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Abstract

We censused juvenile salmonids and stream habitat over two consecutive summers to test the ability of habitat
models to explain the distribution of juvenile Coho Salmon Oncorhynchus kisutch, young-of-the-year (age-0) steelhead
0. mykiss, and steelhead parr (age >1) within a network consisting of several different-sized streams. Our network-
scale habitat models explained 27, 11, and 19% of the variation in density of juvenile Coho Salmon, age-0 steelhead,
and steelhead parr, respectively, but strong levels of spatial autocorrelation were typically present in the residuals.
Explanatory power of base habitat models increased and spatial autocorrelation decreased with the sequential
inclusion of variables accounting for the effects of stream size, year, stream, reach location, and a tertiary interaction
term. Stream-scale models were highly variable. Fish-habitat associations were rarely linear and ranged from negative
to positive; the variable accounting for location of the habitat within a stream was often more important than the
habitat variables. The limited success of our network-scale models was apparently related to variation in the strength
and shape of fish-habitat associations across and within streams and years. These results indicate that there are
several potential limitations to extrapolating models to broader areas based only on spatially limited surveys.

Stream habitat models can be a useful tool for predicting
the density and distribution of salmonids (Fausch et al. 1988;
Railsback et al. 2003; Rosenfeld 2003). The models assume
that fish selectively occupy habitats (e.g., pools) with particular
characteristics (e.g., depth), and if the fish—habitat associations
are known, the density and distribution of fish can be predicted
based on the quantity and distribution of those habitats (Beecher
et al. 1993; Knapp 1999; Van Horne 2002). The utility of a

model therefore depends on the strength and consistency of
the surrogate for fish distribution: the fish—habitat associations.
For single reaches or streams, habitat models may effectively
predict fish density and distribution by using a few habitat
variables, but models generally perform poorly when applied
broadly to several streams because of variation in fish-habitat
associations within streams and between streams and years
(Fausch et al. 1988; Dunham and Vinyard 1997; Gibson et al.
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2008). Nonetheless, models that are derived from a subsample
of reaches or streams are commonly expanded to unsampled
areas to predict fish distributions at larger scales that are more
relevant to recovery and restoration, such as the stream network
(Fausch et al. 2002). A potential concern with this approach
is that agreement between models and the actual distribution
of fishes is rarely tested at the stream network scale, so the
extent and effects of variability in fish—habitat associations on
larger-scale predictions remain poorly understood.

One challenge to evaluating how well stream habitat models
predict fish distribution at the network scale is a lack of spa-
tially extensive and continuous data. Salmonid and stream habi-
tat data have traditionally been collected for a single species or
life stage in short reaches (e.g., 100-1,000 m) located at widely
spaced intervals in one stream or similarly sized streams, of-
ten during only a single year (Fausch et al. 2002). Although
this approach is typically based on logical sampling designs, it
presents three problems for model predictions at more exten-
sive scales. First, the distribution of salmonids is often patchy,
and sampling of short and sparsely located reaches could miss
aggregations, voids, and the upper and lower limits of fish pres-
ence, thereby misrepresenting large-scale distribution patterns
(Torgersen et al. 2012) and potentially confounding model pre-
dictions (Dunham and Vinyard 1997; Angermeier et al. 2002).
Second, focusing on a single species or life stage may miss
important variability in assemblage patterns because different
salmonid species and age-classes may use different parts of a
network (Gibson et al. 2008; Reeves et al. 2011; Brenkman
et al. 2012; Kanno et al. 2012). Lastly, fish-habitat associations
can vary extensively between different stream sizes, different
streams, reach locations within streams, and years (Fausch et al.
1988; Dunham and Vinyard 1997; Rosenfeld et al. 2000). Sparse
sampling of reaches or streams in only a single year may there-
fore oversimplify fish—habitat associations and underestimate
the potential influences of space and time on model effectiveness
(Clinchy 2002; Isaak and Thurow 2006; Torgersen et al. 2012).

One way to address some of these limitations is to collect con-
tinuous data (i.e., census) over long sections (e.g., 40—70 km) of
a stream for multiple species of salmonids (Torgersen et al. 2006;
Brenkman et al. 2012; Reeves et al. 2011; Kanno et al. 2012)
to more closely match the scale at which (1) salmonids carry
out their freshwater life cycle (Rieman and Dunham 2000) and
(2) managers make decisions (Beechie and Bolton 1999). A
census of several streams of varying sizes seems particularly
applicable to evaluating how network-scale patterns in fish and
habitat distribution match stream habitat model predictions. To
date, however, most studies that have censused fish and stream
habitat have focused on associations between salmonids and
habitat along the longitudinal profiles of individual medium
to large streams (Torgersen et al. 1999, 2006; Brenkman et al.
2012) or small streams (Gresswell et al. 2006; Reeves etal. 2011;
Kanno et al. 2012). Few studies have used census data to test
how well habitat characteristics predict the density and distri-
bution of salmonids across a network of both smaller and larger

streams over multiple years, but results for adult salmonids have
provided novel insights into the extent to which space, time, and
the space x time interaction can potentially influence fish dis-
tribution models at larger scales (Isaak and Thurow 2006).

Census data could also be used to evaluate the extent and
effects of spatial autocorrelation (Torgersen et al. 2008, 2012),
which occurs when measurements in adjacent areas are more
similar to each other than measurements in distant areas (Leg-
endre 1993). The phenomenon can inflate apparent explanatory
power and increase the chance of type I errors (false positives;
Legendre et al. 2002). The patchy distributions of salmonids
and their associations with habitat are prone to spatial autocor-
relation that may violate assumptions about the independence
of survey reaches (Dunham and Vinyard 1997; Dunham et al.
2002), but this problem is rarely accounted for when modeling
aquatic organisms (e.g., Segurado et al. 2006).

Stream habitat models are commonly applied to draw infer-
ences about juvenile salmonids that spend long periods in fresh-
water, such as Coho Salmon Oncorhynchus kisutch and steel-
head O. mykiss (anadromous Rainbow Trout). These two species
co-exist in many networks, and their associations with habitat
are well studied (Everest et al. 1985; Bisson et al. 1988; Bjornn
and Reiser 1991) and have been extensively modeled (Porter
et al. 2000; Rosenfeld et al. 2000; Sharma and Hilborn 2001;
Burnett 2001), although more so for juvenile Coho Salmon than
for steelhead. However, censuses of both species and stream
habitat in the same network are limited to long but disjunct
sections of river in a single year (Scarnecchia and Roper 2000)
and a single-thread small stream over multiple years (Reeves
et al. 2011), with each study reporting somewhat contrasting
findings. Furthermore, we are not aware of previous research
using census data to test how stream size, stream, location, and
year influence the ability of stream habitat models to explain
the distribution and density of juvenile Coho Salmon and steel-
head at the network scale. Such tests are needed, however, to
understand the level of uncertainty that might be expected by
managers and scientists when using a model to predict the den-
sity and distribution of salmonids across several streams.

In this study, we tested the ability of habitat models to explain
the network-scale distribution of juvenile Coho Salmon and two
size-classes of juvenile steelhead. To accomplish this, we cen-
sused stream habitat characteristics and juvenile salmonids in
over 60% of the linear stream kilometers available to anadro-
mous salmonids in the Calawah River, Washington, during two
summers. The objectives were to (1) determine how well models
consisting of several instream habitat characteristics predicted
juvenile salmonid distribution at the network scale; (2) test for
spatial autocorrelation and the effects of stream size, stream,
reach location within a stream, and year on network-scale mod-
els; and (3) test the extent to which juvenile salmonid distribu-
tion at the stream scale is a function of individual habitat char-
acteristics or of the location of the habitat within the stream. The
high-resolution data set provided a unique opportunity to assess
the strength and consistency of fish—habitat associations across
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multiple streams. We discuss the results and their implications
for stream habitat modeling and stream conservation actions.

METHODS

Survey Site and Salmonid Populations

The Calawah River basin (196 km?) is a tributary of the
greater Quillayute River basin, which is part of the temperate
rainforest that stretches across the western side of the Olympic
Peninsula (Figure 1). The main-stem Calawah River is formed
by the South Fork (SF) Calawah River and North Fork (NF)
Calawah River. Elk Creek flows into the main-stem Calawah
River, whereas the Sitkum River, Hyas Creek, and Lost Creek
drain into the SF Calawah River. The streams are variable in
channel length and width, with “rivers” being longer and larger
than “creeks” (Tables 1, 2). The NF Calawah River was unique
because an extensive section of stream (~12 river kilometers
[RKM]) naturally goes dry during the summer, and we consid-
ered sections at either end separately because of the differences
in width and slope; hereafter, these sections are referred to as
the lower and upper NF Calawah River. The stream network
is large enough to contain numerous tributaries with differing
characteristics and exceptional bank-to-bank water clarity for
snorkeling, yet it is small enough (wetted width < 25 m) to be
adequately surveyed by a small crew (diver and bank walker)
within a relatively short period of time (~3 weeks).

The Calawah River supports naturally spawning populations
of summer and winter steelhead, fall and summer Chinook
Salmon O. tshawytscha, fall Coho Salmon, resident Rainbow
Trout, Coastal Cutthroat Trout O. clarkii clarkii, and a small
number of Chum Salmon O. keta and river-type Sockeye Salmon
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O. nerka. We focused on enumerating juvenile Coho Salmon and
steelhead because (1) they are the most abundant species, (2)
they have extended freshwater rearing periods, and (3) respec-
tive associations with stream habitat may vary between species
and within size-classes (e.g., age 0 versus age 1; Everest et al.
1985; Bjornn and Reiser 1991). Little information exists on
juvenile Coho Salmon or steelhead in this network, but adult
steelhead spawn primarily in the larger main-stem Calawah, SF
Calawah, Sitkum, and lower NF Calawah rivers, while fall Coho
Salmon spawn primarily in the creeks and throughout the entire
NF Calawah River (Quileute Tribe and Washington Department
of Fish and Wildlife, unpublished annual steelhead redd surveys,
1995-2003).

Data Collection

Extent of surveys.—Our goal each summer was to census fish
and stream habitat across all stream habitats that were available
to juvenile anadromous salmonids in the SF Calawah River,
NF Calawah River, Sitkum River, Elk Creek, Hyas Creek, and
Lost Creek (Figure 1). Surveys in small and large streams (ex-
cept for Elk Creek, Lost Creek, and the SF Calawah River)
ended at the uppermost falls constituting a barrier to anadromous
salmonids. We continued surveys for a minimum of 1.5 km up-
stream of assumed barrier falls to confirm a lack of anadromous
salmonids. The upper 0.7 km of Elk Creek and the upper 0.4 km
of Lost Creek were not surveyed because depths were consis-
tently too shallow for snorkeling (<0.2 m deep). The upper SF
Calawah River inside the Olympic National Park was not sam-
pled because the habitat is in pristine condition, whereas the vast
majority of areas outside the park drain a mosaic of commer-
cial timberlands in various stages of growth and harvest (Smith
2000), and such variation in land use patterns would potentially
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FIGURE 1. Map of the Calawah River basin, Washington, and the stream lengths surveyed during the summers of 2002 and 2003.
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TABLE 1. Summary of stream features in the Calawah River system, including stream size-class (small or large), length of stream that was accessible to
anadromous salmonids in summer (stream), average total length of stream surveyed in 2002 and 2003 (surveyed), number of habitat units surveyed and number of
reaches generated with habitat units (n units/reaches), mean ( &= SD) length of reaches for which habitat and fish data were generated, and the percentage of stream
length that was not surveyed because it was too shallow for snorkeling (<0.2 m deep).

% of stream

Length (km) n units/reaches Mean reach length (m) <0.2 m deep
Stream Type  Stream  Surveyed 2002 2003 2002 2003 2002 2003
South Fork Large 24.8 9.9 84/10 81/10 982 + 308 992 + 304 0 0
Calawah River
Lower North Fork Large 13.0 13.0 114/12  125/12 1,056 £ 150 1,025 £+ 190 16 17
Calawah River
Sitkum River Large 159 15.9 242/12  326/16 1,016 £ 135 997 £ 164 0 2
Upper North Fork Small 2.9 2.9 173/23 167/23 223 + 26 213 + 31 7 16
Calawah River
Elk Creek Small 6.4 4.9 102/14  109/14 211 £ 26 212 +£ 22 0 2
Hyas Creek Small 3.0 3.0 114/14  103/14 211 £ 23 211 £ 23 3 18
Lost Creek Small 3.5 2.9 75/15 66/12 202 + 31 204 + 38 6 4
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impose an additional layer of complexity on the fish—habitat
associations (Pess et al. 2002; Anlauf et al. 2011). A two-man
crew completed the surveys in 22 d during 2002 and in 24 d
during 2003.

Juvenile salmonid surveys.—We used snorkel surveys to cen-
sus the distribution and abundance of salmonids in all habitat
units greater than 0.2 m in depth (Dolloff et al. 1993; Thurow
1994). All units were sampled by the same experienced diver
and habitat recorder to reduce bias associated with multiple
surveyors (Hankin and Reeves 1988; Thompson and Mapstone
1997). Salmonids were classified based on species and size (es-
timated FL) as juvenile Coho Salmon, young-of-the-year trout
(hereafter, age-0 steelhead; <70 mm), and age-1 and older steel-
head parr (hereafter, steelhead parr; 70-200 mm; J. McMillan,
unpublished data); larger parr (>200 mm) that could have ma-
tured as resident Rainbow Trout (e.g., McMillan et al. 2007)
were excluded. We classified age-0 trout as steelhead, but we ac-
knowledge that some of the small trout were presumably Coastal
Cutthroat Trout; however, at that size it is difficult to distinguish
the species (Thurow 1994). Thus, we assumed that most (>85%)
of the age-0 fish were steelhead offspring based on comparisons
of adult abundance estimates for both species (WDFW 2012;
J. R. McMillan, unpublished data).

Stream habitat surveys.—We identified habitat units as pools
and nonpools according to Bisson et al. (1982), and we measured
characteristics that were important for juvenile Coho Salmon
and steelhead habitat use, including habitat unit depth, wetted
habitat unit width, habitat unit gradient (Everest et al. 1985;
Bjornn and Reiser 1991), and stream valley width (Burnett et al.
2007). Wetted width and length of each habitat unit were mea-
sured across a single transect, with width being measured at
a spot that was approximately average for the unit (Hankin
and Reeves 1988). We measured habitat unit gradient with a
laser range finder and a stadia rod, and maximum depth was

measured at the single deepest location. Stream channel (i.e.,
bankfull) depth and width as well as floodprone width (stream
width at a discharge twice that of the maximum bankfull depth)
were measured with a laser range finder, and the valley width
index (VWI) was then calculated as floodprone width divided
by bankfull width (Grant and Swanson 1995).

Statistical Analyses

Stream habitat and salmonid variables.—We used the
habitat-unit-scale data to generate response and predictor vari-
ables at the reach scale for 2002 and 2003. First, working
upstream from the mouth, we delineated each small stream into
approximately 200-m reaches and each large stream into ap-
proximately 1,000-m reaches (Table 1); these reach lengths are
similar to those used in traditional noncensus studies (Fausch
etal. 2002). Because we did not use block nets and fish may have
moved between units to avoid the diver (Peterson et al. 2005),
aggregation of the data into reaches also reduced the potential for
fish movement to influence habitat associations at smaller scales.
We also aggregated data into reaches because fish use different
habitat units within a given area to survive, grow, and develop
over the course of a year (e.g., habitat complementation; Anger-
meier and Schlosser 1989; Schlosser and Angermeier 1995),
making longer stream reaches more inclusive of the surround-
ing habitat potential. Reach lengths varied slightly because we
placed the upstream boundary of each reach at natural breaks in
habitat units rather than artificially dividing a unit (and its fish)
into partial units to achieve uniformity. Second, for each reach
and year, we calculated the weighted mean of five habitat met-
rics, including the percentage of the reach length in pool habitat,
mean habitat unit depth, mean wetted width, mean unit gradi-
ent, and mean VWI (Table 2). We then calculated the number
of juvenile Coho Salmon, age-0 steelhead, and steelhead parr
per linear meter of stream (our measure of density) to represent
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TABLE 2. Descriptions and expected influence of variables considered in generalized additive models for predicting the density (fish/linear meter) of juvenile
Coho Salmon, age-0 steelhead, and steelhead parr (age >1).

Variable

Description

Expected influence

Stream habitat
Percent pool (%)

Mean depth (m)
Mean width (m)

Stream channel gradient (%)
Mean valley width index (VWI)

Time, size, stream, and space
Year
Stream size

(Length of reaches consisting of pool
habitat)/(reach length)

Habitat unit depth x (unit length/
reach length)

Habitat unit width x (unit length/
reach length)

Rise over run for entire reach length

(Habitat unit VWI x unit length)/
(reach length)

Year in which sampling was conducted
Small (wetted width < 7 m) or large
(wetted width > 7 m) streams

Influences availability of slow-water
habitats®

Influences extent of vertical cover and
habitat area®”

Influences available habitat area®®

Influences stream velocity and substrate size®

Influences availability of secondary streams?

Fish-habitat associations may vary annually®
Fish—habitat associations may vary by
stream size®

Stream Geographically distinct tributary or stream  Fish—habitat associations may vary by
section stream®’

River kilometer Longitudinal location of reach midpoint Accounts for spatial autocorrelation in the
within each stream model®

“Bisson et al. 1988.

"Bjornn and Reiser 1991.
‘Montgomery et al. 1999.
dGrant and Swanson 1995.
“Fausch et al. 1988.
fDunham and Vinyard 1997.
£Segurado et al. 2006.

reach-scale variation in distribution (Table 3). The caveat to the
density estimate is that we were unable to enumerate salmonids
via snorkeling in units with depths less than 0.2 m, and age-0
steelhead often use shallow habitats (Bjornn and Reiser 1991).

Modeling approach.—We used generalized additive models
(GAMs; Wood 2011) to examine correlations between juvenile
salmonid density and the five stream habitat variables (Table 4).
Generalized additive models offer a flexible approach to mod-
eling that requires minimal assumptions about the shape of the
relationships and allows for a range of possible error distribu-
tions and links (Efron and Tibshirani 1991). Results of other
studies using GAMs (e.g., Knapp and Preisler 1999; Stoner
et al. 2001) suggest that the approach has considerable utility
in the development of models to predict fish distributions based
on habitat characteristics because the shape of the response is
rarely known prior to the analysis. We used the GAM function
implemented in R (R Development Core Team 2011) with the
mgcv package (Wood 2001). The default smoothing function,
thin-plate penalized regression splines, and smoothing param-
eter estimation method (generalized cross validation criterion)
were used (Wood 2003). We assumed normally distributed er-
rors with the identity link, and we examined the model residuals
to check this assumption.

Network-scale models.—We first fit GAMs at the scale of
the entire stream network to examine the ability of a common

set of five stream habitat variables (Table 4) to explain variation
in the density (i.e., fish per linear meter) of juvenile Coho
Salmon, age-0 steelhead, and steelhead parr. We then gradually
added complexity to the model by first allowing the habitat
variable relationships to vary by stream size and then adding
year, stream, the reach location X stream interaction, and lastly
the location x stream X year interaction.

The habitat portion of the model is either expressed as a sum
of smoother terms (where s = smooth function),

Density (fish/m) = By + s1(% pool) + s»(mean depth)
+ s3(mean width) + s4(mean slope)
+ s5(mean VWI), (1)

or as a sum of smoother terms that vary by stream size (see
Table 4),

Density (fish/m) = B + 51(% pool [stream size]) + ... (2)

Here, the term s1(% pool [stream size]) indicates separate re-
lationships (smooths) for each level of the stream size factor
(i.e., small stream or large stream). This is analogous to a fixed
interaction term in a standard linear model. In all cases, the
habitat variable relationships were limited to smooths of four
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TABLE 3. Analysis of deviance results for generalized additive models constructed for the entire Calawah River stream network, with iterative influences of
stream size, time, stream, and space and their interaction on the base habitat model; the model deviance, df, delta Akaike’s information criterion (AAIC), R?
values, and Moran’s /-statistic (a measure of spatial autocorrelation in model residuals; see Methods) for 2002 and 2003 are presented.

Model Moran’s 1

Model Deviance df AAIC R? 2002 2003

Coho Salmon
Null model 160.0 1.0 247 0.00 0.56 0.68
Habitat 112.7 9.3 193 0.27 0.54 0.58
Habitat x stream size 96.7 13.8 171 0.35 0.58 0.38
(Habitat x stream size) + year 90.9 14.8 161 0.39 0.54 0.33
(Habitat x stream size) + year + stream 67.3 20.3 111 0.53 0.22 0.25
(Habitat x stream size) + year + (location x stream) 50.8 31.0 76 0.63 0.25 0.14
(Habitat x stream size) + (location x stream X year) 28.3 51.7 0 0.76 0.04 —0.19

Age-0 steelhead
Null model 44.7 1.0 113 0.00 0.25 0.52
Habitat 38.0 9.4 97 0.11 0.20 0.40
Habitat x stream size 34.9 16.4 94 0.16 0.16 0.33
(Habitat x stream size) + year 30.8 17.0 70 0.25 0.18 0.26
(Habitat x stream size) + year + stream 24.9 20.4 34 0.38 0.11 0.12
(Habitat x stream size) + year + (location X stream) 23.5 28.2 38 0.39 0.11 0.10
(Habitat x stream size) + (location x stream X year) 16.4 45.2 0 0.53 —0.25 —0.10

Steelhead parr
Null model 3.6 1.0 263 0.00 0.24 0.71
Habitat 2.8 9.5 230 0.19 0.27 0.70
Habitat x stream size 2.0 18.2 180 0.39 0.11 0.68
(Habitat x stream size) + year 1.8 19.6 167 0.43 0.07 0.65
(Habitat x stream size) + year + stream 1.4 23.3 112 0.58 0.19 0.43
(Habitat x stream size) + year + (location X stream) 1.3 32.7 116 0.58 0.16 0.40
(Habitat x stream size) + (location x stream X year) 0.6 49.2 0 0.78 —0.30 0.01

dimensions. This effectively limits the df, allowing control over
the upper bound of model complexity. Since we were primar-
ily interested in the explanatory power of habitat variables as
a whole rather than that of individual variables, we did not en-
ter the habitat variables into the model individually. We tested
for year and stream effects by including the terms “year” and
“stream” as simple categorical variables (2002 or 2003; Elk
Creek, Hyas Creek, etc.). Location was defined as the distance
upstream from the lowermost point in the stream to the midpoint
of the reach and is expressed in units of reach lengths. The effect
of location on density varies by stream, sg(location [stream]), or
by stream and year, s¢(location [stream—year]), where “stream—
year” is a separate category for each stream x year combination
(7 streams x 2 years = 14 combinations). The full model is

Density (fish/m)
= By + 51(% pool [stream size]) + sp(mean depth [stream size])
+ s3(mean width [stream size]) + s4(mean slope [stream size])

+ ss(mean VWI [stream size]) + s¢ (location [stream - year]).

3

Here, the dimension of the location smooth is constrained to
five. For each model, we calculated the deviance, the df, the
delta Akaike’s information criterion (AAIC; Burnham and An-
derson 2002), and the R? (proportion of total variability in fish
density that was explained by the model). Evaluation of model
performance was based primarily on AAIC.

Spatial autocorrelation is a common statistical property in
ecological data that poses problems because correlated data vi-
olate the assumption of independence, which is a key assumption
for parametric statistical tests (Legendre 1993; Legendre et al.
2002). To account for this, we quantified the degree to which
the individual models explained the spatial structure in fish den-
sity among reaches by calculating Moran’s /-statistic for the
model residuals. Moran’s I-values of 0-0.20, 0.21-0.50, 0.51—
0.70, and 0.71-1.0 indicate that spatial autocorrelation is ab-
sent, weakly positive, moderately positive, or strongly positive,
respectively, and vice versa if values are negative for negative
spatial autocorrelation (Legendre et al. 2002).

Stream-scale models.—Next, we fit GAMs at the stream scale
to test the extent to which juvenile salmonid distribution was a
function of individual habitat characteristics in comparison with
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TABLE 4. Coefficient of determination (R?) and statistical significance (values in bold indicate P < 0.05) of individual habitat variables and reach location (river
kilometer [RKM]) in generalized additive models for each stream (2002 and 2003 combined) when modeled individually (Indiv.) and with RKM (w/RKM). Year
is included as a main effect (NA = not applicable because fish abundance was too low for modeling).

Upper North Lower North
Fork Calawah Fork Calawah South Fork Sitkum
Elk Creek Hyas Creek Lost Creek River River Calawah River River
Variable Indiv. . w/RKM Indiv. w/RKM Indiv. w/RKM Indiv. @w/RKM Indiv. w/RKM Indiv. @w/RKM Indiv. w/RKM
Coho Salmon
Percent pool  0.48 0.82 0.09 0.51 0.58 0.68 0.21 0.75 0.14 0.63 0.03 0.09 0.09 0.58

Mean depth 0.35 0.84 0.00 0.53 0.36 0.70
Mean width ~ 0.33 0.82 041 0.54 0.09 0.67

Gradient 0.52 0.84 0.45 0.52 0.04 0.78
Mean VWI 0.38 0.78 0.27 0.51 0.05 0.76
RKM 0.74 0.53 0.60

0.06 0.76 0.39 0.66 0.02 0.03 0.04 0.77
0.09 0.66 0.10 0.65 0.16 0.78 0.22 0.58

0.36 0.68 0.21 0.52 0.13 0.17 0.05 0.75
0.84 0.88 0.06 0.58 0.05 0.82 0.02 0.67
0.67 0.54 0.60 0.67

Age-0 steelhead

Percent pool  0.07 0.69 0.22 0.27 0.20 0.38
Mean depth ~ 0.26 0.67 0.11 023  —0.04 0.35
Mean width ~ 0.12 0.70 0.36 0.46 0.01 0.38

0.32 0.56 0.08 0.41 0.26 0.47 0.13 0.26
0.00 0.11 0.20 0.30 0.10 0.47 0.05 0.29
0.15 0.15 0.14 0.33 0.09 0.43 0.05 0.25

Gradient 0.07 0.66 0.37 0.28 0.16 0.32 0.01 0.12 0.08 0.33 0.00 0.55 0.50 0.69

Mean VWI 0.30 0.63 0.00 0.30 0.07 0.33 0.03 0.13 0.04 0.20 0.55 0.72 0.04 0.26

RKM 0.63 0.22 0.34 0.15 0.23 0.43 0.28
Steelhead parr

Percent pool  0.19 0.37 0.65 0.62 0.25 0.41
Mean depth 0.12 0.36 0.67 0.66 0.02 0.31
Mean width ~ 0.28 0.51 0.11 0.69 0.03 0.29

Gradient 0.23 0.38 0.70 0.68 0.02 0.11
Mean VWI 0.07 0.36 0.03 0.65 0.10 0.23
RKM 0.36 0.63 0.15

0.00 0.76 NA NA 0.25 0.32 0.04 0.17
0.04 0.74 NA NA 0.08 0.33 0.00 0.30
0.12 0.63 NA NA 0.03 0.33 0.11 0.16
0.03 0.60 NA NA 0.04 0.35 0.59 0.84
0.04 0.66 NA NA 0.38 0.54 0.04 0.15
0.63 NA 0.35 0.18

the location of the habitat (i.e., stream reach) within the stream.
First, we fit GAMs for each stream and each habitat variable
individually to investigate the potential for variation in fish—
habitat associations among streams. Second, we evaluated the
effect of space within a stream by adding a reach location term
to each model (e.g., Legendre et al. 2002). We used P-values
and R? for each variable (e.g., Fausch et al. 1988) to compare
and contrast the relative effects of each habitat variable versus
reach location. Year was included in all models as a main effect.

Due to the continuous spatial sampling design, we recognize
the danger of overfitting and type I error; therefore, the R? values
should be viewed as upper bounds of any potential fish—habitat
associations at the network and stream scales. By entering loca-
tion in the GAMs as a smoother term (e.g., Knapp and Preisler
1999), we allowed for fish—habitat associations and the effects
of reach location to be compared in a common framework.

RESULTS

Extent of Census, Stream Habitat, and Juvenile Salmonids

We censused stream habitat and juvenile Coho Salmon and
steelhead across 52.5 km of stream habitat in 2002 and 54.6 km
in 2003, which accounted for slightly more than 60% of the
linear stream network that was accessible (total of ~84 lin-
ear kilometers of stream) to juvenile salmonids during summer

(Figure 1; Table 1). Cumulatively, we sampled 95% and 93%
of the linear length of stream in 2002 and 2003, respectively,
and only in a few streams did shallow depths (depth < 0.2 m)
preclude sampling of more than 10% of the habitat (Table 1).
Close bank observation suggested that few fish used shallow
habitats in the small streams, whereas age-0 steelhead were rare
to abundant in such habitats within the large streams.

Habitat characteristics were highly variable (Figure 2). Large
streams were generally deeper and had narrower VWIs than
small streams; variation in mean depth and mean width was
greater in large streams than in small streams, while variability
in mean VWI was generally greater in small streams (Figure 2).
In addition, variation in habitat metrics between streams was
generally greater than variation between years within a given
stream (Figure 2). Owing to this complexity, no two streams
displayed the same habitat characteristics.

All salmonids co-existed and were present up to anadromous
barriers throughout most of the stream network (Figure 3a—c).
Coho Salmon and age-0O steelhead generally were found at
the highest densities, and steelhead parr typically exhibited
the lowest densities (Figure 2). Densities within streams were
similar among years for all three salmonid groups, with the
upper and lower NF Calawah River being the clear exception
(Figure 2). Coho Salmon and age-0 steelhead displayed
similar distributions that were mostly continuous, although
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FIGURE2. Stream-specific metrics (2002 = white boxes; 2003 = gray boxes),
including the mean density (fish/linear meter) of Coho Salmon, age-0 steelhead,
and larger steelhead parr (age >1) and the percent pool (% pool), mean depth
(m), mean width (m), stream channel gradient (%), and valley width index
(VWI). On each box, the top line denotes the 75th percentile, the bottom line
represents the 25th percentile, and the middle line denotes the mean (UNF =
upper North Fork; LNF = lower North Fork; SF = South Fork).

age-0 steelhead were skewed further towards the headwaters
(Figure 3a, b) and Coho Salmon densities were higher in small
streams (Figure 2). Steelhead parr had the patchiest distribution
and were skewed farthest upstream, with a density spike in

the headwaters that changed locations from 2002 to 2003
(Figure 3c). In addition, the distribution patterns within streams
did not necessarily match what was found at the network scale,
as Coho Salmon were sometimes patchier and distributed
further upstream than both age-classes of juvenile steelhead
and vice versa (Figure 3a—c).

Network-Scale Models

Associations between stream habitat and juvenile
salmonids.—Generalized additive models using the five stream
habitat variables explained 27, 11, and 19% of the variation in
density of juvenile Coho Salmon, age-0 steelhead, and steelhead
parr, respectively (Table 3). We also found weak levels of spa-
tial autocorrelation in model residuals for both size-classes of
steelhead in 2002, moderate levels for age-0 steelhead in 2003
and for Coho Salmon in both years, and strong levels for steel-
head parr in 2003 (Table 3). The shape of the salmonid response
to individual habitat characteristics was typically curvilinear
and differed between species and between the steelhead age-
classes in some cases (Figure 4). For example, Coho Salmon
were positively associated with percent pool habitat, while age-
0 steelhead and steelhead parr were not (Figure 4). Furthermore,
Coho Salmon had a negative association with channel gradient
while steelhead did not, and the curve for steelhead parr peaked
at a greater depth than that for Coho Salmon and smaller age-0
steelhead (Figure 4). All salmonids responded similarly to mean
VWI (positive) and mean width (negative).

Effect of stream size, time, stream, and reach location.—We
found strong effects of stream size, year, stream, and reach loca-
tion on the network-scale distribution models (Table 3). Sequen-
tial inclusion of each variable consistently reduced deviance
and improved explanatory power (Table 3). Consequently, the
best model for all salmonids was the full model, which in-
cluded a reach location effect that was allowed to vary by
stream and year; this model explained 76, 53, and 78% of
the variation in density of juvenile Coho Salmon, age-0 steel-
head, and steelhead parr, respectively (Table 3). The reach lo-
cation X stream X year interaction term produced the greatest
single improvement in deviance and explanatory power among
models and salmonids except for one instance with steelhead
parr (Table 3). Inclusion of the reach location variable and its
interactions in the full model also accounted for the spatial au-
tocorrelation in model residuals for Coho Salmon in both years
and for age-0 steelhead and steelhead parr in 2003. Spatial au-
tocorrelation was weak to nonexistent for age-0 steelhead and
steelhead parr in 2002, so the location variable had less of an
effect.

Stream-Scale Models

Stream habitat variable consistency and explanatory
power.—Single habitat variables explained as much as 70% of
the variability in salmonid density in individual streams when
reach location within a stream was not considered (Table 4).
On average, however, explanatory power tended to be quite low,
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FIGURE 3. Density depicted in 200-m bins (fish/200 linear meters) for (a) juvenile Coho Salmon, (b) age-0 steelhead, and (c) steelhead parr (age >1) across the
Calawah River stream network in 2002 and 2003.
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and no single variable was significant across all of the streams
for a given species (Table 4). Although it was low in general, the
consistency of fish—habitat associations was highest for Coho
Salmon, with all variables (except for mean width) having a
significant effect and R? values being greater than 20% for three
of the seven streams (Table 4). For steelhead parr, only percent
pool habitat was significant and this variable had an R? of at
least 20% for two streams; for age-0 steelhead, the mean depth,
stream channel gradient, and mean VWI achieved R? values
greater than 20% for two streams (Table 4).

Part of the inconsistency in fish-habitat relationships was
related to the shape of the response. For example, the response
of steelhead parr to percent pool habitat ranged from strongly
positive to strongly negative, even among streams of similar
sizes, whereas the effect of mean depth was generally positive
for steelhead parr in small streams and negative for those in
large streams (Figure 5). In fact, outside of mean depth and
mean VWI, response curves for age-0 steelhead and steelhead
parr generally ranged from strongly negative to strongly positive
without a clear pattern between streams of similar sizes (Fig-
ure 5). Fish—habitat associations appeared to be more consistent
for Coho Salmon, especially with percent pool habitat, but that
variable was still not significant for three of the seven streams,
and R? values were below 10% for three streams and below 25%
for five streams (Table 4). The association of Coho Salmon with
stream channel gradient was also typically negative, while other
responses were inconsistent.

Effects of longitudinal location of habitat.—Location of the
survey reach (RKM) was significant for 50% of all streams (for
all salmonids combined) and had the highest R?, often by a large
margin, for 45% of those streams (Table 4). The effects were
most pronounced for Coho Salmon, with RKM being significant
for five of the seven streams and having the highest R? value for
four streams, compared with two streams for age-0 steelhead and
three streams for steelhead parr (Table 4). River kilometer also
influenced the significance of habitat variables. In Hyas Creek,
mean wetted width, stream channel gradient, and mean VWI
were individually significant for juvenile Coho Salmon but not
when RKM was included (Table 4). The patterns were similar
for age-0 steelhead and steelhead parr; consequently, RKM was
the only significant variable in the Hyas Creek models and in the
upper NF Calawah River models for Coho Salmon and steelhead
parr.

DISCUSSION

Network-Scale Models

Expansive spatial coverage and a census of a wide variety
of streams over multiple years allowed us to test stream habi-
tat models in a way that would not have been possible with
traditional sampling schemes. Nonetheless, the fish—habitat as-
sociations we reported were generally consistent with prior
knowledge, albeit often nonlinear. Percent pool habitat had a
positive influence on density of juvenile Coho Salmon, and
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channel gradient had a negative influence on density of Coho
Salmon and a positive influence on density of age-0 steelhead
and steelhead parr (Bjornn and Reiser 1991; Roni and Quinn
2001; Sharma and Hilborn 2001; Burnett et al. 2007), although
some studies have found contrasting associations with pools for
Coho Salmon and steelhead parr (Bryant and Woodsmith 2009;
Reeves et al. 2011). Due to their body shape and fin size, Coho
Salmon are less suited for faster-water habitats than the more
fusiform steelhead (Bisson et al. 1988; Bjornn and Reiser 1991),
and slow-water pools are more common in low-gradient chan-
nels (Montgomery et al. 1995). All salmonids had a negative
response to wetted width, suggesting that larger streams are less
favorable for smaller-sized juveniles (Rosenfeld et al. 2011). All
salmonids exhibited a positive response to VWI, presumably be-
cause wider valleys offer more secondary and tertiary habitats
(Nickelson et al. 1992; Pess et al. 2002). Lastly, larger steel-
head parr were associated with deeper water than the smaller
age-0 steelhead (e.g., Bjornn and Reiser 1991), perhaps because
larger-bodied fish require greater habitat volume to balance the
tradeoffs among feeding, competition, and predation (Harvey
1991; Harvey and Nakamoto 1997).

Although fish responses to habitat aligned with much of what
is already known, our base stream habitat models explained little
of the variation in network-scale distribution of Coho Salmon
(27%), age-0 steelhead (11%), and steelhead parr (19%). This
was not surprising, however, given that the models were con-
structed based on data from seven streams with different sizes
and habitat characteristics over two summers. Fish—habitat asso-
ciations can vary extensively in relation to stream size, stream,
reach location, and year (Fausch et al. 1988; Dunham and Vin-
yard 1997; Gibson et al. 2008; Rosenfeld et al. 2011). We ob-
served this also, as the full models that included those factors
achieved a substantially greater level of explanatory power than
the base habitat models. Among factors, stream size and year had
lesser effects individually, and the greatest effect occurred when
the reach location x stream x year interaction was included
in the full models. Using continuous data on the distribution of
Chinook Salmon redds, Isaak and Thurow (2006) partitioned
the relative importance of variance components that explained
variation in redd distribution and they also found a strong effect
of river segment. Strong local effects on fish—habitat associ-
ations imply that neither habitat type (pools in our case) nor
commonly used habitat variables (e.g., depth and width) can
necessarily be assumed to effectively explain the distribution of
salmonids across streams of differing sizes and characteristics.

A possible limitation of our study is that surveys were con-
ducted during only 2 years. Although stream and reach location
can have strong effects on models (Fausch et al. 1988; Dunham
and Vinyard 1997) and on the distribution of fish populations
(Kocik and Ferreri 1998), we may have underestimated the role
of time. A 2-year period is not long enough to capture the
full range of variability that could occur over longer periods
(Clinchy et al. 2002). For example, Isaak and Thurow (2006)
censused stream habitat and fish data to predict the distribution

of spawning Chinook Salmon over a 9-year period and found
that inferences drawn from fewer than 3-5 years of study would
have underestimated the influence of time relative to space.
Thus, the effect of year in our models might have been greater
had we sampled over more years.

Ultimately, the full models that accounted for the reach lo-
cation x stream X year interaction achieved a high level of ex-
planatory power. However, the full models did not necessarily
tell us why large-scale patterns in salmonid distribution differed
between and within streams and years. Rather, we only deter-
mined that those patterns in distribution were less related to
stream habitat than to the location of the habitat within the net-
work and each stream between years; this result is not entirely
surprising because previous studies have found that habitat lo-
cation can strongly influence growth and survival of juvenile
salmonids (Ebersole et al. 2009; Pess et al. 2011). This may
have also been the case in our study based on the distributions
of the two steelhead size-classes. For example, age-0 steelhead
were abundant in many stream reaches where steelhead parr
were rare or absent. The young-of-the-year steelhead either sur-
vived poorly in or moved away from those areas as they got
older, implying that some reaches—and even entire sections of
streams, such as the lower NF Calawah River—are sources and
sinks (Schlosser and Angermeier 1995). If true, then juvenile
distributions might have been more strongly influenced by other
factors (e.g., food, competition, predation, and water tempera-
ture) that were not measured in our study but that affect growth,
survival, and movement (Angermeier and Schlosser 1989; Dun-
ham and Rieman 1999; Railsback and Rose 1999; Keeley 2001).

The unexplained patterns in distribution could also have been
influenced by other factors. For instance, we probably consis-
tently undersampled age-0 steelhead; these fish may rely heav-
ily on shallow-water habitats (Bjornn and Reiser 1991), but we
were unable to snorkel habitats less than 0.2 m deep, which could
have reduced explanatory power. To some degree, distributions
of young-of-the-year juveniles also likely reflected differences
in the abundance and location of spawning adults (Finstad et al.
2009). We could not determine this because spatially explicit
data on redd locations are not available for all sections of indi-
vidual streams in the Calawah River basin. However, there are
escapement data for adults; estimates for adult Coho Salmon
in the entire network increased marginally from 2001 to 2002
(escapement = 3,994 and 4,267 adults, respectively), and esti-
mates for adult steelhead decreased by about the same amount
(escapement = 4,413 and 3,990 adults, respectively). Thus, we
documented large, stream-scale increases in the density and
distribution of juvenile Coho Salmon and age-0 steelhead be-
tween years when adult abundance was similar, which suggests
that egg-to-fry survival may have had a greater effect on juve-
nile salmonid distribution than the yearly differences in adult
abundance.

We also found moderate to strong levels of spatial autocor-
relation in the residuals of most network-scale models, sug-
gesting that the survey reaches were not spatially independent.
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Nonindependence can produce correlation coefficients that are
biased and overly precise (Legendre et al. 2002). However,
Moran’s /-values were generally reduced to negligible levels
(I < %£0.25) by including stream, reach location, and the as-
sociated interaction terms. Although this approach accounted
for spatial autocorrelation, inclusion of the site-specific vari-
ables eliminated transferability to other streams (Segurado et al.
2006); consequently, our inferences are limited to the sites we
sampled and the interactions with the habitat characteristics we
measured. Future modeling efforts may thus consider includ-
ing spatial autocorrelation into regressive models to improve
predictive success (Betts et al. 2006).

Stream-Scale Models

Models for individual streams can achieve a high level of
explanatory power and precision by incorporating a few habitat
variables (Fausch et al. 1988). In our study, individual habitat
variables for each stream explained up to 70% of the variation
in salmonid density, but on average, explanatory power was low
and no single variable was significant across all streams for any
of the three salmonid groups. Further, the shape and direction
of the responses were inconsistent. For instance, the effect of
VWI on Coho Salmon and the effect of channel gradient on
age-0 steelhead and steelhead parr ranged from strong to weak
and from strongly positive to strongly negative depending on
the stream—something that is not often observed in fish-habitat
associations (Bjornn and Reiser 1991; Burnett et al. 2007). The
stream-specific responses of fish to habitat indicate that models
based on multiple streams can oversimplify variability in fish—
habitat associations. In our case, oversimplification of fish re-
sponses was one reason why the network-scale models struggled
to effectively predict the distribution of juvenile Coho Salmon
and steelhead.

The only fairly consistent response—that between Coho
Salmon density and percent pool habitat—did not necessarily
produce a strong correlation. Percent pool habitat explained less
than 10% of the variation in Coho Salmon density for three of the
seven streams and less than 22% for five of the streams. Previous
habitat use studies (Bisson et al. 1988; Bjornn and Reiser 1991)
and models based on traditional sampling schemes (Rosenfeld
et al. 2000; Sharma and Hilborn 2001) and census data (Reeves
et al. 2011) have reported stronger correlations between pools
and Coho Salmon. Notably, however, the associations between
Coho Salmon and pool habitat were stronger in smaller streams
than in larger ones. Similarly, steelhead parr were positively as-
sociated with depth in small streams, while the association was
nonexistent to negative in large streams. This finding suggests
that age-class differences in habitat use can influence distri-
bution (Kanno et al. 2012) and that relatively small fish (e.g.,
juveniles) may prefer deeper water in shallower streams than
in deeper streams and vice versa (Rosenfeld et al. 2011). The
results underscore the idea that strong effects of stream and
stream size can potentially limit how well a single model can be

applied across different areas (Fausch et al. 1988; Porter et al.
2000; Rosenfeld et al. 2000, 2007).

Part of the variability we found in fish—habitat associations
between streams could also be related to differences in fish
density rather than to actual differences in habitat selection. For
example, many suitable habitats may be unoccupied at very low
densities, while many potential sinks may be occupied at high
densities (Van Horne 1983; Angermeier and Schlosser 1989).
Additionally, Rosenfeld et al. (2005) found that density altered
the habitat selection and suitability curves for juvenile Coho
Salmon. In our study, the escapement goals in 2001 and 2002
for spawning Coho Salmon and winter steelhead were both
easily achieved, and escapement levels were among the highest
observed for the Calawah River during the period of record
(1980-2012; WDFW 2012). Perhaps consequently, fish were
more thoroughly distributed and habitat that would not be used
in years with lesser adult abundances was selected during the
years of our study, when adult abundance was higher. Overall,
though, the effects of density appear to be negligible considering
that we sampled several streams with a wide range of densities,
but models generally performed poorly for all streams and for
all species and life stages. Nonetheless, we also acknowledge
that inferences based on habitat selection in nature may provide
different results from stream to stream and from year to year
based on organism abundance (Hobbs and Hanley 1990).

Perhaps most importantly, we found that fish—habitat associ-
ations were dramatically weakened when habitat was allowed
to compete with reach location. Previous models based on tradi-
tionally collected data (Dunham and Vinyard 1997) and models
using continuous data for salmonids (Isaak and Thurow 2006;
Ebersole et al. 2009) and nonsalmonids (Grenouillet et al. 2004)
have also noted that location within a network can influence fish
distribution. Although the location variable did not allow us to
identify the underlying reason for the correlation, it did allow
us to determine that individual fish-habitat associations were
generally weak or nonsignificant after location was included
in the full model. This is important because without account-
ing for location, we would have had an artificially high level
of certainty in many of the fish—habitat associations (Legendre
et al. 2002). This type of reach effect could limit how effec-
tively correlations drawn from a subsample of reaches can be
expanded to larger scales, such as entire streams or networks,
and it highlights how the interpretation of models can be biased
if the surrounding context of fish and habitat is not considered
(Dunham and Vinyard 1997).

Implications

Stream habitat models are commonly generated from a sub-
sample of reaches and streams and then are widely applied to
other streams and networks to predict the distribution and den-
sity of salmonids (Fausch et al. 1988; Dunham and Vinyard
1997; Porter et al. 2000; Rosenfeld 2003). This approach would
have had little success in our study. Stream habitat models per-
formed poorly until we accounted for an interaction between
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fish-habitat associations and the location of habitat within
streams, the latter of which often violated assumptions about
sample independence of the survey reaches and inflated effects
of habitat characteristics. These results raise two cautionary
points. First, fish—habitat associations that are drawn from mul-
tiple streams or from streams other than those in which the
data were collected cannot be presumed to be representative
of stream-scale variability across a network, so the testing of
assumptions is important for establishing a level of certainty
(Fausch et al. 1988; Porter et al. 2000; Van Horne 2002). Sec-
ond, even if fish-habitat associations are known, accounting for
the spatial and temporal context of those associations within
individual streams may be necessary to effectively predict po-
tentially dramatic troughs and aggregations in the network-scale
distribution of salmonids (Dunham and Vinyard 1997; Anger-
meier et al. 2002; Isaak and Thurow 2006; Torgersen et al.
2012).

Uncertainty due to a lack of testing has implications for the
use of stream habitat models to guide management and restora-
tion in unsampled areas and across streams of differing sizes
(Fausch et al. 1988). Steelhead parr in our study offer one ex-
ample. Effects of percent pool habitat ranged from strongly
negative to strongly positive between streams and were not en-
tirely consistent within a stream, suggesting that the benefits of
manipulating stream channels to create more pool habitat may
vary depending on the stream, at least when only summer is
considered. In addition, even when the density of steelhead parr
was positively correlated with pools, the location of the habitat
generally mattered more than the amount. Interactions between
fish—habitat associations and space are relatively common and
can influence growth and survival across a variety of scales
(Ebersole et al. 2009; Pess et al. 2011). If this variability is
common in networks, then restoring watershed-scale processes
that regulate natural habitat formation may be more effective
than manipulating short reaches and expecting the fish to ex-
hibit uniform responses (Beechie and Bolton 1999; Feist et al.
2003).

An increasing focus on larger scales in restoration efforts,
combined with strong stream and spatial effects on fish-habitat
associations and nonindependence among survey reaches, poses
challenges for future modeling and sampling. Our rather com-
plete data set reveals that we know less about the influences
on fish distribution than what we have been led to believe—
that is, from models based on less spatially exhaustive data.
Still, we were only able to detect patterns rather than identify
mechanisms, and without understanding the processes it is hard
to know why space was so important in our models (Clinchy
et al. 2002). Nonetheless, future research that couples intensive,
traditional-scale sampling of fish condition and survival with
extensive censuses of fish and habitat distribution over multiple
years could prove valuable for untangling patterns and processes
(Dunham et al. 2002; Isaak and Thurow 2006; Ebersole et al.
2009; Torgersen et al. 2012). One possible way to accomplish
this is through integrated population models that rely on repeated

count data to estimate various parameters (e.g., abundance or
survival) associated with population dynamics over time (Dail
and Madsen 2011; Schaub and Abadi 2011). Such models are
increasingly being applied to understand changes in popula-
tions of birds and mammals (Schaub and Abadi 2011), and the
models may be further improved by explicitly including spa-
tial autocorrelation (Betts et al. 2006). Such an approach could
help to clarify the level of uncertainty that can be expected by
scientists and managers when applying habitat models broadly
across streams, locations, and times.

ACKNOWLEDGMENTS

Project funding was provided by the Wild Salmon Center,
the National Oceanic and Atmospheric Administration (NOAA)
Northwest Fisheries Science Center, and the NOAA Open
Rivers Initiative. Sincere thanks goes to Guido Rahr of the Wild
Salmon Center for his fundraising and support. The field work
portion of the study was conducted by J. R. McMillan and J.
Starr while employed by the Wild Salmon Center. We also thank
Phil DeCillis and Jim Jacoby for helping us to access some of
the streams, and we are grateful to Steve Katz, Gordie Reeves,
Becky Flitcroft, Dave Hockman-Wert, Phil Roni, Tom Quinn,
Jason Dunham, and Bill McMillan for providing helpful sug-
gestions and reviews on early versions of the manuscript. Use
of trade or firm names is for reader information only and does
not constitute endorsement of any product or service by the U.S.
Government.

REFERENCES

Angermeier, P. L., K. L. Krueger, and C. A. Dolloff. 2002. Discontinuity in
stream-fish distributions: implications for assessing and predicting species
occurrence. Pages 519-527 in J. M. Scott, P. J. Heglund, M. L. Morrison,
J. B. Haufler, M. G. Raphael, W. A. Wall, and F. B. Samson, editors. Predicting
species occurrences: issues of accuracy and scale. Island Press, Washington,
D.C.

Angermeier, P. L., and 1. J. Schlosser. 1989. Species-area relationships for
stream fishes. Ecology 70:1450-1462.

Anlauf, K. J.,, D. W. Jensen, K. M. Burnett, E. A. Steel, K. Christiansen,
J. C. Firman, B. E. Feist, and D. P. Larsen. 201 1. Explaining spatial variabil-
ity in stream habitats using both natural and management-influenced land-
scape predictors. Aquatic Conservation: Marine and Freshwater Ecosystems
21:704-714.

Beecher, H. A., T. H. Johnson, and J. P. Carleton. 1993. Predicting microdis-
tributions of steelhead (Oncorhynchus mykiss) parr from depth and velocity
preference criteria: test of an assumption of the instream flow incremental
methodology. Canadian Journal of Fisheries and Aquatic Sciences 50:2380—
2387.

Beechie, T., and S. Bolton. 1999. An approach to restoring salmonid habitat-
forming processes in Pacific Northwest watersheds. Fisheries 24(4):6-15.
Betts, M. G., A. W. Diamond, G. J. Forbes, M. A. Villard, and J. S. Gunn. 2006.
The importance of spatial autocorrelation, extent and resolution in predicting

forest bird occurrence. Ecological Modeling 191:197-224.

Bisson, P. A, J. L. Nielsen, R. A. Palmason, and L. E. Grove. 1982. A system
of naming habitat types in small streams, with examples of habitat utilization
by salmonids during low streamflow. Pages 62-73 in N. B. Armantrout,
editor. Acquisition and utilization of aquatic habitat inventory information.
American Fisheries Society, Western Division, Bethesda, Maryland.



Downloaded by [John McMillan] at 13:38 31 May 2013

STREAM NETWORK CENSUS OF FISH AND HABITAT 955

Bisson, P. A, K. Sullivan, and J. L. Nielsen. 1988. Channel hydraulics, habitat
use, and body form of juvenile Coho Salmon, steelhead, and Cutthroat Trout
in streams. Transactions of the American Fisheries Society 117:262-273.

Bjornn, T. C., and D. W. Reiser. 1991. Habitat requirements of salmonids in
streams. Pages 83-138 in W. R. Mechan, editor. Influences of forest and
rangeland management on salmonid fishes and their habitats. American Fish-
eries Society, Special Publication 19, Bethesda, Maryland.

Brenkman, S. J., J. J. Duda, C. E. Torgersen, E. Welty, G. R. Pess, R. Peters,
and M. L. McHenry. 2012. A riverscape perspective of Pacific salmonids
and aquatic habitats prior to large-scale dam removal in the Elwha River,
Washington, USA. Fisheries Management and Ecology 19:36-53.

Bryant, M. D., and R. D. Woodsmith. 2009. The response of salmon populations
to geomorphic measurements at three scales. North American Journal of
Fisheries Management 29:549-559.

Burnett, K. M. 2001. Relationships among juvenile anadromous salmonids,
their freshwater habitat, and landscape characteristics over multiple years
and spatial scales in the Elk River, Oregon. Doctoral dissertation. Oregon
State University, Corvallis.

Burnett, K. M., G. H. Reeves, D. J. Miller, S. Clarke, K. Vance-Borland, and
K. Christiansen. 2007. Distribution of salmon-habitat potential relative to
landscape characteristics and implications for conservation. Ecological Ap-
plications 17:66—80.

Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel
inference: a practical information-theoretical approach, 2nd edition. Springer-
Verlag, New York.

Clinchy, M., D. T. Haydon, and A. T. Smith. 2002. Pattern does not equal
process: what does patch occupancy really tell us about metapopulation dy-
namics? American Naturalist 159:351-362.

Dail, D., and L. Madsen. 2011. Models for estimating abundance from repeated
counts of an open metapopulation. Biometrics 67:577-587.

Dolloff, C. A., D. G. Hankin, and G. H. Reeves. 1993. Basinwide estimation of
habitat and fish populations in streams. U.S. Forest Service General Technical
Report SE-83.

Dunham, J. B., and B. E. Rieman. 1999. Metapopulation structure of Bull Trout:
influences of physical, biotic, and geometrical landscape characteristics. Eco-
logical Applications 9:642—655.

Dunham, J. B., B. E. Rieman, and J. T. Peterson. 2002. Patch-based models to
predict species occurrence: lessons from salmonid fishes in streams. Pages
327-334 in J. M. Scott, P. J. Heglund, M. L. Morrison, J. B. Haufler, M. G.
Raphael, W. A. Wall, and F. B. Samson, editors. Predicting species occur-
rences: issues of accuracy and scale. Island Press, Washington, D.C.

Dunham, J. B., and G. L. Vinyard. 1997. Incorporating stream level variability
into analyses of site level fish habitat relationships: some cautionary examples.
Transactions of the American Fisheries Society 126:323-329.

Ebersole, J. L., M. E. Colvin, P. J. Wigington Jr., S. G. Leibowitz, J. P. Baker, M.
R. Church, J. E. Compton, and M. A. Cairns. 2009. Hierarchical modeling of
late-summer weight and summer abundance of juvenile Coho Salmon across
a stream network. Transactions of the American Fisheries Society 138:1138-
1156.

Efron, B., and R. Tibshirani. 1991. Statistical data analysis in the computer age.
Science 253:390-395.

Everest, F. H., N. B. Armantrout, S. M. Keller, W. D. Parante, J. R. Sedell, T.
E. Nickelson, J. M. Johnston, and G. N. Haugen. 1985. Salmonids. Pages
199-230 in E. R. Brown, editor. Management of wildlife and fish habitats in
forests of western Oregon and Washington. U.S. Department of Agriculture,
Forest Service, Pacific Northwest Region, Portland, Oregon.

Fausch, K. D., C. L. Hawkes, and M. G. Parsons. 1988. Models that predict
standing crop of stream fish from habitat variables: 1950-85. U.S. Forest
Service General Technical Report PNW-GTR-213.

Fausch, K. D., C. E. Torgersen, C. V. Baxter, and H. W. Li. 2002. Landscapes
to riverscapes: bridging the gap between research and conservation of stream
fishes. BioScience 52:483—498.

Feist, B. E., A. E. Steel, G. R. Pess, and R. E. Bilby. 2003. The influence of scale
on salmon habitat restoration priorities. Animal Conservation 6:271-282.

Finstad, A. G., S. Einum, O. Ugedal, and T. Forseth. 2009. Spatial distribution
of limited resources and local density regulation in juvenile Atlantic Salmon.
Journal of Animal Ecology 78:226-235.

Gibson, A. J. F,, H. D. Bowlby, and P. G. Amiro. 2008. Are wild populations
ideally distributed? variations in density-dependent habitat use by age class
in juvenile Atlantic Salmon (Salmo salar). Canadian Journal of Fisheries and
Aquatic Sciences 65:1667-1680.

Grant, G. E., and F. J. Swanson. 1995. Morphology and processes of valley
floors in mountain streams, western Cascades, Oregon. Pages 83-101 in
J. E. Costa, A. J. Miller, K. W. Potter, and P. R. Wilcock, editors. Natural
and anthropogenic influences in fluvial geomorphology: the Wolman volume.
American Geophysical Union, Monograph 89, Washington, D.C.

Grenouillet, G., D. Pont, and C. Hérissé. 2004. Within-basin fish assemblage
structure: the relative influence of habitat versus stream spatial position on
local species richness. Canadian Journal of Fisheries and Aquatic Sciences
61:93-102.

Gresswell, R. E., C. E. Torgersen, D. S. Bateman, T. J. Guy, S. R. Hendricks, and
J. E. B. Wofford. 2006. A spatially explicit approach for evaluating relation-
ships among Coastal Cutthroat Trout, habitat, and disturbance in small Oregon
streams. Pages 457—471 in R. M. Hughes, L. Wang, and P. W. Seelbach, ed-
itors. Landscape influences on stream habitats and biological assemblages.
American Fisheries Society, Symposium 48, Bethesda, Maryland.

Hankin, D. G., and G. H. Reeves. 1988. Estimating total fish abundance and total
habitat area in small streams based on visual estimation methods. Canadian
Journal of Fisheries and Aquatic Sciences 45:834-844.

Harvey, B. C. 1991. Interactions among stream fishes: predator-induced habitat
shifts and larval survival. Oecologia 87:29-36.

Harvey, B. C., and R. J. Nakamoto. 1997. Habitat-dependent interactions be-
tween two size-classes of juvenile steelhead in a small stream. Canadian
Journal of Fisheries and Aquatic Sciences 54:27-31.

Hobbs, N. T., and T. A. Hanley. 1990. Habitat evaluation: do use/availability
data reflect carrying capacity? Journal of Wildlife Management 54:
515-522.

Isaak, D. J., and R. F. Thurow. 2006. Network-scale spatial and temporal vari-
ation in Chinook Salmon (Oncorhynchus tshawytscha) redd distributions:
patterns inferred from spatially continuous replicate surveys. Canadian Jour-
nal of Fisheries and Aquatic Sciences 63:285-296.

Kanno, Y., J. C. Vokoun, K. E. Holsinger, and B. H. Letcher. 2012. Estimat-
ing size-specific Brook Trout abundance in continuously sampled headwater
streams using Bayesian mixed models with zero inflation and overdispersion.
Ecology of Freshwater Fish 21:404—419.

Keeley, E. R. 2001. Demographic responses to food and space competition by
juvenile steelhead trout. Ecology 82:1247-1259.

Knapp, R. A., and H. K. Preisler. 1999. Is it possible to predict habitat use by
spawning salmonids? a test using California Golden Trout (Oncorhynchus
mykiss aguabonita). Canadian Journal of Fisheries and Aquatic Sciences
56:1576-1584.

Kocik, J. E, and C. P. Ferreri. 1998. Juvenile production variation in salmonids:
population dynamics, habitat, and the role of spatial relationships. Cana-
dian Journal of Fisheries and Aquatic Sciences 55(Supplement 1):191—
200.

Legendre, P. 1993. Spatial autocorrelation: trouble or new paradigm? Ecology
74:1659-1673.

Legendre, P., M. R. T. Dale, M. J. Fortin, J. Gurevitch, M. Hohn, and D. Myers.
2002. The consequences of spatial structure for the design and analysis of
ecological field surveys. Ecography 25:601-615.

McMillan, J. R., S. L. Katz, and G. R. Pess. 2007. Observational evidence
of spatial and temporal structure in a sympatric anadromous (winter steel-
head) and resident Rainbow Trout mating system on the Olympic Penin-
sula, Washington. Transactions of the American Fisheries Society 136:
736-748.

Montgomery, D. R., E. M. Beamer, G. R. Pess, and T. P. Quinn. 1999. Channel
type and salmonid spawning distribution and abundance. Canadian Journal
of Fisheries and Aquatic Sciences 56:377-387.



Downloaded by [John McMillan] at 13:38 31 May 2013

956 MCMILLAN ET AL.

Montgomery, D. R., J. M. Buffington, R. D. Smith, K. M. Schmidt, and G. Pess.
1995. Pool spacing in forest channels. Water Resources Research 31:1097—
1105.

Nickelson, T. E., J. D. Rodgers, S. L. Johnson, and M. F. Solazzi. 1992. Seasonal
changes in habitat use by juvenile Coho Salmon (Oncorhynchus kisutch) in
Oregon coastal streams. Canadian Journal of Fisheries and Aquatic Sciences
49:783-789.

Pess, G. R., P. M. Kiffney, M. C. Liermann, T. R. Bennett, J. H. Anderson, and T.
P. Quinn. 2011. The influences of body size, habitat quality, and competition
on the movement and survival of juvenile Coho Salmon during the early stages
of stream recolonization. Transactions of the American Fisheries Society
140:883-897.

Pess, G. R., D. R. Montgomery, E. A. Steel, R. E. Bilby, B. E. Feist, and H. M.
Greenberg. 2002. Landscape characteristics, land use, and Coho Salmon (On-
corhynchus kisutch) abundance, Snohomish River, Wash., U.S.A. Canadian
Journal of Fisheries and Aquatic Sciences 59:613-623.

Peterson, J. T., N. P. Banish, and R. F. Thurow. 2005. Are block nets necessary?:
movement of stream-dwelling salmonids in response to three common survey
methods. North American Journal of Fisheries Management 25:732-743.

Porter, M. S., J. Rosenfeld, and E. A. Parkinson. 2000. Predictive models of
fish species distribution in the Blackwater drainage, British Columbia. North
American Journal of Fisheries Management 20:349-359.

R Development Core Team. 2011. R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing, Vienna. Available:
www.R-project.org./ (October 2012).

Railsback, S. F., and K. A. Rose. 1999. Bioenergetics modeling of stream
trout growth: temperature and food consumption effects. Transactions of the
American Fisheries Society 128:241-256.

Railsback, S. F., H. B. Stauffer, and B. C. Harvey. 2003. What can habitat
preference models tell us? tests using a virtual trout population. Ecological
Applications 13:1580-1594.

Reeves, G. H., J. D. Sleeper, and D. W. Lang. 201 1. Seasonal changes in habitat
availability and the distribution and abundance of salmonids along a stream
gradient from headwaters to mouth in coastal Oregon. Transactions of the
American Fisheries Society 140:537-548.

Rieman, B. E., and J. B. Dunham. 2000. Metapopulations and salmonids: a
synthesis of life history patterns and empirical observations. Ecology of
Freshwater Fish 9:51-64.

Roni, P, and T. P. Quinn. 2001. Density and size of juvenile salmonids in re-
sponse to placement of large woody debris in western Oregon and Washington
streams. Canadian Journal of Fisheries and Aquatic Sciences 58:282-292.

Rosenfeld, J. 2003. Assessing the habitat requirements of stream fishes: an
overview and evaluation of different approaches. Transactions of the Ameri-
can Fisheries Society 132:953-968.

Rosenfeld, J., K. Campbell, E. S. Leung, J. Bernhardt, and J. Post. 201 1. Habitat
effects on depth and velocity frequency distributions: implications for model-
ing hydraulic variation and fish habitat suitability in streams. Geomorphology
130:127-135.

Rosenfeld, J., T. Leiter, G. Lindner, and L. Rothman. 2005. Food abundance and
fish density alters habitat selection, growth, and habitat suitability curves for
juvenile Coho Salmon (Oncorhynchus kisutch). Canadian Journal of Fisheries
and Aquatic Sciences 62:1691-1701.

Rosenfeld, J., M. Porter, and E. Parkinson. 2000. Habitat factors affecting the
abundance and distribution of juvenile Cutthroat Trout (Oncorhynchus clarki)
and Coho Salmon (Oncorhynchus kisutch). Canadian Journal of Fisheries and
Aquatic Sciences 57:766-774.

Rosenfeld, J. S., J. Post, G. Robins, and T. Hatfield. 2007. Hydraulic geometry
as a physical template for the river continuum: application to optimal flows
and longitudinal trends in salmonid habitat. Canadian Journal of Fisheries
and Aquatic Sciences 64:755-767.

Scarnecchia, D. L., and B. B. Roper. 2000. Large-scale, differential summer
habitat use of three anadromous salmonids in a large river basin in Oregon,
USA. Fisheries Management and Ecology 7:197-209.

Schaub, M., and F. Abadi. 2011. Integrated population models: a novel analysis
framework for deeper insights into population dynamics. Journal of Ornithol-
ogy 152(Supplement 1): 227-237.

Schlosser, I. J., and P. L. Angermeier. 1995. Spatial variation in demographic
processes of lotic fishes: conceptual models, empirical evidence, and impli-
cations for conservation. Pages 392-401 in J. L. Nielsen and D. A. Powers,
editors. Evolution and the aquatic ecosystem: defining unique units in pop-
ulation conservation. American Fisheries Society, Symposium 17, Bethesda,
Maryland.

Segurado, P., M. B. Aratijo, and W. E. Kunin. 2006. Consequences of spatial
autocorrelation for niche-based models. Journal of Applied Ecology 43:433—
444.

Sharma, R., and R. Hilborn. 2001. Empirical relationships between watershed
characteristics and Coho Salmon (Oncorhynchus kisutch) smolt abundance in
14 western Washington streams. Canadian Journal of Fisheries and Aquatic
Sciences 58:1453—1463.

Smith, C. J. 2000. Salmon and steelhead habitat limiting factors in the north
coast streams of WRIA 20. Washington State Conservation Commission,
Lacey.

Stoner, A. W., J. P. Manderson, and J. P. Pessutti. 2001. Spatially explicit analysis
of estuarine habitat for juvenile Winter Flounder: combining generalized ad-
ditive models and geographic information systems. Marine Ecology Progress
Series 213:253-271.

Thompson, A. A., and B. D. Mapstone. 1997. Observer effects and training
in underwater visual surveys of reef fishes. Marine Ecology Progress Series
154:53-63.

Thurow, R. F. 1994. Underwater methods for study of salmonids in the In-
termountain West. U.S. Forest Service General Technical Report INT-GTR-
307.

Torgersen, C. E., C. V. Baxter, J. L. Ebersole, and R. E. Gresswell. 2012.
Incorporating spatial context into the analysis of salmonid-habitat relations.
Pages 216224 in M. Church, P. M. Biron, and A. G. Roy, editors. Gravel-bed
rivers: processes, tools, environments. Wiley-Blackwell, Chichester, UK.

Torgersen, C. E., C. V. Baxter, H. W. Li, and B. A. McIntosh. 2006. Landscape
influences on longitudinal patterns of river fishes: spatially continuous anal-
ysis of fish-habitat relationships. Pages 473-492 in R. M. Hughes, L. Wang,
and P. W. Seelbach, editors. Landscape influences on stream habitats and bio-
logical assemblages. American Fisheries Society, Symposium 48, Bethesda,
Maryland.

Torgersen, C. E., R. E. Gresswell, D. S. Bateman, and K. M. Burnett. 2008.
Spatial identification of tributary impacts in river networks. Pages 159—-181
in S. P. Rice, A. G. Roy, and B. L. Rhoads, editors. River confluences,
tributaries and the fluvial network. Wiley, Chichester, UK.

Torgersen, C. E., D. M. Price, H. W. Li, and B. A. McIntosh. 1999. Multi-
scale thermal refuge and stream habitat associations of Chinook Salmon in
northeastern Oregon. Ecological Applications 9:301-319.

Van Horne, B. 1983. Density as a misleading indicator of habitat quality. Journal
of Wildlife Management 47:893-901.

Van Horne, B. 2002. Approaches to habitat modeling: the tensions between
pattern and process and between specificity and generality. Pages 63-72 in
J. M. Scott, P. J. Heglund, M. L. Morrison, J. B. Haufler, M. G. Raphael, W.
A. Wall, and F. B. Samson, editors. Predicting species occurrences: issues of
accuracy and scale. Island Press, Washington, D.C.

WDFW (Washington Department of Fish and Wildlife). 2012. Conser-
vation: species population status. WDFW, Olympia. Available: https://
fortress.wa.gov/dfw/score/score/species/species.jsp. (September 2012).

Wood, S.N.2001. mgcv: GAMs and generalized ridge regression for R. R-News
1(2):20-25.

Wood, S. N. 2003. Thin plate regression splines. Journal of the Royal Statistical
Society B 65:95-114.

Wood, S. N. 2011. Fast stable restricted maximum likelihood and marginal
likelihood estimation of semiparametric generalized linear models. Journal
of the Royal Statistical Society B 73:3-36.



