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CHINOOK SALMON USE OF SPAWNING PATCHES:

RELATIVE ROLES OF HABITAT QUALITY, SIZE, AND CONNECTIVITY
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Abstract. Declines in many native fish populations have led to reassessments of
management goals and shifted priorities from consumptive uses to species preservation. As
management has shifted, relevant environmental characteristics have evolved from traditional
metrics that described local habitat quality to characterizations of habitat size and
connectivity. Despite the implications this shift has for how habitats may be prioritized for
conservation, it has been rare to assess the relative importance of these habitat components.
We used an information—theoretic approach to select the best models from sets of logistic
regressions that linked habitat quality, size, and connectivity to the occurrence of chinook
salmon (Oncorhynchus tshawytscha) nests. Spawning distributions were censused annually
from 1995 to 2004, and data were complemented with field measurements that described
habitat quality in 43 suitable spawning patches across a stream network that drained 1150 km?
in central Idaho. Results indicated that the most plausible models were dominated by
measures of habitat size and connectivity, whereas habitat quality was of minor importance.
Connectivity was the strongest predictor of nest occurrence, but connectivity interacted with
habitat size, which became relatively more important when populations were reduced.
Comparison of observed nest distributions to null model predictions confirmed that the
habitat size association was driven by a biological mechanism when populations were small,
but this association may have been an area-related sampling artifact at higher abundances.
The implications for habitat management are that the size and connectivity of existing habitat
networks should be maintained whenever possible. In situations where habitat restoration is
occurring, expansion of existing areas or creation of new habitats in key areas that increase
connectivity may be beneficial. Information about habitat size and connectivity also could be
used to strategically prioritize areas for improvement of local habitat quality, with areas not
meeting minimum thresholds being deemed inappropriate for pursuit of restoration activities.

Key words:  chinook salmon; connectivity; habitat fragmentation, habitat geometry; metapopulation;
nest; Oncorhynchus tshawytscha; patch; redd; sampling artifact.

INTRODUCTION

Widespread population declines, extirpations, and a
growing list of endangered, threatened, and sensitive fish
species in riverine ecosystems (Williams et al. 1989,
Nehlsen et al. 1991, Williams 2006) have caused natural-
resource agencies to reassess management goals and
change priorities from consumptive uses to species
preservation (Hanna 1999). Underpinning this transition
are advances in the fields of conservation biology and
landscape ecology that have altered perceptions about
how fish populations relate to the environment (Schlos-
ser and Angermeier 1995, Rieman and Dunham 2000,
Fausch et al. 2002). The traditional view focused on
population isolates and local habitat quality, whereas
the emerging view recognizes that population persistence
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often depends on an array of spatial processes that may
include complementation, supplementation, neighbor-
hood effects, size, and connectivity (Dunning et al. 1992,
Bond and Lake 2003).

Metapopulation theory, with its emphasis on groups
of discrete, interacting populations, places population
dynamics in a broader context and has strongly
influenced conservation efforts for many species (Hanski
1991, Hanski and Ovaskainen 2003). Although arche-
typical metapopulation structures may be representative
for a limited number of species, populations in natural
environments are usually spatially structured and fall
along a continuum from mainland—island systems to
patchy single populations (Harrison and Taylor 1996,
Rieman and Dunham 2000). Regardless of which spatial
structure is most relevant, the discretization of popula-
tions emphasizes the importance of dispersal move-
ments, which can provide either demographic support
for populations with low growth rates (Dias 1996) or
colonists to refound suitable habitats after local
extirpations have occurred (Brown and Kodric-Brown
1977). A spatially explicit view also emphasizes habitat
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size, which is important because larger habitats tend to
support larger populations that are usually less suscep-
tible to extirpations from demographic or genetic
stochasticity (Lande 1993). Additionally, larger habitats
can absorb environmental disturbances without all
individuals being adversely affected (White and Pickett
1985, Sedell et al. 1990). Although case studies of
spatially structured fish populations are not yet com-
mon, a growing body of evidence supports this view
(Rieman and Mclntyre 1995, Dunham and Rieman
1999, Lafferty et al. 1999, Labbe and Fausch 2000,
Morita and Yamamoto 2001, Koizumi and Maekawa
2004, Neville et al. 2006a).

As a logical outgrowth of a broadened population
perspective, considerations regarding what constitutes
relevant habitat characteristics also have evolved.
Traditional measures of local habitat quality in streams
(e.g., substrate conditions, undercut banks, pool depths,
etc.) must now be considered with habitat size and
connectivity. Because this perspective is relatively new,
however, it is rare for comparative assessments of
different habitat components to have been conducted.
Proponents of the geometric aspects of habitat have
argued that conservation efforts need only consider
these factors (Hanski 1994, Moilanen and Hanski 1998),
but dismissal of habitat quality information has sparked
objections from others who argue that quality metrics
often provide better predictions of species occurrence
(Thomas et al. 1998). More recently, these disparate
views have begun to merge and could yield valuable
insights for prioritization of management activities
(Thomas et al. 2001, Fleishman et al. 2002, Armstrong
2005). For example, models designed to evaluate the
relative importance of different habitat elements could
provide guidance about the effectiveness of increasing
the size of existing areas, improving habitat quality, or
creating new habitats that would increase connectivity
among existing areas.

Inherent to most spatial population models are the
assumptions that local populations will occasionally be
extirpated and that colonists from nearby populations
will later refound vacant habitats (Hanski 1991,
Harrison and Taylor 1996). Despite the dynamism this
implies, many studies offered in support of spatial
population models are derived from single, cross-
sectional surveys of species distributions (Clinchy et al.
2002). The static view thus afforded is most valid only
for equilibrial distributions that are not undergoing
regional declines or expansions (Clinchy et al. 2002,
Wagner and Fortin 2005). A better approach, although
more costly, is to repeatedly survey the distribution of a
target species at the same geographic locale. Not only
would the replicate surveys provide more representative,
time-averaged views of habitat use, but they also may
reveal temporal changes in the importance of different
habitat components. If such shifts occur, appropriate
management responses would be at least partially
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FiG. 1. Stream network in the Middle Fork Salmon River,

Idaho, USA, that was accessible to chinook salmon and was
annually censused for redds from 1995 to 2004. Black ovals
represent patches of suitable spawning habitat.

contingent on landscape setting and population status
(Moilanen and Hanski 1998).

In this paper, we focus on a population assemblage of
chinook salmon (Oncorhynchus tshawytscha) located in
central Idaho. Within this area, salmon nests, often
referred to as redds, have been georeferenced during
spatially continuous, basinwide surveys conducted
annually from 1995 to 2004 (Isaak and Thurow 2006).
These data were used to determine the occupational
status of suitable spawning areas, which was modeled as
a function of habitat quality, size, and connectivity. Our
specific objectives were to assess the relative importance
of these general classes of habitat descriptors in
determining redd occurrence, to determine whether
habitat factors changed in importance for different
population densities, and to discuss the conservation
implications of our results.

METHODS
Study site

This research was conducted in central Idaho across a
stream network that encompassed three subbasins in the
Middle Fork Salmon River (MFSR) headwaters (Fig.
1). The area comprises 1150 km® of forested and
mountainous terrain at elevations ranging from 1700
to 2900 m and is administered by the U.S. Forest
Service. Thick deposits of Quaternary alluvium and
Pleistocene glacial drift fill the main stream valleys and
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result in broad floodplains (Bond and Wood 1978).
Channel morphologies consist of meandering pool-riffle
sequences (sensu Montgomery and Buffington 1997),
except where valley walls confine streams and steeper
channel morphologies are present. Stream hydrographs
are characteristic of snowmelt-driven systems in the
northern Rockies, with high flows occurring from April
through June and low flows during the remainder of the
year.

Chinook salmon populations are composed of wild,
indigenous fish and are referred to as spring chinook
based on the timing of adult migration past Bonneville
Dam in the lower Columbia River (Matthews and
Waples 1991). Adult salmon enter the MFSR in early
summer, migrate to natal areas in larger tributaries, and
stage in pools before spawning. Redd construction
usually begins during the last week of July and is
completed by early September (R. Thurow, unpublished
data). Females typically deposit eggs in single redds
(Bentzen et al. 2001) that are 2-4 m in diameter and are
constructed in riffle crests or other areas that have
similar hydraulic and substrate characteristics (Vronskiy
1972, Healey 1991). Embryos incubate in the gravel,
emerge as fry the following spring, and rear in channel
margins and side channels for one year before migrating
to the ocean (Bjornn 1971, Hillman et al. 1987).
Maturity is reached 1-3 years later at lengths ranging
from 60 to 120 cm (Kiefer et al. 2002).

Similar to most anadromous salmonids in the Pacific
Northwest (Nehlsen et al. 1991), populations of MFSR
chinook declined from the 1950s into the 1990s (Brown
2002), which prompted federal listing in 1992 under the
Endangered Species Act and protection of critical
habitats. During the course of this study, however,
populations grew and abundances increased from 10
redds in 1995 to 1326 redds in 2003 (Fig. 2), the highest
number observed since the early 1970s. Increases are
believed to have occurred in response to a combination
of improved ocean productivity and juvenile migration
conditions (Fish Passage Center 2003, Beamish et al.

2004), as significant changes in generally high-quality

rearing habitats have not occurred in the last decade.
In addition to chinook salmon, other native fishes

within the MFSR include: bull trout (Salvelinus con-

[fluentus), westslope cutthroat trout (Oncorhynchus clar-

kii lewisii), rainbow trout (resident and anadromous
forms; O. mykiss), mountain whitefish (Prosopium
williamsoni), torrent sculpin (Cottus rhotheus), mottled
sculpin (C. bairdi), shorthead sculpin (C. confusus),
Pacific lamprey (Entosphenus tridentatus), speckled dace
(Rhinichthys osculus), longnose dace (R. cataractae),
largescale sucker (Catostomus macrocheilus), bridgelip
sucker (C. columbianus), redside shiner (Richardsonius
balteatus), and northern pikeminnow (Ptychocheilus
oregonensis) (Thurow 1985). Brook trout (S. fontinalis)
have been introduced and are common within Bear
Valley and Marsh creeks but appear to be absent from
Sulphur Creek (Levin et al. 2002).

Redd surveys

Low-level helicopter flights were used to conduct
annual, spatially continuous surveys for chinook salmon
redds from 1995 to 2004 within that portion of the
stream network that historically supported this species
(Fig. 1). Range determination was made by reviewing
records of juvenile chinook salmon occurrence (Thurow
1985), Idaho Department of Fish and Game redd survey
reports (Brown 2002), and anecdotal accounts of
spawning (Hauck 1953, Gebhards 1959), and by
interviewing local biologists. When a redd was observed,
a global positioning system was used to georeference the
location. All locations were later differentially corrected
and assembled into a geographic information system for
use in subsequent analysis. Additional details are
provided in Isaak and Thurow (2006).

Habitat patch delineation

Environmental heterogeneity, combined with species
and life-stage-specific physiological requirements, result
in patchy distributions of suitable habitats across stream
networks (Hall et al. 1992, Dunham et al. 2002). To
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delineate discrete patches of suitable spawning habitat,
we used a combination of biological and physical
descriptors. A preliminary set of patch boundaries was
defined based on gaps in the cumulative spatial
distribution of redds from 1995 to 2004 that exceeded
400 m. These boundaries were modified during subse-
quent foot surveys to coincide with changes in channel
morphology from pool-riffle reaches that contained
abundant spawning and rearing habitats to steeper
channels where these habitats were uncommon (e.g.,
Montgomery et al. 1999, Buffington et al. 2004). Patch
boundaries were also defined where spawning streams
were joined by significant tributaries (i.e., third order or
larger). We reasoned that salmon would perceive up-
and downstream areas as distinct environments given
their acute sense of smell (Quinn 2005) and the marked
changes in physicochemical conditions that occur in
these areas (Rice et al. 2001, Benda et al. 2004).

Using redd distributions to aid in determination of
suitable patch boundaries reduced the need for subjec-
tive habitat assessments and ensured that areas deemed
suitable could actually be used by the fish. However, this
approach made it possible that some suitable habitats
not used during this study were excluded from
consideration. We believe these omissions were minor,
given that channels with steep gradients constituted
most of the excluded areas. Additionally, earlier
research suggests that areas used for spawning have
remained relatively constant across a wide range of redd
densities (Isaak and Thurow 2006).

Connectivity

Connectivity for each habitat patch was quantified
using a metric developed by Moilanen and Nieminen
(2002) that incorporates a negative exponential dispersal
kernel, as well as the size and spatial arrangement of
neighboring populations throughout a habitat network.
The generic formula for calculating connectivity of focal
patch i was

Si =Y pjexp(—od;)A? (1)
J#

where p; was the observed incidence (0 or 1) in a
neighboring patch j, o was a dispersal scalar wherein 1/a
was average dispersal distance, d; was the Euclidean
distance between patches i and j, and A;’ was the area of
neighboring patch j. Area is used as a surrogate for
population size; the exponent, b, scales the expected
emigration rate, with larger patches expected to have
lower per capita emigration rates due to smaller edge-to-
area ratios (Hanski et al. 2000, Moilanen and Nieminen
2002).

To adapt this metric to a stream system and the
unique attributes of our data, we modified Eq. 1 by
using stream distance rather than Euclidean distance,
accommodating observations from different years, and
using the number of redds within neighboring patches to
provide direct estimates of population sizes. Substituting
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redd abundance for a population surrogate based on
area was especially powerful because connectivity values
then reflected the dynamics of interannual shifts in
spawning distribution and abundance. The formula for
the revised connectivity metric was

S = ijkexp(*dd:y‘)Njk (2)
J#

where pjy was the observed incidence (0 or 1) of redds in
neighboring patch j during year k, o was the dispersal
scalar wherein 1/o was the average dispersal distance for
chinook salmon, dj; was the stream distance between
patches i and j measured between the nearest edges of
these patches, and Ny was the number of redds in
neighboring patch j during year k.

Direct estimates of dispersal in chinook salmon are
rare, but McClure et al. (2003) summarized unpublished
tag return studies and suggested that it was uncommon
for hatchery chinook to be recaptured >30 km from
their natal sites. Wild fish may disperse smaller
distances, however, and indirect estimates based on
spatial autocorrelation analysis and fine-scale genetic
patterns suggest that dispersal distances ~10 km may be
more realistic (Neville et al. 2006b; D. J. Isaak, un-
published manuscript). To account for this uncertainty,
we included a range of dispersal distances (2-30 km) in
initial models to determine whether variation in this
parameter affected our results.

Habitat quality

Attributes commonly linked to egg incubation suc-
cess, early juvenile rearing, and adult spawning prefer-
ences were measured in all habitat patches during
baseflow conditions in July 2004. Field crews measured
wetted width and water depths at one-fourth, one-half,
and three-fourths the width along 15 evenly spaced
transects within each patch. Undercut banks (>30 cm of
undercut) important for sheltering returning adults and
rearing juveniles (Hillman et al. 1987, Bjornn and Reiser
1991) were measured along 10 m of both banks at each
transect location. As crews moved between transects,
they counted pieces of wood (>1 m in length and >10
cm in diameter) that contributed to pool formation,
recorded the number of channel-spanning pools with
lengths of at least one channel width, and measured the
lengths of backwater and side channel habitats that
serve as important rearing and refuge areas for juvenile
salmonids (Hartman and Brown 1987, Scrivener et al.
1994).

Potential spawning sites within patches were defined
as areas of substrate at least 2 m wide and 2 m long that
were uninterrupted by large cobbles and where sub-
strates were in the 16-64 mm range preferred by chinook
salmon (Kondolf and Wolman 1993). These areas also
had to have water velocities ranging from 30 to 90 cm/s
and water depths that exceeded 10 cm (Bjornn and
Reiser 1991). Suitable spawning sites were usually
located in riffle crests and shallow glide habitats where
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others have observed spawning by chinook salmon
(Vronskiy 1972, Healey 1991). Detailed measurements
were obtained from the first two suitable sites encoun-
tered after each transect, and subsequent sites were
counted until the next transect was reached. Measure-
ments included the areal dimensions of a site, prevalence
of fine substrates, and intermediate axis lengths of five
randomly selected substrate particles, which were
measured with a template (US SAH-97; Wildco,
Buffalo, New York, USA). In several instances, we
supplemented data on substrate size with measurements
from earlier surveys (R. F. Thurow, unpublished data).
Fine substrate, which is often negatively associated with
egg incubation success (Hicks et al. 1991), was
quantified by placing a square metal grid (7-cm spacing)
on the substrate at the downstream end of suitable areas
and counting grid intersections that overlaid sand size
and smaller substrates (<8 mm).

These habitat measures were summarized at the patch
scale by conversion to densities, ratios, proportions, and
measures of central tendency and variability. Pool
counts, wood counts, and lengths of rearing habitats
were converted to areal densities. Fine substrate,
overhead bank cover, and suitable spawning area were
expressed as proportions. Calculations for spawning
area were made by dividing patch size into the total
potential spawning area within a patch. Patch size was
obtained by multiplying average wetted width by the
length of stream flowing through a patch. Stream length
was measured from a 1:24000-scale stream hydrology
layer that was derived from the blue-line network on 7.5-
minute U.S. Geological Survey topographic maps.
Variables summarized as central tendencies included
median substrate size (Dso) within suitable spawning
sites, average stream depth, and wetted width, the latter
of which could be interpreted as measures of stream size
that connoted environmental stability (Taylor and
Warren 2001). Width-to-depth ratios (W/D) were
calculated and frequently have been used as indicators
of bank stability and grazing intensity (Beschta and
Platts 1986, Ebersole et al. 2003). We also calculated
coefficients of variation (CV) from width, depth, and
width-to-depth ratios (reasoning that greater variability
would be associated with habitat diversity).

Hyporheic exchange, which involves subsurface flow
through the streambed, is an important determinant of
redd site selection because it moderates temperatures,
increases oxygen delivery, and removes waste from
incubating eggs (Curry et al. 1995, Baxter and Hauer
2000). Unfortunately, obtaining direct measures of
hyporheic exchange across our study site was impracti-
cal. Therefore, we used proxy variables, reasoning that
greater hyporheic exchange would occur in association
with the lateral irregularities of sinuous channels or
where changes in bed topography forced flow paths into
the stream bed (Harvey and Bencala 1993, Poole and
Berman 2001, Kasahara and Wondzell 2003). Bedform
topography was measured as amplitude by subtracting
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minimum depths at downstream ends of suitable
spawning areas from maximum depths in the pools or
glides immediately upstream. A sinuosity index was also
calculated as the stream length through a patch divided
by the straight-line distance between end points (Fu-
kushima 2001).

Water temperatures were recorded with thermographs
(StowAway TidbiT; Onset Computer Corporation,
Pocasset, Massachusetts, USA) that were deployed at
up- and downstream patch boundaries during mid-June
and were retrieved in mid-September. Thermographs
were set to record temperatures at 30-minute intervals
and were placed in areas of flowing water after being
mounted inside opaque cylinders that provided shade.
Temperature data were summarized by calculating
standard deviations and means, which are strongly
correlated with most common temperature metrics
(Isaak and Hubert 2001, Dunham et al. 2005). We also
calculated patch-specific, stream heating rates from
differences in mean temperatures at up- and down-
stream boundaries. We reasoned that low heating rates
would be indicative of well-buffered patches that were
associated with extensive hyporheic processes. During
thermograph retrieval, stream conductivity (microsie-
mens) was measured with a temperature-compensating
meter at each site (ExStik EC400; Extech Instrument
Corporation, Waltham, Massachusetts, USA). Conduc-
tivity measures the dissolved ion content in a liquid,
strongly correlates with numerous water quality metrics
(e.g., salinity, alkalinity, and total dissolved solids), and
is often used as a measure of stream productivity (e.g.,
Koetsier et al. 1996).

Because our primary interest was to discern the
general effect of habitat quality rather than the effects
of individual habitat quality variables (Armstrong
2005), we used principal components analysis (PCA) to
reduce the dimensionality of these attributes (Vaughan
and Ormerod 2005). Pairwise deletion was used for
missing values and the PCA was performed on the
correlation matrix. Principal coordinate scores from the
first four axes that had eigenvalues > 1 were used to
summarize habitat quality in subsequent statistical
models (Table 1).

Data analysis

We used the LOGISTIC procedure in SAS (Allison
1999) to develop logistic regression models that predict-
ed the probability of redd occurrence from patch
attributes. Data were not analyzed as interannual
repeated measures because parameter estimates from
logistic models that incorporated correlated error
structures were virtually identical to estimates derived
from models that assumed temporal independence. We
checked for problems associated with influential outliers
using standardized residuals and DFBETA statistics and
used variance inflation factors to assess the potential for
multicollinearity. Model residuals were also tested for
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TaBLE 1. Axis loadings from principal components analysis
used to summarize habitat quality attributes in models
predicting occurrence of chinook salmon redds in the Middle
Fork Salmon River.

Covariate PC1 PC2 PC3 PC4
Stream width —0.674 —0.547 0.305 0.045
CV width 0.512  —0.095 0.455 0.043
Stream depth —0.642 0.301 0.493 0.093
CV depth 0.582 0.089 0.340 0.055
W/D —0.048 —0.822 0.244 —0.259
CV W/D 0.366 0.099 0.546 —0.171
Bed amplitude —0.400 0.387 0.684 0.177
Sinuosity 0.000 0.664 0.337  —0.068
Bank cover 0.491 0.283 0.115 —0.492
Large wood 0.573 —0.444 —0.024 0.405
Rearing habitat 0.619 0.477 0.076 0.201
Pool density 0.809 0.363  —0.206 0.142
Suitable spawning 0.230 0.551 —0.147 0.141
Median substrate (Dsg) 0.401 —0.560 0.008 —0.083
Fine substrate —0.603 0.002 —0.160 0.266
Mean temperature —0.776 0.335 0.139 —0.202
SD temperature —0.149 0.150 —-0.633 —0.552
Heating rate —0.155 —-0.130 —0.254 0.673
Conductivity 0.400 —0.530 0.404 —0.117
Variance explained (%)  25.0 17.7 12.4 8.01
Eigenvalue 4.75 3.37 2.36 1.52

spatial independence using Mantel tests (Fortin and
Gurevitch 2001).

Logistic regressions were developed for a group of
candidate models, which included a global model and
several reduced forms with predictor subsets (Table 2).
We included an interaction between patch size and
connectivity to accommodate the potential for spatial or
temporal shifts in the relative importance of these
variables (Flather and Bevers 2002). A categorical
stream variable was included in each model to account
for differences among streams that were not captured by
our habitat measurements (Dunham and Vinyard 1997).
We selected among candidate models by ranking them
based on Akaike’s Information Criterion adjusted for
small sample sizes (AIC.; Hurvich and Tsai 1989). The
difference between the AIC, of a candidate model and
the one with the lowest AIC. provided the ranking
metric (AAIC,). Generally speaking, AAIC, between 0
and 2 indicates substantial support for a model being the
best approximating model, AAIC,. between 4 and 7
represents less support, and AAIC. > 7 indicates very
little support (Burnham and Anderson 2002). Akaike
weights (w;) were calculated, which represent the
strength of evidence in favor of model i being the best
model. The ratio of Akaike weights (w;/w;) indicates the
plausibility of the best-fitting model compared to other
models (Burnham and Anderson 2002). Standardized
parameter estimates and 95% CI were calculated to
evaluate the relative importance of individual variables
in the best-performing models (Allison 1999).

Similar to the issue in species richness—habitat area
relationships, it was possible that an association between
patch size and redd occurrence could arise as a sampling
artifact (Coleman et al. 1982, Rosenzweig 1995). That is,
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even if redds were distributed randomly, occurrence
should be greater in larger patches simply because they
encompass larger areas. For biological significance,
therefore, a patch size association should exceed the
expectation based on a random distribution. To test for
this effect, we compared the observed proportional
distribution of redds among patches to a predicted
distribution based on the relative proportions of
individual patch areas (Coleman et al. 1982). Separate
comparisons were made for each set of three years with
the highest and lowest abundances to determine whether
the patch size association changed with population
density. We used patch areas to determine predicted
values because the random allocation of a large number
of redds would result in proportions that equaled patch
area proportions. This remained true for the low
abundance years, when only 111 redds were built,
because repeated randomization trials were required to
obtain the mean expectation.

If redd occurrences were random, a match between
predicted and observed values should occur and the
slope of a linear regression describing this relationship
would approximate one. If redds occurred nonran-
domly, the regression slope should differ from one, with
the departure tending towards observed values if patch
size positively affected redd occurrence. Y-intercepts for
these regressions were constrained to zero.

RESULTS

Forty-three patches of spawning habitat were delin-
cated within the study area (Fig. 1). These patches
composed 60% of the 165 km of stream surveyed from
the air and ranged in size from 0.3 to 20 ha, although
most were <3 ha (Fig. 3). The average occupancy rate
for a patch was 67% (range 30-100%) among years, and
7-100% of patches were occupied within individual
years. Additional patch descriptors are summarized in
Table 3.

Variance inflation factors were below levels indicative
of problems with multicollinearity (i.e., <3) and
parameter estimates were minimally affected by influen-
tial observations. Mantel tests also suggested that
residuals were spatially independent. Before starting

TaBLE 2. Candidate models composed of factors hypothesized
to affect occupancy of chinook salmon spawning patches in
the Middle Fork Salmon River.

Model no. Candidate modelf

1 Connectivity, patch size, connect X size,
habitat quality]

Connectivity, patch size, connect X size

Connectivity, patch size

Connectivity, habitat quality

Patch size, habitat quality

Habitat quality

Connectivity

Patch size

[N o WU, RF SRV 9

1 All models contain a categorical stream variable.
1 Global model.
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FiG. 3. Size-frequency histogram for patches of chinook
salmon spawning habitat in the Middle Fork Salmon River.

model selection procedures, we included connectivity
values derived using a range of dispersal distances (2-30
km) in the global model. No qualitative differences in
model outcomes were observed, and model selection
proceeded with connectivity values based on a 10-km
dispersal distance.

Model selection results suggested two models were
most likely (Table 4). The sum of Akaike weights for
these models was 1.00, which indicated that all the
weight of evidence for patch occupancy was in these
models. The best overall model contained patch size,
connectivity, and a connectivity X size interaction, had
an Akaike weight of 0.92, and was 11.5 times more
plausible than the next best model. The next model was
the global model, which had an Akaike weight of 0.08.
Prediction accuracy for both models was good, with
redd occurrence predicted correctly 84-86% of the time
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at a 0.50 probability cutoff. Performance of candidate
models that lacked either patch size or connectivity
decreased rapidly, with models based exclusively on
habitat quality metrics being the least plausible.

Parameter estimates from the two best models
suggested that redd occurrence was strongly and
positively associated with connectivity, which had a
standardized parameter estimate ~3 times larger than
patch size, the second strongest predictor (Table 5). A
significant interaction between these predictors, howev-
er, suggested that their relative strengths varied across
the range of predictor values. Associations between
habitat quality and redd occurrence were small and not
statistically different from zero. The stream variable
suggested that patch occupancy rates were lower in
Marsh and Bear Valley creeks compared to Sulphur
Creek, although only the Marsh Creek and Sulphur
Creek comparison was statistically significant.

A shift in the relationship between observed redd
distributions and distributions predicted from patch size
may have accounted for the interaction between size and
connectivity. In high-density years, the slope of a
regression between predicted and observed was not
statistically different from 1 (b; = 0.89; ¢ = 1.40; one-
tailed P = 0.084, two-tailed P = 0.169; N = 43),
suggesting that patch use could not be distinguished
from a random process (Fig. 4). At low abundance,
however, larger patches became more important and
were used more frequently than predicted (b; =1.21; t =
1.86; one-tailed P, = 0.035, two-tailed P = 0.070; N =
43).

The best overall model, which contained patch size,
connectivity, and a size X connectivity interaction, was
used to create response curves for Bear Valley Creek by
plotting the probability of redd occurrence across the

TasLe 3. Descriptive statistics for chinook salmon spawning patches in the Middle Fork Salmon River.

Variable N Mean Median SD Minimum Maximum
Stream width (m) 43 11.0 10.0 4.64 4.16 24.9
CV width (%) 43 27.3 25.7 7.18 16.3 49.5
Stream depth (cm) 43 28.9 27.8 7.51 16.6 49.3
CV depth (%) 43 66.5 68.3 11.7 374 89.0
Ww/D 43 454 44.0 14.8 22.5 72.7
CV W/D (%) 43 60.2 58.6 17.1 30.6 97.2
Bed amplitude (cm) 41 67.4 59.9 21.6 36.0 125
Sinuosity 43 1.36 1.33 0.218 1.00 1.85
Bank cover (%) 43 10.2 10.5 5.02 0.00 30.4
Large wood (no./ha) 43 12.4 3.19 15.8 0.00 58.9
Rearing habitat (m/100 m?) 43 8.05 6.89 5.67 0.00 23.1
Pool density (no./100 m) 43 2.66 2.84 1.17 0.373 5.38
Suitable spawning (%) 43 3.30 2.26 2.30 0.250 9.22
Median substrate (Dso) (mm) 43 37.0 37.5 9.99 17.6 64.0
Fine substrate (%) 43 5.31 4.89 2.52 1.56 16.7
Mean temperature (C°) 43 12.2 12.0 1.65 8.55 14.8
SD temperature 43 3.04 3.02 0.507 2.10 4.16
Heating rate (C°/1000 m) 37 0.159 0.084 0.316 —0.763 1.18
Conductivity (pS) 43 53.5 52.9 12.2 32,5 72.6
Patch size (ha) 43 2.53 1.50 3.33 0.316 19.7
Connectivity (S,) 43 76.3 47.5 84.3 0.292 381
Patch occupancy (%)t 43 0.67 0.70 0.18 0.30 1.00

F Occupancy is calculated by patch among years.
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TaBLE 4. Model selection results for logistic regression analysis of factors that affected chinook salmon occupancy of spawning

habitats.
Akaike
Model no. Candidate modelf Log likelihood p AAIC.i weight (w)) wi/w;
2 Connectivity, patch size, connect X size —152 6 0.00 0.92 1.00
1 Connectivity, patch size, connect X size, habitat quality§ —150 10 4.89 0.08 115
3 Connectivity, patch size —159 5 115 0.00 317
4 Connectivity, habitat quality —168 8 356 0.00 5.25 x 107
7 Connectivity —174 4 402 0.00 5.24 x 10%
8 Patch size —255 4 203 0.00 1.08 x 10
5 Patch size, habitat quality —-253 8 206 0.00 6.16 X 10
6 Habitat quality 258 7 213 0.00 1.94 x 10%

Notes: Models are ranked from most plausible (AAIC, = 0) to least plausible; p is the number of parameters. The ratio of Akaike
weights (w;/w;) indicates the plausibility of the best fitting model (w;) compared to other models (w;).

T All models contain a categorical stream variable.
i Minimum AIC, = 316.
§ Global model.

observed ranges of patch size and connectivity (Fig. 5).
These curves suggested that 9.5 ha of habitat were
needed to have a 50% occurrence probability at a
connectivity of 1, which typified values during the year
with the fewest redds (1995, 10 redds). As average
connectivity approached 50, however, even the smallest
patches were predicted to have occurrence rates exceed-
ing 50%. Calculations for Sulphur and Marsh creeks
suggested 50% occurrence at a connectivity of 1
translated to patch sizes of 8.0 ha and 11.7 ha,
respectively.

DiscussioN

Our results suggest that habitat size and connectivity
are important determinants of the distribution of
chinook salmon spawning within the MFSR. Previous
research has documented the importance of habitat
geometry for stream resident salmonids (Dunham and
Rieman 1999, Morita and Yamamoto 2001, Koizumi
and Maekawa 2004), but this study is one of the first to
document these patterns in an anadromous species and

TABLE 5.

further generalizes growing evidence for the importance
of spatial considerations in stream fish ecology (Schlos-
ser and Angermeir 1995, Rieman and Dunham 2000).
Attributes associated with habitat quality were weakly
associated with habitat occupancy, which was unexpect-
ed given numerous studies that document linkages
between local habitat conditions and productivity of
chinook salmon or fish populations in general (Fausch
et al. 1988, Roper et al. 1994, Thurow et al. 1997,
Thompson and Lee 2002, Feist et al. 2003). Addition-
ally, the dispersal capabilities of chinook relative to the
scale at which patch delineations were made suggests
study populations were not strongly fragmented, which
usually decreases the importance of habitat geometry
because the need for organisms to move between areas,
or for large habitats to retain local populations, is less
crucial (Moilanen and Hanski 1998, Thomas et al.
2001).

Failure to detect a significant quality association may
have resulted from several factors including the presence
of nonnative brook trout, which may prey on juveniles

Parameter estimates and significance levels for the best models predicting probability of

chinook salmon redd occurrence within suitable spawning habitats.

Standardized
Model Parameterf P Parameter estimate (SE) parameter estimate
2 Intercept <0.001 —1.4663 (0.2748)
Stream 1(gear valley) 0.228 —0.2554 (0.2117)
Stream 2(Marsh) 0.001 —0.6658 (0.2020)
Patch size 0.090 0.1611 (0.0951) 0.29
Connectivity 0.002 0.0226 (0.0071) 1.05
Connect X size <0.001 0.0206 (0.0060)
1 Intercept <0.001 —1.4886 (0.3036)
Stream 1(gear valley) 0.133 —0.5156 (0.3428)
Stream 2(marsh) 0.015 —0.6482 (0.2662)
Patch size 0.084 0.1883 (0.1089) 0.34
Connectivity <0.001 0.0246 (0.0073) 1.14
Connect X size 0.001 0.0196 (0.0060)
Habitat qualitypc) 0.366 —0.0921 (0.1020) —0.11
Habitat qualitypca) 0.806 —0.0266 (0.1080) —0.03
Habitat quality(pcs) 0.358 —0.1116 (0.1214) —0.09
Habitat qualitypcy) 0.266 0.1269 (0.1142) 0.09

T For categorical stream variables, parameter estimates were derived from comparison to

Sulphur Creek.
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or compete for space and thereby decouple chinook
populations from local habitat conditions (Levin et al.
2002). Alternatively, the stream habitats we sampled
may have provided a limited range of conditions and
predictive power because our study site encompassed a
restricted geographic extent and generally good habitat
conditions. It is also possible that the wrong habitat
attributes were measured or that the correct attributes
were measured inaccurately. We attempted to address
the former concern by including a wide array of habitat
quality variables that previous researchers have found to
be relevant for salmonids, but the accuracy of these
measurements was difficult to ensure. Even with
experienced crews, rigorous training, and standardized
protocols, stream habitats are often difficult to charac-
terize (Roper and Scarnecchia 1995, Roper et al. 2003).
Greater error in these measurements, especially relative
to habitat size and connectivity, would decrease their
perceived importance.

Another challenge is matching the spatial scales of
habitat measurements to the scales at which organisms
perceive and respond to the environment (Keitt and
Urban 2005). It has been suggested that metapopulation
models, with their requirements for discrete patch
boundaries, may be overly simplistic and difficult to
apply to organisms that acquire resources from habitats
segregated in space or time (Mazerolle et al. 2005).
Salmonids are in this category, given ontogenetic habitat
shifts (Everest and Chapman 1972) and the frequency of
migratory life histories (Quinn 2005). In the case of
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chinook salmon and other anadromous salmonids, the
seaward journeys are well known, but common envi-
ronmental effects might be assumed during these
movements, at least when populations originate from a
limited geographic area, because fish encounter the same
general series of riverine, estuarine, and oceanic
habitats. More problematic, given that survival and
year—class strength in most fishes appear to be strongly
regulated during early life stages (Sinclair 1989, Nislow
et al. 2004), is that newly emerged chinook juveniles
often move downstream before establishing residence
(Bradford and Taylor 1997). If these movements are of
sufficient magnitude, juveniles may leave natal habitats
and rear elsewhere, thereby confounding patch delinea-
tions and making it difficult to accurately associate
habitat attributes. Without detailed understanding of
these movements at our study site, it was impossible to
gauge their importance, and we had to assume
movements were relatively rare or that survival was
most strongly controlled during spawning and incuba-
tion periods (e.g., Greene et al. 2005).

Connectivity was a strong predictor of habitat
occupancy in our study, although an interaction with
habitat size precluded clear separation of this associa-
tion. The apparent strength of this association may have
been due to the greater realism of Moilanen and
Nieminen’s (2002) connectivity metric, which is an
improvement over previous metrics based on simple
nearest neighbor or buffer-based approaches. The
interaction between connectivity and habitat size re-
vealed a shift towards greater importance of larger
habitats when populations were small. We inferred a
similar pattern from an earlier analysis of redd
distributions at a broader spatial scale (Isaak and
Thurow 2006), and combined, these observations
support the general prediction that habitat size should
be the dominant consideration when populations are
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derived from a logistic regression model based on patch size and
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Bear Valley Creek across the observed ranges of patch size and
connectivity.
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reduced (Fahrig 2002, Flather and Bevers 2002). At
small population sizes, persistence is thought to depend
most heavily on local populations being large enough to
avoid extirpation from demographic or genetic stochas-
ticity. However, per capita emigration rates also decline
at lower densities, which may decrease the importance of
connectivity (Clobert et al. 2001).

As might be expected, therefore, the observed habitat
size association was not an area-related sampling
artifact at low abundance, and salmon built redds in
larger habitats at greater frequencies than was expected
if spawning were randomly distributed. However, we
could not reject this hypothesis at higher abundances,
which suggested that the statistical association between
habitat size and patch occupancy was not attributable to
biological mechanisms for all levels of abundance.
Although the distinction is subtle, researchers should
exercise caution when interpreting this relationship in
patch occupancy models and routinely test for area-
related sampling artifacts, as is often done in studies of
species richness—habitat area relationships (Coleman et
al. 1982, Rosenzweig 1995).

Conservation implications

Regardless of the mechanisms associated with habitat
use, by definition, species need habitat to survive, and
our results highlight the importance of maintaining the
size and connectivity of existing chinook salmon
habitats. As one of the perennial issues in conservation
biology, however, it is a challenge to know how much
habitat to preserve (Tear et al. 2005, Trent et al. 2005).
Although answers will vary by life history stage and the
complexity of factors that interact in different land-
scapes, our results provide general guidance at the local
population level and indicate that 8—12 ha of spawning
habitat are needed to ensure 50% occurrence probabil-
ities when populations and connectivity levels are low.
Habitats of this size may form resistant components of
larger habitat networks and act as refugia during
extreme demographic bottlenecks to ensure persistence
at broader scales. Also noteworthy was that smaller
habitats were needed to reach this occurrence threshold
in Sulphur Creek where brook trout were absent. If
brook trout do adversely affect chinook salmon
populations, their removal or suppression may represent
another conservation option, especially in areas where
the potential for habitat improvements is limited (Levin
et al. 2002, McHugh et al. 2004).

If resources are available for significant habitat
restoration, it may be possible to expand existing
habitats or create new ones in key areas that increase
the potential for interactions among existing popula-
tions. In landscapes that have been fragmented by
anthropogenic modifications, connectivity could be
increased by removing barriers associated with road
crossings and diversion structures (Steele et al. 2004) or
possibly by alleviating high stream temperatures that
can act as thermal barriers (Torgersen et al. 1999). Even
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if most management activities remain focused on
traditional efforts at improving habitat quality (Roni
et al. 2002, Bond and Lake 2003), our research could
enable better strategic assessments. For example, prior-
itization of habitats for treatment could be made after
consideration of habitat geometry, with areas not
meeting minimum size or connectivity thresholds being
deemed inappropriate for pursuit of costly restoration
activities.

CONCLUSIONS

Several recent assessments of chinook salmon, con-
ducted at broad regional scales, have identified the
importance of habitat quality to population status
(Thurow et al. 1997, Thompson and Lee 2002, Feist et
al. 2003). Additional efforts have served to focus
recovery strategies for many threatened salmon popula-
tions on improving the quality of habitats associated
with freshwater spawning and rearing environments
(Karieva et al. 2000). Our results suggest that altering
habitat quality will not be a panacea and that spatial
considerations will occasionally supercede the impor-
tance of local habitat conditions. Whether this apparent
discrepancy results from differences among studies in
geographic scale, the ranges of habitat conditions
examined, or both, future assessments should be
conducted across a range of environments and spatial
scales. Broad, multiscalar assessments would allow
identification of the most important habitat features at
different scales, provide context for smaller scale
features, and enable more effective conservation efforts
by yielding a more synthetic view of how salmon relate
to their environments.
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