-F (10 m) 0.2 1.5 min (stepped down by
Omnl128-R (10 m) 0.2 0.5° C each cycle), 72° C for
Sc®02-F (10 m) 0.2 1 min; 25 cycles of 94° C for
Sc®02-R (10 m) 0.2 30 s, 60° C for 1.5 min, 72°
Sc@16-F (10 m) 0.2 C for 1 min; 60° C for 30
Sc®16-R (10 m) 0.2 min; 20° C for 1 min
Sfal8-F (10 m) 0.2
Sfdl8-R (10 m) 0.2
Template DNA 1.0

* Diluted to 1 part PCR product to 9 parts HPLCdgavater post PCR.
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APPENDIX B

PERCENT AMPLIFICATION OF ALLELES BY LOCUS AND LAKE



Appendix B — Number of alleles sampléd) ( percent successful amplification, by locus add| and mean (+ standard deviation) percent
successful amplification by locus and lake for ddi nd bull trout sample populations from 16 lake§lacier National Park, Montana. UK
= Upper Kintla Lake,, KI = Kintla Lake, AK = AkokalLake, BO = Bowman Lake, CE = Cerulean Lake, QQuartz Lake, MQ = Middle
Quartz Lake, LQ = Lower Quartz Lake, LO = Loggingkie, AR = Arrow Lake, TR = Trout Lake, MC = Lake Blenald, LI = Lincoln Lake,
HA = Harrison Lake, IS = Lake Isabel, Ul = Upperkedsabel.

Locus
Lake N Omnil128 Scdl02 Scd05 Sc®00 Sc®02 Sc®l2 Sc®15 Sc®16 Sc®20 Sfal8 Smn22 Mean
UK 20 95 100 100 100 100 100 100 100 100 100 100 :100zx 2
Kl 17 88 94 100 88 94 94 94 100 88 88 94 93+ 4
AK 19 100 100 100 100 100 100 100 100 100 100 95 1100 2
BO 20 100 100 100 100 100 100 100 100 95 100 100 100zx 2
CE 19 100 100 100 100 100 100 100 100 100 100 100 100 O
QU 20 95 100 100 100 100 100 100 100 90 100 100 99+ 3
MQ 11 100 100 100 100 100 100 100 100 73 100 100 98+ 8
LQ 20 100 100 100 100 100 95 100 100 100 100 100 100x 2
LO 14 86 93 93 93 56 93 93 93 79 93 57 8711
AR 20 95 100 95 100 100 100 100 100 95 100 100 99+ 2
TR 20 95 100 100 100 100 100 100 95 100 100 100 99+ 2
MC 20 85 100 100 100 85 100 100 85 80 85 100 93+ 8
LI 12 92 92 92 100 100 100 100 100 92 100 83 95+ 6
HA 20 90 90 100 100 95 90 95 85 90 95 95 93+ 5
IS 20 95 100 100 100 100 100 100 100 100 100 100 100zx 2
Ul 7 100 100 100 100 100 57 100 100 100 100 100 96 + 13
Mean 95+5 98%x4 99+3 99+3 96+11 96+11 99+2 97+5 93+9 98+5 9511 97+ 7

GaT
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APPENDIX C

ALLELE FREQUENCIES FOR BULL TROUT AT LOCU®mn1128



Appendix C — Number of alleles sampléd) &nd allele frequencies for bull sample populagiahlocuOmmi128 from 16 lakes in Glacier
National Park, Montana. See Appendix B for lakbrabiations.

Allele
Lake N 272 280 284 289 293 297 301 305 310 314 318 323 327 331 335 338 342 346 350 354 361
UK 38 0.05 0.13 0.03 0.71 0.08
KI 30 0.03 0.03 0.03 0.07 0.13 0.07 0.03 0.07 0.10 0.07 0.13 0.03 0.07 0.07 0.07
AK 38 0.24 0.08 0.37 0.05 0.26
BO 40 0.03 0.08 0.03 0.03 0.05 0.05 0.05 0.10 0.10 0.15 0.28 0.03 0.05
CE 38 0.95 0.03 0.03
QU 38 0.03 0.87 0.08 0.03
MQ 22 0.91 0.09
LQ 40 0.03 0.08 0.55 0.03 0.03 0.03 0.03 0.15 0.03 0.08
LO 24 0.04 0.04 0.04 0.29 0.13 0.21 0.04 0.08 0.13
AR 38 0.32 0.11 0.58
TR 38 0.08 0.26 0.18 0.47
MC 34 0.12 0.06 0.12 0.06 0.03 0.03 0.12 0.06 0.12 0.03 0.18 0.06 0.03
LI 22 0.05 0.18 0.09 0.05 0.14 0.23 0.05 0.18 0.05
HA 36 0.92 0.03 0.03 0.03
IS 38 0.11 0.26 0.21 0.03 0.08 0.26 0.05
ur 14 0.07 0.79 0.07 0.07

LST
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APPENDIX D

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUScd 02
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Appendix D — Number of alleles sampléd) @nd allele frequencies for bull trout sample
populations at locuScd 02 from 16 lakes in Glacier National Park, Montasee
Appendix B for lake abbreviations.

Allele
Lake N 167 171 175
UK 40 1.00
Kl 32 0.63 0.38
AK 38 0.26 0.45 0.29
BO 40 0.63 0.30 0.08
CE 38 1.00
QU 40 0.03 0.98
MQ 22 1.00
LQ 40 0.23 0.78
LO 26 0.19 0.73 0.08
AR 40 0.98 0.03
TR 40 1.00
MC 40 0.55 0.38 0.08
LI 22 0.45 0.32 0.23
HA 36 0.97 0.03
IS 40 1.00

Ul 14 1.00




160

APPENDIX E

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUScd 05
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Appendix E — Number of alleles samplé@¢) @nd allele frequencies for bull trout sample
populations at locuScd. 05 from 16 lakes in Glacier National Park, Montasee
Appendix B for lake abbreviations.

Allele
Lake N 165 169 173 177 181 185 189 193
UK 40 0.08 0.88 0.05
Kl 34 0.35 0.24 0.09 0.21 0.12
AK 38 0.11 0.08 0.05 0.24 0.53
BO 40 0.10 0.30 0.08 0.53
CE 38 0.18 0.03 0.71 0.08
QU 40 0.08 0.03 0.10 0.75 0.05
MQ 22 0.09 0.05 0.82 0.05
LQ 40 0.25 0.10 0.63 0.03
LO 26 0.19 0.23 0.12 0.31 0.12 0.04
AR 38 0.24 0.37 0.39
TR 40 0.03 0.25 0.23 0.50
MC 40 0.13 0.33 0.13 0.05 0.20 0.18
LI 22 0.23 0.09 0.09 0.41 0.18
HA 40 0.20 0.75 0.03 0.03
IS 40 0.25 0.38 0.33 0.05

Ul 14 0.07 0.93
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Appendix F — Number of alleles sampl@d @nd allele frequencies for bull trout sample dapans at locu$Sc®00

from 16 lakes in Glacier National Park, Montanae &ppendix B for lake abbreviations.

Allele
Lake N 106 11z 11€ 121 125 12¢ 13: 137 14z 14€ 15C 15t 15¢ 16Z 167
UK  4C 0.7C 0.3C
Kl 3C 0.0 0.2C 0.07 0.12 0.17 0.2C 0.2C
AK 38 0.0¢ 0.47 0.0t 0.3¢ 0.05
BO 4C 0.0t 0.0¢ 0.3¢  0.2: 0.1¢ 0.1C
CE 38 0.0< 0.2¢ 0.37 0.2¢ 0.0:
QU 4cC 0.0< 0.4C 0.2¢ 0.2t 0.0: 0.0:
MQ 22 0.1¢ 0.41 0.41 0.0t
LQ 4C 0.0¢ 0.2 0.5¢ 0.1C
LO 26 0.04 0.04 0.31 0.0¢ 0.0¢ 0.27 0.27
AR 4C 1.0C
TR 4C 1.0C
MC 4C 0.0t 0.0c 0.1t 0.1C 0.3t 0.0t 0.1C 0.1C o0.0¢
LI 24 0.0¢ 0.04 0.17 0.0¢ 0.2¢ 0.2t 0.0¢ o0.0¢
HA 40 0.0t 0.0t 0.1C 0.3 0.2¢
IS 4C 0.6¢ 0.3¢
Ul 14 0.07 0.2¢ 0.64

€91
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Appendix G — Number of alleles samplé@d) @nd allele frequencies for bull trout sample
populations at locuSc@®02 from 16 lakes in Glacier National Park, Montasee
Appendix B for lake abbreviations.

Allele

Lake N 130 134 138 147
UK 40 0.13 0.88

Kl 32 0.34 0.63 0.03

AK 38 0.45 0.55

BO 40 0.58 0.43

CE 38 0.76 0.24

QU 40 0.70 0.30

MQ 22 0.82 0.18

LQ 40 0.63 0.38

LO 24 0.71 0.29

AR 40 1.00

TR 40 1.00

MC 34 0.12 0.88

LI 24 0.50 0.50

HA 38 0.82 0.05 0.13

IS 40 0.85 0.08 0.08

Ul 14 0.36 0.64
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Appendix H — Number of alleles sampléd) @nd allele frequencies for bull trout sample dapans at locu$Sc®12
from 16 lakes in Glacier National Park, Montanae S\ppendix B for lake abbreviations.

Allele
Lake N 232 240 244 248 252 256 261 265 269 274 296 304 309 313
UK 40 0.05 0.28 0.68
Kl 32 0.03 0.22 0.25 0.31 0.03 0.09 0.06
AK 38 0.03 0.18 0.37 0.42
BO 40 0.05 0.38 0.43 0.03 0.10 0.03
CE 38 0.08 0.21 0.24 0.45 0.03
QU 40 0.18 0.15 0.20 0.45 0.03
MQ 22 0.05 0.09 0.23 0.59 0.05
LQ 38 0.03 0.05 0.66 0.26
LO 26 0.04 0.12 0.58 0.15 0.12
AR 40 1.00
TR 40 0.03 0.93 0.05
MC 40 0.08 0.10 0.30 0.25 0.08 0.05 0.03 0.08 0.03 0.03
LI 24 0.04 0.17 0.17 0.08 0.17 0.38
HA 36 0.44 0.33 0.17 0.03 0.03
IS 40 0.13 0.05 0.48 0.35
Ul 8 0.75 0.25

9T
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Appendix | — Number of alleles sampled) @nd allele frequencies for bull trout sample
populations at locuSc@®15 from 16 lakes in Glacier National Park, Montasee
Appendix B for lake abbreviations.

Allele
Lake N 284 288 292
UK 40 1.00
Kl 32 0.09 0.38 0.53
AK 38 0.61 0.39
BO 40 0.03 0.85 0.13
CE 38 0.47 0.16 0.37
QU 40 0.33 0.38 0.30
MQ 22 0.32 0.27 0.41
LQ 40 0.33 0.30 0.38
LO 26 0.62 0.27 0.12
AR 40 1.00
TR 40 1.00
MC 40 0.08 0.50 0.43
LI 24 0.04 0.08 0.88
HA 38 1.00
IS 40 1.00

Ul 14 1.00
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Appendix J — Number of alleles sampl&f é&nd allele frequencies for bull trout sample gapans at locuSc®16
from 16 lakes in Glacier National Park, Montanae 3\ppendix B for lake abbreviations.

Allele
Lake N 216 219 223 227 231 235 239 243 247 251 255 259 263
UK 40 1.00
Kl 34 0.21 0.35 0.06 0.12 0.09 0.06 0.03 0.03 0.06
AK 38 0.32 0.34 0.03 0.16 0.16
BO 40 0.15 0.30 0.10 0.03 0.23 0.05 0.15
CE 38 0.08 0.03 0.53 0.03 0.11 0.05 0.18
QU 40 0.10 0.38 0.10 0.03 0.23 0.18
MQ 22 0.09 0.09 050 0.05 0.05 0.23
LQ 40 0.08 0.55 0.05 0.03 0.05 0.25
LO 26 0.12 0.23 0.12 0.08 0.08 0.08 0.31
AR 40 1.00
TR 38 1.00
MC 34 0.03 0.24 0.18 0.09 0.09 0.06 0.09 0.03 0.09 0.09 0.03
LI 24 0.38 0.17 0.17 0.04 0.13 0.08 0.04
HA 34 0.09 0.53 0.06 0.26 0.06
IS 40 0.10 0.85 0.05
Ul 14 1.00

T.T
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Appendix K — Number of alleles sampléd) @nd allele frequencies for bull trout sample gapans at locu$Sc®20
from 16 lakes in Glacier National Park, Montanae S\ppendix B for lake abbreviations.

Allele
Lake N 300 304 309 313 317 321 325 329 333 337 341 344 348 352 356 360
UK 40 0.03 0.58 0.33 0.08
Kl 30 0.07 0.03 0.03 0.07 0.20 0.10 0.13 0.17 0.07 0.03 0.10
AK 38 0.53 0.03 0.21 0.16 0.08
BO 38 0.03 0.03 0.39 0.23 0.11 0.13 0.05
CE 38 0.08 0.05 0.18 0.03 0.21 0.05 0.29 0.03 0.03 0.03 0.03
QU 36 0.03 0.06 0.08 0.03 0.08 0.06 0.03 0.11 0.08 0.19 0.14 0.11
MQ 16 0.06 0.06 0.06 0.06 0.06 0.13 0.25 0.31
LQ 40 0.03 0.28 0.13 0.05 0.05 0.05 0.03 0.05 0.08 0.18 0.10
LO 22 0.05 0.23 0.09 0.23 0.41
AR 38 0.18 0.05 0.74 0.03
TR 40 0.13 0.10 0.58 0.20
MC 32 0.03 0.03 0.13 0.28 0.13 0.09 0.13 0.06 0.06 0.06
LI 22 0.18 0.41 0.09 0.32
HA 36 0.89 0.03 0.06 0.03
IS 40 0.05 0.20 0.15 0.05 0.03 0.08 0.23 0.15 0.08
Ul 14 0.07 0.43 0.50

€LT
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Appendix L — Number of alleles sampled) @nd allele frequencies for bull trout sample
populations at locuSfdl8 from 16 lakes in Glacier National Park, Montaisee
Appendix B for lake abbreviations.

Allele

Lake N 146 152
UK 40 1.00

Kl 30 0.60 0.40
AK 38 0.76 0.24
BO 40 0.48 0.53
CE 38 0.29 0.71
QU 40 0.48 0.53
MQ 22 0.23 0.77
LQ 40 0.40 0.60
LO 26 0.73 0.27
AR 40 1.00

TR 40 1.00

MC 34 0.56 0.44
LI 24 0.96 0.04
HA 38 0.97 0.03
IS 40 1.00

Ul 14 1.00
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Appendix M — Number of alleles sampldd) @nd allele frequencies for bull trout sample gapians at locuSmn22 from 16 lakes in Glacier National Park,
Montana. See Appendix B for lake abbreviations.

Allele

Lake N 158 206 210 214 218 222 226 230 234 238 242 246 250 254 258 262 266 270 274 278 282 287 290 295 303 308 311 320

UK 40 0.030.080.150.08 0.400.050.050.130.05

KI 32 0.030.06 0.06 0.030.030.130.16 0.09 0.130.16 0.06 0.03 0.03
AK 36 0.06 0.03 0.17 0.360.28 0.06 0.06

BO 40 0.030.050.03 0.03 0.280.100.050.050.03 0.08 0.08 0.05 0.05 0.05 0.030.05

CE 38 0.110.030.030.160.16 0.080.130.16 0.13 0.03

QU 40 0.10 0.150.030.08 0.130.050.130.08 0.08 0.100.03 0.03 0.03 0.03

MQ 22 0.14 0.180.320.09 0.050.05 0.09 0.09

LQ 40 0.030.10 0.250.250.100.080.03 0.030.030.10 0.03

LO 16 0.06 0.06 0.13 0.19 0.06 0.130.19 0.06 0.06 0.06
AR 40 0.03 0.330.030.330.030.28

TR 40 0.030.030.230.080.05 0.100.05

MC 40 0.030.03 0.050.13 0.030.08 0.030.030.100.050.150.050.080.03 0.08 0.03 0.030.05

LI 20 0.05 0.200.10 0.05 0.25 0.300.05

HA 38 0.050.050.180.340.080.11 0.08 0.05 0.03 0.03

IS 40 0.03 0.030.030.050.080.150.050.050.050.030.100.130.150.03 0.050.03

ulr 14 0.070.07 0.43 0.29 0.14

LT



