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Abstract.—The management and recovery of populations of bull trout Salvelinus confluentus requires a

comprehensive understanding of habitat use across different systems, life stages, and life history forms. To

address these needs, we collected microhabitat use and availability data in three fluvial populations of bull

trout in eastern Oregon. We evaluated diel differences in microhabitat use, the consistency of microhabitat use

across systems and size-classes based on preference, and our ability to predict bull trout microhabitat use. Diel

comparisons suggested bull trout continue to use deeper microhabitats with cover but shift into significantly

slower habitats during nighttime periods; however, we observed no discrete differences in substrate use

patterns across diel periods. Across life stages, we found that both juvenile and adult bull trout used slow-

velocity microhabitats with cover, but the use of specific types varied. Both logistic regression and habitat

preference analyses suggested that adult bull trout used deeper habitats than juveniles. Habitat preference

analyses suggested that bull trout habitat use was consistent across all three systems, as chi-square tests

rejected the null hypotheses that microhabitats were used in proportion to those available (P , 0.0001).

Validation analyses indicated that the logistic regression models (juvenile and adult) were effective at

predicting bull trout absence across all tests (specificity values ¼ 100%); however, our ability to accurately

predict bull trout absence was limited (sensitivity values ¼ 0% across all tests). Our results highlight the

limitations of the models used to predict microhabitat use for fish species like bull trout, which occur at

naturally low densities. However, our results also demonstrate that bull trout microhabitat use patterns are

generally consistent across systems, a pattern that parallels observations at both similar and larger scales and

across life history forms. Thus, our results, in combination with previous bull trout habitat studies, provide

managers with benchmarks for restoration in highly degraded systems.

The management and recovery of imperiled species

requires an explicit understanding of the habitat

attributes that can ensure population persistence across

multiple life stages (Garshelis 2000). To quantify

species–habitat relationships, fisheries managers have

increasingly relied on physical habitat models to aid in

making complex decisions (Rosenfeld 2003). In

particular, these approaches attempt to link an animal’s

habitat requirements with its presence or absence (e.g.,

Guay et al. 2000), density data (e.g., Horan et al. 2000),

or individual-based information (e.g., Railsback and

Harvey 2002). Ultimately, a thorough evaluation of a

species–habitat relationship must include both local

and large-scale processes (Imhof et al. 1996; Fausch et

al. 2002).

Microhabitat suitability–type models, which de-

scribe species habitat relationships at small spatial

scales (i.e., 1 m2), have been used extensively as tools

to estimate and predict the amount of suitable and

unsuitable habitat under changing flow regimes (e.g.,

Bovee 1982). In these models, fish are assumed to

select microhabitats based on the quality of multiple

physical factors, including water velocity, depth,

substrate, and cover (Bovee 1996; Rosenfeld 2003).

However, the validity of these models has been

challenged or criticized with respect to the analytical

approach used (Vadas and Orth 2001), the criteria used

to designate habitat (Thomas and Bovee 1993),

misleading use of terminology (e.g., suitability versus

preference; Rosenfeld 2003), and the disconnection

between this approach and individual fitness (Garshelis

2000; Rosenfeld 2003).

Despite the many controversies associated with

microhabitat models, they are widely applied and can

offer insight into species-specific habitat needs for fish

(Heggenes 2002; Maki-Petays et al. 2002) or guilds of

fishes (Freeman et al. 1997). At small spatial scales

(e.g., reach), microhabitat relationships may be more

appropriate for understanding fish–habitat relationships

as compared with channel–unit (e.g., pools and riffles)

relationships, where habitat use patterns may be

obscured by the arbitrary designation of individual

habitat units (Baxter 2002). Ultimately, the incorpora-

tion of microhabitat relationships into a hierarchical

arrangement of a species’ habitat requirements, from

riverscapes down to microhabitats (see Fausch et al.
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2002), may provide the most biologically relevant

information for understanding and managing the

habitat of riverine fishes; however, assembling this

information can be difficult for many systems when

one considers the costs, logistics, and effort.

The bull trout Salvelinus confluentus is a species of

char native to the Pacific Northwest that has experi-

enced significant declines due to habitat fragmentation

and loss (Rieman et al. 1997; Ripley et al. 2005), the

introduction of nonnative fishes (Leary et al. 1993),

and barriers to migration (Rieman and McIntyre 1995).

These declines ultimately led to their listing as ‘‘of

special concern’’ in Canada since 1995 and ‘‘threat-

ened’’ under the Endangered Species Act (ESA) in the

United States in 1998. Previous research and monitor-

ing have demonstrated that bull trout require cold water

temperatures (Selong et al. 2001; Dunham et al. 2003)

and are often associated with complex habitats (Rie-

man and McIntyre 1993; Muhlfeld and Marotz 2005)

that provide cover and impediments in streamflows

(Fausch and Northcote 1992). However, much of our

knowledge of bull trout habitat use has occurred at

large spatial scales (e.g., patch and watershed scale;

Rieman and McIntyre 1995; Rieman et al. 1997; e.g.,

reach and stream scale; Watson and Hillman 1997). At

smaller scales (e.g., pool–riffle) bull trout are consis-

tently associated with complex habitats (Rich et al.

2003; Muhlfeld and Marotz 2005), yet the habitat type

(pool–riffle) does not appear to be important (Watson

and Hillman 1997; Rich et al. 2003). This regular use

of different habitat types suggests that particular

features within these units (i.e., cover) may be more

important than specific habitat types, and identifying

the quality of these habitat factors may help guide

future restoration efforts. While microhabitat studies

for parr and juvenile bull trout exist (Baxter 1997;

Sexauer and James 1997; Polacek and James 2003), we

are unaware of any comprehensive and validated

microhabitat studies for both juvenile and adult bull

trout. Thus, further evaluation of bull trout habitat use

at these life stages, in combination with previous

studies, will provide a more complete picture of the

consistency of bull trout habitat use across their

complex life cycle.

We evaluated the summer microhabitat use of fluvial

bull trout populations in eastern Oregon. Based on

microhabitat use and availability data, our objectives

were to evaluate (1) patterns of microhabitat use for

juvenile and adult fluvial bull trout, (2) consistencies in

microhabitat use across juvenile and adult life stages,

(3) the consistency of fluvial bull trout microhabitat use

across streams in eastern Oregon, and (4) the

effectiveness of using predictive models for bull trout

presence or absence at the microhabitat scale. We used

a combination of microhabitat preference curves, chi-

square analyses for transferability of preferences, and

logistic regression techniques to provide a comprehen-

sive understanding of the patterns of bull trout

microhabitat use in these systems. This greater

understanding of bull trout habitat use can be used in

combination with population and demographic data to

guide recovery and restoration efforts, designate critical

habitat, and allow for robust land and water manage-

ment decisions for this imperiled species (e.g., Al-

Chokhachy 2006).

Methods
Study Sites and Sampling Design

Sampling occurred in the headwaters of three

streams in northeastern Oregon during the months of

June, July, and August in 2003 and 2004 (Figure 1).

Each stream originates in the Blue Mountains at the

eastern boundary of the arid steppe of the Columbia

River basin; these streams receive over 100 cm of

precipitation annually. The hillslopes of this region are

dominated by coniferous forests, riparian areas con-

taining a mixture of deciduous and coniferous

vegetation. With maximum elevations near 1,800 m,

the climate throughout the Blue Mountains is charac-

terized by hot, dry summers and cold, wet winters.

The South Fork Walla Walla (SFWW) and the North

Fork Umatilla (NFUM) rivers are tributaries of the

Columbia River and occur in Umatilla National Forest;

the SFWW and the NFUM study areas are approxi-

mately 21 and 8 km in length, respectively. The South

Fork Wenaha (SFWEN) River, located in the Wenaha-

Tucannon National Forest, is a tributary of the Grand

Ronde River and is approximately 11 km long. Within

each watershed, there are few or no forest management

activities. The SFWEN and NFUM sites occurred in

wilderness areas, while only recreational activities are

allowed in the SFWW; as such, the study areas within

these streams are relatively unaltered with no water

diversions or artificial barriers to movement.

Fluvial bull trout populations, including both

resident and migratory life history forms, are present

within each system (Ratliff and Howell 1992; Al-

Chokhachy et al. 2005). The SFWW and SFWEN are

larger streams (average width ¼ 10 and 8 m,

respectively), while the NFUM is the smallest of the

three streams (average width ¼ 6 m). All three study

areas occur at relatively low elevations (610–1,000 m)

but are largely driven by cold, groundwater sources;

maximum summer water temperatures within each

study area do not exceed 168C (Baxter 2002; Budy et

al. 2004), the reported upper limit for bull trout (Selong

et al. 2001). Finally, brook trout S. fontinalis are absent

from these systems, offering an opportunity to better
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understand patterns of bull trout microhabitat use in the

absence of other potential limiting factors such as

nonnative species.

We systematically selected reaches (approximately

150–200 m in length) with a random start and sampled

each reach within the three study areas. We used a

systematic sampling design to achieve spatial balance

in sampling throughout each site and quantify the range

of habitat conditions available (Stevens and Olsen

2004). This approach also enabled us to quantify the

habitat use patterns of multiple age-classes, including

both the small resident bull trout found primarily in the

headwater reaches and larger adult bull trout found

throughout each area. The majority of our sampling

occurred in the SFWW (the largest study site; 15

reaches), relatively equal sampling efforts being

conducted in the smaller NFUM and SFWEN study

sites (six reaches in each system).

Habitat Use

We performed snorkel surveys to quantify habitat

use and completed all surveys prior to habitat

availability measurements to minimize disturbances to

fish. We conducted the majority of our surveys during

daylight hours, which occurred between 2 h after

sunrise and 2 h before sunset. However, research has

suggested that night surveys may be more appropriate

for bull trout within the Columbia River basin

(Bonneau et al. 1995; Thurow et al. 2006), and diel

shifts have been identified in adfluvial populations

(Muhlfeld et al. 2003) and for juvenile resident and

fluvial bull trout (Sexauer and James 1997; Thurow

1997). Therefore, we conducted both day and night

surveys in four reaches in the SFWW to evaluate

differences in diel microhabitat use for fluvial juvenile

and adult bull trout.

To quantify bull trout microhabitat use, we used

snorkeling techniques, whereby snorkelers began at the

downstream end of each reach and progressed

upstream in a zigzagged pattern to cover the entire

channel (e.g., Thurow 1994). We used handheld

halogen lanterns to locate fish during nighttime surveys

and marked the locations of undisturbed bull trout, both

day and nighttime surveys, with either painted rocks or

large metal washers (e.g., Guay et al. 2000). Snorkelers

also estimated both the length and focal elevation of

each observed fish, which were reported to a third

person on the streambank. To estimate the appropriate

depth for focal water velocity measurements, we

categorized fish focal elevation into four categories,

including bottom one-fourth, one-fourth to one-half

depth, one-half to three-quarters depth, and three-

quarters to water surface. Since few age-0 bull trout

have been observed in previous snorkeling surveys

(Budy et al. 2004), our analyses were restricted to fish

70 mm and greater.

FIGURE 1.—A regional map of northeastern Oregon and southeastern Washington. Microhabitat use and availability data were

collected on the South Fork Walla Walla (SFWW), North Fork Umatilla (NFUM), and the South Fork Wenaha (SFWEN) rivers.
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At each marked focal position, we measured water

depth, bottom and average water column velocities,

cover and cover type, and dominant substrate. We

classified any cover type found within 1 m of the

original focal position of the fish as cover and further

delineated cover into six categories: vegetation, large

woody debris (LWD), undercut bank, boulder (sub-

strate .125 mm), turbulence, and depth. We consid-

ered undercuts and boulders cover if the undercut area

was at least 5 cm deep, 10 cm long, and 5 cm high

(Kershner et al. 2004). We classified pieces of wood

that were at least 1 m in length and 10 cm in diameter

as LWD cover (Kershner et al. 2004). We assumed that

overhanging vegetation provided a source of cover and

was classified as present when it occurred within 1 m

of the water surface (e.g., Thurow 1997) and protruded

from the bank at least 0.5 m. Since both turbulence and

increasing depth are considered to be surrogates for

physical cover for instream fishes (Cunjak 1996), we

classified turbulence as cover when it prevented the

observer from accurately viewing the stream substrate

with a Plexiglas viewer, and arbitrarily classified depth

as cover when greater than 0.7 m. Next, we quantified

water depth and measured water velocity at the fish

focal position with a calibrated stadia rod and an

electromagnetic flowmeter. We measured average

water column velocity at 60% of the total water depth

(measured from the water surface) and bottom water

velocity at approximately 2 cm above the substrate to

prevent measurements within the substrate. Finally, we

examined substrate within 1 m2 of the focal position

with a Plexiglas viewer for purposes of classification.

We recorded the dominant substrate according to Geist

et al. (2000) within a 1-m2 area; substrate was

classified as one of the following: 1 (0–6 mm), 2 (7–

25 mm), 3 (26–50 mm), 4 (51–75 mm), 5 (76–125

mm), or 6 (125 mm).

Habitat Availability

Within each reach, we used systematically spaced

transects (10-m intervals between each transect) to

measure habitat availability. At each transect, we

sampled 10 equidistant points perpendicular to the

thalweg flow, intervals between each sampling point

based on the wetted width at the transect location. To

account for available near-bank habitat, which may be

underrepresented owing to the intervals between each

sampling point (i.e., undercut banks), we also sampled

two additional points at 10 cm off each of the wetted

stream boundaries. For habitat use locations, we

measured water depth, bottom and average water

column velocity, cover type, and dominant substrate

within 1 m2 at each point.

Data Analysis

We used a one-way analysis of variance to test for

diel differences in microhabitat use with respect to

depth, bottom water velocity, and substrate within the

SFWW. For cover, a categorical variable, we used chi-

square analyses to test observed microhabitat use

against the null hypothesis that cover was used in

similar proportions across diel periods.

Habitat preference.—We used habitat use and

availability data to calculate bull trout habitat prefer-

ence values for the range of available habitat types

(e.g., Maki-Petays et al. 2002). We calculated habitat

preference for each microhabitat variable as the percent

of used habitat/percent available habitat according to

Baltz (1990). We scaled the preference values from 0

to 1 by dividing each habitat preference value by the

highest preference value observed for each factor. For

this calculation, we grouped depth (cm) and velocity

(m/s), both continuous variables, into six intervals: 0–

20, 21–40, 41–60, 61–80, 81–100, and 100. We

calculated habitat preferences for cover and substrate

for each category of the respective variable. Within

each stream, we calculated preference values for all

observed bull trout In the SFWW, where fish density

and sample size was the greatest, we compared

preference values for bull trout smaller than 220 mm

(to represent juvenile, not sexually mature fish; Al-

Chokhachy 2006) and bull trout 220 mm or larger (to

represent both resident and migratory adult fish; Al-

Chokhachy et al. 2005). For other streams, with lower

fish densities, we did not delineate observations into

size-classes to avoid artificially inflating preference

values as a result of low sample sizes.

We used the distribution of bull trout habitat use data

to classify available habitat data in the SFWW (e.g.,

Thomas and Bovee 1993). We selected this approach

because it simultaneously considers the quality of

multiple habitat factors and does not assume that fish

select microhabitats factors independently of others

(Vadas and Orth 2001). We classified the central 50%
and 95% of the frequency distributions from micro-

habitat use data (depth, velocity, and substrate) in the

SFWW as ‘‘optimal’’ and ‘‘useable’’ habitat, respec-

tively, and anything outside of the 95% central

distribution as ‘‘unsuitable.’’ We then used these

cutoffs to classify bull trout microhabitat use and

availability data for each factor (e.g., depth, velocity) in

the NFUM and SFWEN into three categories as

optimal, useable, and unsuitable. We assumed that

bull trout equally valued the different cover types and

grouped all categories as ‘‘cover’’ (versus no cover).

For preference classification, we used the optimal

classification for the cover category (cover or no cover)
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that had the higher frequency of use and useable

classification for the category with the lower frequen-

cy. Within this framework, we used a composite index

of the microhabitat characteristics of each microhabitat

cell (1 m2), where cells were classified as optimum if

all habitat characteristics were optimum (as defined

above); useable if all characteristics were optimum,

useable, or both; and unsuitable if any of the measured

characteristics were considered unsuitable. For the

SFWW data set, we used a chi-square test to test

observed habitat use data against the null hypothesis

that bull trout microhabitat use was used in similar

proportions to available microhabitat.

We evaluated the consistency of bull trout micro-

habitat use by testing the transferability of habitat

preference curves across systems. We used the SFWW

data set as the base model, as previous research

indicated the SFWW contained large populations of

juvenile (,220-mm) and adult (�220-mm) bull trout.

This allowed us to reduce the occurrence of type II

errors associated with low densities of bull trout. We

conducted separate tests of transferability of the

SFWW preference criteria against the NFUM and

SFWEN data. Within each system, we classified use

and availability data as either optimum, useable, or

unsuitable based on the central 50% and 95% of the

SFWW frequency distributions. Unlike Thomas and

Bovee (1993), we used a two-tailed chi-square test to

determine the transferability of the model (Maki-Petays

et al. 2002). With this approach, we tested the null

hypotheses that composite optimum, useable, and

unsuitable cells were used in the same proportion as

available in all three systems based on the distribution

of microhabitat use from the SFWW. We considered

the model transferable if the null hypothesis for each

test was rejected at a ¼ 0.05. Although the chi-square

test lacks power in some tests (Williams et al. 1999), it

can provide additional supporting evidence for consis-

tent habitat preferences across streams (Freeman et al.

1999) when used in combination with additional

analytical measures (see below).

Logistic regression.—We also evaluated the influ-

ence of microhabitat factors on bull trout presence

using logistic regression (threshold cutoff value ¼
0.50). As in the habitat preference analyses, we used

the SFWW data set as the base model and completed

separate analyses for both juveniles (,220 mm;

hereafter, logistic
juv

) and adult (�220 mm; hereafter,

logistic
ad

) bull trout. In each model, we modeled depth,

substrate, and water velocity as continuous variables

and treated cover as a dummy variable whereby we

assumed that all cover types were equally valued by

bull trout (‘‘yes’’ if any cover was present and ‘‘no’’

otherwise). Because of the potential effects of density

on habitat selection (Hayes et al. 1996), we also

included average bull trout density at the reach level

(from the snorkeling surveys) for each system as an

explanatory variable.

Prior to the final analyses, we checked the models

for multicollinearity among explanatory variables.

Next, we used two separate approaches to assess the

logistic models. First, we reported the max-rescaled R2

values, which provide a measure of model fit (range 0–1,

where higher values suggest greater model fit; Peng

and Nichols 2003). Next, we used receiver operating

characteristic (ROC) plots as a measure of model

accuracy. We calculated area under the ROC curve

(AUR), which provides an assessment of model

accuracy independent of the probability threshold

(Fielding and Bell 1997; Manel et al. 2001). With this

approach, AUR values ranging from 0.50 to 0.70

suggest low accuracy, values from 0.70 to 0.90 indicate

moderate accuracy, and values greater than 0.90

suggest high accuracy (Manel et al. 2001).

We validated the logistic regression models from the

SFWW both internally and externally. Internally, we

used 10%-fold cross validation techniques (n ¼ 10),

where 10% of the data (both use and availability) were

randomly withheld from the data set, and we used the

remaining data to refit the logistic model (Olden et al.

2002). We used the logistic parameters from each cross

validation model to predict the presence or absence of

bull trout and evaluated the model by comparing the

presence or absence predictions with actual field

observations in the SFWW. The probability of

presence or absence was calculated as

PðYi ¼ 1Þ ¼ egðxÞ

1þ egðxÞ ; ð1Þ

where Y
i
is the response variable, P is the probability of

presence, e is the base of natural logarithms, and g(x) is

a linear model of the explanatory variables. We

evaluated the predictive success of each model (both

internal and external validation) by calculating the

sensitivity, percent of correctly classified presences,

and specificity values (percent of correctly classified

absences; threshold cutoff value ¼ 0.50).

We validated the logistic models from the SFWW

(both logistic
juv

and logistic
ad

) externally with both the

NFUM and the SFWEN data. For each validation

exercise, we used field data (use and availability) from

each system to predict bull trout presence or absence

and evaluated the model by comparing the presence or

absence predictions to actual field observations using

equation (1). As in the internal validation, we evaluated

the transferability of the model by calculating sensi-

tivity and specificity values for each system.
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We conducted all logistic regression analyses with

SAS software (Proc Logistic; SAS Institute 2000) and

assessed statistical significance at a¼0.05. We reported

all parameter estimates and test statistics for each

variable. Cross validation of logistic models included

both significant and nonsignificant parameters.

Results

In all three rivers, bull trout used deep, slow-water

habitats with cover (Table 1). The use of substrate size-

classes appeared relatively consistent across systems,

the exception being the SFWEN, where bull trout

smaller than 220 mm used smaller substrate sizes. The

majority of bull trout observed in snorkeling surveys

were on or associated with the stream bottom.

Specifically, 88% of the observed bull trout occupied

the bottom one-fourth of the water column in the

SFWW (the remaining 12% were within the one-fourth

to one-half portion of the water column) and 100% of

the observed bull trout did so in the NFUM and the

SFWEN. Therefore, while we collected both average

and bottom water column velocity measurements, we

used bottom water velocity in all subsequent analyses.

During the nighttime, bull trout continued to use

deeper, slow-water habitats with cover (F
1,36
¼2.5, P¼

0.12; Table 2); however, bull trout used shallower and

significantly lower-velocity habitats during the night-

time (F
1,36
¼ 4.0; P ¼ 0.05) as compared with the

daytime. We did not find any evidence of diel shifts in

substrate use (F
1,36
¼ 0.7; P¼ 0.4) or the use of cover

(P ¼ 0.58; df ¼ 1).

Habitat Preference

Habitat preference analyses suggested similar use

patterns across the three systems, particularly for depth

and water velocity (Figure 2). Bull trout consistently

used habitats with cover; however, the use and

preference values for particular cover types varied

substantially across systems. For bottom water column

velocity and depth, bull trout used slower water

velocities and deeper habitat. Finally, habitat prefer-

ence values suggested that bull trout more frequently

used smaller substrate and that the preference values

for larger substrate-classes varied across systems.

Substrate preference values were consistently the

highest for all size-classes in the NFUM (except for

substrate class 2, where no observations were record-

ed), and consistently the lowest for larger size-classes

in the SFWEN.

The SFWW had the largest sample size of observed

TABLE 1.—Mean and SD values (parentheses) for microhabitat use and availability data for bull trout in the North Fork

Umatilla, South Fork Wenaha, and the South Fork Walla Walla rivers. Cover types were combined into a binary variable (yes/

no), and cover is reported as the percent of cells, either used or available, that contained cover. Microhabitat use data is reported

by fish size category (,220 mm or �220 mm). Sample size (n) varies by analysis.

River and habitat status Depth (m)
Substrate

(size-class)
Average

velocity (m/s)
Bottom

velocity (m/s)
Percent of cells

with cover n
Average

density/100 m2

North Fork Umatilla River 0.0126 (0.0118)

Available habitat 0.17 (0.14) 4.49 (1.57) 0.42 (0.29) 0.27 (0.25) 18 419
Habitate use by fish ,220 mma 0.35 (0.18) 4.43 (1.73) 0.19 (0.16) 0.10 (0.10) 91 23

South Fork Wenaha River 0.0106 (0.0078)

Available habitat 0.23 (0.14) 4.36 (1.57) 0.58 (0.38) 0.30 (0.26) 41 527
Habitat use by fish ,220 mm 0.37 (0.12) 2.28 (1.6) 0.22 (0.19) 0.08 (0.08) 100 18
Habitat use by fish �220 mm 0.44 (0.21) 4.50 (1.58) 0.44 (0.30) 0.17 (0.17) 90 10

South Fork Walla Walla River 0.0081 (0.0053)

Available habitat 0.33 (0.28) 4.60 (1.40) 0.59 (0.47) 0.28 (0.28) 21 1722
Habitat use by fish ,220 mm 0.39 (0.21) 4.70 (1.62) 0.24 (0.23) 0.12 (0.14) 75 44
Habitat use by fish �220 mm 0.53 (0.29) 4.17 (1.56) 0.24 (0.24) 0.12 (0.13) 73 29
Habitat use by all fish 0.48 (0.37) 4.50 (1.59) 0.24 (0.23) 0.12 (0.13) 74 73

a No bull trout �220 mm were observed in this river.

TABLE 2.—Summary statistics, including means and SDs (parentheses) and results from diel microhabitat comparisons for the

South Fork Walla Walla River (day: n ¼ 19; night: n ¼ 19).

Parameter Day Night Test statistica P-value

Depth (m) 0.49 (0.29) 0.36 (0.19) 2.47 0.12
Substrate 4.42 (1.12) 4.05 (1.51) 0.73 0.4
Bottom velocity (m/s) 0.12 (0.12) 0.06 (0.05) 4.04 0.05
Percent of cells with cover 0.68 0.84 0.58 0.55

a An F-statistic is reported for depth, substrate, and bottom velocity; a v2 value is reported for the

percent of cells with cover.
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bull trout (n ¼ 73) across the three systems we

evaluated, and therefore we compared habitat prefer-

ence values separately for small (,220-mm) and large

(�220-mm) bull trout in this system (Figure 3). Similar

to the general patterns observed across systems, both

size-groups used habitat with greater depths, smaller

substrate, lower bottom water velocities, and cover.

However, these results also suggest that compared with

smaller bull trout, larger bull trout more frequently

used deeper habitats and typically used LWD as cover,

while smaller bull trout used boulders as cover.

Based on the chi-square transferability analyses,

habitat preferences measured in the SFWW transferred

reasonably well to both the NFUM and the SFWEN.

All three chi-square tests were significant (P , 0.0001;

df ¼ 2), rejecting the null hypotheses that composite

(optimum, usable, and unsuitable) microhabitats were

used in similar proportion to available microhabitats. In

each of the systems, bull trout used optimal and usable

habitats at a significantly greater proportion than was

available and used unsuitable habitats substantially less

(Figure 4). While these results do indicate similar

patterns across systems, we acknowledge that there

may be a higher probability of both type I and type II

errors due to the relatively small sample sizes in both

the SFWEN and NFUM (Thomas and Bovee 1993).

Logistic Regression

Preliminary diagnostics demonstrated no multicolli-

nearity among the explanatory variables; therefore, we

ran the logistic models with depth, substrate, bottom

water velocity, cover, and fish density as explanatory

FIGURE 2.—Habitat preferences of bull trout with respect to (a) depth, (b) substrate size (1: 0–6 mm; 2: 7–25 mm; 3: 26–50

mm; 4: 51–75 mm; 5: 76–125 mm; and 6: .125 mm), (c) bottom water velocity, and (d) cover for the South Fork Walla Walla

(SFWW; black), South Fork Wenaha (SFWEN; tan), and North Fork Umatilla (NFUM; gray) rivers. Individual cover types

include vegetation (VEG), undercuts (UC), turbulence (TB), large woody debris (LWD), boulder (BD; .125 mm), water depth

(DEP; .0.70 m), and no cover.
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variables. The logistic
juv

model resulted in a reasonable

fit with a max-rescaled R2 of 0.177 (P , 0.0001; df¼
5) and moderate accuracy (AUR¼0.755). Only bottom

water velocity and cover were significant variables for

predicting the presence or absence of juvenile bull trout

at the microhabitat scale, while substrate, water depth,

and density were insignificant (Table 3). The logistic
ad

model demonstrated a similar fit, with a max-rescaled

R2 of 0.211 (P , 0.001; df ¼ 5) and similar accuracy

(AUR¼ 0.761). However, in addition to bottom water

velocity and cover, which were significant in the

logistic
juv

model, water depth and substrate were

significant in predicting adult bull trout presence or

absence (Table 3).

For the logistic models (logistic
juv

and logistic
ad

),

internal and external validation suggested that depth,

bottom velocity, substrate, and cover accurately predict

bull trout absence at the microhabitat level. These

variables were less effective, however, at predicting

bull trout presence. Sensitivity values for both the

logistic
juv

and logistic
ad

models were 0% for both

internal and external validation, which suggested the

logistic model could not accurately predict bull trout

presence at the microhabitat scale. However, specificity

values for the SFWW, SFWEN, and NFUM were all

100%, indicating that depth, bottom velocity, substrate,

and cover can be used to predict bull trout absence.

Discussion

Habitat Use

Our evaluation of microhabitat use by three fluvial

bull trout populations in northeastern Oregon indicated

that both juveniles and adults use slow-velocity

habitats with cover. In addition, adult bull trout

consistently used deeper habitat across systems. These

results suggest that throughout their life cycle, bull

FIGURE 3.—Habitat preferences of different size-classes of bull trout in the South Fork Walla Walla River. See Figure 2 for

other details.
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trout in these headwater systems generally use complex

habitats and generally avoid habitats which are both

energetically costly and may increase their mortality

through exposure to predators. Furthermore, the shift to

use of deeper-water habitats by adult bull trout suggests

that for successful habitat restoration and management

of systems the ontogenetic differences in habitat use

within systems must be considered. The corroboration

of our results with previous research at different scales

(Rieman and McIntyre 1993; Rich et al. 2003), seasons

(Jakober 1995; Muhlfeld et al. 2003), and life stages

(Baxter and McPhail 1997; Sexauer and James 1997)

further suggests the importance of these habitat factors

in determining bull trout habitat use.

Our results demonstrated that cover is an extremely

important component of juvenile and adult bull trout

habitat use; however, the use of specific cover types

may vary substantially across systems and size-classes.

Consistent with Sexauer and James (1997), we found

that juvenile fluvial bull trout in the SFWW predom-

inantly used boulders as a source of cover. However,

this pattern was not consistent in the NFUM, the

smallest of three systems we compared; in this stream,

similar size-classes (,220 mm) of bull trout primarily

used vegetation as a source of cover. Similarly, we

found that adult bull trout used a variety of cover types,

a result supported by research at larger spatial scales

(Rieman and McIntyre 1993; Watson and Hillman

1997; Muhlfeld and Marotz 2005). As such, bull trout

appear to use different sources of cover across different

systems (e.g., LWD, undercut banks, and riparian

vegetation, here), indicating the availability of cover

may be more important than any specific cover type.

The use of cover also appears to be consistent across

seasons as illustrated in fall and winter surveys of

juvenile, fluvial (Jakober 1995) and subadult, adfluvial

(Muhlfeld et al. 2003) bull trout. Across life stages, life

history forms, and seasons, bull trout appear to be

using habitats with cover, a behavior that corresponds

to their cryptic nature (Thurow et al. 2006) and that

presumably occurs to avoid exposure to potential avian

and terrestrial predators.

At the microhabitat scale, we found that water depth

was a significant factor for predicting adult bull trout

microhabitat use. Although preference data suggested

juvenile bull trout used deeper habitats than available,

depth was not a significant factor in predicting summer

bull trout microhabitat use in logistic regression

analyses, an observation consistent with research from

the eastern Cascades in Washington (Sexauer and

James 1997). While we found no comparable results

for adult fluvial bull trout, use of deep habitats has been

observed for subadult, adfluvial bull trout of similar

sizes during summer (Muhlfeld and Marotz 2005) and

winter (Muhlfeld et al. 2003) seasons in Montana

streams. At intermediate spatial scales (e.g., channel

unit), bull trout occurrence was positively associated

TABLE 3.—Parameter estimates, SEs, odds ratio estimates,

and P-values for explanatory variables from logistic regression

analysis for juvenile (,220 mm) and adult (�220 mm) bull

trout.

Variable
Parameter
estimate SE

Odds ratio
estimate P-value

Juveniles

Intercept �4.084 0.672 ,0.0001
Depth (m) 0.725 0.598 2.065 0.225
Substrate 0.070 0.109 1.073 0.521
Bottom velocity (m/s) �3.395 1.077 0.034 0.001
Cover 2.038 0.362 7.677 ,0.0001
Density (fish/100 m2) �53.5973 45.451 ,0.001 0.207

Adults

Intercept �3.524 0.707 ,0.0001
Depth (m) 2.926 0.697 18.643 ,0.0001
Substrate �0.269 0.128 0.764 0.354
Bottom velocity (m/s) �3.381 1.352 0.034 0.0124
Cover 1.606 0.444 4.983 0.0003
Density (fish/100 m2) �73.391 51.025 ,0.001 0.1503

FIGURE 4.—Proportions of optimal, useable, and unsuitable habitat using transferability criteria from the South Fork Walla

Walla River (SFWW) for the North Fork Umatilla (NFUM) and South Fork Wenaha (SFWEN) rivers.
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with increased water depth in both Oregon and

Washington streams (Banish 2003) and in central

Idaho (Zurstadt 2000). With increased body size, adult

bull trout, which are too large to use the interstitial

spaces of substrate (e.g., Thurow 1997), may shift to

deeper habitats to minimize water surface protrusion

and avoid avian and terrestrial predators.

Across size-classes and systems, bull trout consis-

tently used slow-water habitats. The use of low-

velocity areas appears to be a regular pattern across

life stages, including juvenile (Sexauer and James

1997; Thurow 1997), subadult (Muhlfeld et al. 2003;

Muhlfeld and Marotz 2005), and adult bull trout

(Jakober 1995; Banish 2003), as well as across life

history forms, including resident (Zurstadt 2000),

fluvial (Jakober 1995), and adfluvial (Muhlfeld et al.

2005). Our results are supported by recent physiolog-

ical work by Mesa et al. (2004) demonstrating that bull

trout have low critical swimming velocities relative to

other salmonids. Bioenergetically, this would suggest

bull trout should use slower water habitats to achieve

maximum energy efficiency. The consistent use of

slower habitats with cover and general morphology of

bull trout (e.g., large head; Markle 1992) reflects their

basic biology as an ambush predator; across their

range, large juvenile and adults are considered to be

largely piscivorous (Fraley and Shepard 1989; Rieman

and McIntyre 1993; Clarke et al. 2005).

We also found bull trout were generally associated

with fine substrate sizes. In particular, habitat prefer-

ence values were highest for small sediment sizes, and

substrate (negative parameter value) was a significant

factor in predicting adult bull trout presence or absence

in logistic regression analyses. Our results are in

contrast to previous work where large substrate was

found to be an important factor for juvenile bull trout,

which commonly use the interstitial spaces between

particles as sources of cover (Jakober 1995; Thurow

1997; Zurstadt 2000). However, for our study, the

negative relationship with substrate size must be

viewed with caution. We underestimated the impor-

tance of large substrate at the microhabitat scale due to

inherent difficulties in quantifying the availability of

interstitial microhabitats within the substrate (i.e.,

accurately measuring velocity) and detecting juvenile

bull trout use of these habitats with snorkel surveys

(Thurow et al. 2006). In addition, our research was

conducted in unmanaged, high-quality watersheds that

generally do not experience excessive fine sediment

loading, a detrimental factor for several life stages (e.g.,

Suttle et al. 2004). Finally, we found bull trout used

deeper, slow-velocity habitats, which act as deposition

areas for fine sediment; thus, the use of deeper, slow-

velocity habitats may artificially inflate the importance

of fine sediment.

Our analyses of diel microhabitat use in the SFWW

suggest that bull trout use slower velocity habitats at

night, a pattern that is consistent with previous research

evaluating diel habitat use patterns (Thurow 1997;

Muhlfeld et al. 2003). Similar to Jakober (1995) and

Sexauer and James (1997), we also found that most

bull trout continued to use sources of cover during both

day and night periods, which suggests that bull trout

may be avoiding predators (e.g., mink Mustela vison)

during both daytime and nighttime periods. While

Muhlfeld et al. (2003) found that most adfluvial bull

trout shifted away from daytime cover sources to near

channel margin habitat at night (presumably to forage),

these channel banks may still provide an indirect

source of cover from terrestrial predators. Finally,

unlike Thurow (1997) and Muhlfeld et al. (2003), we

did not find significant diel differences in use of water

depth, although our sample size was relatively small.

Limitations to Modeling Bull Trout Habitat Use

Despite the need for validation of species–habitat

relationships, most habitat studies have not been

rigorously tested with external data sets. Validation

exercises allow for added inference regarding the

consistency of relationships across systems (Garshelis

2000). However, the primary limitation of this type of

modeling approach is the effect of fish density on

habitat use and availability. In particular, high density

can lead to the use of suboptimal habitats, and at lower

densities much of the optimal habitat may go unused

(Power 1984; Rosenfeld 2003). Both of these scenarios

can increase the difficulty to understand and quantify

species–habitat relationships. Ideally, habitat selection

would be measured in a system where optimal habitat

was saturated (Greene and Stamps 2001; Rosenfeld

2003), allowing us to evaluate changes in habitat use

across a range of bull trout densities. However, such an

approach would be difficult to implement for an

imperiled species (i.e., one with low abundance) or a

species such as bull trout, for which the density is

typically low even in relatively pristine watersheds

(Rieman and McIntyre 1993).

We used logistic regression analyses to develop an

empirical model based on habitat characteristics and

validated the effectiveness of this model in predicting

bull trout presence or absence. Based on this approach,

juvenile bull trout presence was significantly affected

by cover and bottom water velocity, and adult bull trout

presence was significantly affected by depth, cover,

velocity, and substrate. However, low densities of bull

trout resulted in an unequal number of response cases

(1,722 absences versus 73 presences), which can have
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profound impacts on individual parameter estimates

and limit validation exercises (Hosmer and Lemeshow

2000). Despite the significance of multiple explanatory

variables and moderate AUR values, our logistic

models could not effectively predict bull trout

presence, a limitation which may be partially a function

of low densities of bull trout (Manel et al. 2001).

Despite high specificity values from our cross

validation and external validation efforts, the low

prevalence of bull trout may artificially inflate these

measures (Manel et al. 2001). And, although there are

alternative approaches to monitoring presence or

absence (see Fielding and Bell 1997), these approaches

are limited when data are unbalanced (i.e., more

absence than presence data) and when species occur

at low densities.

Finally, despite our efforts to minimize disturbances

to fish, we acknowledge that our field techniques may

have affected our observations of bull trout microhab-

itat use. The presence of snorkelers within a stream can

scare fish out of specific habitat types, potentially

resulting in observations of fish use that are not

representative of natural habitat use (Peterson et al.

2005). Although we found consistent patterns of

microhabitat use across systems, this sampling effect

may have been consistently biased, increased the

variance around our estimates of habitat use, or both.

Management Implications

Bull trout is a species of fish that exhibits multiple

life history forms and occupies a wide range of habitat

types across large geographical areas in the Pacific

Northwest. Despite these attributes, bull trout are listed

under the ESA at the species level and are not

delineated into distinct population segments as are

other salmonids in the Pacific Northwest (e.g., Chinook

salmon Oncorhynchus tshawytscha). Thus, understand-

ing the consistency of bull trout habitat relationships

across regions, life stages, and life history forms is

critical for the recovery and designation of critical

habitat for this species.

We demonstrated consistent patterns of bull trout

microhabitat use in three relatively unaltered systems;

as such, the results from our research can provide

benchmarks for restoration activities in degraded

systems. The consistency of our findings across

systems, with other studies at similar and larger spatial

scales, and across life history forms suggests our results

may be widely applicable to bull trout across the

Northwest. However, our results also indicate that

applying predictive models of bull trout habitat use

may be problematic owing to the naturally low

abundances of this species. We urge caution when

using predictive, habitat use models and suggest the

use of formal validation procedures when possible.

Lastly, while we have illustrated consistent patterns

of habitat use and preference at the microhabitat scale,

additional research is necessary to better understand

other abiotic factors that affect the distribution of this

species (e.g., formal hierarchical analyses; Rieman et

al. 2006). In other systems, it may also be important to

investigate the role of biotic factors (Orth 1987; Maki-

Petays et al. 1999; Rieman et al. 2006), such as forage

potential and interactions with others species (e.g.,

brook trout), and how these factors affect the

distribution of and habitat use by bull trout (Gunckel

et al. 2002).
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