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ABSTRACT 
 
 

Loss of connectivity among populations and interactions with nonnative species 
can negatively influence abundance of bull trout Salvelinus confluentus.  Connectivity 
among bull trout populations and trophic relationships among native and nonnative fishes 
in Glacier National Park (GNP), Montana, were examined.  Competition between 
juvenile (�  80 mm) bull trout and lake trout S. namaycush for cover habitat was examined 
in a laboratory environment. 

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

Competition between bull trout and nonnative lake trout for prey is a potential 
mechanism for declines in bull trout abundance.  Stable isotopes analyses were used to 
examine trophic relationships among fishes in GNP lakes.  Bull trout and lake trout were 
top-level predators among lakes (d15N analysis), lake trout occupied a higher trophic 
position than bull trout (d15N analysis), and bull trout and lake trout likely used different 
foraging habitats (� 13C analysis).  These data do not support the prediction that these 
species are complete competitors for prey resources in GNP. 

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

The landscape in GNP allows connectivity among bull trout populations that are 
not isolated by barriers and one-way dispersal past waterfalls is likely.  This connectivity 
allows dispersal and colonization by nonnative fishes into GNP lakes.  Bull trout and 
nonnative lake trout are not complete competitors for prey resources in GNP or cover 
habitat; however, future studies should examine trophic shifts by these species associated 
with prey limitation and diel variability in habitat use by these species. 



 
 

1 

CHAPTER 1 

 
INTRODUCTION 

 
Background Information 

 
Bull trout Salvelinus confluentus is a species of char endemic to western North 

America.  Bull trout are distributed west of the Continental Divide and from northern 

California and Nevada northward to the southeastern headwaters of the Yukon system.  

The primary distribution of bull trout is east of the Cascade mountain range, including 

most of Oregon (from the Willamette system east), Washington, inter-mountain Idaho 

and Montana, and British Columbia.  Additionally, some coastal populations exist in 

Washington and British Columbia, and some populations of bull trout exist east of the 

Continental Divide in northern Montana and Alberta.  Across their distribution, bull trout 

can be divided into three major groups consisting of 1) coastal populations, 2) Snake 

River populations, and 3) upper Columbia River populations (Spruell et al. 2003).  

Within these groups, bull trout populations are often disjunct and the abundance of bull 

trout within many populations is sufficiently low to have a high probability of extinction 

(Rieman and Allendorf 2001).  However, dispersal and gene flow among local 

populations likely occurs (e.g., Costello et al. 2003; Whitely et al. 2006).  Dispersal and 

gene flow among local populations may decrease the probability of local extinctions 

through rescue effects (Brown and Kodric-Brown 1977), source-sink dynamics (Pulliam 

1988), and metapopulation processes (Hanski and Simberloff 1997; Rieman and 

McIntyre 1993), and Rieman and Allendorf (2001) have suggested that resource 
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managers should strive to maintain natural connectivity among local populations of bull 

trout where those local populations are small (e.g., < 100 spawning individuals). 

Bull trout are coldwater fish that are generally confined to waters that do not 

exceed 15° C for extended periods of time (McPhail and Baxter 1996; Selong et al. 

2001).  Bull trout exhibit fluvial (e.g., Mogen and Kaeding 2005), fluvial-adfluvial (e.g., 

Mogen and Kaeding 2005), lacustrine-adfluvial (e.g., Fraley and Shepard 1989), 

allacustrine (e.g., DuPont et al. 2007), and anadromous (e.g., Brenkman and Corbett 

2005) life-history strategies.  Regardless of life-history strategy, bull trout generally 

spawn in the autumn in low gradient streams with low water velocity and gravel substrate 

(McPhail and Baxter 1996), and at stream temperatures from 5 to 9° C (McPhail and 

Baxter 1996).  Bull trout eggs hatch at about 340 CTU (Celsius Temperature Units; 

Weaver and White 1985 in Fraley and Shepard 1989), survival to hatch is greatest at 

temperatures from 2 to 4° C (McPhail and Murray 1979), and emergence of bull trout fry 

in the Flathead River system, Montana, occurred about 200 days after egg deposition 

(Fraley and Shepard 1989). 

After emergence, bull trout fry are most abundant in side-channels and pools and 

may be associated with submerged cover (McPhail and Baxter 1996).  Bull trout fry and 

juveniles are generally associated with overhead cover and stream substrate, but habitat 

use can be variable both daily and seasonally (McPhail and Baxter 1996; Baxter and 

McPhail 1997; Thurow 1997; Polacek and James 2003; Al-Chokhachy and Budy 2007).  

Juvenile bull trout are generally believed to rear in streams from about age 0 to age 4 

regardless of life-history strategy (see Pratt 1992 for review).  However, bull trout in 
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MacKenzie Creek, British Columbia, migrate downstream as fry (age 0) and juveniles 

(age 1 and age 2) into Upper Arrow Lake (McPhail and Murray 1979), and greater 

numbers of age-0 bull trout migrate downstream to Lake Pend Oreille, Idaho, from 

spawning and rearing areas in Trestle Creek than other age groups (Downs et al. 2006). 

Bull trout become piscivorous when they reach 100 to 300 mm (McPhail and 

Baxter 1996; Beauchamp and Van Tassell 2001), and bull trout are often top-level 

predators in lacustrine environments (Leathe and Graham 1982; Donald and Alger 1993; 

Dalbey et al. 1998; Vidergar 2000; Clarke et al. 2005).  However, exceptions to piscivory 

may occur in systems that contain no other fish species.  For example, bull trout 

populations can subsist on aquatic invertebrates (Marnell 1985; Donald and Alger 1993; 

McPhail and Baxter 1996; Wilhelm et al. 1999). 

Although bull trout are widely distributed throughout northwestern North 

America and exhibit a variety of life-history strategies, which may allow them to persist 

in a variety of habitat types and under variable environmental conditions (Rieman and 

McIntyre 1993), bull trout populations have experienced local extirpations (Rieman and 

McIntyre 1993) and declining trends in abundance with time (Rieman and McIntyre 

1993; Fredenberg 2002).  Declining trends in bull trout abundance have prompted 

increased interest in this species since the late 1970s, and bull trout were listed as a 

threatened species under the US Endangered Species Act in 1998.  Loss of connectivity 

among local populations and the introduction of nonnative species have often been 

implicated in the declining trends in bull trout abundance (e.g., Donald and Alger 1993; 

Rieman and McIntyre 1993; Rieman and Allendorf 2001; Fredenberg 2002). 
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Within Glacier National Park (GNP), Montana, west of the Continental Divide, 

lacustrine-adfluvial bull trout populations (hereafter referred to as bull trout) can be 

negatively influenced by habitat fragmentation and invasion by nonnative fishes.  Bull 

trout in GNP occupy a network of interconnected lakes (Figure 1.1).  The stream network 

connecting these lakes has not been fragmented by structures such as dams or culverts in 

the past, most likely a result of the protected status of GNP.  Consequently, there is 

potential for dispersal by bull trout among many of the lakes in GNP, and dispersal and 

gene flow among local populations may increase the probability of persistence of bull 

trout (Rieman and Allendorf 2001).  However, future activities aimed at mitigating the 

potential threats associated with invasion and colonization by nonnative fishes may result 

in fragmentation of dispersal corridors.  For example, construction of a gabion-basket 

rock weir was begun in 2004 downstream of Middle Quartz Lake.  This structure was 

intended to act as a barrier to upstream dispersal of nonnative fishes into Middle Quartz 

Lake, Quartz Lake, and Cerulean Lake; however, construction was terminated prior to 

completion once the presence of nonnative lake trout was documented in Quartz Lake in 

2005 (W. A. Fredenberg, US Fish and Wildlife Service, personal communication).  

Nevertheless, the future construction of dispersal barriers in GNP to decrease the 

probability of invasion by nonnative fishes has not been ruled out (C. C. Downs, US 

National Park Service, personal communication). 

Few quantitative studies have assessed the fishery resources in GNP; however, 

general information regarding fish distribution and creel-census data have been 

synthesized periodically (Schultz 1941; Morton 1968a, 1968b, 1968c).  Nonnative fishes 
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Figure 1.1 – Sixteen interconnected lakes in Glacier National Park, Montana, west of the 
Continental Divide, known to be occupied by lacustrine-adfluvial bull trout.  These lakes 
are connected through a stream network consisting of the North Fork Flathead River, 
Middle Fork Flathead River, and tributary streams.  The western boundary of Glacier 
National Park is delineated by the North Fork Flathead River and the Middle Fork 
Flathead River.   From north to south; UK = Upper Kintla Lake, KI = Kintla Lake, AK = 
Akokala Lake, BO = Bowman Lake, CE = Cerulean Lake, QU = Quartz Lake, MQ = 
Middle Quartz Lake, LQ = Lower Quartz Lake, LO = Logging Lake, AR = Arrow Lake, 
TR = Trout Lake, MC = Lake McDonald, LI = Lincoln Lake, HA = Harrison Lake, IS = 
Lake Isabel, UI = Upper Lake Isabel. 
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have been introduced into GNP lakes (see Schultz 1941; Morton 1968a, 1968b, 1968c; 

Fredenberg 2002; Meeuwig et al. in press) and other areas in the Flathead Drainage (see 

Spencer 1991).  Of the nonnative species currently known to occupy lakes in GNP, brook 

trout S. fontinalis and lake trout S. namaycush have the potential to most dramatically 

affect the persistence of bull trout populations.  Hybridization between bull trout and 

brook trout can occur (Leary et al. 1993; Kanda et al. 2002).  However, Rieman and 

McIntyre (1993) suggest that migratory bull trout (e.g., lacustrine-adfluvial) may be less 

susceptible to hybridization with brook trout than non-migratory bull trout because 

migratory bull trout attain large sizes and positive assortative mating may decrease the 

potential for hybridization between migratory bull trout and smaller brook trout. 

Nonnative lake trout have been implicated in the decline of bull trout in lakes in 

Canada (Donald and Alger 1993) and the US (Fredenberg 2002; Martinez et al. in 

review).  Gill-net surveys were conducted in the four largest lakes west of the Continental 

Divide in GNP (Kintla Lake, Bowman Lake, Logging Lake, and Lake McDonald) by US 

National Park Service staff in 1969 and by the US Fish and Wildlife Service in 1977.  

These lakes were surveyed in 2000 by the US Fish and Wildlife Service, and attempts 

were made to mimic previous survey methodologies (Fredenberg 2002).  These lakes 

were surveyed again in 2005 using similar methods to surveys conducted in 2000 to add 

to the current data set and to provide data relevant to the development of a management 

document for bull trout resources in GNP (Fredenberg et al. 2007; Meeuwig and Guy 

2007; Meeuwig et al. in press; Chapter 2 this dissertation).  The ratio of lake trout to bull 

trout has generally increased over the last 40 years in these four lakes (Figure 1.2; 
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Fredenberg 2002; Meeuwig and Guy 2007; Meeuwig et al. in press).  Additionally, lake 

trout catch per unit effort was greater than that of bull trout in these lakes in 2000 and 

2005 (Figure 1.3).  The presence and abundance of lake trout in lakes outside their 

historic range within GNP is of concern to regional fisheries managers (Fredenberg 

2002); in addition to the four lakes discussed above, lake trout have been documented in 

Quartz Lake, Lower Quartz Lake, Rogers Lake, and Harrison Lake (Meeuwig and Guy  

 

 
 

 
 

  
 
Figure 1.2 – Number of bull trout and lake trout sampled during gill-net surveys 
conducted in 1969, 1977, 2000, and 2005 in Kintla Lake, Bowman Lake, Logging Lake, 
and Lake McDonald, Glacier National Park, Montana.  Data for 1969, 1977, and 2000 
from Fredenberg (2002).  See Chapter 2 (this dissertation) for 2005 data. 
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Figure 1.3 – Bull trout and lake trout catch per unit effort (mean fish per net•hour + 
standard error) from gill-net surveys conducted in 2000 and 2005 in Kintla Lake, 
Bowman Lake, Logging Lake, and Lake McDonald, Glacier National Park, Montana.  
Data from 2000 provided by W. Fredenberg (US Fish and Wildlife Service, Creston Fish 
and Wildlife Center).  See Chapter 2 (this dissertation) for 2005 data. 
 

2007; Meeuwig et al. in press; Chapter 2 this dissertation).  The continued invasion of 

GNP lakes by lake trout may only be limited by the presence of natural barriers to 

upstream fish dispersal (e.g., waterfalls; Meeuwig et al. in press) under current 

conditions. 

 
Overview of Dissertation 

 
This dissertation examines two of the topics most commonly cited as relevant to 

conservation of bull trout populations: connectivity among local populations (see Rieman 

and McIntyre 1993; Rieman and McIntyre 1995; Dunham and Rieman 1999; Rieman and 

Dunham 2000; Rieman and Allendorf 2001; Nelson et al. 2002) and interactions with 

nonnative species (see Donald and Alger 1993; Leary et al. 1993; Rieman and McIntyre 
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1993; Fredenberg 2002; Martinez et al. in review).  The research presented here focused 

on lacustrine-adfluvial populations of bull trout in GNP, west of the Continental Divide.  

This study system provides a unique area in which to examine both connectivity of bull 

trout populations and interactions between bull trout and a nonnative species.  The 

protection afforded GNP under the National Park Service Organic Act of 1916 has 

resulted in a relatively unaltered landscape in GNP.  This landscape can provide insight 

into patterns of connectivity among bull trout populations in the absence of many 

anthropogenic perturbations such as dams and culverts that may fragment corridors that 

maintain connectivity among populations.  Unfortunately, these same corridors are also 

pathways for invasion by nonnative species, such as lake trout, into GNP lakes from 

outside sources where they have been intentionally introduced (see Spencer et al. 1991; 

Martinez et al. in review).  Some lake trout invaded lakes in GNP have exhibited an 

increase in the ratio of lake trout to bull trout (Figure 1.2).  This type of trend is indicative 

of interspecific competition (Ricklefs 1990), and Donald and Alger (1993) suggested that 

competition between these species for limited prey resources may occur.  However, 

competition between these species may occur for different resources and at different 

ontogenetic stages. 

Chapter 2 provides a brief description of the study area in GNP, the methods used 

to sample fishes in 16 lakes in GNP, and an overview of the diversity and abundance of 

fish species present within the study area.  This material has been separated out because it 

is redundant for later chapters (i.e., Chapters 3 and 4); additional methods specific to 

those chapters will be presented where appropriate. 
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Chapter 3 examines abiotic factors associated with connectivity among bull trout 

populations in GNP.  Specifically, connectivity is inferred from measurements of genetic 

diversity and genetic differentiation among bull trout populations.  These measurements 

are influenced by ecological processes such as population isolation, dispersal, and gene 

flow (Wright 1965; Frankham et al. 2002; Hedrick 2005).  The relationship between 

landscape characteristics in GNP and patterns of genetic diversity and genetic 

differentiation among bull trout populations are examined to elucidate what factors 

influence dispersal and gene flow in this system.  Additionally, statistical models were 

developed to examine different conceptual frameworks for addressing topics associated 

with isolation by distance (Wright 1943, 1946) and the influence of dispersal barriers on 

genetic differentiation between bull trout populations occupying a heterogeneous 

landscape. 

Chapters 4 and 5 examine biotic interactions between bull trout and lake trout in 

an attempt to elucidate potential competitive interactions between these species.  

Specifically, Chapter 4 examines trophic relationships among bull trout, lake trout, and 

other fishes present in seven lakes in GNP.  Stable isotope methods were used to examine 

relative trophic positions of fish species within GNP and trophic similarities between bull 

trout and lake trout.  Chapter 4 was based on hypotheses put forth by Donald and Alger 

(1993) suggesting that competitive interactions between bull trout and lake trout for prey 

resources may be a causal mechanism for declines in bull trout populations following the 

establishment of lake trout. 
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Chapter 5 examines interactions between juvenile (i.e., < 80 mm) bull trout and 

lake trout for cover habitat in a laboratory environment.  Cover habitat conceals fish from 

predators and competitors (Orth and White 1999), and cover habitat is a resource that is 

often defended or competed for through agonistic behavior (Moyle and Cech 1996).  

Exclusion from cover habitat through competitive interactions has the potential to expose 

weaker competitors to predators or restrict poorer competitors to less productive habitats.  

Experiments performed in this chapter were based on observational data indicating that 

bull trout may migrate into GNP lakes as early as age 0, and on recent research showing 

that greater numbers of age-0 bull trout migrate downstream to Lake Pend Oreille, Idaho, 

from spawning and rearing areas in Trestle Creek than other age groups (Downs et al. 

2006). 

Chapter 6 provides a synthesis of conclusions drawn from research conducted for 

this dissertation.  Conclusions are integrated in terms of bull trout ecology and 

conservation.  Additionally, future research directions 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), located in northwestern Montana (Fig. 

2.1), represent portions of three major drainages; the Columbia River Basin (west of the 

Continental Divide), the Hudson Bay Drainage (east of the Continental Divide in the 

northern portion of GNP), and the Missouri River Drainage (east of the Continental 

Divide in the southern portion of GNP).  Research for this dissertation was conducted in 

16 lakes within GNP west of the Continental Divide, which are part of the North Fork 

Flathead (US Geological Survey Cataloging Unit:  17010206) and Middle Fork Flathead 

(US Geological Survey Cataloging Unit:  17010207) watersheds (US Environmental 

Protection Agency 2006).  Lakes within GNP can generally be classified as cirque and 

moraine lakes (Gallagher 1999).  These glacial lakes vary in morphometry and elevation 

(Table 2.1), and are fed by headwater streams originating from glaciers and snowfields.  

There are 10 native fish species known to occupy the North Fork Flathead and Middle 

Fork Flathead watersheds, but at least 17 additional fish species have been introduced or 

are now known to inhabit portions of these watersheds (Spencer et al. 1991).  The study 

lakes represent the known distribution of lacustrine-adfluvial bull trout Salvelinus 

confluentus in GNP west of the Continental Divide, with the exception of Rogers Lake in 

which one bull trout was sampled in 2005 (Meeuwig et al. in press). 
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Figure 2.1 – Sixteen lakes in Glacier National Park, Montana, where gill-net, 
electrofishing, and hook-and-line surveys were conducted.  The western boundary of 
Glacier National Park is delineated by the North Fork Flathead River and the Middle 
Fork Flathead River.   From North to south; UK = Upper Kintla Lake, KI = Kintla Lake, 
AK = Akokala Lake, BO = Bowman Lake, CE = Cerulean Lake, QU = Quartz Lake, MQ 
= Middle Quartz Lake, LQ = Lower Quartz Lake, LO = Logging Lake, AR = Arrow 
Lake, TR = Trout Lake, MC = Lake McDonald, LI = Lincoln Lake, HA = Harrison Lake, 
IS = Lake Isabel, UI = Upper Lake Isabel. 
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Table 2.1 – Depth, surface area, length, and elevation of 16 lakes in Glacier National 
Park, Montana, where gill-net, electrofishing, and hook and line surveys were conducted.  
Lakes sorted by geographic location (north to south).  No depth data were available for 
Upper Lake Isabel.  Data reproduced from Meeuwig and Guy (2007) and Meeuwig et al. 
(in press). 
 
Lake Depth (m) Surface area (ha) Length (km) Elevation 
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 summers of 2004, 2005, and 2006 in 

15 lakes within GNP (Table 2.2).  Gill-net surveys were conducted during two years in 

Quartz Lake and Lower Quartz Lake.  Gill-net surveys were not conducted in Upper 

Lake Isabel due to logistical constraints.  Surveys were conducted with sinking 

experimental gill nets that were 38-m long and 2-m deep, and constructed of 

multifilament nylon with five panels; 19-, 25-, 32-, 38-, and 51-mm bar mesh.  Gill nets 

were configured as either a single 38-m net or as a double net (two 38-m nets tied end-to-

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

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

permit allowed lethal sampling of up to 10 bull trout per lake.  Gill nets were set 

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

set from a float tube, canoe, or motorboat depending on accessibility and lake-specific 

boating regulations.  Gill nets were set during the late afternoon and evening, allowed to 

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

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

 
 
Table 2.2 – Lake, month and year sampled, number of gill nets (N), gill net configuration 
(single = 38-m; double = 76-m), gill net soak time (mean ± standard deviation), and gill 
net depth (mean ± standard deviation) at the near shore and offshore ends of the gill nets 
for lakes sampled in Glacier National Park, Montana.  Lakes sorted by geographic 
location (north to south). 
 

 Month and    Depth (m) 
Lake year sampled N Configuration Soak time (h) Near shore Offshore 
Upper Kintla July 2005 4 Single 9.0 ± 0.0a 0.8 ±   0.8 18.3 ±   5.4 
Kintla Aug. 2005 10 Double 13.0 ± 1.8 2.1 ±   1.5 25.4 ± 15.2 
Akokala July 2004 7 Single 9.4 ± 0.2 1.8 ±   0.4 4.5 ±   1.7 
Bowman Aug. 2005 10 Double 14.1 ± 1.6 3.2 ±   1.7 34.4 ±   9.9 
Cerulean July 2004 4 Single 9.0 ± 1.1 0.5 ±   0.3 17.8 ±   6.1 
Quartz Sep. 2005 6 Single 17.8 ± 1.4 2.1 ±   1.5 16.8 ±   4.7 
Quartz June 2006 2 Double 8.8 ± 0.0a 4.7 ±   3.5 14.2 ±   5.4 
Middle Quartz Aug. 2005 6 Single 11.5 ± 0.2 4.4 ±   2.2 9.7 ±   1.0 
Lower Quartz Aug. 2005 8 Single 12.8 ± 2.0 3.3 ±   1.9 13.5 ±   5.0 
Lower Quartz June 2006 4 Single 15.0 ± 0.1 4.5 ±   2.4 6.6 ±   1.4 
Logging Aug. 2005 10 Double 12.2 ± 1.7 2.7 ±   2.0 20.5 ± 12.0 
Arrow June 2004 8 Single 9.3 ± 0.2 1.2 ±   0.7 10.7 ±   3.9 
Trout July 2005 4 Single 12.6 ± 1.2 1.5 ±   0.8 12.3 ±   2.7 
McDonald Sep. 2005 10 Double 16.1 ± 0.4 12.1 ± 16.4 31.3 ± 14.3 
Lincoln Aug. 2004 12 Single 10.8 ± 0.7 1.8 ±   1.1 12.3 ±   5.5 
Harrison Aug. 2005 10 Single 12.4 ± 0.9 5.0 ±   1.7 18.9 ±   6.4 
Isabel Sep. 2004 3 Single 17.2 ± 1.9 2.6 ±   0.5 8.9 ±   1.0 
aStandard deviation value less than 0.05 
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relation to different sampling dates), lake morphometry (i.e., surface area, maximum 

length, maximum width), and lake accessibility. 

Fish sampled during gill-net surveys were anesthetized in 30 mg/L of clove oil 

(Prince and Powell 2000), identified to species (with the exception of Cottid spp.), 

measured for length (total length; mm) and weight (wet weight; g), enumerated, and 

returned to the lake.  A minimum of 100 individuals were measured when greater than 

100 individuals of a given species were sampled within a lake.  Two species of sculpins 

are known to occur within the study area (mottled sculpin Cottus bairdi and slimy sculpin 

Cottus cognatus; Holton and Johnson 2003).  Accurate identification of these species 

requires laboratory examination (Eddy and Underhill 1978); therefore, sculpins were only 

identified to genera.  Westslope cutthroat trout Oncorhynchus clarkii lewisi were 

historically the only native member of the genus Oncorhynchus present in the study area 

(Liknes and Graham 1988); however, rainbow trout O. mykiss and Yellowstone cutthroat 

trout O. c. bouvieri have been introduced to areas of the Flathead Drainage resulting in 

hybridization and introgression with native westslope cutthroat trout (Hitt et al. 2003, 

Boyer et al. 2008).  Field identification of hybridized westslope cutthroat trout based on 

morphological and meristic characteristics alone is problematic (Gyllensten et al. 1985, 

Leary et al. 1987); therefore, cutthroat trout were not identified based on hybrid status or 

to subspecies. 

Bull trout and lake trout S. namaycush catch per unit effort (i.e., relative 

abundance) was calculated for each gill net separately as: 

soak time•ionconfiguratnet 
=effortunit per Catch 

N
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where N is the number of fish sampled, net configuration is 1 (one 38-m gill net) or 2 

(two 38-m gill nets tied end-to-end and set as one net), and soak time is the number of 

hours that the net was set.  Mean catch per unit effort was calculated for bull trout and 

lake trout by lake and year (if sampled more than one year). 

Electrofishing surveys were conducted in the summers of 2004, 2005, and 2006 at 

sites located in wadeable portions of the littoral zone of 14 lakes within GNP (Table 2.3).  

Electrofishing surveys were conducted during two years in Kintla Lake and Bowman 

Lake.  Electrofishing surveys were not conducted in Cerulean Lake and Upper Lake 

Isabel due to logistical constraints associated with the remote locations of these lakes.  

Electrofishing sites were selected based on the presence of large substrates (i.e., cobble 

and boulder; Bain 1999), which was considered most likely to provide fish cover.  

Electrofishing sites were open to movement (i.e., block nets were not used), 100 m in 

length, and approximately 3-m wide, and the number of sites varied among lakes (Table 

2.3); two sites were surveyed in Arrow Lake with site lengths of 106 and 173 m.  Sites 

were sampled using a backpack electrofishing unit (model LR-24 Electrofisher, Smith-

Root, Inc., Vancouver, Washington) using a single pass.  The LR-24 Quick Setup option 

was used to produce a 30-Hz, 12% duty cycle at 25-W power output with the exception 

of Arrow Lake where a 10% duty cycle was used.  Output voltage was increased if fish 

were not exhibiting galvanotaxis, and output voltage varied from 296 ± 17 V (mean ± 

standard deviation) to 810 ± 0 V among lakes (Table 2.3).  Electrofishing time varied 

among sites (Table 2.3) based on the number of fish sampled and habitat complexity.  

Fish sampled during electrofishing surveys were anesthetized in 30 mg/L of clove oil  
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Table 2.3 – Lake, month and year sampled, number of 100-m electrofishing sites (N), 
electrofisher voltage setting (mean ± standard deviation), and electrofishing time (mean ± 
standard deviation) for lakes sampled in Glacier National Park, Montana.  Lakes sorted 
by geographic location (north to south). 
 
 
Lake 

Month and 
year sampled 

 
N 

 
Voltage 

 
Electrofishing time (min) 

Upper Kintla July 2005 6 545 ± 10 17.7 ± 3.5 
Kintla June 2005 6 420 ±   0 31.0 ± 6.7 
Kintla June 2006 3 310 ±   0 25.4 ± 3.7 
Akokala July 2004 4 547 ± 78 19.6 ± 5.1 
Bowman June 2005 6 392 ± 21 23.2 ± 6.7 
Bowman June 2006 4 296 ± 17 22.3 ± 4.7 
Quartz June 2006 6 397 ± 40 18.4 ± 2.5 
Middle Quartz Aug. 2005 6 567 ± 26 10.7 ± 2.4 
Lower Quartz Aug. 2005 6 550 ±   0 15.4 ± 4.3 
Logging Aug. 2005 6 600 ±   0 15.1 ± 4.0 
Arrowb June 2004 2 800 ±   0 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 15.1 ± 2.2 
Harrison Aug. 2005 3 500 ±   0 13.2 ± 2.2 
Isabel Sep. 2004 2 785 ± 35 18.0 ± 8.9 
bElectrofishing sites for Arrow Lake were 106 and 173 m in length. 

 

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

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

Hook-and-line surveys were conducted opportunistically in an effort to increase 

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

analyses.  Hook-and-line surveys were the only sampling technique used in Upper Lake 

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

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

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

Hook-and-line surveys resulted in bull trout samples from Upper Kintla Lake (N = 9), 
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Kintla Lake (N = 2), Akokala Lake (N = 3), Cerulean Lake (N = 14), Quartz Lake (N = 

5), Lower Quartz Lake (N = 1), Arrow Lake (N = 7), Trout Lake (N = 3), and Upper Lake 

Isabel (N = 7).  Hook and line surveys resulted in lake trout samples from Kintla Lake (N 

= 2), Quartz Lake (N = 3), Lower Quartz Lake (N = 1), Logging Lake (N = 2), and 

Harrison Lake (N = 1). 

 
Fish Species Assemblages 

 
Ten native and four nonnative fish species were sampled among 16 lakes during 

gill-net, electrofishing, and hook-and-line surveys in GNP (Tables 2.4 and 2.5).  Native 

species included bull trout, cutthroat trout, mountain whitefish Prosopium williamsoni, 

pygmy whitefish Prosopium coulterii, largescale sucker Catostomus macrocheilus, 

longnose sucker Catostomus catostomus, sculpin spp., northern pikeminnow 

Ptychocheilus oregonensis, peamouth Mylocheilus caurinus, and redside shiner 

Richardsonius balteatus.  All nonnative species were in the family Salmonidae and 

included brook trout S. fontinalis, kokanee O. nerka, lake trout, and lake whitefish 

Coregonus clupeaformis.  The total number of fish species observed within lakes varied 

from one to 13, and the number of native fish species varied from one to 10. 

Bull trout catch per unit effort varied from 0.025 ± 0.009 (mean ± standard error) 

to 1.081 ± 0.387 bull trout per net•hour (Figure 2.2).  For lakes inhabited by lake trout, 

bull trout catch per unit effort was less than 0.075 bull trout per net•hour, with the 

exceptions of Quartz Lake in 2005 and 2006 and Lower Quartz Lake in 2006 (Figure 

2.2).  Lake trout were first documented in Lower Quartz Lake in 2003 and Quartz Lake in  
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  34 

626 

103 

543 

  54 

373 

120 

210 

349 

  92 

984 

  73 

125 

478 

278 

424 

150 

Table 2.4 – Sample size (N) and percent of sample made up of 14 species among 15 lakes sampled using gill nets in Glacier National Park, 
Montana.  An asterisk denotes nonnative species.  Lakes sorted by geographic location (north to south) and year sampled.  Species arranged by 
family (Salmonidae, Catostomidae, Cyprinidae, and Cottidae), native status (yes and no), and alphabetically by species abbreviation. 

Lake 

Upper Kintla 

Kintla 

Akokala 

Bowman 

Cerulean 

Quartz-2005 

Quartz-2006 

Middle Quartz 

Lower Quartz-2005 

Lower Quartz-2006 

Logging 

Arrow 

Trout 

McDonald 

Lincoln 

Harrison 

Isabel 

BLT = bull trout, CUT = cutthroat trout, MWF = mountain whitefish, PWF = pygmy whitefish, BRK = brook trout, KOK = kokanee, LKT = lake trout, LWF = 
lake whitefish, LNS = longnose sucker, LSS = largescale sucker, NPM = northern pikeminnow, PEM = peamouth, RSS = redside shiner, SCU = sculpin spp. 
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Table 2.5 – Sample size (N), and percent of sample made up of 9 species among 14 lakes 
sampled using electrofishing gear in Glacier National Park, Montana.  An asterisk 
denotes nonnative species.  Lakes sorted by geographic location (north to south) and 
year.  Species arranged by family (Salmonidae, Catostomidae, Cyprinidae, and Cottidae), 
native status (yes and no), and alphabetically by species 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-2005 161     9.3   13.7 77.0 
Bowman-2006 51     5.9    94.1 
Quartz 97     60.8   20.6 18.6 
Middle Quartz 11     9.1   90.9  
Lower Quartz 76  2.6 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     3.9 26.3 17.1 21.1 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 = mountain whitefish, BRK = brook trout, LNS = longnose 
sucker, NPM = northern pikeminnow, PEM = peamouth, RSS = redside shiner, SCU = sculpin spp. 
 

2005; therefore, lake trout abundance may be only beginning to increase in these lakes 

and the response by bull trout populations observed in other lakes may not have occurred.  

Lincoln Lake was the only lake in which bull trout catch per unit effort was less than 

0.075 bull trout per net•hour in the absence of lake trout (Figure 2.2). 

Lake trout catch per unit effort varied from 0.009 ± 0.009 to 0.192 ± 0.068 lake 

trout per net•hour (Figure 2.2) in lakes where lake trout were present.  Lake trout catch 

per unit effort was greater than bull trout catch per unit effort in Bowman Lake, Kintla 

Lake, Lake McDonald, and Logging Lake (Figure 2.2).  Lake trout and bull trout catch 

per unit effort were similar in Harrison Lake (Figure 2.2) where lake trout presence was  



  
22 

 
 
Figure 2.2 – Bull trout and lake trout catch per unit effort (mean bull fish per net•hour + standard error) from gill-net surveys 
conducted in 15 lakes in Glacier National Park, Montana.  Sorted by bull trout catch per unit effort (high to low). 



 
 

23 

documented in 2000.  Lake trout catch per unit effort was less than bull trout catch per 

unit effort in Lower Quartz Lake and Quartz Lake (Figure 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 DIFFERENTIATION 

AMONG BULL TROUT POPULATIONS IN A STREAM-LAKE  

NETWORK: A LANDSCAPE APPROACH 

 
Abstract 

 
The spatial distribution of populations on a landscape and landscape heterogeneity 

can influence ecological processes.  Landscape genetic analyses may be used to examine 

the influence of landscape heterogeneity on population genetic structure, thereby 

identifying landscape attributes that influence processes such as gene flow.  This study 

examined the influence of landscape heterogeneity on genetic diversity and genetic 

differentiation between lacustrine-adfluvial bull trout Salvelinus confluentus populations 

in Glacier National Park (GNP), Montana.  Specifically, this study examined the effect of 

barriers on genetic diversity of bull trout, compared different models of dispersal 

associated with barriers and different models of isolation by distance associated with 

characteristics of the trellised drainage pattern in GNP, and examined the combined 

effects of barriers, waterway distance, intra- and inter-drainage distribution of lakes, and 

elevation on genetic differentiation between bull trout populations in GNP.  Genetic 

diversity was lower for bull trout isolated by barriers; measured as expected 

heterozygosity (F1,14 = 32.81, P < 0.001), allelic richness (F1,14 = 172.05, P < 0.001), and 

private allelic richness (F1,14 = 1225.57, P < 0.001).  A statistical model that partitioned 

the effects of one-way and two-way barriers (i.e., allowing for downstream dispersal past 
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waterfalls) better described genetic differentiation between bull trout populations in GNP 

than a model that did not distinguish between one-way and two-way barriers.  A 

statistical model that partitioned stream distance between bull trout populations into 

mainstem and tributary distance better described genetic differentiation between bull 

trout populations in GNP than a model that considered only total stream distance between 

populations.  A model that incorporated the effects of mainstem and tributary distance 

between populations, the effects of one-way and two-way barriers, and the effects of 

intra- and inter-drainage differences between lakes best described genetic differentiation 

between bull trout populations and resulted in a proportionate reduction of total variation 

in genetic differentiation of 0.852 (adjusted R2).  These data provide new perspectives on 

how the landscape in GNP influences dispersal and gene flow among bull trout 

populations. 

 
Introduction 

 
The influence of habitat connectivity and spatial distribution of populations on 

ecological processes are topics that have been of interest to ecologists for more than six 

decades (e.g., Wright 1943; MacArthur and Wilson 1967; Levins 1969; Pulliam 1988; 

Hanski and Simberloff 1997).  The spatial distribution and connectivity of populations on 

a landscape have been used to debate reserve design (Diamond 1975; Simberloff and 

Abele 1976, 1982) and understand topics such as extinction-colonization dynamics of 

metapopulations (Hanski and Simberloff 1997) and source-sink dynamics (Pulliam 

1988).  The discipline of landscape ecology has advanced our understanding of how 
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spatial patterning of suitable habitat and landscape heterogeneity affect ecological 

processes among populations (Turner et al. 2001).  Similarly, the emerging field of 

landscape genetics (Manel et al. 2003) has provided a framework for examining how the 

physical landscape affects genetic characteristics of populations.  Landscape genetics 

aims to identify and understand movement corridors and barriers to gene flow, address 

questions related to the influence of landscape heterogeneity on genetic variation, and 

understand scale-dependent ecological processes (Storfer et al. 2007). 

A landscape genetics approach has been used to address questions related to the 

genetic characteristics of freshwater fish populations.  Aquatic habitat available to fishes 

may be easily delineated, movement corridors are well constrained by surrounding 

terrestrial habitat, and at least some barriers to gene flow are readily identifiable (e.g., 

waterfalls, culverts, dams, and dewatered stream sections).  Questions most frequently 

addressed include how natural and anthropogenic dispersal barriers influence genetic 

characteristics of fishes (e.g., Taylor et al. 2003; Yamamoto et al. 2004; Wofford et al. 

2005; Crispo et al. 2006; Neville et al. 2006; Whiteley et al. 2006; Deiner et al. 2007; 

Guy et al. 2008; Leclerc et al. 2008) and whether patterns of isolation by distance are 

evident (e.g., Castric et al. 2001; Costello et al. 2003; Whiteley et al. 2006; Guy et al. 

2008).  However, the influence of elevation gradients (e.g., Angers et al. 1999; Castric et 

al. 2001; Narum et al. 2008) and drainage patterns (e.g., Angers et al. 1999; Costello et 

al. 2003) have also been shown to affect genetic characteristics of fishes inhabiting 

heterogeneous landscapes. 
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Dispersal barriers can fragment a landscape resulting in isolated and subdivided 

populations.  Fragmentation can result in decreased genetic diversity within isolated 

populations and increase genetic differentiation among subdivided populations 

(Frankham et al. 2002).  Genetic diversity is often compared between populations 

isolated by barriers and not isolated by barriers (e.g., Taylor et al. 2003; Yamamoto et al. 

2004; Deiner et al. 2007).  However, there is less consistency with respect to the 

framework used to examine patterns of genetic differentiation between populations in 

stream networks containing multiple barriers.  For example, genetic differentiation has 

been related to the presence or absence of barriers between populations (e.g., Wofford et 

al. 2005) or the sum of barriers between populations (e.g., Crispo et al. 2006; Leclerc et 

al. 2008).  However, many barriers restrict fish dispersal and gene flow in one direction 

only.  Barriers such as waterfalls, dams, and culverts can allow dispersal of fishes in a 

downstream direction, but limit upstream dispersal depending on the characteristics of the 

barrier (e.g., height, width, breadth, gradient, pool depth) and of the fish being examined 

(e.g., maximum jumping height, maximum swimming speed). 

The ability of some barriers to restrict dispersal in only one direction could result 

in complex patterns of genetic differentiation among populations in landscapes with 

multiple barriers.  Therefore, when examining the influence of barriers on genetic 

differentiation between populations it is important to consider not just the presence of a 

barrier or barriers, but also the way they may influence processes such as gene flow 

between populations (Figure 3.1).  For example, genetic differentiation was lowest when 

comparing between populations of rainbow trout Oncorhynchus mykiss that were not  
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Figure 3.1 – Schematic representation of dispersal scenarios associated with the presence 
and configuration of barriers between two populations occupying different drainages in a 
stream network.  Populations are represented by filled ovals, the stream network is 
represented by a solid line, the direction of dispersal is represented by a dotted line 
(Population A to B) and a dashed line (Population B to A), and barriers are represented 
by a solid line bound by diamonds.  There is ‘no barrier effect’ on dispersal when barriers 
are absent (Figure 3.1a).  There is a ‘one-way barrier effect’ on dispersal when a barrier is 
located downstream of one population, but not the other (Figure 3.1b).  There is a ‘two-
way barrier effect’ on dispersal when barriers are downstream of both populations 
(Figure 3.1c). 
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b) 

a) 

Population B Population A 

Two-way barrier effect 

Stream flow 

Population B Population A 
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isolated by barriers, moderate when comparing between populations isolated by 

downstream barriers and populations not isolated by barriers, and highest when 

comparing between populations isolated by downstream barriers and in different 

drainages in the Russian River, California (Deiner et al. 2007).  Deiner et al. (2007) 

considered not just the presence of barriers between populations, but also their spatial 

configuration in relation to the populations being compared, acknowledging that 

downstream dispersal over barriers was possible.  Further analyses that consider barrier 

presence and spatial configuration when comparing genetic differentiation between 

populations are warranted, and comparisons should be made to determine the most 

appropriate framework for examining the influence of barriers on genetic differentiation 

between populations. 

Isolation by distance (Wright 1943; Wright 1946) has been used to examine the 

genetic structure of spatially distributed populations for a variety of taxa.  Isolation by 

distance predicts that genetic differentiation between populations increases with 

geographic separation (see Slatkin 1993).  Although this may lend insight into the 

influence of the spatial distribution of populations on population genetic structure, the 

strength of isolation by distance patterns are often variable.  For example, genetic 

differentiation between populations of brook trout Salvelinus fontinalis was positively 

related to the stream distance separating them in Penobscot River Drainage, but not in the 

St. John River Drainage, Maine (Castric et al. 2001).  Genetic differentiation of coastal 

cutthroat trout O. clarkii clarkii populations were positively related to the stream 

distances separating them in western Oregon, but a subset of the observations from the 
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Coast Range ecoregion did not exhibit isolation by distance (Guy et al. 2008).  Variability 

in the strength of isolation by distance has also been observed for bull trout S. confluentus 

in the Boise River, Idaho (Whiteley et al. 2006), the upper Kootenay River, British 

Columbia (Costello et al. 2003), and the Pine River, British Columbia (Costello et al. 

2003). 

For freshwater fishes, patterns of isolation by distance are commonly examined 

based on the waterway distance between population pairs; however, landscapes may be 

heterogeneous over the distances examined.  For example, streams generally exhibit 

longitudinal changes in characteristics such as gradient and discharge (see Knighton 1998 

for review), and these characteristics likely influence the ability of individuals to disperse 

through a stream network.  Therefore, incorporating landscape heterogeneity along 

stream sections connecting populations or partitioning distance based on landscape 

characteristics may be useful when examining patterns of isolation by distance. 

The influence of barriers and isolation by distance are commonly examined for 

fishes (see above); however, other landscape characteristics have been shown to be useful 

for describing genetic characteristics among fish populations.  Drainage pattern was 

related to variation in allele frequencies of brook trout in La Mauricie National Park, 

Québec (Angers et al. 1999), and bull trout in the Pine River and Upper Kootenay River, 

British Columbia (Costello et al. 2003).  In these analyses, drainage pattern was defined 

by branching points in the stream network and populations within the same drainage were 

genetically more similar (Angers et al. 1999; Costello et al. 2003).  Genetic 

differentiation between populations was positively related to elevation differences 
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between brook trout populations in the St. John River drainage, Maine (Castric et al. 

2001), and genetic diversity was negatively related to elevation for brook trout in La 

Mauricie National Park (Angers et al. 1999) and rainbow trout-steelhead in the Pacific 

Northwest, United States, (Narum et al. 2008).  Additionally, studies have illustrated the 

utility of simultaneously examining multiple landscape characteristics in order to 

elucidate those characteristics that have the greatest affect on genetic diversity within 

populations and genetic differentiation between populations (e.g., Angers et al. 1999; 

Costello et al. 2003). 

Lacustrine-adfluvial bull trout populations (hereafter referred to as bull trout) in 

Glacier National Park (GNP), Montana, provide an ideal system to examine patterns of 

genetic diversity and genetic differentiation associated with landscape heterogeneity.  

Bull trout in GNP west of the Continental Divide occupy an interconnected stream-lake 

network arranged in a trellised drainage pattern (Figure 3.2; Mathews 1998).  Lake 

habitat is necessary for expression of the lacustrine-adfluvial life-history strategy (Varley 

and Gresswell 1988; Northcote 1997); however, potamodromous bull trout are capable of 

long-distance migration and dispersal within streams (see Bjornn and Mallet 1964; Fraley 

and Shepard 1989; Swanberg 1997).  Therefore, bull trout are physiologically capable of 

dispersing among lakes in GNP (assuming the absence of absolute barriers), and dispersal 

among lakes could have ecologically important consequences (e.g., gene flow; Rieman 

and Allendorf 2001).  The stream-lake network in GNP is variable in waterway distance 

between lakes, presence and spatial configuration of dispersal barriers (i.e., waterfalls), 

inter- and intra-drainage distribution of lakes, and elevation among lakes.  Consequently, 
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Figure 3.2 – Map of the study system (Glacier National Park) located in northwestern 
Montana.  From north to south; UK = Upper Kintla Lake, KI = Kintla Lake, AK = 
Akokala Lake, BO = Bowman Lake, CE = Cerulean Lake, QU = Quartz Lake, MQ = 
Middle Quartz Lake, LQ = Lower Quartz Lake, LO = Logging Lake, AR = Arrow Lake, 
TR = Trout Lake, MC = Lake McDonald, LI = Lincoln Lake, HA = Harrison Lake, IS = 
Lake Isabel, UI = Upper Lake Isabel. 
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a landscape-genetics approach may be useful for elucidating the effect of landscape 

heterogeneity on genetic characteristics of bull trout populations in this region. 

This study examined patterns of genetic diversity within bull trout populations 

and genetic differentiation between bull trout populations in GNP and consisted of four 

objectives.  First, the effects of barriers on genetic diversity of bull trout were examined, 

and genetic diversity of bull trout was predicted to be reduced in populations that were 

isolated by barriers relative to populations that were not isolated.  Second, competing 

conceptual frameworks for examining the influence of barriers on genetic differentiation 

between bull trout populations were evaluated, and partitioning the effects of one-way 

and two-way barriers was predicted to better represent patterns of genetic differentiation 

between bull trout populations than treating all barriers the same.  Third, competing 

conceptual frameworks for examining the influence of waterway distance on genetic 

differentiation between bull trout populations were evaluated, and incorporated landscape 

heterogeneity along dispersal corridors (i.e., differences between mainstem and tributary 

streams within the trellised drainage network) was predicted to better represent patterns 

of genetic differentiation between bull trout populations than a standard isolation by 

distance model.  Fourth, statistical models that included the combined effects of 

landscape and spatial characteristics between bull trout populations were compared to 

evaluate what characteristics where most useful for explaining 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 their associated stream network 

located in GNP west of the Continental Divide (Figure 3.2).  The stream-lake network is 

part of the North Fork Flathead (US Geological Survey Cataloging Unit:  17010206) and 

the Middle Fork Flathead (US Geological Survey Cataloging Unit:  17010207) 

watersheds (US Environmental Protection Agency 2006).  The selected lakes represent 

the majority of the known distribution of bull trout populations in GNP west of the 

Continental Divide.  Bull trout have also been documented in Rogers Lake (Meeuwig et 

al. in press); however, Rogers Lake was not included in this analysis due to low sample 

size (N = 1 bull trout).  Lakes in GNP are generally cirque and moraine lakes (Gallagher 

1999), and vary in morphometry, elevation, and distance from mainstem stream habitat 

(i.e., North Fork Flathead River and Middle Fork Flathead River; see Meeuwig et al. in 

press).  The stream network within the study area is constrained by a ridge and valley 

geology resulting in a trellised drainage pattern (Matthews 1998). 

 
Sample Collection 

Bull trout were sampled from lakes in GNP (Figure 3.2) during the summers of 

2004, 2005, and 2006.  Each lake was assumed to represent a ‘population’ for the purpose 

of analyses performed hereafter; however, the term population is used to represent a 

sample population as opposed to a biological population.  Bull trout were sampled using 

gill nets, electrofishing, and hook and line (see Chapter 2 for comprehensive sampling 
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methodology).  A small tissue sample (25 mm2) was removed from the anal fin of all bull 

trout sampled, stored in 95% ethanol, and transported to Montana State University.  To 

increase samples sizes for some lakes, archived bull trout tissue samples were obtained 

(Lake McDonald, A.M. Dux, unpublished data, collected 2004; Kintla Lake, Bowman 

Lake, Lower Quartz Lake, Logging Lake, and Harrison Lake, W.A. Fredenberg, 

unpublished data, collected 2000-2001). 

A Fisher exact test (GENEPOP; Raymond and Rousset 1995) was used to 

estimate the probability of genic differentiation between archived bull trout tissue 

samples and bull trout tissue samples collected during 2004-2006 (�  = 0.05); comparisons 

were made within lakes.  Markov chain parameters were set at a dememorization of 1000 

iterations, a batch size of 100, and 1000 iterations per batch.  Allelic distribution (i.e., 

genic differentiation) did not differ between archived bull trout tissue samples and bull 

trout tissue samples collected during 2004-2006 for Kintla Lake (x2 = 18.485, df = 22, P 

= 0.677), Bowman Lake (x2 = 14.561, df = 22, P = 0.880), Lower Quartz Lake (x2 = 

7.567, df = 22, P = 0.998), Logging Lake (x2 = 22.102, df = 22, P = 0.454), Lake 

McDonald (x2 = 7.851, df = 22, P = 0.998), and Harrison Lake (x2 = 29.461, df = 20, P = 

0.079); therefore bull trout samples were pooled by lake. 

 
Laboratory Methods 

Genomic DNA was extracted from 279 bull trout tissue samples using a QIAGEN 

DNeasy Tissue Extraction Kit (QIAGEN Inc., Valencia, CA).  Sample sizes varied from 

seven to 20 bull trout among populations (Table 3.1) with a median sample size of 20 

individuals (lower quartile = 16; upper quartile = 20).  Template DNA was examined 
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Table 3.1 – The presence of a downstream barrier, the number of individual bull trout 
sampled (N), the number of alleles (A), expected heterozygosity (He), allelic richness 
(AR), and private allelic richness (APR) for bull trout sample populations from 16 lakes in 
Glacier National Park, Montana.  Data sorted by the presence of barriers (yes to no) and 
expected heterozygosity (low to high).  (see Figure 3.2 for 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 
UI 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 
KI No 17 77 0.738 4.147 0.447 

  

using electrophoresis (1% agarose gel) to determine DNA yield.  Following 

electrophoresis, the gel was stained using ethidium bromide and visualized using an 

ultraviolet light source.  Template DNA was diluted to a ratio of 1 part extracted DNA to 

9 parts HPLC (High Performance Liquid Chromatography) grade water prior to 

microsatellite amplification due to high extraction yield.  The polymerase chain reaction 

(PCR) was used to amplify template DNA at 11 polymorphic microsatellite loci:  

Omm1128 (Rexroad et al. 2001), Sco102, Sco105 (Washington Department of Fish and 

Wildlife, unpublished data), Sco200, Sco202, Sco212, Sco215, Sco216, Sco220 (DeHaan 

and Ardren 2005), Sfo18 (Angers and Bernatchez 1996), and Smm22 (Crane et al. 2004).  

Polymerase chain reaction was performed in a DNA Engine DYAD thermal cycler (Bio-
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Rad Laboratories, Hercules, CA).  For each sample, one single and three multiplex PCR 

reactions were carried out.  The number of loci examined per multiplex reaction varied 

from two to four and reaction conditions varied to optimize PCR products (Appendix A).  

DNA was successfully amplified from 56 to 100% of samples among populations and 

microsatellite loci.  The lowest percent amplification was from Upper Lake Isabel for 

Sco212 (which also had the smallest sample size; Table 3.1).  In general, percent 

amplification was high (97 ± 7%; mean ± standard deviation) among samples for all 

populations and loci (Appendix A; allele frequencies available in Appendices B – M). 

Polymerase chain reaction products were pooled into one of two groups based on 

fluorescent label and allele length to avoid overlap among loci with similar fluorescent 

labels.  Group 1 included Sco102, Sco105, Sco200, Sco212, Sco215, Sco220, and Smm22.  

Group 2 included Omm1128, Sco202, Sco216, and Sfo18.  Allele lengths were 

determined using an ABI 3100-Avant Genetic Analyzer (Applied Biosystems, Foster 

City, CA) and allele calls were made using GeneMapper software (GeneMapper version 

3.7, Applied Biosystems, Foster City, CA). 

 
Population Genetic Analyses 

A Hardy-Weinberg exact test (GENEPOP; Raymond and Rousset 1995) was used 

to test for significant deviations from Hardy-Weinberg equilibrium among populations 

and loci (�  = 0.05).  Markov chain parameters were set at a dememorization of 1000 

iterations, a batch size of 1000, and 1000 iterations per batch.  A sequential Bonferroni 

technique (Holm 1979; Rice 1989) was used to control for group-wide type-I error rate 
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when interpreting results from the Hardy-Weinberg exact test among loci within 

populations and among populations within loci. 

A Fisher exact test (GENEPOP; Raymond and Rousset 1995) was used to 

estimate the probability of genic differentiation between all bull trout population pairs.  

Markov chain parameters were set at a dememorization of 1000 iterations, a batch size of 

200, and 1000 iterations per batch.  The number of significantly different loci and the 

overall difference among loci were determined for each population pair following a 

sequential Bonferroni adjustment (�  = 0.05; Holm 1979; Rice 1989). 

Observed number of alleles, expected heterozygosity, allelic richness, and private 

allelic richness for bull trout from each population were calculated using HP-Rare 

software (Kalinowski 2005).  Expected heterozygosity, allelic richness, and private allelic 

richness were calculated for each locus by population and were averaged among loci.  

Allelic and private allelic richness were adjusted for a sample size of eight genes (see 

Kalinowski 2004). 

Pairwise Fst estimates (� , Weir and Cockerham 1984) were calculated between all 

bull trout population pairs using GENEPOP software (Raymond and Rousset 1995).  

Gene flow between populations and Fst are negatively related (Wright 1965; Frankham et 

al. 2002; Hedrick 2005), such that Fst is low when gene flow between populations is high, 

and vice versa.  Therefore, Fst is often used as a measurement of genetic differentiation 

between populations (Frankham et al. 2002; Hedrick 2005). 
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Barriers and Genetic Diversity 

Barriers to upstream dispersal by bull trout (hereafter referred to as barriers) were 

located by walking stream sections between each lake and either the North Fork Flathead 

River or the Middle Fork Flathead River during the summers of 2004, 2005, and 2006; no 

barriers occur in the North Fork Flathead River or the Middle Fork Flathead River within 

the study system.  Barriers were defined as waterfalls with a vertical drop of 1.8 m or 

greater (Evans and Johnston 1980).  Barriers were located in Kintla Creek downstream of 

Upper Kintla Lake, Camas Creek downstream of Trout Lake, and Park Creek 

downstream of Lake Isabel (Table 3.1; Figure 3.2).  The structures identified as barriers 

for this study have been shown to limit the distribution of fishes within the study system 

(Meeuwig et al. in press).  Populations were considered isolated if they were located 

upstream of a barrier.  When two populations in the same drainage were both located 

upstream of a barrier, but without a barrier between them (i.e., Arrow Lake and Trout 

Lake, and Upper Lake Isabel and Lake Isabel; Figure 3.2), both populations were 

assumed to be isolated because upstream dispersal into them from the majority of the 

study system would be limited by the barriers.  Populations were considered not isolated 

if there was no barrier located downstream within their drainage. 

Genetic diversity was compared between isolated populations and populations 

that were not isolated.  Measurements of genetic diversity that were compared included 

expected heterozygosity, allelic richness, and private allelic richness; separate analyses 

were performed for each of these measurements.  For each analysis, a mixed model 

analysis of variance (�  = 0.05; PROC MIXED; SAS Institute 1989) was performed where 
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the measurement of genetic diversity was the response variable, the fixed effect had two 

levels (isolated or not isolated), each population was treated as an experimental unit, and 

each locus was treated as a repeated measure of the experimental unit.  An unconstrained 

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

 
Barriers and Genetic Differentiation 

The effect of barrier presence and spatial configuration on genetic differentiation 

between bull trout populations in GNP was examined using two linear statistical models.  

The first model (barrier model 1) classified barrier effects in one of three ways.  First, the 

effect was classified as ‘no barrier’ when no barriers were located between a population 

pair (Figure 3.1a).  Second, the effect was classified as ‘one-way barrier’ when at least 

one barrier was located between a population pair, but the spatial configuration of the 

barrier or barriers was such that one-way dispersal could occur between the population 

pair (Figure 3.1b).  Third, the effect was classified as ‘two-way barrier’ if at least two 

barriers were located between a population pair and the spatial configuration of those 

barriers constrained dispersal in both directions (Figure 3.1c).  The second model (barrier 

model 2) classified barrier effects in one of two ways.  First, the effect was classified as 

‘no barrier’ when no barriers were located between a population pair.  Second, the effect 

was classified as ‘barrier’ when at least one barrier was located between the population 

pair, regardless of the potential for one-way dispersal. 

Statistical models were fit following the method described by Yang (2004).  This 

method incorporates a likelihood-based approach that directly models non-independence 

of residuals.  This method also allows different covariance structures to be specified (e.g., 



 
 

41 

compound symmetry, first-order autoregressive, first-order autoregressive moving-

average), provides estimates for the model intercept and slope parameters, provides a 

significance test for the model parameters, and provides model likelihood statistics that 

allow comparisons of competing models [e.g., Akaike’s Information Criterion (AIC; 

Akaike 1973); Yang 2004].  The PROC MIXED procedure in SAS software (SAS 

Institute 1989) was used and the program provided by Yang (2004) was modified to 

include multiple predictor variables when necessary; a modification suggested by Yang 

(2004). 

Linear statistical models were examined for the presence of outlier populations 

following the method described by Koizumi et al. (2006).  This procedure involves fitting 

a statistical model to pairwise genetic data (e.g., pairwise Fst) and examining the model 

residuals by population.  If the mean residual for a population has a 95% confidence 

interval that does not overlap zero the population is considered to be an outlier and is 

removed from the analysis.  In the event that the 95% confidence intervals for more than 

one population do not overlap zero, the population with the largest mean residual 

(absolute value of the mean residual) is removed from the analysis and the model is refit.  

This procedure is repeated until the 95% confidence intervals of all the remaining 

populations overlap zero.  For the statistical models examined in this study, a population 

was considered an outlier if 2 times the standard deviation of the mean residual 

(approximately 95% of the normal distribution) did not overlap zero.  This modification 

to Koizumi et al. (2006) was made as the distribution of the residuals was of interest, and 

not the confidence associated with the estimated mean residual. 
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The response variable for barrier model 1 and barrier model 2 was genetic 

differentiation between population pairs (Fst).  The predictor variables for barrier model 1 

and barrier model 2 were qualitative; therefore, indicator variables were used to define 

the classes of the predictor variables.  For c classes of a qualitative predictor variable c – 

1 indicator variables are used (Neter et al. 1996).  Barrier model 1 used two indicator 

variables to define the three classes of the qualitative predictor variable (i.e., no barrier, 

one-way barrier, two-way barrier).  Barrier model 2 used one indicator variable to define 

the two classes of the qualitative predictor variable (i.e., no barrier, barrier).  Barrier 

model 1 and barrier model 2 were fit with an intercept term. 

A likelihood ratio test (Yang 2004) was used to evaluate significance of model 

parameters (i.e., intercept and slope estimates).  Parameters were considered significant if 

they differed from zero (�  = 0.05).  Model slope parameters for each variable were 

interpreted as the effect of a one unit increase in that variable when other variables in the 

model were held constant (Neter et al. 1996).  The intercept parameter represented the 

model predicted genetic differentiation between populations when no barriers were 

present between populations for both barrier model 1 and barrier model 2.  Barrier model 

1 had two slope parameters, one representing the model predicted genetic differentiation 

when a one-way barrier was present between populations and one representing the model 

predicted genetic differentiation when a two-way barrier was present between 

populations.  Barrier model 2 had one slope parameter, which represented the model 

predicted genetic differentiation when a barrier was present between populations. 
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Barrier model 1 and barrier model 2 were ranked using Akaike’s Information 

Criterion (AIC; Akaike 1973) with a small sample size adjustment (AICc; Hurvich and 

Tsai 1989).  Akaike differences (� i; where i = the model rank) and evidence ratios 

(w1/w2; where w1 is the Akaike weight for the highest ranked model and w2 is the Akaike 

weight for the second highest ranked model) were calculated.  Evidence ratios were 

interpreted as the likelihood that the highest ranked model was the best model relative to 

the second highest ranked model given that one of the models must be the Kullback-

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

 
Waterway Distance and Genetic Differentiation 

The effect of geographic distance (predictor variable) on genetic differentiation 

(response variable; Fst) between bull trout populations in GNP was examined using two 

linear statistical models.  Both models measured geographic distance as the waterway 

distance between populations.  The first model (distance model 1) used the trellised 

drainage pattern in the study system to partition the waterway distance between 

populations.  Trellised drainage patterns generally have many small tributary streams 

running in parallel that do not join each other, but join a larger mainstem stream; 

therefore, the mainstem stream does not increase in stream order, but does increase in 

discharge (Matthews 1998).  Waterway distance between bull trout populations was 

partitioned into mainstem distance and tributary distance.  Mainstem distance between 

populations included portions of either the North Fork Flathead River or the Middle Fork 

Flathead River that were located between a population pair, and tributary distance 

between populations included portions of the stream network between a population pair 
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that were not the North Fork Flathead River or the Middle Fork Flathead River (see 

Figure 3.2). 

Within the study system, the mainstem streams are fifth order streams and the 

tributary streams are first through fourth order streams.  Additionally, the gradient of the 

mainstem streams varies from 2 to 4 m/km (lower and upper quartile) and the gradient of 

the tributary streams varies from 14 to 26 m/km.  Gradient estimates were calculated 

from the difference in elevation (m) between branching points in the stream network (i.e., 

the confluence of mainstem and tributary streams and lake inlet and outlet elevations) and 

the distance (km) along the stream network between those branching points.  Elevation 

data were obtained from a geographic information system (GIS) digital elevation model 

(DEM; grid data; NAD 1983 UTM projected coordinate system) and distance data were 

obtained from a GIS stream layer (simple polyline; NAD 1983 UTM projected coordinate 

system).   

The second model (distance model 2) considered only total distance between 

populations, which is the sum of mainstem distance and tributary distance (as defined 

above).  Therefore, distance model 2 is analogous to a traditional approach for examining 

patterns of isolation by distance.  Waterway distance variables were measured in km from 

a GIS stream layer (simple polyline; NAD 1983 UTM projected coordinate system).  It 

was assumed that this resolution (or grain size, see Turner et al. 2001) was sufficient as 

bull trout have been observed to migrate distances in excess of 300 km (Bjornn and 

Mallet 1964).  Mainstem distance varied from 0.0 to 136.6 km (48.2 ± 37.7 km; mean ± 
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standard deviation), tributary distance varied from 0.4 to 68.4 km (27.8 ± 12.0 km), and 

total distance varied from 0.4 to 169.8 km (75.7 ± 42.9 km) among population pairs. 

Statistical models were fit following the method described by Yang (2004), 

modified to include multiple independent variables when necessary (as above).  Outliers 

were detected following the methods described by Koizumi et al. (2006), but with 

outliers based on 2 times the standard deviation of the mean residual as opposed to 95% 

confidence intervals (as above).  These models were fit without an intercept term because 

it was assumed that when waterway distance was zero there would be no geographic 

separation between populations and therefore genetic differentiation would also be zero.  

Additionally, populations that were located upstream of barriers were omitted from these 

models because it was assumed that barriers would have an effect on genetic 

differentiation that would not be accounted for by only examining waterway distance. 

Model parameters were estimated and evaluated for significance as above.  

Distance model 1 had two slope parameters, one representing the model predicted genetic 

differentiation as a function of mainstem distance and one representing the model 

predicted genetic differentiation as a function of tributary distance.  Distance model 2 had 

one slope parameter, which represented the model predicted genetic differentiation as a 

function of total distance.  Distance model 1 and distance model 2 were ranked and � i 

and w1/w2 were calculated as above. 

 
Landscape Heterogeneity and Genetic Differentiation 

The combined effects of landscape heterogeneity on genetic differentiation 

between bull trout populations in GNP were examined by comparing 16 competing linear 
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statistical models.  These landscape models included combinations of the waterway 

distance variables (as above), barrier variables (as above), and two additional variables, 

one representing whether or not population pairs were in the same drainage (drainage 

difference), and one representing elevation differences between populations (Table 3.2).  

All models included either the combined effects of mainstem distance and tributary 

distance or the effect of total distance.  All models included either the combined effects 

of one-way barrier and two-way barrier or the effect of barrier (regardless of spatial 

configuration).  Models also included either no additional effects, the added effect of 

drainage difference, the added effect of elevation difference, or the added effects of both 

drainage difference and elevation difference. 

An indicator variable was used to represent drainage difference.  The indicator 

variable was coded 0 to represent two populations located in the same drainage and 1 to 

represent two populations located in different drainages.  Elevation differences between 

populations were calculated following the methods of Castric et al. (2001).  This method 

quantifies the sum of elevation variation along the stream network between populations.  

For two populations inhabiting lake a and lake b, this measurement is calculated as: 

Elevation difference = (ea – eN) + (eb – eN), 

where ea is the elevation of lake a, eb is the elevation of lake b, and eN is the elevation of 

the lowest elevation at a common branching point in the stream network.  For lakes that 

were in the same drainage with no branching point in the stream network, the lowest 

elevation lake of the pair was treated as eN.  Lake elevation (m) was measured from a GIS 

lake layer (simple polygon; NAD 1983 UTM projected coordinate system).  Elevation 
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difference varied from 5.8 to 1375.0 m (626.0 ± 340.1m; mean ± standard deviation) 

among population pairs. 

 

 
Table 3.2 – Landscape model number and effects in model for 16 combinations of 
variables used to examine the influence of landscape heterogeneity on genetic 
differentiation between bull trout populations in Glacier National Park, Montana. 
 

Landscape model Effects in model 

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

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

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

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

5 Mainstem distance, tributary distance, barrier, drainage difference, 
elevation difference 

6 Mainstem distance, tributary distance, barrier, drainage difference 

7 Mainstem distance, tributary distance, barrier, elevation difference 

8 Mainstem distance, tributary distance, barrier 

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

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

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

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

13 Total distance, barrier, drainage difference, elevation 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 method described by Yang (2004), 

modified to include multiple independent variables (as above).  Outliers were detected 

following the methods described by Koizumi et al. (2006), but with outliers based on 2 

times the standard deviation of the mean residual as opposed to 95% confidence intervals 

(as above).  These models were fit without an intercept term because the effect of 

waterway distance was included in all models (as above). 

Model parameters were estimated and evaluated for significance as above.  

Models were ranked using AICc, and models with � i values greater than 10 were 

considered to be poorly supported and were not examined further (Burnham and 

Anderson 2002).  Evidence ratios for the best model relative to the other models were 

calculated (w1/wi; where wi is the Akaike weight for the i th model) for models with � i 

values less than or equal to 10.  Evidence ratios were interpreted as the likelihood that the 

highest ranked model was the best model relative to the i th highest ranked model given 

that one of the models in the set must be the Kullback-Leibler best model (Kullback and 

Leibler 1951; Burnham and Anderson 2002).  Additionally, an adjusted coefficient of 

multiple determination (adjusted R2) was calculated to measure the proportionate 

reduction of total variation in genetic differentiation associated with the independent 

landscape characteristics (Neter et al. 1996). 
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Results 

 
Population Genetic Analyses 

No consistent patterns were observed for deviation from Hardy-Weinberg 

equilibrium either among loci within populations or among populations within loci.  Bull 

trout in Harrison Lake deviated from Hardy-Weinberg equilibrium at Sco220 (P < 0.001) 

and bull trout in Lower Quartz Lake deviated from Hardy-Weinberg equilibrium at 

Sco216 (P = 0.001). 

Allelic distributions differed significantly for 115 of 120 pairwise population 

comparisons (Table 3.3).  Allelic distributions did not differ between bull trout in Kintla 

Lake and Lake McDonald, Cerulean Lake and Quartz Lake, Cerulean Lake and Middle 

Quartz Lake, Quartz Lake and Middle Quartz Lake, and Arrow Lake and Trout Lake.  

The number of loci that differed in allelic distribution within a pairwise comparison 

varied from 0 to 11 (Table 3.3). 

Among bull trout populations and loci, expected heterozygosity varied from 0.223 

to 0.738, total number of alleles varied from 24 to 87, allelic richness varied from 1.691 

to 4.269, and private allelic richness varied from 0.006 to 0.690 (Table 3.1).  Genetic 

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

 
Barriers and Genetic Diversity 

  Genetic diversity differed significantly between bull trout populations that were 

isolated by barriers and bull trout populations that were not isolated by barriers.  The 

predictions that isolated bull trout populations would have reduced genetic diversity was  
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Table 3.3 – Pairwise genetic differentiation estimates (Fst; upper diagonal) and the number of loci that differed in allelic distribution (lower diagonal) 
for bull trout sample populations from 16 lakes in Glacier National Park, Montana.  Sample population pairs that did not differ in allelic distribution 
are denoted with a superscript ‘NS’.  (see Figure 3.2 for lake abbreviations). 
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supported for all three measurements of genetic diversity (Figure 3.3): expected 

heterozygosity (F1,14 = 32.81, P < 0.001), allelic richness (F1,14 = 172.05, P < 0.001), and 

private allelic richness (F1,14 = 1225.57, P < 0.001). 

 
Barriers and Genetic Differentiation 

The bull trout population in Harrison Lake was an outlier in both barrier model 1 

and barrier model 2 and was removed from the analysis.  The presence of barriers had a 

positive effect on genetic differentiation between bull trout populations in both models.  

Barrier model 1 predicted that the presence of a one-way barrier would increase Fst  

 

 
 
Figure 3.3 – Mean genetic diversity (+ standard error) for bull trout sample population in 
Glacier National Park that are isolated by barriers and not isolated by barriers.  Genetic 
diversity was measured as expected heterozygosity, allelic richness, and private allelic 
richness.  Asterisk denotes significant differences. 
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between populations by 0.242 and the presence of a two-way barrier would increase Fst 

between populations by 0.441 (Table 3.4).  Barrier model 2, which treated all barriers and 

barrier configurations the same, predicted that the presence of a barrier would increase Fst 

between bull trout populations by 0.268 (Table 3.4).  Both models predicted similar 

levels of genetic differentiation when no barriers were present between populations 

(Table 3.4).  Barrier model 1 was ranked higher than barrier model 2 and evidence ratios 

showed that barrier model 1 was 1.54 x 107 times more likely than barrier model 2 to be 

the best model (Table 3.5). 

 
 
Table 3.4 – Barrier model rank, model number (Model), effects in model, model effect 
estimate [i.e., parameter estimate for genetic differentiation (Fst)], likelihood ratio 
statistic, and probability (P) that the effect was different from zero for statistical models 
used to examine the effect of barriers on genetic differentiation between bull trout sample 
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 (Model), effects in model, Akaike’s 
Information Criterion adjusted for small sample size (AICc), AICc differences (� i), and 
evidence ratio (w1/w2) for comparing statistical models used to examine the effect of 
barriers on genetic differentiation between bull trout sample populations in Glacier 
National Park, Montana. 
 
Rank Model Effects in model AICc � i w1/w2 

1 1 No barrier, one-way barrier, two-way barrier -246.9 0.0  
2 2 No barrier, barrier -213.8 33.1 1.54 x 107 
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Waterway Distance and Genetic Differentiation 

The bull trout population in Harrison Lake was an outlier in both distance model 1 

and distance model 2 and was removed from the analysis.  Mainstem distance did not 

have an effect on genetic differentiation between bull trout populations (non-significant 

slope estimate), but Fst between bull trout populations was predicted to increase by 0.006 

for each 1-km increase in tributary distance in distance model 1 (Table 3.6).  Distance 

model 2 predicted that Fst would increase by 0.001 with each 1-km increase in total 

distance separating bull trout populations.  Distance model 1 was ranked higher than 

distance model 2 and evidence ratios showed that distance model 1 was 5.77 x 108 times 

more likely than distance model 2 to be the best model (Table 3.7). 

 
 
Table 3.6 – Distance model rank, model number (Model), effects in model, model effect 
estimate [i.e., parameter estimate for genetic differentiation (Fst)], likelihood ratio 
statistic, and probability (P) that the effect was different from zero for statistical models 
used to examine the effect of waterway distance on genetic differentiation between bull 
trout sample populations in Glacier National Park, Montana. 
 
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 (Model), effects in model, Akaike’s 
Information Criterion adjusted for small sample size (AICc), AICc differences (� i), and 
evidence ratio (w1/w2) for comparing statistical models used to examine the effect of 
waterway distance on genetic differentiation between bull trout populations in Glacier 
National Park, Montana. 
 
Rank Model Effects in model AICc � i w1/w2 

1 1 Mainstem distance, tributary distance -166.8 0.0  
2 2 Total distance -126.4 40.3 5.77 x 108 

 



 
 

54 

Landscape Heterogeneity and Genetic Differentiation 

The bull trout population in Harrison Lake was an outlier in all 16 models used to 

examine the combined effects of landscape heterogeneity on genetic differentiation 

between bull trout populations and was removed from the analysis.  Four of the models 

had � i less than or equal to 10 (Table 3.8).  Only models that partitioned waterway 

distance into mainstem distance and tributary distance and only models that included both 

one-way barrier and two-way barrier effects had � i less than or equal to 10.  Among the 

top ranked models, each 1-km increase in tributary distance between populations was 

estimated to increase Fst between bull trout populations from 0.003 to 0.006 (Table 3.9).  

The estimated effect of a one-way barrier on Fst between populations varied from 0.194 

to 0.209 and the estimated effect of a two-way barrier between populations varied from 

0.363 to 0.401 among the top ranked models (Table 3.9).  The variable used to indicate 

whether or not bull trout populations were in the same drainage was included in the top 

two ranked models, and its effect on Fst varied from 0.069 to 0.101 (Table 3.9).  This 

effect indicated that bull trout populations in different drainages were genetically more 

different than populations located in the same drainage when other variables were held 

constant. 

Mainstem distance had a significant negative effect on genetic differentiation 

between bull trout populations in three of the top ranked models.  The effect of mainstem 

distance on Fst between bull trout populations was less than or equal to -0.001 among 

these models (Table 3.9), and this effect was relatively small compared to the effect of 

tributary distance, which was measured at the same spatial resolution.  Elevation  
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Adjusted R2 

0.852 

0.824 

0.692 

0.666 

w1/wj 

 

1.91 

9.49 

41.57 

� i 

0.0 

1.3 

4.5 

7.5 

AICc 

-286.6 

-285.3 

-282.1 

-279.1 

Effects in model 

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

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

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

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

Model 

2 

1 

3 

4 

Table 3.8 – Landscape model rank, model number (Model), effects in model, Akaike’s Information Criterion adjusted for 
small sample size (AICc), AICc differences (� i), and evidence ratios (w1/wj) for comparing statistical models used to examine 
the effects of landscape heterogeneity on genetic differentiation between bull trout sample populations in Glacier National 
Park, Montana. 
 
Rank 

1 

2 

3 

4 
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Table 3.9 – Landscape model rank, model number (Model), effects in model, model 
effect estimate [i.e., parameter estimate for genetic differentiation (Fst)], likelihood ratio 
statistic, and probability (P) that the effect was different from zero for statistical models 
used to examine the effects of landscape heterogeneity on genetic differentiation between 
bull trout sample populations in Glacier National Park, 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 in the third highest ranked model (Table 3.9). 

Evidence ratios showed that the highest ranked model was 1.91 times more likely 

than the second highest ranked model to be the best model, 9.49 times more likely than 

the third highest ranked model to be the best model, and 41.57 times more likely than the 

fourth highest ranked model to be the best model.  Adjusted R2 was relatively similar for 

the first and second highest ranked models and for the third and fourth highest ranked 
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models (Table 3.8).  A scatterplot of the observed and model-predicted Fst between bull 

trout populations for the highest ranked model had a linear fit (Figure 3.4). 

 

 
 
Figure 3.4 – Scatterplot of observed genetic differentiation (Fst) versus predicted genetic 
differentiation (Fst) from landscape model 2 (the highest ranked landscape model) 
between bull trout sample populations in Glacier National Park, Montana.  Effects in the 
model include mainstem distance, tributary distance, one-way barrier, two-way barrier, 
and drainage difference.  Filled circles represent populations not separated by a barrier, 
open squares represent populations separated by a one-way barrier, and filled triangles 
represent populations separated by a two-way barrier.  The solid line is a one-to-one line. 
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Discussion 

 
Barriers have an effect on genetic diversity and genetic differentiation among bull 

trout populations in a trellised drainage network.  Genetic diversity of bull trout 

populations isolated by barriers was less than genetic diversity of bull trout populations 

that were not isolated.  Genetic differentiation between bull trout populations was greater 

when barriers were present than when absent, and the magnitude of the effect of these 

barriers was larger than that of other landscape characteristics examined (i.e., waterway 

distance, drainage difference, elevation difference). 

One of the primary topics associated with the field of landscape genetics is 

identifying barriers to gene flow and understanding the influence of these barriers on 

population genetic characteristics (Storfer et al. 2007).  Consequently, the influence of 

barriers on population genetic diversity and genetic differentiation has been documented 

for a variety of fishes as well as other taxa.  Natural and anthropogenic barriers such as 

waterfalls and dams have been shown to influence the genetic diversity of populations 

and the genetic differentiation between populations of bull trout (Whiteley et al. 2006), 

cutthroat trout (Wofford et al. 2005; Neville et al. 2006), and rainbow trout (Deiner et al. 

2007). 

Deiner et al. (2007) made comparisons between below barrier sites (analogous to 

no barrier used here), between above barrier and below barrier sites (analogous to one-

way barrier used here), and between above barrier sites in different drainages (analogous 

to two-way barrier used here) for rainbow trout in the Russian River.  Mean Fst estimates 

were least between below barrier sites (Fst = 0.048), moderate between above barrier sites 
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and below barrier sites (Fst = 0.158), and greatest between above barrier sites in different 

drainages (Fst = 0.237).  Similar trends were observed in this study, but with different 

magnitudes.  In the absence of other effects, genetic differentiation was lowest between 

bull trout populations when no barriers were between them (Fst = 0.131), moderate when 

a one-way barrier was between bull trout populations (Fst = 0.242), and greatest when a 

two-way barrier was between bull trout populations (Fst = 0.441).  In the absence of other 

effects, the weight of evidence was greatly in favor of the model that considered the 

effects barrier presence and spatial configuration on genetic differentiation between bull 

trout populations compared to considering only barrier presence.  When considering the 

effect of barriers in combination with other variables associated with landscape 

heterogeneity, all of the highest ranked models included the effects of one-way and two-

way barriers.  Analytically treating all barriers the same regardless of spatial 

configuration does not allow discrimination of the different ecological effects of one-way 

and two-way barriers (as used here) and obscures biological insight into how barriers are 

influencing genetic differentiation between bull trout populations in GNP. 

Similar to examining the influence of barriers on population genetic structure, 

examining patterns of isolation by distance is another central theme in the discipline of 

landscape genetics (Storfer et al. 2007).  Patterns of isolation by distance may be 

obscured by a number of factors.  For example, spatial segregation of fluvial and fluvial-

adfluvial forms of Lahontan cutthroat trout O. c. henshawi within a stream network was 

suggested to produce a pattern similar to that of isolation by distance (Neville 2003).  

Populations within a region that have had insufficient time to reach migration-drift 
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equilibrium may not exhibit isolation by distance, and past bottlenecks and founder 

events may obscure patterns of isolation by distance (see Hutchison and Templeton 

1999).  Landscape heterogeneity along dispersal corridors between populations may also 

influence dispersal capabilities and gene flow.  For example, habitat features such as 

mountain crests, open deserts, and grasslands have been shown to act as partial barriers to 

gene flow for even highly vagile terrestrial species such as puma Puma concolor (Ernest 

et al. 2003; McRae et al. 2005).  These types of habitat features do not completely block 

dispersal of puma (as do metropolitan areas; Ernest et al. 2003), but they impede 

dispersal to a greater extent than other habitat types (e.g., undeveloped mountain 

foothills; Ernest et al. 2003).  Similarly, areas of high relief, ecotone boundaries, and 

catchment boundaries act as partial barriers to dispersal of the sand frog Heleiporus 

psammophilus (Berry 2001).  Therefore, landscape heterogeneity along dispersal 

corridors, and not just distance between populations, could influence genetic 

differentiation between populations. 

Variability in stream characteristics (e.g., width, depth, gradient, discharge) can 

influence the ability of aquatic organisms to disperse through a stream network.  

Tributary distance between bull trout populations in GNP had a greater effect (i.e., slope 

estimate) on genetic differentiation between populations than mainstem distance in the 

absence of other effects.  The weight of evidence for the model that considered mainstem 

distance and tributary distance to have different effects on genetic differentiation between 

bull trout populations was statistically more likely compared to the model that considered 

only total distance between populations.  When considering the effect of waterway 
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distance between populations in combination with other variables associated with 

landscape heterogeneity, all of the highest ranked models included the effects of 

mainstem distance and tributary distance; none included total distance between 

populations.  Additionally, the effect of tributary distance was always positive, but the 

effect of mainstem distance was negative, non-significant in one of the models, and 

smaller than the effect of tributary distance among models.  Therefore, the effect of 

waterway distance on genetic differentiation between bull trout populations in GNP is 

principally influenced by the amount of tributary distance between populations as 

opposed to mainstem distance or total distance. 

Similarity in allelic distributions and the small observed Fst between bull trout 

populations in Kintla Lake and Lake McDonald provides an example of the tributary 

distance effect.  Of 105 possible comparisons between population pairs (excluding 

Harrison Lake), Kintla Lake and Lake McDonald had the 76th greatest waterway distance 

between them, but genetic differentiation between these populations was the third 

smallest.  Only 8.90 km of the waterway distance between these populations consisted of 

tributary distance; the 10th shortest tributary distance.  Therefore, partitioning waterway 

distance into mainstem and tributary streams helps explain the genetic similarity between 

these populations.  This poses an interesting question for management and further 

research in this region.  That is, do bull trout from these lakes represent one randomly 

mating populations?  It is also unknown whether bull trout sampled from lakes in GNP 

are connected to bull trout residing in other areas of the Flathead Drainage.  Further work 

is needed to address these issues, and to elucidate potential metapopulation processes. 
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The presence and spatial configuration of barriers between populations and the 

tributary distance separating populations were important in explaining genetic 

differentiation between bull trout populations in GNP.  Additionally, other variables had 

an influence on genetic differentiation between populations.  Bull trout occupying lakes 

in the same drainage were predicted to be more similar than bull trout occupying different 

drainages.  An increase in Fst of 0.069 to 0.101 was predicted for populations in different 

drainages compared to populations in the same drainage.  This type of drainage effect has 

been shown for bull trout in the upper Kootenay River and Pine River in British 

Columbia (Costello et al. 2003) and for brook trout in La Mauricie National Park, Québec 

(Angers et al. 1999). 

Within drainage similarities are exemplified by the Middle Quartz Lake, Quartz 

Lake, and Cerulean Lake complex.  These lakes are located within the same drainage, 

and these lakes are separated by a relatively short geographic distance and there are no 

barriers between them.  There was relatively little genetic differentiation among bull trout 

sampled from these lakes (pairwise Fst estimates �  0.012) and allelic distributions did not 

differ.  The observed genetic similarity may be linked to frequent movement of bull trout 

among these lakes to fulfill life-history needs.  Anecdotal information and available redd 

count data (Meeuwig and Guy 2007; L. B. Tennant, Montana Cooperative Fishery 

Research Unit, personal communication) indicate that the stream section located between 

Quartz Lake and Cerulean Lake is a high use spawning area for bull trout in the Middle 

Quartz Lake, Quartz Lake, and Cerulean Lake complex and that the majority of spawning 

occurs in close proximity to Quartz Lake.  Consequently, genetic similarities could be a 
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result of random mating among bull trout sampled from these three lakes.  These data 

indicate that treating bull trout from Middle Quartz Lake, Quartz Lake, and Cerulean 

Lake as one demographic unit for management purposes is appropriate.  A similar 

situation was observed in the Arrow Lake and Trout Lake complex.  Bull trout sampled 

from these lakes had similar allelic distributions and estimated Fst between bull trout 

from these lakes was small (0.015).  These lakes are also within the same drainage, are 

geographically in close proximity, and are not separated by a barrier.  Therefore, frequent 

gene flow between bull trout in Arrow Lake and Trout Lake is plausible.  However, 

additional information related to the location of spawning habitat used by bull trout in 

Arrow Lake and Trout Lake would aid this interpretation. 

Elevation differences between lakes had a negative effect on genetic 

differentiation between bull trout populations in two of the highest ranked models; 

although this effect was small compared to other effects in the models and had a slope 

significantly different from zero in only one model.  This is contrary to patterns observed 

for brook trout in the St. John River Drainage, Maine, where a positive correlation was 

observed between elevation difference and genetic differentiation (Castric et al. 2001).  

However, no relationship between elevation differences and genetic differentiation was 

observed for brook trout in the Penobscot River Drainage, Maine, in the same study 

(Castric et al. 2001) indicating that the influence of elevation is variable.  In this study, 

the model that included a significant effect of elevation difference between populations 

was 9.49 times less likely to be the best model than the top ranked model.  Additionally, 

the adjusted coefficient of multiple determination decreased from 0.852 to 0.692 between 
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the top ranked model (which did not include elevation difference) and the model that had 

a significant slope estimate for elevation difference.  Therefore, it is unlikely that this 

variable is providing useful information. 

This study illustrates the influence of barriers on increasing genetic differentiation 

between bull trout populations in GNP.  The distribution of native, lake-dwelling fishes 

in GNP waters west of the Continental Divide is largely determined by the presence of 

barriers within the system (Meeuwig et al. in press).  However, in the absence of barriers, 

genetic differentiation between bull trout populations was mediated by distance.  In the 

absence of barriers, genetic differentiation was relatively small for bull trout populations 

separated by short tributary distances.  This connectivity may benefit bull trout and other 

fishes in GNP if they rely on metapopulation (Levins 1969; Hanski and Simberloff 1997) 

or source-sink (Pulliam 1988) dynamics for population persistence, but may also pose a 

threat to native species within this region.  Threats that may arise as a result of the 

potential for dispersal between lakes in this system include the spread of nonnative 

species and hybridization.  Following their introduction into the Flathead Lake-River 

system in 1905, lake trout S. namaycush have been dispersing throughout the upper 

Flathead system and have currently invaded many of the lakes in GNP west of the 

Continental Divide (Fredenberg et al. 2007; Meeuwig et al. in press).  Establishment of 

lake trout into waters outside their historic range can have a negative effect on abundance 

and persistence of lacustrine-adfluvial bull trout populations (Donald and Alger 1993; 

Fredenberg 2002; Martinez et al. in review), and can result in changes in aquatic and 

terrestrial food webs (Ruzycki et al. 2003; Koel et al. 2005) and abundance of species 
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within an assemblage (Ruzycki et al. 2003; Dux 2005).  Additionally, the connectivity of 

the Flathead Drainage has led to the spread of hybridization between native westslope 

cutthroat trout O. c. lewisi and nonnative rainbow trout (Hitt et al. 2003; Boyer et al. 

2008). 

The statistical models used in this study provided a reasonable fit to most of the 

bull trout populations examined; however, the Harrison Lake bull trout population 

appeared to differ from other populations in GNP that were not isolated by barriers.  

Among populations that were not considered to be isolated, the Harrison Lake bull trout 

population had the lowest expected heterozygosity and allelic richness; lower than some 

populations classified as isolated.  Initial modeling indicated that the Harrison Lake bull 

trout population was an outlier with large, positive residuals.  Koizumi et al. (2006) 

suggest that positive residuals are indicative of a population that is highly divergent from 

other populations within a sample due to increased genetic drift. 

Bull trout in Harrison Lake had similar genetic diversity compared to other 

populations that were classified as isolated, and patterns of genetic differentiation for bull 

trout sampled from Harrison Lake were consistent with patterns of genetic differentiation 

for bull trout populations that were located upstream of barriers.  It is possible that a 

barrier was present but not observed in the stream section between Harrison Lake and the 

Middle Fork Flathead River.  However, this seems unlikely as nonnative kokanee O. 

nerka and lake trout are present in Harrison Lake (Meeuwig et al. in press), and the lack 

of stocking records to explain their presence suggests that they colonized Harrison Lake 

naturally from downstream sources. 
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Bull trout in Harrison Lake may have gone through a population bottleneck 

resulting in an increase in random genetic drift, decrease in genetic variation, and an 

increase in genetic differentiation from bull trout sampled in other lakes.  Colonization by 

nonnative lake trout into lakes historically inhabited by bull trout has been associated 

with declines in bull trout abundance (Donald and Alger 1993; Fredenberg 2002; 

Martinez et al. in review), and currently bull trout and nonnative lake trout occur in 

Harrison Lake at relatively equal abundances (Meeuwig et al. in press).  If colonization 

by lake trout has led to a decline in bull trout abundance, the hypothesis that bull trout in 

this lake have gone through a recent bottleneck resulting in increased genetic drift may be 

supported.  Kokanee are also present in Harrison Lake (Meeuwig et al. in press), and 

superimposition of bull trout redds by kokanee redds has been hypothesized to have a 

negative effect on bull trout egg-to-fry survival (Weeber 2007), which could result in a 

population level decline of bull trout.  Superimposition of bull trout redds by kokanee has 

been observed in Harrison Creek immediately upstream of Harrison Lake (personal 

observation).  However, a negative effect on bull trout egg-to-fry survival resulting from 

kokanee redd superimposition was not observed in the Metolius River system, Oregon 

(Weeber 2007). 

The potential for bull trout in Harrison Lake to represent a distinct stock 

(MacLean and Evans 1981) should not be discounted.  Various spatial, temporal, and 

behavioral processes may effectively restrict gene flow even in the presence of dispersal 

among populations (see MacLean and Evans 1981 for a comprehensive review).  
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Additionally, simulations have shown that divergence in allele frequencies may occur 

even under conditions of dispersal among populations (Allendorf and Phelps 1981). 

Lacustrine-adfluvial bull trout in GNP occupy a heterogeneous landscape.  

Genetic differentiation between bull trout populations is clearly linked to features that 

restrict dispersal, but more subtle influences can be observed by considering the influence 

of potential one-way dispersal as well as by partitioning dispersal corridors based on 

characteristics of the stream drainage pattern.  Analytical models that aim to explain the 

influence of landscape heterogeneity on ecological processes will benefit from 

considering not only distinct landscape features (e.g., barriers, dispersal corridors, or 

other environmental gradients), but variability within or associated with those features.  

In addition, future research and management actions aimed at bull trout within GNP 

should consider the potential for genetic and demographic connectivity among groups of 

lakes and the potential for metapopulation dynamics among GNP lakes. 
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CHAPTER 4 

 
TROPHIC RELATIONSHIPS AMONG BULL TROUT, LAKE TROUT, AND OTHER 

FISHES IN A LAKE TROUT INVADED SYSTEM 

 
Abstract 

 
 

Research has shown that lacustrine-adfluvial bull trout Salvelinus confluentus can 

be displaced following the introduction of lake trout Salvelinus namaycush, and dietary 

overlap between these species has been suggested as a potential mechanism for this 

displacement (Donald and Alger 1993).  Trophic relationships of native bull trout, 

nonnative lake trout, and other fishes were examined in seven lakes in Glacier National 

Park, Montana, using stable isotope data (� 13C and � 15N).  Bull trout and lake trout 

occupied dominant trophic positions relative to other species present.  Differences in � 15N 

between bull trout and other fishes (� 15N = +2.7‰; F1,12 = 330.17, P < 0.001) and 

between lake trout and other fishes (� 15N = +3.6‰; F1,12 = 430.86, P < 0.001) were 

consistent with a one trophic level difference in � 15N (e.g., 3.4 ± 1.1‰; Minagawa and 

Wada 1984).  Lake trout occupied a higher trophic position than bull trout (� 15N = 

+0.9‰; F1,12 = 22.01, P < 0.001).  Bull trout and lake trout � 13C differed in six of the 

seven lakes sampled and bull trout had higher levels of � 13C relative to lake trout in five 

of the seven lakes examined, suggesting that these species are using different foraging 

habitats.  Although both bull trout and lake trout are top-level predators within lakes in 

Glacier National Park, differences in � 15N and � 13C between these species suggest that 

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

is not anticipated unless diet shifts occur or food resources become limiting. 

 
Introduction 

 
 

Introduced species can directly affect native species through competition, 

predation, disease, and hybridization (Moyle and Cech 1996).  Species introduction may 

occur both inadvertently and intentionally; however, the resulting outcome on native 

communities is often negative, regardless of initial intent.  For example, the intentional 

introduction of Mysis relicta has been shown to alter occurrence and composition of 

native zooplankton assemblages (Rieman and Falter 1981; Spencer et al. 1999; Vander 

Zanden et al. 2003), growth rates of fish species (Tohtz 1993; Stafford et al. 2002), and 

fish assemblage structure (Spencer et al. 1991; Vander Zanden et al. 2003).  Intentional 

nonnative fish introductions have occurred globally for over 3,000 years (Balon 1974 in 

Li and Moyle 1999) in an attempt to increase food supply, enhance fishing opportunities, 

manipulate aquatic systems, and change aesthetics (Li and Moyle 1999).  Unintentional 

introduction and invasions may also occur as a result of other activities.  For example, sea 

lampreys Petromyzon mairnus, native to Lake Ontario, invaded the upper four Laurentian 

Great Lakes after the Welland Canal was constructed to allow shipping among the lakes 

(Smith 1971).  Predation on native fishes by sea lampreys is considered to be one of the 

major causes of the decimated fisheries in the Laurentian Great Lakes.  However, this is 

not an isolated event, as introduced species have been implicated in contributing to a 

majority of the fish extinctions in the United States (Li and Moyle 1999). 
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Lake trout Salvelinus namaycush are top-level predators that have been 

introduced outside of their historic range throughout much of the western United States 

(Crossman 1995; Martinez et al. in review).  Lake trout can attain large sizes and have 

been introduced into many lakes and reservoirs because of their popularity as a sport fish 

(Martinez et al. in review).  Lake trout were introduced into the Flathead Lake-River 

system in 1905 (see Spencer et al. 1991).  Since this introduction, lake trout have 

colonized lakes throughout the upper Flathead Drainage, including many lakes in Glacier 

National Park (GNP), Montana, west of the Continental Divide (Fredenberg 2002; 

Meeuwig et al. in press).  These lakes are within the historic range of bull trout Salvelinus 

confluentus, a species listed as threatened under the US Endangered Species Act.  The 

number of lacustrine-adfluvial bull trout has declined concomitantly with an increase in 

the number of lake trout in four lakes in GNP; Kintla Lake, Bowman Lake, Logging 

Lake, and Lake McDonald (Fredenberg 2002).  Similarly, introduced lake trout displaced 

native bull trout in Bow Lake and Hector Lake, Alberta (Donald and Alger 1993).  

Donald and Alger (1993) suggested that competition may have resulted in the observed 

displacement of bull trout and cite Gause’s Principle (i.e., competitive exclusion; Hardin 

1960).  Bull trout and lake trout had similar growth rates, gape limitations, and mouth 

morphology, and had similar food habits in Bow Lake and Hector Lake (Donald and 

Alger 1993); consequently, Donald and Alger (1993) further speculated that dietary 

overlap may limit the ability for these two species to establish sympatric populations.  

Studying trophic relationships between bull trout and lake trout can help elucidate if 
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competition for food resources is common in lakes where the distribution of native bull 

trout and nonnative lake trout overlap. 

Food habits studies can be used to examine trophic relationships within species 

assemblages.  Food habits studies of fishes are often performed by gut content analyses, 

which entail collecting fish, removing their gut contents, and quantifying the diet of the 

fish.  Fish can be collected and gut contents removed by a variety of techniques and there 

are a number of metrics for describing and comparing diet composition (see Bowen 

1996).  Gut content analysis can provide fine taxonomic resolution with respect to food 

habits; however, this method does have limitations.  Stressful sampling techniques (e.g., 

gill netting, electrofishing) may cause fish to regurgitate gut contents (Bowen 1996).  The 

composition of gut contents may be daily or seasonally variable; therefore, researchers 

must consider the timing of sampling when designing a study to examine food habits.  

Digestive rates may differ among different prey items, which may positively skew an 

analysis of gut contents towards species that are more difficult to digest (Bowen 1996).  

Stable isotope analysis provides an alternative to quantifying gut contents for 

examining trophic relationships.  Elements such as carbon and nitrogen have more than 

one isotope (Peterson and Fry 1987).  For example, in natural systems carbon exists 

primarily as the lighter 12C isotope (98.89%) with a small percent (1.11%) existing as the 

heavier 13C isotope and nitrogen exists primarily as the lighter 14N isotope (99.64%) with 

a small percent (0.36%) existing as the heavier 15N isotope (Jardine et al. 2003).  The 

ratio of heavy to light isotopes in a sample (e.g., 13C:12C and 15N:14N) can be compared to 
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an international standard and then expressed in terms of a �  value (e.g., � 13C and � 15N), 

which is used to quantify the isotopic composition of the sample (Peterson and Fry 1987). 

Empirical evidence has shown that a 3.4‰ difference in � 15N between two 

samples is consistent with a one trophic level difference between consumer and diet for a 

variety of taxa (Minagawa and Wada 1984).  This difference in � 15N is a result of isotopic 

fractionation, which Hobson and Clark (1992) defined as, “changes in the isotopic signal 

between diet and consumer tissues.”  Predictable levels of isotopic fractionation between 

diet and consumer make � 15N measurements a useful tool for examining the trophic 

position of species within an assemblage.  Trophic positions are represented with non-

integer value (e.g., 3.4, 6.8, etc.), unlike trophic levels that are represented by integers 

(e.g., 1, 2, 3, etc.).  Conversely, there is little isotopic fractionation of � 13C between diet 

and consumer (e.g., � 13C = 0.2‰ in freshwater systems; France and Peters 1997), and 

studies have shown that � 13C values of littoral primary producers are greater than those of 

pelagic primary producers in aquatic systems (France 1995; Hecky and Hesslein 1995).  

Therefore, � 13C measurements are useful for determining where, or on what species, a 

consumer is feeding. 

Stable isotope analysis provides a time-integrated estimate of food habits because 

� 13C and � 15N represent the average diet consumed over periods of weeks to months; 

depending on the turnover rate of the tissue examined (e.g., Tieszen et al. 1983).  This is 

in contrast to gut content analysis that provides a point-in-time estimate of diet.  

Relatively few individuals of a species are needed to examine trophic relationships using 

stable isotope analysis (e.g., less than 10; Vander Zanden and Rasmussen 2002), unlike 
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gut content analysis that may require the sampling of larger numbers of consumers to 

achieve an adequate sample size of non-empty stomachs.  For example, 27% of bull trout 

and 18% of lake trout had empty stomachs in Lake Pend Oreille, Idaho (Vidergar 2000), 

and the percent of empty lake trout stomachs varied from 19 to 70% among seasons in 

Lake McDonald, Montana (Dux 2005). 

The objective of this study was to provide an assessment of trophic relationships 

among fishes in a multi-lake system with sympatric populations of native bull trout and 

nonnative lake trout.  Rather than providing an analysis of temporal and ontogenetic 

variation in trophic relationships at a fine taxonomic resolution, which would require 

intensive sampling at a single site, patterns of naturally occurring stable isotopes were 

examined to evaluate general predictions associated with trophic interactions among bull 

trout, lake trout, and their potential prey at a spatial scale that included multiple lakes.  

The relationships between fish length and � 13C and fish length and � 15N were examined 

among species and lakes, and plots of � 13C and � 15N were examined to provide a 

qualitative assessment of trophic relationships among species within lakes.  Consistent 

with a competitive exclusion scenario, it was predicted that bull trout and lake trout 

would occupy a similar trophic position (similar � 15N) and would not differ in � 13C, and it 

was also predicted that other species present within lakes would occupy subordinate 

trophic positions relative to bull trout and lake trout. 
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Methods 
 
 
Study System 
 

The study system consisted of seven lakes located in GNP west of the Continental 

Divide (Figure 4.1).  The selected lakes have sympatric populations of native lacustrine-

adfluvial bull trout and nonnative lake trout and vary in species richness and composition 

(see Meeuwig et al. in press).  Other native fish species present within the study system 

include cutthroat trout Oncorhynchus clarkii, mountain whitefish Prosopium williamsoni, 

pygmy whitefish Prosopium coulterii, largescale sucker Catostomus macrocheilus, 

longnose sucker Catostomus catostomus, northern pikeminnow Ptychocheilus 

oregonensis, peamouth Mylocheilus caurinus, redside shiner Richardsonius balteatus, 

mottled sculpin Cottus bairdi, and slimy sculpin Cottus cognatus.  Other nonnative fish 

species present in the study system include brook trout Salvelinus fontinalis, kokanee O. 

nerka, and lake whitefish Coregonus clupeaformis. 

 
Field Methods 
 

Gill-net, shoreline electrofishing, and hook and line surveys were conducted 

during the summers of 2004, 2005, and 2006 in the seven study lakes (see Chapter 2 for 

comprehensive sampling methodology).  Fish sampled were anesthetized with 30 mg/L 

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

length; mm), and released.  A minimum of 100 individuals were counted if greater than 

100 individuals of a given species were sampled within a lake.  A 14-gauge soft tissue 

biopsy needle (Achieve Soft Tissue Biopsy Needle, Cardinal Health, McGaw Park, IL) 
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was used to non-lethally extract a sample of white muscle (2-mm diameter by 15-mm 

long) from a subsample of fish at each lake for stable isotope analysis (� 15N and � 13C) 

prior to release.  White muscle was selected as it exhibits lower within tissue variance in 

� 13C than other tissues, such as red muscle, heart, and liver, and has been suggested as an 

 

 
Figure 4.1 – Location of seven lakes in Glacier National Park, Montana, inhabited by 
sympatric populations of native lacustrine-adfluvial bull trout and nonnative lake trout. 
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appropriate tissue for examining trophic relationships among fishes (Pinnegar and 

Polunin 1999).  Muscle samples were collected by inserting the needle into the dorsal 

musculature near the insertion of the dorsal fin in a posterior to anterior direction.  

Muscle samples were placed in a portable cryogenic freezer (model CX100, Taylor 

Wharton, Theodore, AL) and transported to Montana State University. 

Sample storage capacity at the study sites was limited to 80 samples based on 

equipment limitations; therefore, subsampling was used to provide a representative 

sample of fish species present within each lake.  Fish were subsampled at each lake as 

follows:  1) up to 10 bull trout were sampled, 2) up to 10 lake trout were sampled, and 3) 

up to five individuals of other fish species present were sampled.  Two sets of samples 

were collected from Quartz Lake, one in 2005 and one in 2006.  These samples were 

pooled for analyses resulting in a larger sample size for Quartz Lake.  Additionally, 

muscle samples were only collected from bull trout and lake trout individuals large 

enough to be considered likely piscivores (i.e., �  200 mm; McPhail and Baxter 1996).  A 

two-sample t-test (�  = 0.05; PROC TTEST; SAS Institute 1989) was used to compare the 

mean length of individuals subsampled for stable isotope analysis and the mean length of 

all individuals sampled by lake and species for species other than bull trout and lake trout 

(Table 4.1).  The mean length of redside shiner differed between the subsample of 

individuals used for stable isotope analysis and all individuals sampled in Bowman Lake 

(t = 2.18, df = 28, P = 0.038), Lower Quartz Lake (t = 3.31, df = 38, P = 0.002), and 

Logging Lake (t = 2.61, df = 18, P = 0.018); probability values for all other species by 

lake comparisons varied from 0.064 to 1.000. 
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Table 4.1 – Lake, species, sample size (N), and length (mean ± standard deviation) of 
individuals used for stable isotope analysis and the total sample of individuals measured.  
Species within lakes followed by an asterisk had lengths that differed significantly 
between the subsample used for stable isotope analysis and the total sample.  Descriptive 
statistics for the total sample of bull trout and lake trout are based on individuals �  200 
mm; however, an addition eight bull trout varying from 124 to 198 mm (minimum to 
maximum) and an additional five lake trout varying from 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        351 ± 117 12     370 ± 156 
Lake trout 10        415 ±   76 47     422 ± 155 
Cutthroat trout 5        132 ±     5 23     155 ±   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     320 ±   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 Lake Bull 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        322 ± 120 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    194 ±   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    155 ±   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 and ground to a fine powder with a 

mortar and pestle (Jardine et al. 2003).  About 2 to 3 mg of the prepared sample was 

placed into a 4- by 6-mm tin capsule and shipped to South Dakota State University – 

Plant Science Department for stable isotope analysis using an Europa ANCA-GSL 20-20 

IRMS mass spectrometer.  Isotope �  values were calculated as: 
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where X = 13C or 15N, Rsample = 13C:12C or 15N:14N of the sample, and Rstandard = 13C:12C or 

15N:14N of the international standards Pee Dee Belemnite limestone (for carbon) and 

atmospheric nitrogen (for nitrogen). 

 
Data Analysis 
 

Pearson product-moment correlations (PROC CORR; SAS Institute 1989) were 

calculated between fish length and � 13C and between fish length and � 15N for each 

species by lake to examine trends for the lengths of fish sampled.  Correlation analyses 

were performed when at least three individuals per species by lake were sampled, 

resulting in 50 species by lake correlation analyses for each of the isotopes examined.  

Values for � 13C and � 15N were plotted against length when correlations were significant 

(�  = 0.05).  Mean (± standard error) � 13C and � 15N were calculated and plotted for each 

species by lake to provide a visual representation of trophic relationships within lakes. 

An analysis of variance (ANOVA) was used to examine differences in � 15N 

among bull trout, lake trout, and all other sampled fish species combined (hereafter 

referred to as other fishes) among lakes.  Experimental error variance of � 15N was the 

same for bull trout, lake trout, and other fishes within lakes (�  = 0.05) based on a Brown-

Forsythe test for homogeneity of variance (Brown and Forsythe 1974).  The ANOVA 

model used was a randomized complete block design with subsampling where lakes were 

treated as random blocks, the fixed factor had three levels (bull trout, lake trout, and other 

fishes), and individual fish were treated as subsample units (�  = 0.05; PROC GLM; SAS 
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Institute 1989).  Blocking by lake was used to account for differences in � 15N among 

lakes.  Contrast and estimate statements (SAS Institute 1989) were constructed to test the 

following predictions: 1) bull trout and lake trout will occupy a similar trophic position 

(i.e., will not differ in � 15N), 2) bull trout will occupy a higher trophic position than other 

fishes (i.e., � 15N will be greater for bull trout than for other fishes), and 3) lake trout will 

occupy a higher trophic position than other fishes (i.e., � 15N will be greater for lake trout 

than for other fishes). 

A similar ANOVA model was used to examine differences in � 13C between bull 

trout and lake trout among lakes.  This analysis indicated an interaction between the 

random block (i.e., lake) and the two levels of the fixed factor (i.e., bull trout and lake 

trout).  Consequently, two-sample t-tests (�  = 0.05; PROC TTEST; SAS Institute 1989) 

were used to examine differences in � 13C between bull trout and lake trout for each lake 

separately. 

 
Results 

 
 

Length and � 13C were negatively correlated for bull trout in Kintla Lake, Bowman 

Lake, Quartz Lake, and Logging Lake (Figure 4.2), and for cutthroat trout in Lower 

Quartz Lake, lake whitefish in Lake McDonald, and cutthroat trout in Harrison Lake 

(Figure 4.3).  Length and � 15N were positively correlated for cutthroat trout and mountain 

whitefish in Quartz Lake, redside shiner in Lower Quartz Lake, and kokanee in Lake 

McDonald (Figure 4.4).  Plots of � 13C and � 15N for each species by lake indicated that 

bull trout d13C was greater than lake trout d13C among lakes with the exception of Kintla  
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Figure 4.2 – Correlation between length and � 13C for bull trout in Kintla Lake, Bowman 
Lake, Quartz Lake, and Logging Lake, Glacier National Park, Montana.  Trend lines 
calculated using linear regression. 
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Figure 4.3 – Correlation between length and � 13C for cutthroat trout in Lower Quartz 
Lake, lake whitefish in Lake McDonald, and cutthroat trout in Harrison Lake, Glacier 
National Park, Montana.  Trend lines calculated using linear regression. 
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Figure 4.4 – Correlation between length and � 15N for cutthroat trout in Quartz Lake, 
mountain whitefish in Quartz Lake, redside shiner in Lower Quartz Lake, and kokanee in 
Lake McDonald, Glacier National Park, Montana.  Trend lines calculated using linear 
regression. 
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Lake, � 13C values of bull trout and lake trout were generally intermediate within the 

distribution of all species sampled by lake, d15N of lake trout was greater than d15N of 

bull trout among lakes, and d15N of bull trout and lake trout were greater than d15N of 

other fishes among lakes (Figures 4.5 – 4.11). 

Lake trout � 15N was estimated to be 0.9‰ greater than bull trout � 15N (F1,12 = 

22.01, P < 0.001; Figure 4.12).  Lake trout � 15N was estimated to be 3.6‰ greater than 

� 15N of other fishes (F1,12 = 430.86, P < 0.001; Figure 4.12).  Bull trout � 15N was 

estimated to be 2.7‰ greater than � 15N of other fishes (F1,12 = 330.17, P < 0.001; Figure 

4.12).  Bull trout � 13C was greater than lake trout � 13C in all lakes except Kintla Lake, 

where lake trout � 13C was greater, and Logging Lake, where � 13C was similar for bull 

trout and lake trout (Figure 4.13). 

 
 
Figure 4.5 – Mean (± standard error) � 13C and � 15N for fish species sampled from Kintla 
Lake, Glacier National Park, Montana.  BLT = bull trout, CUT = cutthroat trout, LKT = 
lake trout, LNS = longnose sucker, MWF = mountain whitefish, PEM = peamouth, RSS 
= redside shiner. 
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Figure 4.6 – Mean (± standard error) � 13C and � 15N for fish species sampled from 
Bowman Lake, Glacier National Park, Montana.  BLT = bull trout, CUT = cutthroat 
trout, LKT = lake trout, LNS = longnose sucker, MWF = mountain whitefish, RSS = 
redside shiner. 
 
 

 
 
Figure 4.7 – Mean (± standard error) � 13C and � 15N for fish species sampled from Quartz 
Lake, Glacier National Park, Montana.  BLT = bull trout, CUT = cutthroat trout, LKT = 
lake trout, LNS = longnose sucker, LSS = largescale sucker, MWF = mountain whitefish, 
RSS = redside shiner. 
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Figure 4.8 – Mean (± standard error) � 13C and � 15N for fish species sampled from Lower 
Quartz Lake, Glacier National Park, Montana.  BLT = bull trout, CUT = cutthroat trout, 
LKT = lake trout, LNS = longnose sucker, MWF = mountain whitefish, RSS = redside 
shiner. 
 
 

 
 
Figure 4.9 – Mean (± standard error) � 13C and � 15N for fish species sampled from 
Logging Lake, Glacier National Park, Montana.  BLT = bull trout, CUT = cutthroat trout, 
LKT = lake trout, LNS = longnose sucker, MWF = mountain whitefish, NPM = northern 
pikeminnow, RSS = redside shiner. 
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Figure 4.10 – Mean (± standard error) � 13C and � 15N for fish species sampled from Lake 
McDonald, Glacier National Park, Montana.  BLT = bull trout, CUT = cutthroat trout, 
KOK = kokanee, LKT = lake trout, LNS = longnose sucker, LSS = largescale sucker, 
LWF = lake whitefish, MWF = mountain whitefish, NPM = northern pikeminnow, PEM 
= peamouth, PWF = pygmy whitefish, RSS = redside shiner. 
 

 
 
Figure 4.11 – Mean (± standard error) � 13C and � 15N for fish species sampled from 
Harrison Lake, Glacier National Park, Montana.  BLT = bull trout, BRK = brook trout, 
CUT = cutthroat trout, LKT = lake trout, LNS = longnose sucker, MWF = mountain 
whitefish, RSS = redside shiner. 
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Figure 4.12 – Mean (+ standard error) relative trophic position (� 15N) of bull trout, lake 
trout, and other fishes among seven lakes in Glacier National Park, Montana.  
Comparisons that were significantly different are indicated by different letters. 
 
 

 
 
Figure 4.13 – Mean (- standard error) � 13C of bull trout (gray bars) and lake trout (white 
bars) among seven lakes in Glacier National Park, Montana.  Lakes where comparisons 
between bull trout and lake trout were significantly different are indicated by an asterisk. 
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Discussion 
 
 

Bull trout and lake trout occupy dominant trophic positions relative to other fishes 

present within the study system.  Bull trout � 15N was 2.7‰ greater than other fishes and 

lake trout � 15N was 3.6‰ greater than other fishes.  These values are consistent with a 

one level increase in trophic status (i.e., about 3.4‰; Minagawa and Wada 1984) 

between diet and consumer.  Therefore, � 15N indicates that bull trout and lake trout (�  

200 mm) are predators of other fishes within the study system.  The prediction that bull 

trout and lake trout would occupy a similar trophic position was not supported among 

lakes.  The prediction that bull trout and lake trout would not differ in � 13C was also not 

supported in six of the seven lakes examined. 

Donald and Alger (1993) suggested that dietary overlap between bull trout and 

lake trout may be a causal mechanism for the displacement of bull trout under conditions 

of limited food supply where the distribution of these species is sympatric (e.g., northern 

Montana, southwestern Alberta, and east-central British Columbia).  Analyses of � 13C 

and � 15N provide little evidence for complete dietary overlap between bull trout and lake 

trout among lakes sampled in this study.  However, data needed to determine if food is 

limiting within this study system are unavailable (e.g., bull trout and lake trout 

consumption estimates, prey species abundance and biomass, lake productivity).  Patterns 

observed in this study may be a consequence of diet shifts associated with colonization 

by nonnative lake trout.  For example, lake trout shifted from a largely littoral, fish-based 

diet to a largely pelagic, zooplankton-based diet following invasions by nonnative 

smallmouth bass Micropterus dolomieu and rock bass Ambloplites rupestris in Canadian 
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lakes (Vander Zanden et al. 1999).  This conclusion was based on a comparison between 

stable isotope analyses of invaded (bass present) and reference lakes (bass absent) and on 

long-term studies of two invaded lakes (Vander Zanden et al. 1999). 

It is difficult to determine if the d13C and d15N values observed for bull trout 

among lakes in GNP are a result of diet shifts associated with colonization by nonnative 

lake trout.  Lakes in GNP that have not been colonized by nonnative lake trout are more 

depauperate in fish species richness (Meeuwig et al. in press) and bull trout food habits 

often differ among lakes with different species assemblages (e.g., Leathe and Graham 

1982; Donald and Alger 1993; Wilhelm et al. 1999; Dalbey et al. 1998; Vidergar 2000; 

Beauchamp and Van Tassell 2001; Clarke et al. 2005).  Therefore, these lakes would be 

poor references as the influence of species assemblage could not be controlled. 

Bull trout and lake trout have been shown to be generalist and opportunistic 

predators in many studies.  The diet of bull trout in Lake Billy Chinook, Oregon, was 

variable both seasonally and among size classes, and included kokanee, bull trout, 

rainbow trout O. mykiss, mountain whitefish, other salmonids, cyprinids, cottids, 

catostomids, and invertebrates (Beauchamp and Van Tassell 2001).  Bull trout predation 

on three aquatic invertebrates in Harrison Lake, Alberta, varied seasonally and was 

similar to the seasonal abundance of the prey species (Wilhelm et al. 1999).  Bull trout 

and lake trout fed on a wide range of available taxa, including aquatic and aerial insects 

and fishes in lakes varying in trophic complexity in northern Montana, southwestern 

Alberta, and east-central British Columbia; however, when present, fish composed the 

majority of bull trout and lake trout diets (Donald and Alger 1993).  Dietary differences 
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were observed between small (i.e., 177 to 406 mm) and large (i.e., > 406 mm) lake trout 

in Lac la Ronge, Saskatchewan, where small lake trout fed on invertebrates (especially 

Mysis relicta), cicsoes (Coregonus zenithicus and Coregonus artedi), sculpins 

(Myoxocephalus thompsonii and Cottus cognatus), and ninespine sticklebacks Pungitius 

pungitius and large lake trout fed on ciscoes, lake whitefish, ninespine stickleback, 

longnose sucker, yellow perch Perca flavescens, sculpins, burbot Lota lota, walleye 

Sander vitreum, spottail minnow Notropis hudsonius, lake trout, and small numbers of 

invertebrates (< 11% of diet; Rawson 1961).  Lake trout in Algonquin Park, Ontario, may 

feed on fishes or plankton, depending on their availability (Martin 1966).  Lake trout diet 

varied with habitat (i.e., nearshore and offshore) and was related to prey abundance in 

Lake Michigan (Miller and Holey 1992).  These studies suggest that differences in � 13C 

and � 15N between bull trout and lake trout in GNP could result from partitioning of prey 

resources associated with species-specific habitat use and prey availability rather than 

from diet shifts. 

In five of the seven lakes examined in this study bull trout d13C was greater than 

lake trout d13C and in four of the seven lakes there was a negative relationship between 

bull trout length and � 13C.  Studies have shown that d13C of littoral consumers in lakes is 

often greater than d13C of pelagic or profundal consumers (France 1995; Vander Zanden 

and Rasmussen 1999) as a result of a benthic algae d13C being greater than d13C of 

planktonic algae (France 1995; Hecky and Hesslein 1995).  Therefore, the observed 

trends are suggestive of bull trout foraging in littoral habitat more than lake trout and of 

bull trout shifting from foraging in littoral habitat to foraging in pelagic or profundal 
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habitat as they increase in length.  Similarly, bull trout have been observed to be spatially 

segregated based on size in Harrison Lake, Alberta, with smaller bull trout (i.e., �  250 

mm fork length) observed in shallow water (i.e., < 1 m) and larger bull trout observed in 

the profundal offshore waters (Wilhelm et al. 1999). 

Lake trout occupied a higher trophic position than bull trout among lakes.  This 

may be the result of consuming different prey species or similar prey species in different 

proportions, but the possibility that lake trout are receiving some dietary contribution 

from bull trout should not be disregarded.  Lake trout can consume prey fish with lengths 

about 50% their own length (Ruzycki 2004).  Therefore, it is possible that bull trout are 

contributing to the diet of lake trout even within the size range of individuals examined in 

this study.  For example, the length of the smallest bull trout sampled in this study was 

less than 50% the length of the largest lake trout sampled within lakes with the 

exceptions of Quartz Lake and Lake McDonald. 

This analysis shows that bull trout and lake trout are top-level predators in GNP, 

indicating the potential for competition for prey resources; however these species differed 

in levels of naturally occurring stable isotopes commonly used to examine trophic 

relationships.  Differences between these species in � 13C and � 15N may be the result of 

consuming different species or different proportions of similar species and difference in 

� 13C are suggestive of different foraging habitat use by these species.  Therefore, there is 

little evidence for complete overlap in food habits between bull trout and lake trout in 

GNP, which has been suggested as a causal mechanism for population-level declines and 

extirpation of bull trout following the introduction of lake trout (Donald and Alger 1993).  



 
 

93 

However, implicit in this ‘competitive exclusion’ hypothesis is the requirement of limited 

food supply.  No data are available with respect to food abundance or consumption rates 

of bull trout and lake trout within GNP.  Resources may be sufficient to allow 

partitioning of prey between two top-level predators within GNP.  Additional research 

such as bioenergetics modeling, abundance and biomass estimates for predator and prey 

species, and quantitative gut content analyses to complement stable isotope data will help 

elucidate whether population-level declines in bull trout 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 TROUT IN A 

LABORATORY ENVIRONMENT 

 
Abstract 

 
Lacustrine-adfluvial bull trout Salvelinus confluentus migrate from spawning and 

rearing streams to lacustrine environments as early as age 0.  Within lacustrine 

environments, cover habitat provides refuge from potential predators and is a resource 

that is competed for if limiting.  Interactions between bull trout and novel competitors, 

such as lake trout S. namaycush, could result in bull trout being displaced from cover.  A 

laboratory experiment was performed to examine habitat use and interactions for cover 

by juvenile (i.e., < 80 mm) bull trout and lake trout.  Differences were observed between 

bull trout and lake trout in the proportion of time using cover (F1,22.6 = 20.08, P < 0.001) 

and bottom (F1,23.7 = 37.01, P < 0.001) habitat, with bull trout using cover and bottom 

habitats more than lake trout.  Habitat selection ratios indicated that bull trout avoided 

water column habitat in the presence of lake trout and that lake trout avoided bottom 

habitat.  Intraspecific and interspecific agonistic interactions were infrequent, but 

approximately 10 times greater for intraspecific interactions between lake trout.  Results 

from this study provide little evidence that juvenile bull trout and lake trout compete for 

cover. 
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Introduction 

 
Bull trout Salvelinus confluentus is an inland and coastal fish species that is 

distributed throughout the northwestern United States and southwestern Canada.  This 

species exhibits a variety of migratory life-history strategies; including potamodromous 

strategies [i.e., fluvial-adfluvial, lacustrine-adfluvial, and allacustrine (Varley and 

Gresswell 1988; Northcote 1997)] and anadromy.  Regardless of life-history strategy, it is 

often stated that juvenile bull trout spend the first one to three years of their life in 

spawning and rearing streams, with lacustrine-adfluvial forms migrating from rearing 

streams to lake systems primarily at age 2 (see Pratt 1992 for review).  For example, 49% 

of the bull trout in the Flathead River system migrate at age 2 and fewer migrate at age 1 

(18%), age 3 (32%), and age 4 (1%; Fraley and Shepard 1989).  However, bull trout in 

MacKenzie Creek, British Columbia, migrate downstream as fry (age 0) and juveniles 

(age 1 and age 2) into Upper Arrow Lake (McPhail and Murray 1979).  Additionally, 

greater absolute numbers of age-0 bull trout migrate downstream to Lake Pend Oreille, 

Idaho, from spawning and rearing areas in Trestle Creek than other age groups (Downs et 

al. 2006). 

It has been suggested that maintaining abundant and high-quality rearing habitat 

in streams may allow juvenile lacustrine-adfluvial bull trout to attain large sizes prior to 

immigrating to lacustrine habitats, thereby strengthening adult populations (e.g., Downs 

et al. 2006).  However, migration to lake environments by juvenile bull trout may be a 

strategy that has developed over evolutionary time scales and could offer benefits in 

certain environments.  Many bull trout populations occupy high elevation headwater 
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habitats.  These areas often have seasonally variable stream flows and resultant high 

summer temperatures, as well as formation of anchor and frazil ice during the winter.  

Estimated peak growth of bull trout in a laboratory setting occurred at 13.2° C with an 

upper incipient lethal temperature of 20.9° C (Selong et al. 2001), and field studies have 

shown that bull trout distribution is influenced by maximum water temperature (Dunham 

et al. 2003).  Therefore, streams that exhibit high summer temperatures may be 

physiologically stressful.  Additionally, exclusion from upstream habitat as a result of 

water supercooling, anchor ice, and frazil ice during winter months resulted in 

downstream movement of resident bull trout to pools and beaver ponds in the Bitterroot 

River drainage, Montana (Jakober et al. 1998).  Therefore, movement of bull trout into 

lacustrine environments prior to age 2 could decrease exposure to physiologically 

stressful stream temperatures in the summer and mitigate movement associated with 

winter stream conditions. 

Movement of juvenile bull trout into lacustrine environments likely would not 

reduce predation risk, and may increase it depending on lake specific species 

assemblages; therefore, the presence of habitat that reduces predation risk would be 

important.  Many studies have examined habitat use by bull trout in lotic systems.  These 

studies have generally demonstrated that juvenile bull trout are positively associated with 

cover habitat and the lower portions of the water column (e.g., Baxter and McPhail 1997; 

Thurow 1997; Polacek and James 2003; Al-Chokhachy and Budy 2007).  However, there 

is a lack of information related to habitat use by juvenile bull trout in lentic environments. 
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Electrofishing surveys in wadeable portions of shoreline habitat in lakes within 

Glacier National Park, Montana, detected the presence of bull trout varying in size from 

37 to 148 mm (Figure 5.1; Meeuwig and Guy 2007; Meeuwig et al. in press).  Although 

ages of these individuals were not estimated, data from bull trout at similar latitudes 

suggest that these fish varied from age 0 to age 2.  For example, back-calculated length at 

age varied from 52 to 75 mm for age-1 and 98 to 129 mm for age-2 bull trout from the 

Flathead River Drainage, Montana (Fraley and Shepard 1989), and age estimates were 

103.2 ± 5.2 mm (mean ± 95% confidence limit) for age-1 and 155.4 ± 3.8 mm for age-2 

bull trout from the St. Mary River Drainage, Montana (Mogen and Kaeding 2005).  

Additionally, bull trout in Glacier National Park lakes were sampled from areas 

composed of cobble and gravel substrates with low embeddedness (Meeuwig and Guy 

2007; Meeuwig et al. in press), and it is likely that these fish were using interstitial spaces 

among these substrates as cover habitat. 

Cover habitat would be important for juvenile bull trout entering lacustrine 

environments occupied by predators.  Cover habitat conceals fish from predators and 

competitors (Orth and White 1999), and cover habitat is often defended or competed for 

through agonistic behavior (Moyle and Cech 1996).  Cover habitat has been shown to be 

selected for by fishes (e.g., smallmouth bass Micropterus dolomieui, Sechnick et al. 

1986; Atlantic salmon Salmo salar, Heggenes and Traaen 1988), and use of cover habitat 

can reduce predation risk.  For example, predation on small (i.e., 35 to 44 mm total 

length) bluegills Lepomis macrochirus by largemouth bass M. salmoides (330 to 370 mm 

total length) decreased in areas of high structural complexity (Savino and Stein 1982). 
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Figure 5.1 – Length-frequency histograms of bull trout sampled in wadeable portions of 
the littoral zones of Akokala Lake, Arrow Lake, Lake Isabel, Upper Kintla Lake, and the 
pooled sample in Glacier National Park, Montana.  Reproduced from Meeuwig and Guy 
(2007). 
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Juvenile bull trout entering lacustrine environments would be exposed to both 

native (e.g., bull trout) and nonnative (e.g., lake trout S. namaycush, northern pike Esox 

lucius) predators, and potential fish competitors including catostomids, cottids, cyprinids, 

and other salmonids.  Of these potential competitors, the lake trout is a novel competitor 

that has been introduced into lakes throughout much of the native range of bull trout, and 

lake trout have been implicated in declines in bull trout abundance (e.g., Donald and 

Alger 1993; Fredenberg 2002; Martinez et al. in review).  The historic distribution of bull 

trout and lake trout do overlap; specifically in portions of Alberta and British Columbia, 

Canada.  However, where these species do co-occur, bull trout and lake trout are often 

spatially separated based on elevation (Donald and Alger 1993) or bull trout exhibit a 

fluvial or fluvial-adfluvial life history strategy, and lake trout have been shown to 

displace bull trout after establishment in high elevation lakes (Donald and Alger 1993).  

Following their introduction in 1905 (Spencer et al. 1991), lake trout have spread through 

much of the Flathead River-Lake Drainage and their relative abundance has increased.  

Concomitant with this increase in the number of lake trout has been a decrease in the 

number of bull trout (Fredenberg 2002; Meeuwig and Guy 2007; Meeuwig et al. in 

press).  This type of decline following the addition of a novel species is often indicative 

of interspecific competition (Ricklefs 1990). 

Little is known about habitat use by juvenile lake trout.  Juvenile lake trout have 

been observed at various depths during their first year of life (Martin and Olver 1980).  

For example, in Lake Superior, Michigan, age-0 lake trout were observed in shallow 

water (< 2 m) until they attained a size of 45 mm, and it was hypothesized that movement 
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to deeper water was a response to increasing surface-water temperature (Peck 1982).  

Similarly, Wagner (1981) observed lake trout fry (24 – 31 mm) at depths less than 7 m in 

Lake Michigan.  Substrate use by juvenile lake trout is variable.  Eleutheroembryos have 

been observed near spawning grounds within the interstices of rocks (Greeley 1936 in 

Martin and Olver 1980).  Lake trout fry have been observed in association with a mixture 

of cobble, boulder, and sand substrate (Wagner 1981).  Information regarding the specific 

habitat requirements of small lake trout (e.g., less than 125 mm) is largely anecdotal and 

unpublished (see Martin and Olver 1980 for review).  However, based on available data 

and the evolutionary association of lake trout with other predatory fishes (Martin and 

Olver 1980), it is plausible that juvenile lake trout use cover for protection, such as 

interstitial spaces along lake shorelines. 

Competitive interactions between bull trout and lake trout in lacustrine 

environments could occur at or among different ontogenetic stages and for different 

resources.  However, if cover is an important resource for juvenile bull trout and lake 

trout, exclusion of bull trout from cover by lake trout through preemptive, territorial, or 

encounter competition (Schoener 1983) could result in bull trout being exposed to 

predators or being restricted to less productive or efficient foraging habitats, which may 

help explain declining trends in bull trout populations following the establishment of lake 

trout (e.g., Donald and Alger 1993; Fredenberg 2002). 

A laboratory experiment was performed to evaluate habitat use and interactions 

between bull trout and lake trout less than 80 mm (total length).  Treatments were 

designed to evaluate the influences of fish density and species composition on use of 
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cover, bottom, and water column habitats.  Additionally, experimental tanks were 

designed to allow emigration in the event that experimental conditions were unsuitable 

(e.g.., Matter et al. 1989; McMahon and Hartman 1989).  Specific predictions were made 

that: 1) a greater percent of bull trout and lake trout would emigrate from experimental 

tanks in the absence of cover habitat than if cover was available, 2) bull trout and lake 

trout habitat use would not differ in the presence of conspecific competitors compared to 

the absence of competitors, 3) in the presence of competitors, bull trout and lake trout 

habitat use would differ depending on whether the potential competitor was conspecific 

or heterospecific, and 4) in the presence of heterospecifics, lake trout would displace bull 

trout from cover habitat.  Additionally, habitat selection 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 Creston National Fish Hatchery, 

Montana, in an isolation room maintained for experimental use (i.e., not used for routine 

hatchery operation).  Water used during rearing and experimentation was supplied from 

an artesian spring with an average annual temperature of about 8.3° C.  Bull trout used in 

the experiment were second-generation progeny spawned in September 2006 from an 

experimental bull trout broodstock maintained at Creston National Fish Hatchery.  The 

original broodstock was collected from two tributaries to the Swan River (Holland Creek 

and Lion Creek) located in the Flathead Drainage, Montana (Fredenberg et al. 1995).  
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Lake trout used were obtained as eggs in November of 2006 from Saratoga National Fish 

Hatchery, Wyoming, and transported to Creston National Fish Hatchery. 

Bull trout and lake trout were incubated separately in 8-tray Heath stack-type 

incubators.  Eggs and alevins were examined periodically and dead or abnormal 

individual were removed.  Once alevins neared swim-up, bull trout and lake trout were 

transferred to separate light blue fiberglass rearing tanks (3.0-m long x 0.6-m wide x 0.3-

m deep; 0.2-m water depth) where they were held until they reached the target 

experimental size of about 60 to 80 mm.  During the rearing period, artificial cover was 

provided by two sheets of corrugated fiberglass, each measuring about 0.4-m long x 0.2-

m wide and suspended about 5 cm off the bottom of the tank.  Bull trout and lake trout 

were fed ad libitum by hand a diet composed of Silver Cup Fish Feed (Nelson & Sons, 

Inc., Murray, Utah).  It was assumed that the feeding rates were sufficient due to the 

presence of uneaten food in the rearing tanks; uneaten food was removed periodically to 

maintain water quality.  Bull trout and lake trout were examined periodically and dead or 

abnormal individuals were removed.  Natural, ambient light was provided through a 

window in the isolation room during the rearing period. 

 
Experimental Tanks 

Experimental tanks were constructed from particle board (bottom and three sides) 

and plexiglas (one side, to allow observations); particle board was sealed with light blue 

epoxy paint (Sweetwater epoxy paint, distributed by Aquatic Eco-Systems, Inc., Apopka, 

Florida).  Tanks measured 56-cm long x 55-cm wide x 26-cm deep (20-cm water depth).  

Tanks were a flow-through design with water entering the back-center of the tank near 
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the top.  Water exited the tank through a 5-cm inside diameter pipe located at the side of 

the tank.  The exit pipe was designed to provide a shallow water exit to allow fish to 

emigrate from unsuitable experimental conditions (Matter et al. 1989).  This pipe had a 

removable screen that was left in place during acclimation to experimental conditions and 

removed following acclimation.  Tanks were arranged in two rows of four tanks.  A black 

plastic sheet was used to obscure the presence of the observer; a small slit was placed in 

the plastic sheeting to allow observations to be made through the plexiglas portion of the 

experimental tanks.  The black plastic sheet blocked ambient light from reaching the 

tanks; thus, each row of tanks was indirectly illuminated from above with one 100-w 

compact fluorescent light (CFL) controlled by a timer to produce a photoperiod of 14 h 

light and 10 h dark; light phase beginning at 0700 h. 

 
Research Design 

Once target fish length was achieved (June 2007), bull trout and lake trout were 

assigned to one of nine treatments.  No individual fish were used in more than one 

treatment x replicate combination.  Treatments varied in the presence of cover habitat 

(present or absent), fish density (one or two fish per tank), and species composition (bull 

trout, lake trout, or bull trout and lake trout) (Table 5.1).  These treatments were placed 

into three ‘groups’ based on subsequent comparisons.  For group I, no cover habitat was 

provided, fish density was constant at one fish per tank, and species composition was 

variable (either bull trout or lake trout).  For group II, limited cover habitat was provided, 

fish density was variable (one fish per tank or two fish per tank), and species composition 

was variable (either two bull trout, two lake trout, or one bull trout and one lake trout).   
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Table 5.1 – Group, treatment, number of replicates, cover present, fish density, and 
species composition for experimental treatments.  Treatment III.a consisted of one bull 
trout for two days of observation period followed by the addition of (� ) one lake trout 
for an additional two days of observation (treatment III.b). 
 
Group Treatment Replicates Cover present Fish density Species composition 

I I.a 5 No 1 Bull trout 
 I.b 4 No 1 Lake trout 

II II.a 6 Yes 1 Bull trout 
 II.b 5 Yes 1 Lake trout 
 II.c 5 Yes 2 Bull trout 
 II.d 5 Yes 2 Lake trout 
 II.e 5 Yes 2 Bull trout and lake trout 

III III.a 4 Yes 1 Bull trout �  
 III.b 4 Yes 2 Bull trout and lake trout 

 

Cover consisted of one 85-mm long by 98-mm inside diameter section of PVC pipe, 

which was cut in half (internal volume = 0.32 L).  For group III, cover was provided (as 

above) and fish density consisted of one bull trout during acclimation and two days of 

observation followed by the addition of one lake trout for two additional days of 

observation. 

Treatments were randomly assigned to the eight experimental tanks so that up to 

eight treatment x replicate combinations could be observed concurrently.  The number of 

replicates varied from 4 to 6 among treatments (Table 5.1).  Freshwater inflow (L/min), 

temperature (° C), and dissolved oxygen (mg/L) were measured immediately prior to the 

acclimation period and following the experiment.  Freshwater inflow varied from (mean 

± standard deviation) 1.8 ± 0.4 to 2.0 ± 0.2 L/min, temperature varied from 8.8 ± 0.1 to 

9.0 ± 0.2° C, and dissolved oxygen varied from 7.78 ± 0.23 to 8.38 ± 0.51 mg/L among 

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

(Table 5.2). 
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Table 5.2 – Treatment, measurement period (Start of acclimation or End of experiment), 
and number of measurements (N) for mean (± standard deviation) freshwater inflow 
(Inflow), temperature, and dissolved oxygen. 
 
Treatment Period N Inflow (L/min) Temperature (° C) Dissolved oxygen (mg/L) 

I.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 

I.b Start 4 2.0 ± 0.1 8.9 ± 0.1 8.28 ± 0.79 
 End 4 1.9 ± 0.2 8.9 ± 0.1 7.95 ± 0.28 

II.a Start 7 2.0 ± 0.1 8.9 ± 0.1 8.11 ± 0.40 
 End 7 1.9 ± 0.1 8.9 ± 0.1 8.01 ± 0.29 

II.b Start 5 1.9 ± 0.1 8.8 ± 0.1 8.32 ± 0.33 
 End 5 1.8 ± 0.4 8.9 ± 0.1 8.06 ± 0.23 

II.c Start 5 2.0 ± 0.1 8.9 ± 0.1 8.14 ± 0.22 
 End 5 2.0 ± 0.1 8.9 ± 0.1 8.02 ± 0.22 

II.d Start 5 1.9 ± 0.1 8.9 ± 0.1 8.32 ± 0.56 
 End 5 2.0 ± 0.2 8.9 ± 0.1 8.02 ± 0.30 

II.e Start 5 2.0 ± 0.2 8.8 ± 0.1 8.38 ± 0.51 
 End 5 1.8 ± 0.2 8.9 ± 0.1 7.98 ± 0.24 

III.a Start 5 1.9 ± 0.1 8.8 ± 0.0 8.19 ± 0.20 
III.b End 5 1.8 ± 0.1 8.9 ± 0.1 7.96 ± 0.21 

 

 

Length (total length, mm) and weight (wet weight, g) were measured on all fish.  

Bull trout varied from (mean ± standard deviation) 67 ± 4 to 70 ± 2 mm and 2.4 ± 0.5 to 

2.9 ± 0.4 g, and lake trout varied from 68 ± 3 to 74 ± 3 mm and 1.8 ± 0.5 to 2.8 ± 1.0 g 

among groups and treatments (Table 5.3).  Bull trout were shorter than lake trout, but 

heavier, on average.  Sample sizes of fish measured are greater than the number of 

replicates for some treatments because some fish emigrated from experimental tanks 

prior to observations for habitat use comparisons.  However, these fish were included in 

estimates of the number of fish emigrating from experimental tanks (see below), and are 

therefore included in the sample sizes of individuals measured. 
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Table 5.3 – Sample size (N) and mean (± standard deviation) length and weight of bull 
trout and lake trout by treatment. 
 

Treatment Species N Length (mm) Weight (g) 
I.a Bull trout 5 68 ± 3 2.4 ± 0.5 
I.b Lake trout 4 72 ± 2 2.8 ± 1.0 
II.a Bull trout 7 70 ± 2 2.9 ± 0.4 
II.b Lake trout 5 69 ± 4 2.6 ± 0.9 
II.c Bull trout 10 67 ± 2 2.7 ± 0.7 
II.d Lake trout 10 74 ± 3 2.7 ± 0.7 
II.e Bull trout 5 69 ± 2 2.8 ± 0.4 

 Lake trout 5 71 ± 3 2.2 ± 0.4 
III.a Bull trout 5 67 ± 4 2.4 ± 0.5 
III.b Bull trout 5 67 ± 4 2.4 ± 0.5 

 Lake trout 4 68 ± 3 1.8 ± 0.5 
 

Fish were allowed to acclimate to experimental conditions for about 36- to 38-h 

prior to observation.  The acclimation period began at about 1800 h so that the first 

observations could be conducted 36- to 38-h later starting at 0800 h.  A small amount of 

food was added to each tank every morning prior to the beginning of the light phase of 

the photoperiod.  Fish were observed feeding during the experiment, but uneaten food 

was always present in the tanks following the experiment.  Following the 36- to 38-h 

acclimation, the screen blocking the tank exit was removed immediately prior to the 

beginning of the light phase of the photoperiod.  For groups I and II, each tank was 

observed for six observation periods through a small slit in the black plastic sheet.  

Observation periods occurred at 0800 h, 1200 h, and 1600 h on the first and second day 

of the experiment.  Each observation period lasted 15 min and fish presence (i.e., whether 

fish emigrated from experimental tanks) and habitat use in the tank was recorded once 

every 30 s during the 15-min observation.  Habitat use included a) if fish were using 

cover (when available), b) if fish were using the tank bottom, and c) if fish were using the 
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water column (i.e., not in contact with the bottom of the tank).  A pilot study indicated 

that these were the most common and discernable behaviors exhibited by these species 

under similar laboratory conditions.  Cover habitat occupied 1% of the tank volume, 

bottom habitat occupied 10% of the tank volume and consisted of the lowermost 2 cm of 

the water column (approximate body depth of bull trout and lake trout used) of the tank 

minus the portion occupied by cover, and water column habitat occupied the remaining 

89% of the tank volume.  When two fish were present in a tank, additional observations 

recorded included chasing and nipping, which were recorded continuously throughout 

each 15-min observation period. 

For group III, procedures were as above with the exception that following 

observations on the second day the tank exit was blocked, a lake trout was added to the 

tank, and observations were resumed then next day for two 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).  Repeated measures analysis of variance 

(PROC MIXED; SAS Institute 1989) was used for all habitat use comparisons because 

observations were made repeatedly on the same experimental unit (tank) over a 32-h 

(groups I and II) to 80-h (group III) time period.  All statistical models initially included a 

treatment effect, a time effect (continuous time effect; groups I and II:  0 to 32 h; group 

III:  0 to 80 h), and an interaction term to test for treatment x time effects.  If the 

interaction term was non-significant the model was fit including only treatment and time 
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effects and if the time effect was non-significant the model was fit including only the 

treatment effect.  Unless otherwise noted, interaction terms and time effects were non-

significant. 

For group I, a repeated measures analysis of variance was used to test for 

differences between treatments in the proportion of time using the tank bottom and the 

proportion of time using the water column.  Separate analyses were performed for each 

habitat.  In the absence of significant interaction and time effects, the treatment effect was 

used to test for differences in habitat use between bull trout and lake trout. 

For group II, a repeated measures analysis of variance was used to test for 

differences among treatments in 1) the proportion of time using cover, 2) the proportion 

of time using the tank bottom, and 3) the proportion of time using the water column.  For 

treatments II.c and II.d, two conspecifics were present in the tank; however, individuals 

could not be uniquely identified.  Therefore, the behavior of both individuals were 

recorded at 30-s intervals during each observation period (as above), but a post-hoc 

randomization procedure was used to randomly select one of those observations per 30-s 

interval for analysis.  Separate analyses were performed for each habitat.  In the absence 

of significant interaction and time effects, preplanned comparisons using CONTRAST 

statements were used to compare between: 1) treatments II.a and II.c to test for 

differences in habitat use by bull trout at densities of one and two bull trout per tank, 2) 

treatments II.b and II.d to test for differences in habitat use by lake trout at densities of 

one and two lake trout per tank, 3) treatment II.c and the bull trout in treatment II.e to test 

for differences in habitat use by bull trout in the presence of a conspecific and a 
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heterospecific, and 4) treatment II.d and the lake trout in treatment II.c to test for 

differences in habitat use by lake trout in the presence of a conspecific and a 

heterospecific.  If no density effects (CONTRAST 1 and 2) and no species composition 

effects (CONTRAST 3 and 4) were observed, a fifth CONTRAST was performed  to 

examine differences in habitat use between bull trout and lake trout among all treatments 

in group II. 

For group III, a repeated measures analysis of variance was used to test for 

differences in bull trout habitat use between the first two days of observation (treatment 

III.a) and the second two days of observation (treatment III.b).  Habitat use comparisons 

included 1) the proportion of time using cover, 2) the proportion of time using the tank 

bottom, and 3) the proportion of time using the water column.  Separate analyses were 

performed for each habitat.  In the absence of significant interaction and time effects, the 

treatment effect was used to test for differences in bull trout habitat use before and after 

the addition of a lake trout. 

A chi-square procedure was used to evaluate whether bull trout and lake trout 

were using habitats in proportion to their availability.  For this analysis, available habitats 

considered were cover, bottom, and water column habitats.  Separate analyses were 

performed for treatments in which individual fish could be identified (i.e., treatment II.a, 

treatment II.b, and treatment II.e).  For treatment II.e separate analyses were performed 

for bull trout and lake trout.  Each chi-square test was performed following the methods 

summarized by Rogers and White (2007) in which individual fish are treated as the 

primary sampling unit.  Three chi-square statistics were calculated that evaluate if 
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individual fish within a treatment were using habitat differently (x2
L1), if at least one of 

the fish within a treatment was selecting a specific habitat (x2
L2), and if the fish within a 

treatment were using the habitat types in proportion to their availability (x2
L1 – x2

L2), on 

average. 

Population based selection ratios and Bonferonni-adjusted 95% confidence 

intervals were calculated to examine selection or avoidance of particular habitats (Rogers 

and White 2007).  For these ratios, values greater than 1.00 indicate selection and values 

less than 1.00 indicate avoidance of a particular habitat.  The 95% confidence intervals 

calculated for these ratios include information on variability among individual fish, and 

selection or avoidance of a particular habitat could only be inferred if the 95% confidence 

interval did not overlap 1.00 (Rogers and White 2007). 

Agonistic interactions were infrequent and variable among replicates within 

treatments.  Therefore, data were summed over all replicates by treatment and presented 

as interactions per minute of observation to provide a qualitative assessment of agonistic 

interactions. 

 
Results 

 
Emigration from experimental tanks varied from 0 to 60% among treatments and 

between species (Table 5.4).  By species, the greatest emigration occurred when cover 

was present and fish density was one fish per tank and the lowest emigration occurred 

when cover was present and fish density was two fish per tank (Table 5.4). 
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Table 5.4 – Treatment and percent of bull trout and lake trout emigrating from 
experimental tanks.  Treatments II.c and II.d had a density of two conspecific fish per 
tank; therefore, one fish could leave or both fish could leave. 
 
 Percent emigrating 

Treatment Bull trout Lake trout 
I.a  20  
I.b   50 
II.a  43  
II.b   60 
II.c One leaving 20  
 Both leaving 0  
II.d One leaving  20 
 Both leaving  0 
II.e  0 20 
III.a  20  
III.b   40 
 

For group I, the proportion of time using the tank bottom differed significantly 

with time (F1,38.4 = 5.02, P = 0.031) and between treatments (F1,7.8 = 20.21, P = 0.002).  

The proportion of time using the tank bottom decreased with time, and varied from 0.33 

to 0.90 among observation periods for bull trout and from 0.00 to 0.03 among 

observation periods for lake trout (Table 5.5).  The exact opposite trend was observed for 

the proportion of time using the water column because only two habitat types were 

quantified for group I.  The proportion of time using the water column differed 

significantly with time (F1,38.4 = 5.02, P = 0.031) and between treatments (F1,7.8 = 20.21, 

P = 0.002).  The proportion of time using the water column increased with time, and 

varied from 0.10 to 0.67 among observation periods for bull trout and from 0.97 to 1.00 

among observation periods for lake trout (Table 5.5). 

For group II, treatments II.a and II.c did not differ for the proportion of time using 

cover (F1,22.1 = 1.11, P = 0.303) and using the tank bottom (F1,23.1 = 2.53, P = 0.126);  



 
 

112 

Table 5.5 – Day of observation, time of observation, and the proportion of time using 
bottom and water column habitats by bull trout (treatment I.a) and lake trout (treatment 
I.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 habitat did not differ between densities of one 

bull trout and two bull trout per tank.  However, treatments II.a and II.c differed 

significantly for the proportion of time using the water column (F1,23.6 = 6.60, P = 0.017), 

with a greater proportion of the time spent using the water column at a fish density of one 

compared to two bull trout per tank (Figure 5.2).  Treatments II.b and II.e did not differ 

for the proportion of time using cover (F1,24.1 < 0.01, P = 0.980), using the tank bottom 

(F1,25.6 = 0.01, P = 0.911), and using the water column (F1,25.9 < 0.01, P = 0.950; Figure 

5.3); therefore, use of cover, tank bottom, and water column habitat did not differ 

between densities of one lake trout and two lake trout per tank. 

Bull trout in treatments II.c and II.e did not differ for the proportion of time using 

cover (F1,21.5 < 0.01, P = 0.976), using the tank bottom (F1,22.4 = 0.14, P = 0.709), and 

using the water column (F1,23.0 = 0.08, P = 0.779; Figure 5.4) indicating that bull trout 
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behavior did not differ with species composition (i.e., in the presence of a conspecific or 

a heterospecific).  Lake trout in treatments II.d and II.e did not differ for the proportion of 

time using cover (F1,21.5 < 0.01, P = 0.991), using the tank bottom (F1,22.4 < 0.01, P = 

0.989), and using the water column (F1,23.0 = < 0.01, P = 0.984; Figure 5.6) indicating 

that lake trout behavior did not differ with species composition.  Because no density 

effects and no species composition effects were observed for bull trout and lake trout for 

the proportion of time using cover and the tank bottom, use of these habitats were 

compared between bull trout and lake trout among all treatments in group II.  Bull trout 

and lake trout differed significantly in the proportion of time using cover (F1,22.6 = 20.08, 

P < 0.001) and using the tank bottom (F1,23.7 = 37.01, P < 0.001).  Bull trout spent a 

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

 

 
 
Figure 5.2 – Proportion of time (mean + 95% confidence interval) using cover, tank 
bottom, and water column habitats for treatments with one bull trout present or two bull 
trout present.  Significant differences denoted with an asterisk. 
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Figure 5.3 – Proportion of time (mean + 95% confidence interval) using cover, tank 
bottom, and water column habitats for treatments with one lake trout present or two lake 
trout present. 
 

 
 
Figure 5.4 – Proportion of time (mean + 95% confidence interval) using cover, tank 
bottom, and water column habitats by bull trout for treatments 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% confidence interval) using cover, tank 
bottom, and water column habitats by lake trout for treatments with two lake trout present 
or one lake trout and one bull trout present. 

 

 
 
Figure 5.6 – Proportion of time (mean + 95% confidence interval) using cover and tank 
bottom habitats by bull trout and lake trout.  Significant differences denoted by an 
asterisk. 
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For group III, treatments did not differ for the proportion of time using cover 

(F1,43 = 0.29, P = 0.591), using the tank bottom (F1,42.8 = 0.45, P = 0.506), and using the 

water column (F1,42.7 = 0.04, P = 0.837; Figure 5.7).  Therefore, the proportion of time 

that bull trout used the different habitats was similar prior to the addition of a lake trout 

and after the addition of a lake trout. 

Within treatments II.a, II.b, and II.e, fish were variable in the types of habitats that 

they used (Table 5.6; x2
L1) and at least one of the fish within each treatment selected a 

specific habitat type (Table 5.6; x2
L2).  On average, fish within treatments were using 

habitats in disproportion to their availability (Table 5.6; x2
L1 – x2

L2).  Bull trout avoided 

water column habitat in the presence of lake trout, but not in the absence of lake trout and 

did not select or avoid cover or bottom habitats (Figure 5.8).  Lake trout avoided bottom 

 

 
 
Figure 5.7 – Proportion of time (mean + 95% confidence interval) using cover, tank 
bottom, and water column habitats by bull trout before and after the addition of a lake 
trout. 
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Table 5.6 – Treatment, chi-square analysis, degrees of freedom (df), chi-square value, 
and probability value for tests for habitat use in proportion to its availability.  The x2

L1 
analysis tests for differences among fish within treatments.  The x2

L2 analysis tests if at 
least one of the fish within each treatment selected a specific habitat type.  The x2

L1 – x2
L2 

analysis test whether, on average, fish within treatments were using habitats in 
disproportion to their availability (Rogers and White 2007). 
 
Treatment Chi-square analysis df Value Probability 
II.a x2

L1 10 624.22 < 0.001 
 x2

L2 12 872.50 < 0.001 
 x2

L1 – x2
L2 2 248.28 < 0.001 

II.b x2
L1 8 17.62 0.024 

 x2
L2 10 48.47 < 0.001 

 x2
L1 – x2

L2 2 30.85 < 0.001 
II.e – bull trout x2

L1 8 160.05 < 0.001 
 x2

L2 10 1222.58 < 0.001 
 x2

L1 – x2
L2 2 1062.53 < 0.001 

II.e – lake trout x2
L1 4 68.38 < 0.001 

 x2
L2 10 123.37 < 0.001 

 x2
L1 – x2

L2 6 54.99 < 0.001 
 

habitat in the presence and absence of bull trout, but did not select or avoid cover or 

water column habitats (Figure 5.8).  Intraspecific and interspecific agonistic interactions 

varied from 0.000 to 0.007 interactions per min (14 total agonistic interactions among 

treatments) with the exception of lake trout chasing lake trout, for which 0.116 

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

 
Discussion 

 
Habitat use did not differ with fish density or species composition for bull trout 

and lake trout, with the exception of bull trout using the water column more at a fish 

density of one fish per tank compared to two fish per tank.  Bull trout used the tank 

bottom more than lake trout, and when lake trout were present, bull trout avoided water  
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Figure 5.8 – Square root of mean selection ratios (± 95% CI) for cover, tank bottom, and 
water column habitats for bull trout (filled circles), bull trout in the presence of lake trout 
(filled triangles), lake trout in the presence of bull trout (open triangles), and lake trout 
(open circles).  A reference line (dashed line) is placed at a selection ratio value of one.  
Selection for a habitat is represented by selection ratios greater than one and avoidance is 
represented by selection ratios less than one.  Confidence intervals that overlap the 
reference line indicate a lack of selection or avoidance.  A square root transformation was 
performed for presentation purposes only and does not affect the interpretation of 
selection or avoidance. 
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Figure 5.9 – Intraspecific and interspecific agonistic interactions (chasing and nipping) 
per minute by bull trout and lake trout. 
 
 

column habitat.  When cover was available, bull trout used cover more than lake trout.  In 

the absence of cover, bull trout spent a greater proportion of time on the bottom of the 

tank and lake trout spent a greater proportion of time in the water column.  Lake trout 

generally used the water column and avoided the tank bottom; whereas the proportion of 

time spent by bull trout was about equal among the cover, tank bottom, and water column 

habitats.  When bull trout were allowed to acclimate to experimental conditions prior to 
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the addition of a lake trout, bull trout habitat use did not differ between observations prior 

to lake trout addition and after lake trout addition. 

Habitat use by juvenile bull trout in lotic environments has been well studied; 

however, there is a lack of information with respect to habitat use and preference of 

juvenile bull trout in lentic systems.  Studies have shown that juvenile bull trout in natural 

and artificial stream environments are positively associated with cover habitat (Polacek 

and James 2003; Al-Chokhachy and Budy 2007), but that use of cover habitat may 

change over a diel period (Baxter and McPhail 1997; Thurow 1997).  Additionally, 

stream dwelling bull trout are generally located within the lowermost portion of the water 

column (Polacek and James 2003; Al-Chokhachy and Budy 2007).  Results from this 

laboratory study indicate that bull trout do use cover and bottom habitat, but they also 

used water column habitat.  Additionally, there was a lack of selection for cover and 

bottom habitat.  This lack of selection may be the result of variability in habitat use 

among individual bull trout.  Individual bull trout were using habitats in disproportion to 

their availability.  Bull trout were observed using cover and bottom habitat about as often 

as using water column habitat; although, water column habitat made up a greater 

proportion of the tank volume (89% of tank volume).  However, analyses of selection 

included information on variability among individuals and because some bull trout 

generally used cover habitat and some bull trout generally used bottom habitat no 

selection for these habitats among all bull trout could be inferred. 

Although there is little quantitative, published data related to habitat use by 

juvenile lake trout, few studies have indicate that juvenile lake trout may be found in 
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shallow waters (i.e., < 7 m) and associated with coarse substrates (Greeley 1936 in 

Martin and Olver 1980; Martin and Olver 1980; Wagner 1981; Peck 1982).  In this study, 

lake trout spent the greatest proportion of time in the water column and rarely used cover 

or bottom habitats.  In an artificial stream environment, lake trout fry were generally 

present in the water column except at high temperatures (i.e., 12.4 to 19.2° C), where 

they showed a weak preference for cover habitat (Heggenes and Traaen 1988).  In this 

study, there was a lack of significant selection for cover habitat by lake trout, and lake 

trout avoided bottom habitat, unlike bull trout. 

The prediction that bull trout and lake trout habitat use would not differ in the 

presence of conspecific competitors compared to the absence of competitors was 

supported, with the exception that bull trout used the water column more in the absence 

of conspecifics; therefore, the effects of fish density were generally insignificant.  

However, there was a lack of support for the prediction that habitat use by bull trout and 

lake trout in the presence of potential competitors would differ depending on whether the 

potential competitor was conspecific or heterospecific.  Had this prediction been 

supported, it would have provided evidence for habitat shifts associated with species 

composition, as fish density did not have an effect; at least for cover and bottom habitat 

use.  Additionally, no change in habitat use was observed for bull trout previously 

acclimated to experimental conditions following the addition of a lake trout.  Therefore, 

the prediction that lake trout would displace bull trout from cover habitat was not 

supported. 
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If habitat preferences of these species differ substantially, habitat shifts would not 

be anticipated.  For example, there were no changes in cover use, foraging rate, or 

foraging distance of bull trout following the removal of westslope cutthroat trout 

Oncorhynchus clarkii lewisi from pools in a northwest Montana stream, and it was 

speculated that bull trout and cutthroat trout have little niche overlap (Nakano et al. 

1998).  In the same study, removal of brook trout S. fontinalis resulted in decreased cover 

use, increased foraging rate, and increased foraging distance by bull trout (Nakano et al. 

1998); suggesting greater niche overlap between bull trout and brook trout than between 

bull trout and westslope cutthroat trout.  Conversely, no shift in resource use (i.e., 

microhabitat use, focal point height, and surface feeding frequency) by bull trout 

associated with the presence of brook trout was observed in eastern Oregon streams 

(Gunckel et al. 2002); however, based on faster growth rates and aggressive behavior 

observed for brook trout, Gunckel et al. (2002) suggested that over longer time intervals 

than their study, or under conditions of resource limitation, brook trout may displace bull 

trout. 

Agonistic interactions in this study were generally similar among treatments (< 

0.007 per minute).  Interestingly, incidents of lake trout chasing lake trout were 

approximately 10 times higher than other agonistic interactions within treatments.  Bull 

trout used the various habitats in about equal proportions; therefore, they may have 

partitioned these resources resulting in fewer intraspecific interactions.  Conversely, lake 

trout spent a much greater proportion of time in the water column and rarely used the 

cover or bottom habitats, and likely had a greater probability of encountering 
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conspecifics in close proximity resulting in an increased frequency of agonistic 

interactions.  The avoidance of water column habitat by bull trout in the presence of lake 

trout may have been a strategy to avoid interspecific agonistic interactions by bull trout. 

Although general differences in habitat use and agonistic interactions (to a lesser 

degree) were observed in this study, certain limitations existed that may have influenced 

the results.  It was predicted that a greater percent of bull trout and lake trout would 

emigrate from the experimental tanks when cover habitat was absent than when present.  

A greater percent of emigration in the absence of cover would have provided evidence 

that cover was an important resource for these species (Matter et al. 1989).  However, the 

greatest percent of both species emigrated when cover was present and fish density was 

one fish per tank, with a lower percent of emigration observed at densities of two fish per 

tank.  Therefore, no clear trends with respect to cover presence or absence were observed, 

and emigration was likely the result of exploratory movements by bull trout and lake 

trout. 

Cover is often associated with reduced predation risk, and the study design of this 

experiment did not include predation risk.  It is possible that inclusion of predation risk 

(e.g., introduction of a potential predator into the experimental tanks) may have resulted 

in greater use of cover and competition for cover by bull trout and lake trout.  For 

example, predation risk by northern pike resulted in changes in habitat use and foraging 

rate by brown trout Salmo trutta (Greenberg et al. 1997). 

In this study, observations were made only during daylight portions of the 

photoperiod.  Diel differences in habitat use have been observed for bull trout in many 
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studies.  Bull trout moved from cover during the day to shallow water habitats with low 

cover at night in two tributaries to the Bitterroot River, Montana (Jakober et al. 2000).  

Age-0 bull trout moved from deeper water habitats during the day to shallower habitats at 

night in Indian Creek, Washington (Polacek and James 2003).  Juvenile bull trout used 

cover more during the day than at night in artificial and natural streams (Baxter and 

McPhail 1997; Thurow 1997).  Bull trout may have used cover to a lesser degree had 

observations been made during the night.  Additionally, a greater degree of interspecific 

agonistic interactions may have been observed had bull trout moved out of cover or used 

shallower portions of the water column in this study. 

Habitat use may change and interspecific, agonistic interactions may increase 

when feeding territories are established for salmonids (e.g., Glova 1986).  However, a 

small amount of food was added to the experimental tanks each morning prior to the light 

phase of the photoperiod.  It was assumed that the amount of food was sufficient to meet 

energetic requirements of the experimental bull trout and lake trout as uneaten food was 

always present.  Therefore, territorial behavior and resultant agonistic interactions could 

have been unnecessary under the experimental conditions; under conditions of limited 

food availability both intraspecific and interspecific agonistic interactions may have been 

more abundant. 

Results from this study provide little evidence that bull trout and lake trout 

compete for cover.  Differences in habitat use between these species were observed and 

there was some degree of selection and avoidance for different habitats.  Additionally, 

few agonistic interactions were observed between these species during the study.  Future 
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research should examine the influence of predators on habitat use by and competition 

between juvenile bull trout and lake trout as well changes in diel habitat use by these 

species in lentic environments. 
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CHAPTER 6 

 
SYNTHESIS AND FUTURE RESEARCH 

 
Bull trout Salvelinus confluentus populations have experienced local extirpations 

(Rieman and McIntyre 1993) and declining trends in abundance with time (Rieman and 

McIntyre 1993; Fredenberg 2002) throughout their distribution in North America.  

Consequently, bull trout were listed as a threatened species under the US Endangered 

Species Act in 1998.  Loss of connectivity among local populations and the introduction 

of nonnative species have often been implicated in the declining trends in bull trout 

abundance (e.g., Donald and Alger 1993; Rieman and McIntyre 1993; Rieman and 

Allendorf 2001; Fredenberg 2002). 

Lacustrine-adfluvial bull trout populations in Glacier National Park (GNP), 

Montana, west of the Continental Divide, occupy a network of interconnected lakes and 

the stream network connecting these lakes has not been fragmented by structures such as 

dams or culverts in the past.  Consequently, there is potential for dispersal of bull trout 

among many GNP lakes and resultant gene flow among populations.  Dispersal and gene 

flow among local populations may increase the probability of persistence of bull trout 

populations, and Rieman and Allendorf (2001) suggested that resource managers should 

strive to maintain regional connectivity among local bull trout populations.  However, 

bull trout in GNP have the potential to be negatively influenced by loss of connectivity 

through habitat fragmentation and to be negatively influenced by invasion by nonnative 

fishes. 
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The construction of fish dispersal barriers in GNP has not been ruled out as a 

management option to mitigate the threat to native species posed by invasion by 

nonnative fishes into GNP lakes (C. C. Downs, US National Park Service, personal 

communication); even though fragmentation of the stream network may alter patterns of 

connectivity among bull trout populations in GNP.  Of the nonnative species that may 

negatively influence bull trout populations in GNP, lake trout S. namaycush have been 

colonizing lakes in GNP for more than 50 years and they currently outnumber bull trout 

in many lakes in GNP (Fredenberg 2002; Meeuwig et al. in press).  It has been suggested 

that bull trout and lake trout compete for resources in lacustrine environments (Donald 

and Alger 1993) and displacement of bull trout following colonization by lake trout has 

been document (Donald and Alger 1993; Fredenberg 2002); however, the competitive 

mechanism is unknown.  Therefore, resource managers are faced with the difficult 

decision of maintaining connectivity among bull trout populations or fragmenting 

dispersal corridors in order to decrease the probability of invasion by nonnative species. 

The primary objective of this dissertation was to identify patterns of connectivity 

among bull trout populations in GNP.  These data will provide resource managers with 

information regarding the relative connectivity of bull trout populations in GNP as well 

as identify populations that may be naturally isolated from invasion by nonnative species.  

These data may also be used as a base-line for understanding and predicting the genetic 

consequences to bull trout of fragmenting the landscape in GNP through construction of 

structures such as dispersal barriers. 
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In Chapter 3, patterns of genetic diversity and genetic differentiation among bull 

trout populations in GNP were examined to infer patterns of connectivity.  Bull trout 

populations located upstream of natural barriers (i.e., waterfalls with a vertical drop �  1.8 

m) had reduced genetic diversity compared to populations that were not located upstream 

of barriers.  Genetic differentiation between bull trout populations was positively related 

to the presence of barriers between populations and the magnitude of the effect of barriers 

was large compared to other effects examined (i.e., the effects of waterway distance 

between populations, intra- and inter-drainage differences in the distribution of 

populations, and elevation differences between populations).  Additionally, downstream 

dispersal past waterfalls is a realistic assumption for fishes and statistical models that 

incorporated this assumption better represented the patterns of genetic differentiation 

among bull trout populations in GNP than models that did not incorporate this 

assumption.  Therefore, these data provide evidence that natural barriers are effective at 

isolating bull trout populations in GNP and that patterns of genetic differentiation are 

partially influenced by one-way dispersal. 

In the absence of barriers, genetic differentiation was largely influenced by the 

length of tributary stream sections separating bull trout populations and by the intra- and 

inter-drainage distribution of bull trout populations.  For example, bull trout populations 

located within the same drainage and separated by relatively short tributary stream 

sections were genetically very similar and sometimes indistinguishable (e.g., bull trout 

sampled from Middle Quartz Lake, Quartz Lake, and Cerulean Lake).  Habitat 

fragmentation in such situations may have ecological consequences and alter the natural 
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patterns of dispersal and gene flow that have been operating over evolutionary time-

scales.  Interestingly, some bull trout populations that were separated by relatively large 

geographic distances were genetically indistinguishable (e.g., bull trout sampled from 

Kintla Lake and Lake McDonald).  However, the majority of the geographic separation 

between these bull trout populations consisted of the North Fork Flathead River and the 

Middle Fork Flathead River (mainstem distance), which was shown to have less of an 

influence on genetic differentiation between bull trout populations in GNP than tributary 

distance. 

The potential for one-way dispersal by bull trout from lakes located upstream of 

barriers and the genetic similarity between bull trout populations located within the same 

drainage as well as some bull trout populations located in different drainages separated 

by relatively large geographic distances provides impetus for future research directions.  

Many bull trout populations are composed of relatively few individuals and persistence of 

these local populations may require the preservation of connectivity among local 

populations to facilitate metapopulations processes (Rieman and McIntyre 1993; Rieman 

and Dunham 2000; Rieman and Allendorf 2001).  Additionally, bull trout populations 

isolated upstream of dispersal barriers are likely protected from the threats associated 

with invasion by nonnative species and have the potential to act as sources of natural 

colonization to populations that have been negatively influenced by nonnative species.  

Studies that examine habitat specific demographic rates of bull trout populations would 

be useful for evaluating whether source-sink dynamics (Pulliam 1988) are important for 

persistence of bull trout populations in GNP.  Additionally, population viability analyses 
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would be useful for evaluating the probability of persistence of bull trout populations in 

GNP.  A thorough evaluation of spawning site locations for bull trout populations in GNP 

would also be useful.  There are currently limited data available related to the distribution 

of spawning habitat for bull trout populations in GNP.  However, genetic similarities 

among some bull trout populations examined in this dissertation are suggestive of random 

mating.  Therefore, data related to the distribution of bull trout spawning habitat could 

help in determining whether bull trout sampled from different lakes overlap in spatial and 

temporal distribution of spawning habitat use.  Future research should also address the 

potential for connectivity between bull trout populations located in GNP and surrounding 

areas in the Flathead Drainage. 

Patterns of genetic diversity and genetic dissimilarity indicate that dispersal into 

bull trout populations located upstream of barriers is limited.  Similarly, patterns of fish 

species richness in GNP are influenced by the presence of barriers within the stream 

network such that species richness is reduced and nonnative species are absent in lakes 

located upstream of barriers, with the exception of species that were stocked in lakes 

upstream of barriers (Meeuwig et al. in press).  Therefore, bull trout in lakes located 

upstream of barriers are most likely protected from the potential negative effects of 

invasion by nonnative species.  However, nonnative species such as lake trout are present 

in many of the GNP lakes that are not isolated by barriers (Meeuwig et al. in press).  

Therefore, the secondary objective of this dissertation was to examine potential 

competitive interactions between bull trout and lake trout.  Although lake trout have been 

implicated in the displacement of bull trout in general (Donald and Alger 1993; Martinez 
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et al in review) and the decline in abundance of bull trout in GNP (Fredenberg 2002), the 

mechanism for displacement has not been identified.  Therefore, empirical data from lake 

trout invaded lakes in GNP and experimental tests were performed to evaluate 

competitive interactions between bull trout and lake trout. 

Chapter 4 used naturally occurring stable isotopes of carbon (� 13C) and nitrogen 

(� 15N) to examine trophic relationships among bull trout, lake trout, and other fishes in 

seven lakes in GNP.  Bull trout and lake trout are both generally top-level predators in 

lacustrine environments and trophic interactions have been cited as a likely competitive 

mechanism for displacement of bull trout by lake trout in lacustrine environments 

(Donald and Alger 1993).  Stable isotopes of carbon and nitrogen have been used to 

examine trophic relationships among species because they have predictable patterns of 

enrichment as they move through a food-web.  Under a competitive exclusion scenario 

(Hardin 1960) it would be predicted that bull trout and lake trout would overlap in levels 

of � 13C and � 15N.  However, results from lakes in GNP indicated that lake trout d15N was 

greater than bull trout d15N, indicating that lake trout occupied a higher relative trophic 

position than bull trout, and that bull trout d13C was generally greater than lake trout 

d13C, indicating that bull trout had a more littoral based diet.  Therefore, complete 

overlap in diet was not supported. 

Exclusion of bull trout in GNP resulting from competition with lake trout for food 

resources would require that food resources were limiting.  It is unknown whether bull 

trout and lake trout within GNP lakes are food limited.  In order to determine whether 

bull trout are likely to be extirpated from lakes in GNP as a result of trophic interactions 
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with lake trout, future research should evaluate the abundance and biomass of predator 

and prey species, consumption rates of bull trout and lake trout, lake productivity, and 

thermal characteristics of lakes in GNP.  Additionally, quantitative gut content analyses 

could be used to complement stable isotope data. 

Stable isotope data collected for the analyses performed in this dissertation could 

also be used to evaluate the relative contribution of different prey species to bull trout and 

lake trout diets.  These data could be used to evaluate overlap in bull trout and lake trout 

diets below the level of complete overlap.  Mixture analyses, analytical techniques that 

use mass-balance equations, exist that can be used to examine the contribution of several 

sources (e.g., prey items) to a mixture (e.g., predator) based on stable isotope data 

(Phillips and Gregg 2003).  These types of analyses have been used to estimate source 

contributions to a mixture for a variety of taxa (e.g., Felicetti et al. 2003; Benstead et al. 

2006; Fortin et al. 2007); however, a number of simplifying assumptions with respect to 

uncertainty in the data must be considered, which can greatly effect the reliability of 

source contribution estimates (Moore and Semmens 2008).  Recent advances in mixture 

analyses using Bayesian techniques have allowed multiple sources of uncertainty to be 

modeled using stable isotope data (Moore and Semmens 2008); however, simulations 

have shown that recently developed Bayesian techniques have the potential to 

overestimate source contributions by up to 50 percent (Jackson et al. in press).  

Therefore, use of the mixture analysis techniques currently available may provide 

misleading information, but future advances in these techniques may warrant further 

analysis. 
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Chapter 5 examined competitive interactions between juvenile (i.e., �  80 mm) 

bull trout and lake trout for cover habitat in a laboratory environment.  Bull trout may 

enter lacustrine environments as young as age 0 (McPhail and Murray 1979; Downs et al. 

2006).  Within lacustrine environments, cover habitat could conceal juvenile bull trout 

from predators and competitors (Orth and White 1999), and cover habitat is a resource 

that is competed for if limiting (Moyle and Cech 1996).  Colonization of lakes by 

nonnative lake trout may result in competition between juvenile bull trout and juvenile 

lake trout for cover habitat and exclusion from cover habitat may expose bull trout to 

predators or less productive foraging habitats.  Within a laboratory environment 

differences in habitat use between bull trout and lake trout were observed.  Additionally, 

lake trout avoided bottom habitat whereas bull trout avoided water column habitat in the 

presence of lake trout.  Few agonistic interactions were observed between these species 

during the study.  Results from this study provide little evidence that these species 

compete for cover habitat.  However, all observations were made during daytime hours 

and bull trout have been shown to use different habitats over a diel period (Baxter and 

McPhail 1997; Thurow 1997).  Therefore, nighttime observations may have revealed 

different patterns of habitat use and selection.  Additionally, use of cover habitat may be 

less important in the absence of predators; therefore, future studies of habitat use by 

juvenile bull trout and lake trout should examine cover use in the presence of predators. 

The studies presented in this dissertation provide information on the connectivity 

of bull trout in GNP.  Patterns of genetic diversity and genetic differentiation among bull 

trout populations were largely influence by the presence and spatial configuration of 
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barriers within the stream network.  In the absence of barriers, genetic differentiation was 

generally influence by waterway distance between populations and intra- and inter-

drainage differences in the location of bull trout populations.  At least some bull trout 

populations were genetically indistinguishable and populations located in close proximity 

to the North Fork Flathead River and Middle Fork Flathead River had low levels of 

genetic differentiation.  These patterns of ecological connectivity indicate that in the 

absence of barriers, many lakes in GNP may be open to invasion by nonnative species 

such as lake trout.  Lake trout may displace bull trout in lacustrine environments (Donald 

and Alger 1993; Fredenberg 2002; Martinez et al. in review); however, competitive 

interactions between bull trout and lake trout were not observed for food resources or 

cover habitat.  Further research regarding competitive interactions between these species 

is warranted to help elucidate whether bull trout and lake trout can coexist in GNP.  

Current data indicate that bull trout abundance decreases following colonization by lake 

trout in GNP lakes (Fredenberg 2002; Meeuwig and Guy 2007); although local 

extirpations of bull trout have not been documented.  Therefore, these species may be 

able to coexist in GNP lakes; however, future research should examine the probability of 

bull trout persistence under conditions of reduced population abundance. 
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POLYMERASE CHAIN REACTION REAGENTS AND CONDITIONS 
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Appendix A – Reaction (single or multiplex), reagents and quantity, and thermal profile for single 
and multiplex polymerase chain reactions (PCR). 
 
Reaction Reagents Quantity (� L) 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 30 s, 72° C for 30 s; 72° C 
 BSA (2 � g/� L) 1.0 for 10 min; 20° C for 1 min 
 dNTPs (10 mM) 0.2  
 Sco105-F (10 � m) 0.2  
 Sco105-R (10 � m) 0.2  
 Amplitaq Gold 0.1  
 Template DNA 1.0  
Multiplex* RNase free water 3.2 95° C for 15 min; 15 cycles 
 QIAGEN Multiplex Master Mix 5.0 of 94° C for 30 s, 67° C for 
 Sco102-F (10 � m) 0.2 1.5 min (stepped down by 
 Sco102-R (10 � m) 0.2 0.5° C each cycle), 72° C for 
 Sco220-F (10 � m) 0.2 1 min; 25 cycles of 94° C for 
 Sco220-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 min; 15 cycles 
 QIAGEN Multiplex Master Mix 5.0 of 94° C for 30 s, 67° C for 
 Sco200-F (10 � m) 0.2 1.5 min (stepped down by 
 Sco200-R (10 � m) 0.2 0.5° C each cycle), 72° C for 
 Sco212-F (10 � m) 0.2 1 min; 25 cycles of 94° C for 
 Sco212-R (10 � m) 0.2 30 s, 60° C for 1.5 min, 72° 
 Sco215-F (10 � m) 0.2 C for 1 min; 60° C for 30 
 Sco215-R (10 � m) 0.2 min; 20° C for 1 min 
 Smm22-F (10 � m) 0.2  
 Smm22-R (10 � m) 0.2  
 Template DNA 1.0  
Multiplex RNase free water 2.4 95° C for 15 min; 15 cycles 
 QIAGEN Multiplex Master Mix 5.0 of 94° C for 30 s, 67° C for 
 Omm1128-F (10 � m) 0.2 1.5 min (stepped down by 
 Omm1128-R (10 � m) 0.2 0.5° C each cycle), 72° C for 
 Sco202-F (10 � m) 0.2 1 min; 25 cycles of 94° C for 
 Sco202-R (10 � m) 0.2 30 s, 60° C for 1.5 min, 72° 
 Sco216-F (10 � m) 0.2 C for 1 min; 60° C for 30 
 Sco216-R (10 � m) 0.2 min; 20° C for 1 min 
 Sfo18-F (10 � m) 0.2  
 Sfo18-R (10 � m) 0.2  
 Template DNA 1.0  

* Diluted to 1 part PCR product to 9 parts HPLC grade water post PCR. 
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APPENDIX B 
 

PERCENT AMPLIFICATION OF ALLELES BY LOCUS AND LAKE 
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Appendix B – Number of alleles sampled (N), percent successful amplification, by locus and lake, and mean (± standard deviation) percent 
successful amplification by locus and lake for 11 loci and bull trout sample populations from 16 lakes in Glacier National Park, Montana.  UK 
= Upper Kintla Lake,, KI = Kintla Lake, AK = Akokala Lake, BO = Bowman Lake, CE = Cerulean Lake, QU = Quartz Lake, MQ = Middle 
Quartz Lake, LQ = Lower Quartz Lake, LO = Logging Lake, AR = Arrow Lake, TR = Trout Lake, MC = Lake McDonald, LI = Lincoln Lake, 
HA = Harrison Lake, IS = Lake Isabel, UI = Upper Lake Isabel. 
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APPENDIX C 
 

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Omm1128 



  
157 

 

361 

 

 

 

0.05 

 

 

 

 

 

 

 

 

 

 

 

 

354 

 

 

 

0.03 

 

 

 

 

 

0.58 

0.47 

 

 

 

 

 

350 

0.08 

0.07 

 

0.28 

 

0.03 

 

 

 

0.11 

0.18 

 

0.05 

 

0.05 

 

346 

0.71 

0.07 

 

0.15 

 

 

 

0.08 

 

0.32 

0.26 

 

 

 

0.26 

 

342 

0.03 

 

 

0.10 

 

 

 

0.03 

0.13 

 

 

0.03 

 

 

0.08 

0.07 

338 

0.13 

0.07 

 

0.10 

 

 

 

 

0.08 

 

0.08 

0.06 

 

0.03 

0.03 

0.07 

335 

0.05 

0.03 

 

 

 

 

 

 

 

 

 

 

 

 

0.21 

0.79 

331 

 

0.13 

 

0.05 

0.03 

 

 

 

0.04 

 

 

0.18 

0.18 

 

0.26 

0.07 

327 

 

 

 

 

 

 

 

0.15 

0.21 

 

 

0.03 

0.05 

 

0.11 

 

323 

 

0.07 

 

0.05 

 

 

 

0.03 

0.13 

 

 

0.12 

0.23 

 

 

 

318 

 

0.10 

0.26 

0.05 

 

 

 

 

 

 

 

0.06 

0.14 

0.03 

 

 

314 

 

0.07 

0.05 

 

 

 

 

0.03 

0.29 

 

 

0.12 

0.05 

 

 

 

310 

 

 

 

 

0.03 

 

 

0.03 

0.04 

 

 

0.03 

 

 

 

 

305 

 

0.03 

 

 

 

 

 

 

 

 

 

0.03 

 

 

 

 

301 

 

0.07 

 

 

 

 

 

 

 

 

 

0.06 

0.09 

 

 

 

297 

 

0.13 

0.37 

0.03 

 

0.08 

0.09 

0.03 

 

 

 

 

 

 

 

 

293 

 

0.07 

 

0.03 

0.95 

0.87 

0.91 

0.55 

0.04 

 

 

0.12 

0.18 

 

 

 

289 

 

 

0.08 

0.08 

 

0.03 

 

0.08 

0.04 

 

 

0.06 

 

 

 

 

284 

 

0.03 

 

 

 

 

 

0.03 

 

 

 

0.12 

0.05 

0.03 

 

 

280 

 

0.03 

0.24 

0.03 

 

 

 

 

 

 

 

 

 

0.92 

 

 

Allele 

272 

 

0.03 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N 
38 

30 

38 

40 

38 

38 

22 

40 

24 

38 

38 

34 

22 

36 

38 

14 

Appendix C – Number of alleles sampled (N) and allele frequencies for bull sample populations at locus Omm1128 from 16 lakes in Glacier 
National Park, Montana.  See Appendix B for lake abbreviations. 
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APPENDIX D 
 

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Sco102 
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Appendix D – Number of alleles sampled (N) and allele frequencies for bull trout sample 
populations at locus Sco102 from 16 lakes in Glacier National Park, Montana.  See 
Appendix B for lake abbreviations. 
 

  Allele 
Lake N 167 171 175 
UK 40 1.00   
KI 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  
UI 14  1.00  
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APPENDIX E 
 

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Sco105 
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Appendix E – Number of alleles sampled (N) and allele frequencies for bull trout sample 
populations at locus Sco105 from 16 lakes in Glacier National Park, Montana.  See 
Appendix B for lake abbreviations. 
 

  Allele 
Lake N 165 169 173 177 181 185 189 193 
UK 40  0.08 0.88 0.05     
KI 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  
UI 14    0.07 0.93    
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APPENDIX F 
 

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Sco200 
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Appendix F – Number of alleles sampled (N) and allele frequencies for bull trout sample populations at locus Sco200 
from 16 lakes in Glacier National Park, Montana.  See Appendix B for lake abbreviations. 
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APPENDIX G 
 

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Sco202 
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Appendix G – Number of alleles sampled (N) and allele frequencies for bull trout sample 
populations at locus Sco202 from 16 lakes in Glacier National Park, Montana.  See 
Appendix B for lake abbreviations. 
 

  Allele 
Lake N 130 134 138 147 
UK 40 0.13 0.88   
KI 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 
UI 14  0.36  0.64 
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APPENDIX H 
 

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Sco212 
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Appendix H – Number of alleles sampled (N) and allele frequencies for bull trout sample populations at locus Sco212 
from 16 lakes in Glacier National Park, Montana.  See Appendix B for lake abbreviations. 
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APPENDIX I 
 

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Sco215 
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Appendix I – Number of alleles sampled (N) and allele frequencies for bull trout sample 
populations at locus Sco215 from 16 lakes in Glacier National Park, Montana.  See 
Appendix B for lake abbreviations. 
 

  Allele 
Lake N 284 288 292 
UK 40   1.00 
KI 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 
UI 14   1.00 
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ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Sco216 
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Appendix J – Number of alleles sampled (N) and allele frequencies for bull trout sample populations at locus Sco216 
from 16 lakes in Glacier National Park, Montana.  See Appendix B for lake abbreviations. 
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APPENDIX K 
 

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Sco220 
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Appendix K – Number of alleles sampled (N) and allele frequencies for bull trout sample populations at locus Sco220 
from 16 lakes in Glacier National Park, Montana.  See Appendix B for lake abbreviations. 
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ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Sfo18 
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Appendix L – Number of alleles sampled (N) and allele frequencies for bull trout sample 
populations at locus Sfo18 from 16 lakes in Glacier National Park, Montana.  See 
Appendix B for lake abbreviations. 
 

  Allele 
Lake N 146 152 
UK 40 1.00  
KI 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  
UI 14 1.00  
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APPENDIX M 
 

ALLELE FREQUENCIES FOR BULL TROUT AT LOCUS Smm22 



  
177 

 

320 

 

0.03 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

311 

 

 

 

 

 

 

 

 

0.06 

 

 

 

 

 

 

 

308 

 

 

 

 

 

 

 

 

0.06 

 

 

 

 

 

 

 

303 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.03 

 

 

295 

 

 

0.06 

0.05 

 

0.03 

 

0.03 

 

 

 

 

 

 

 

 

290 

 

 

0.06 

0.03 

 

 

 

 

0.06 

 

 

 

 

 

 

 

287 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

282 

 

 

 

 

 

 

 

 

0.19 

 

 

0.05 

 

 

 

 

278 

 

 

 

0.05 

 

 

 

 

0.13 

 

 

0.03 

 

 

 

 

274 

 

0.03 

 

0.05 

 

0.03 

0.09 

 

 

 

 

 

0.05 

 

0.03 

 

270 

 

 

 

0.05 

0.03 

 

 

 

0.06 

 

 

0.03 

0.30 

 

0.05 

 

266 

 

0.06 

0.28 

0.08 

 

0.03 

0.09 

 

 

 

 

0.08 

 

 

0.03 

 

262 

 

0.16 

0.36 

0.08 

 

0.03 

 

0.10 

 

 

 

0.03 

 

0.03 

0.15 

 

258 

 

0.13 

 

0.03 

0.13 

0.10 

0.05 

0.03 

0.19 

 

 

0.08 

 

 

0.13 

0.14 

254 

0.05 

 

0.17 

0.05 

0.16 

0.08 

0.05 

0.03 

 

 

 

0.05 

0.25 

 

0.10 

 

250 

0.13 

0.09 

 

0.05 

0.13 

0.08 

 

0.03 

0.13 

 

 

0.15 

 

0.05 

0.03 

 

246 

0.05 

0.16 

0.03 

0.10 

0.08 

0.13 

0.09 

0.08 

 

 

0.05 

0.05 

0.05 

 

0.05 

 

242 

0.05 

0.13 

0.06 

0.28 

0.16 

0.05 

0.32 

0.10 

0.06 

0.28 

0.10 

0.10 

 

0.08 

0.05 

 

238 

0.40 

0.03 

 

 

0.16 

0.13 

0.18 

0.25 

 

0.03 

 

0.03 

 

 

0.05 

0.29 

234 

0.08 

0.03 

 

0.03 

0.03 

0.08 

 

0.25 

 

0.33 

0.05 

0.03 

 

 

0.15 

 

230 

0.15 

0.06 

 

 

0.03 

0.03 

 

 

 

0.03 

0.08 

0.08 

0.10 

 

0.08 

 

226 

0.08 

0.06 

 

0.03 

0.11 

0.15 

0.14 

0.10 

 

0.33 

0.23 

0.03 

0.20 

 

0.05 

0.43 

222 

0.03 

0.03 

 

0.05 

 

 

 

0.03 

0.06 

 

0.03 

 

 

0.11 

0.03 

 

218 

 

 

 

0.03 

 

0.10 

 

 

 

0.03 

0.03 

0.13 

 

0.08 

0.03 

0.07 

214 

 

 

 

 

 

 

 

 

 

 

 

0.05 

 

0.34 

 

0.07 

210 

 

 

 

 

 

 

 

 

 

 

 

 

0.05 

0.18 

0.03 

 

206 

 

 

 

 

 

 

 

 

 

 

 

0.03 

 

0.05 

 

 

Allele 

158 

 

 

 

 

 

 

 

 

 

 

 

0.03 

 

0.05 

 

 

 

N 

40 

32 

36 

40 

38 

40 

22 

40 

16 

40 

40 

40 

20 

38 

40 

14 

Appendix M – Number of alleles sampled (N) and allele frequencies for bull trout sample populations at locus Smm22 from 16 lakes in Glacier National Park, 
Montana.  See Appendix B for lake abbreviations. 

 

Lake 

UK 

KI 

AK 

BO 

CE 

QU 

MQ 

LQ 

LO 

AR 

TR 

MC 

LI 

HA 

IS 

UI 

 


