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Abstract Spawning site selection by female salmon is
based on complex and poorly understood tradeoffs be-
tween the homing instinct and the availability of appro-
priate habitat for successful reproduction. Previous
studies have shown that hatchery-origin Chinook salm-
on (Oncorhynchus tshawytscha) released from different
acclimation sites return with varying degrees of fidelity
to these areas. To investigate the possibility that homing
fidelity is associated with aquatic habitat conditions, we
quantified physical habitat throughout 165 km in the
upper Yakima River basin (Washington, USA) and
mapped redd and carcass locations from 2004 to 2008.
Principal components analysis identified differences in
substrate, cover, stream width, and gradient among rea-
ches surrounding acclimation sites, and canonical corre-
spondence analysis revealed that these differences in
habitat characteristics were associated with spatial

patterns of spawning (p<0.01). These analyses indicated
that female salmon may forego spawning near their
acclimation area if the surrounding habitat is unsuitable.
Evaluating the spatial context of acclimation areas in
relation to surrounding habitat may provide essential
information for effectively managing supplementation
programs and prioritizing restoration actions.
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Introduction

Anadromous salmonids typically home to their natal
stream for spawning (Wisby and Hasler 1954; Dittman
and Quinn 1996; Quinn 2005), and recent research
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suggests that within a stream, salmon may also home
to specific reaches or natal incubation sites (Neville et
al. 2006; Quinn et al. 2006). Furthermore, hatchery
salmon that are transported away from their rearing
site generally return as adults to the site from which
they are released (Donaldson and Allen 1958; Ricker
1972). These findings indicate that hatchery-origin
salmon released from acclimation facilities may be
capable of returning to those areas for spawning. How-
ever, Dittman et al. (2010) found that hatchery-origin
spring Chinook salmon (Oncorhynchus tshawytscha)
with different imprinting histories showed varying
degrees of fidelity to release areas and most spawned
in the same reaches that were preferred by wild-origin
salmon, more than 25 km from their respective release
sites. The acclimation process may be effective when
habitat conditions are suitable, but when acclimation
facilities are located in areas of marginal spawning
habitat, factors other than homing may be important
for spawning site selection.

During their freshwater spawning migration, salmon
often travel hundreds of kilometers and exhibit explor-
atory behavior that exposes them to a range of spawning
habitat conditions (Keefer et al. 2008). The ultimate
choice of spawning location is driven, at least in part,
by the availability of appropriate environmental condi-
tions for redd construction and larval survival, which are
largely controlled by physical habitat conditions and
geomorphological processes (Beechie et al. 2008;Miller
et al. 2008). For example, the broad-scale (102 – 103 m)
distributions of spawning Chinook and coho salmon
(Oncorhynchus kisutch) have been correlated with par-
ticular channel morphologies, such as pool-riffle channel
types (Montgomery and Buffington 1998; Montgomery
et al. 1999; Hanrahan 2007). Due to the hierarchical
nature of lotic systems, pool-riffle channel types contain
the velocity, substrate, and depth ranges preferred by
spawning Chinook salmon (Frissell et al. 1986; Bjornn
and Reiser 1991). Geist (2000); Geist et al. (2002)
showed that hyporheic exchange, which increases in
pool-riffle reaches, is associated with spawning site se-
lection by Chinook and chum salmon (Oncorhynchus
keta). Intermediate-scale habitat factors (101 – 102 m)
that are associated with spawning site selection have
been less frequently studied than broad- or fine-scale
(< 101 m) characteristics (Fausch et al. 2002), although
channel type, bifurcation, and sinuosity have been
shown to be important predictors of spawning at this
scale (Baxter and Hauer 2000; Fukushima 2001;

Coulombe-Pontbriand and LaPointe 2004). Despite nu-
merous previous studies pertaining to salmonid spawn-
ing habitat requirements and redd site selection, little is
known about the effects of environmental variation on
homing and straying behavior among hatchery-origin
salmon (Blair and Quinn 1991; Quinn 1993).

Hatchery supplementation is an approach to preserve
and rebuild populations of anadromous salmonids
(Berejikian et al. 2008). Supplementation programs in
the Columbia River Basin collect gametes from wild
broodstock, fertilize eggs in a hatchery, and rear the
juveniles there for some period of time. In some cases
the juveniles are released as smolts from the hatchery, to
migrate to sea and continue their life cycle. However, in
other cases the juveniles are transported to acclimation
facilities (e.g., large outdoor holding ponds) where they
are held until release to facilitate imprinting on those
locations within a watershed, away from the hatchery
(Bugert 1998). Acclimation facilities are designed to
expand the spatial distribution of spawning into underu-
tilized areas and to minimize potentially deleterious
interactions (e.g. competition and interbreeding) with
wild conspecifics (Mobrand et al. 2005; Kostow
2009). However, for the acclimation process to succeed,
hatchery-origin salmon must return to their acclimation
area and spawn nearby. If suitable spawning habitat is
lacking near an acclimation area, salmon may stray into
another stream or reach for spawning, or return to the
vicinity of the hatchery itself, where they spent their first
months of life.

In this study, we investigated the influence of accli-
mation site location versus habitat characteristics on
spawning site selection by hatchery-origin female Chi-
nook salmon. We employed a novel approach that inte-
grated spatially continuous surveys of aquatic habitat,
redds, and carcasses over multiple years. The objectives
of this study were to (1) differentiate among acclimation
areas based on physical habitat characteristics and (2)
relate these differences to the observed spawning distri-
bution of hatchery-origin salmon.

Methods

Study area

The Yakima River drains a 15 928 km2 watershed on the
eastern slopes of the Cascade Mountains in Washington
State and flows into the Columbia River near Richland,
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WA, USA. This study was conducted in the upper
Yakima River basin (Fig. 1) at elevations ranging from
768 m at Keechelus Dam (Yakima R., rkm 97) to 470 m
at Ellensburg, WA (Yakima R., rkm 1), including the
upper 97 km of the Yakima River, 12 km of the Cle
Elum River (drainage area 0598 km2), and 31 km of the
Teanaway River (drainage area 0536 km2). Almost all
spring Chinook salmon in the upper Yakima River
spawn upstream of Ellensburg, WA (Dittman et al.
2010). Forested portions of these watersheds are situated
on public and private lands that are managed for timber
production, whereas developed and arid sections are
predominantly private lands used for agriculture and
residential purposes. All three rivers would naturally
have snowmelt-dominated hydrographs peaking during
late spring, but the Cle Elum and Yakima rivers are

dammed, and flow is managed for agricultural purposes,
delaying peak discharge until the summer. Easton Dam
(Yakima R., rkm 76) is currently the only damwithin the
study area that allows fish passage. Cle Elum dam (Cle
ElumR., rkm 12) is impassable and was the end point of
our Cle Elum River habitat, redd, and carcass surveys.

The upperwatershed receives substantial precipitation
(350 cm year-1; http://www.wrcc.dri.edu) and supports
dense riparian forests of Douglas fir (Pseudotsuga men-
ziesii), western red cedar (Thuja plicata), red alder (Alnus
rubra), and salmonberry (Rubus spectabilis), while the
lower Yakima River is surrounded by an arid landscape
that receives little precipitation (< 25 cm year-1; http://
www.wrcc.dri.edu) and is sparsely forested by ponderosa
pine (Pinus ponderosa) and black cottonwood (Populus
trichocarpa). The study area is located in the Cascade

Fig. 1 Study area location in the upper Yakima River basin,
Washington, including the Cle Elum and Teanaway rivers. The
highlighted portions of river indicate the survey extents. Stars

represent the central hatchery and satellite acclimation facilities
(Clark Flat, Jack Creek, and Easton) from which fish were
released; dark bars are dam locations
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geological province, which is dominated by sedimentary
and metamorphic rocks, although much of the upper
Teanaway and Cle Elum basins are overlain by sand-
stone (Leland 1995). Local geography and topography
create a range of riverine habitat conditions, from alluvial
floodplain reaches with multiple channels to confined,
bedrock channel types.

Broodstock collection, rearing, and marking proto-
cols for the Yakima Klickitat Fisheries Project Spring
Chinook Salmon Program have been described by
Dittman et al. (2010) and Knudsen et al. (2006). Eggs
were fertilized and incubated at the Cle Elum Hatchery
and juveniles were transferred to outdoor raceways for
approximately 10 more months of rearing. In February
of their second year, prior to the parr-smolt transforma-
tion, salmon were transferred to one of three satellite
acclimation, imprinting, and release facilities: Easton
(Yakima rkm 74), Clark Flat (Yakima rkm 19), or
Jack Creek (Teanaway rkm 29) (Fig. 1). Surface
water collected adjacent to the site was used to imprint
the fish to the site. After 2–8 weeks of acclimation (April
to early June), smolts were allowed to volitionally
migrate from the facilities. All salmonweremarkedwith
release-site-specific coded wire tags (CWT), color-
coded visible implant elastomer eye tags (Northwest
Marine Technology, Inc.), and adipose fin clips. Upon
return as adults, all hatchery-reared salmon were
allowed to spawn naturally within the basin. The Yakima
River spring Chinook population is not listed for Endan-
gered Species Act protection.

Aquatic habitat, redd, and carcass surveys

Physical habitat data from 165 km ofmainstem (97 km),
tributary (43 km), and floodplain habitats (25 km) were
collected between 5 September 2007 and 5 October
2007. A spatially continuous approach was used to
investigate habitat characteristics at multiple spatial
scales throughout the study area (Torgersen et al.
2006). Individual habitat units were identified visually
as pools, riffles, glide-like pools, or glide-like riffles
based on changes in depth, channel gradient, and bed-
form morphology (Bisson et al. 1982). Data collected
for each unit included wetted (distance between wetted
margins) and active (bankfull) channel widths, mean
and maximum depths, percent of unit length of cover
(wood, vegetative, or boulder), and substrate (gravel,
cobble, boulder, bedrock, fines). Substrate and cover
were visually estimated by the field crew (Hankin and

Reeves 1988; Latulippe et al. 2001). Depth was mea-
sured relative to the snorkeler’s body length (calibrated
with a measuring tape up to 2 m). Habitat unit widths
and lengths were measured using a laser rangefinder
(ASC Scientific). Individual habitat survey units were
mapped in the field using ArcMap 7.1 (ESRI) on a tablet
computer with an integrated global positioning system
(GPS).

Redd and carcass surveys were conducted within the
study area from 2004 to 2008 (Dittman et al. 2010).
Individual carcasses and redds were identified by the
field crew and georeferenced using a GPS. For each
carcass, sex and origin (hatchery or wild) were noted
in the field, and acclimation facility was determined
either in the field according to the elastomer eye tag or
in the laboratory after processing the CWT. Carcass data
were used to infer spawning site selection by female
Chinook salmon (Murdoch et al. 2009a), and redd data
provided the overall spawning distribution. Among
semelparous species, female salmon select a spawning
site, spawn, and then defend the nest from superimpo-
sition by other females until death, whereas males do not
defend the redd and may seek other mating opportuni-
ties (Quinn 2005; Murdoch et al. 2009b). Therefore,
female carcasses are more likely to be recovered near
their spawning site, making marked hatchery-origin
females ideal subjects for studying homing (Murdoch
et al. 2010). Spawning data were spatially joined to the
appropriate habitat units using a GIS.

Individual habitat units containing empirical habitat
and spawning data were supplemented with GIS-derived
NetMap data (Benda et al. 2007). NetMap is an interac-
tive GIS database with data primarily derived from dig-
ital elevation models (DEM). The NetMap data fields
included channel gradient, active width, stream power,
and tributary effect (an estimate of the downstream
effects of tributaries on mainstem habitat (sensu Benda
et al. 2004)). Additionally, sinuosity was calculated for
each habitat unit using Hawth’s Tools (Beyer 2004).

Data analysis

Spatially explicit physical habitat, carcass, and redd data
were summarized in 1-km reaches for analysis. Most
1-km reaches spanned several habitat units, so data were
summarized as means (e.g. percent gravel), maximums
(e.g. maximum depth), minimums (e.g. minimum
depth), or counts (e.g. redds) of the original data fields.
Inter-annual variation in habitat conditions was assumed

Environ Biol Fish



to be minimal from 2004 to 2008 because extreme high
flow events did not occur (based on 99th percentile
exceedance flows). This assumption was validated by
pair-wise Pearson’s correlations of redd counts within
1-km reaches across years. Locally weighted scatterplot
smoothing (LOWESS) was used to identify peaks in
spawning density in the Yakima and Teanaway Rivers,
but not in the Cle Elum River because its 11 reaches
were not adequate for the analysis (Trexler and Travis
1993). LOWESS was calculated using a sampling pro-
portion of 0.2 and a quadratic polynomial in SigmaPlot
(version 10.0). Only 2007 redd data were used for this
analysis, because the corresponding habitat data were
collected during that year. Principal components analy-
sis (PCA) of a correlation matrix was used to explore
similarities among reaches based on their habitat char-
acteristics. The number of variables in the analysis was
minimized by first running PCA with all habitat varia-
bles, and then removing redundancies based on visual
interpretation of the resulting habitat vectors. For exam-
ple, field-measured wetted and active widths were
strongly correlated; active width was removed because
it had less of an effect on the ordination, although the
DEM-derived active width remained in the analysis. A
randomized broken-stick model was used to test for
statistical significance of the principal components axes
(Legendre and Legendre 1998).

Canonical correspondence analysis (CCA) was used
to summarize patterns in spawning assemblage structure
(i.e. the composition of Easton-, Clark Flat-, Jack Creek-,
and wild-origin spawners in a reach, henceforth referred
to as “spawning groups”) according to dominant
gradients in co-variation between spawning site selec-
tion and aquatic habitat (Palmer 1993). Specifically,
we used CCA to assess the tradeoffs between hom-
ing instinct (for hatchery-origin females) and desir-
able habitat characteristics. We hypothesized that if
homing behavior were the dominant factor in spawning
site selection by hatchery-origin females, then (1) reaches
near each acclimation facility would form distinct clus-
ters in ordination space based on their spawning assem-
blage, (2) the weighted averages for each hatchery-origin
spawning group would be near their acclimation facility
in ordination space, and (3) inter-annual variation in
ordination space within each spawning group would be
minimal. We interpreted deviations from these expected
patterns as evidence for straying based on habitat quality.
The position in ordination space of spawning groups in
relation to their acclimation sites provided information

on the degree of straying after accounting for differences
in habitat quality. Inter-annual dispersion within spawn-
ing groups was interpreted as a measure of annual vari-
ation in habitat stability and suitability at different flows
and spawner densities. The CCA predictor matrix includ-
ed the same habitat variables used for PCA, and the
response matrix was composed of female carcass count
data for fish released from Easton, Jack Creek, and Clack
Flat acclimation facilities, and wild-origin females. Rea-
ches with no female carcasses identified in any year were
removed from the environmental and spawning matrices
(Yakima rkm 13, and Teanaway rkm 24, 30, and 31). In
order to reduce the impact of noisy environmental data
and redundant variables, habitat data were log trans-
formed, and carcass counts were column-standardized
and arcsine-square-root transformed (McCune 1997).
An analysis of variance (ANOVA) was used to test for
significance among the terms used in the CCA. All
statistical analyses were performed using R statistical
software (www.r-project.org).

Results

Habitat surveys

The spatially continuous habitat data revealed longi-
tudinal variation in substrate, cover, and depth
throughout the study area. The most prevalent sub-
strate type in the Yakima River was gravel, whereas
the Teanaway and Cle Elum rivers were dominated by
cobble (Table 1). The Yakima River contained the
deepest maximum and mean depths, the widest chan-
nel, and most abundant cover of the three rivers. The
Teanaway River had minimal cover and a higher pro-
portion of riffle channel types and bedrock substrate
than the other rivers. Downstream from Keechelus and
Cle Elum dams, channel structure appeared to be
influenced by impoundment and flow regulation for
approximately 1 km: channels were highly incised,
dominated by large cobbles, and lacking variation in
depth (Cram, unpubl. data). However, Easton Dam did
not have the same geomorphic effects.

Redd distribution

Longitudinal profiles of redd density (n0573) in the
Yakima River in 2007 revealed two scales of spatial
variation (Fig. 2). Local maximums in density occurred
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at 15 to 25 km intervals but were nested within a larger-
scale gradient of increasing spawning density in an
upstream direction towards Easton Dam (Fig. 2, peaks
A – E). The Cle Elum and Teanaway rivers contained
fewer redds (40 and 13, respectively) than the Yakima
River. The LOWESS profile of the Teanaway River
showed spawning peaks at rkm 6 and 20. In the Cle
ElumRiver, redd densities were highest at rkm 2 and 11.
Pairwise Pearson’s correlations of redd distributions
from 2004 to 2008 ranged from 0.84 to 0.97, indicating
that spawning distribution patterns were consistent
among years. These high correlations among years also
provided indirect evidence that aquatic habitat condi-
tions were consistent during this time period.

Variation in habitat conditions and redd density

Principal components analysis confirmed that there
was significant variation in habitat conditions among

1 km reaches (Fig. 3, Table 2). The first two principal
component axes explained 41 % of the variation in
habitat characteristics among reaches (p<0.01). The
first axis was driven primarily by stream active width,
depth, and gradient, whereas the second axis was
driven by wetted width and cover availability. Upper
Yakima reaches were primarily located in quadrant 1
of the ordination, Teanaway River reaches were in
quadrant 2, Cle Elum and lower Yakima reaches were
in quadrant 3, and the lower and middle Yakima
reaches were in quadrant 4. The Yakima River was
the longest and most physically diverse of the three
rivers surveyed, as represented by the spread among
Yakima River reaches in all quadrants of the PCA.
Highly diverse habitat conditions among the 11 Cle
Elum River reaches caused them to occur in three
quadrants of the PCA. Despite being nearly three
times longer than the Cle Elum, the Teanaway River
was the least diverse of the three rivers and was

Table 1 Extensive aquatic
habitat survey data from fall 2007
sorted by totals and averages.
SD standard deviation

River

Yakima Cle Elum Teanaway

Totals

Habitat units 373 30 152

Total length (km) 108 11.9 31.6

Glide-like pool (%) 33 40 26

Glide-like riffle (%) 17 13 22

Pool (%) 18 13 4

Riffle (%) 32 34 48

Averages Mean SD Mean SD Mean SD

Unit length (m) 303.5 246.1 406.3 235.0 209 213.0

Gravel (%) 54.6 21.8 34.7 14.2 28.3 17.7

Cobble (%) 33.4 17.7 47.3 22.5 53.9 24.7

Boulder (%) 5.8 9.8 8.7 12.4 4.3 6.4

Fines (%) 2.5 9.9 3.3 7.8 0.1 1.6

Bedrock (%) 2.0 8.4 0.3 1.9 10.7 22.8

Maximum depth (m) 1.4 0.9 1.1 1.1 0.5 0.5

Mean depth (m) 0.5 1.2 0.1 0.5 0.1 0.3

Wetted width (m) 24.3 13.5 21.7 7.9 9.7 3.9

Active width (m) 28.5 14.5 39.2 18.0 18.2 7.6

Boulder cover (%) 8.9 15.5 8.4 14.8 1.6 5.0

Vegetative cover (%) 13.2 20.1 4.2 18.4 3.1 7.5

Wood cover (%) 8.5 15.6 9.8 16.0 2.6 8.8

Sinuosity 1.2 0.3 1.1 0.1 1.1 0.1
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characterized by a narrow channel, high channel
gradient, and abundant cobble and bedrock.

The PCA indicated that the Easton (upper Yakima),
Clark Flat (lower Yakima), and Jack Creek (upper
Teanaway) acclimation areas were located in markedly
different habitat types. The Easton acclimation area
(Fig. 3, quadrant 1) had relatively dynamic channels that
contained woody and vegetative cover, high pool-riffle
ratio, and predominantly gravel substrate. The Jack
Creek acclimation area (Fig. 3, quadrant 2) was associ-
ated with high-gradient riffles, cobble, and bedrock sub-
strate, whereas wetted width and boulder substrate were
associated with the Clark Flat area (Fig. 3, quadrant 4).
Unlike the other acclimation sites, the central hatchery
(located in the center of the ordination) was not strongly
associated with any major habitat gradients.

Nearly half of the maximums in spawning density
identified using LOWESS occurred in the first quadrant

of the PCA, which was associated positively with cover,
gravel, multiple channels, sinuosity, and channel unit type
(pools, glides). The reaches in quadrant 1 were located
primarily in the Yakima River, upstream from the Cle
Elum River confluence. Among the five local maximums
that fell outside of quadrant one, the Cle Elum reach was
immediately downstream of a dam, which blocked pas-
sage of spawners. Two of the LOWESS peaks from the
lower Yakima and one from the Teanaway were more
closely associated with characteristics and reaches in
quadrant 1 than they were to those of geographically
proximate reaches. These reaches were characterized by
habitat that resembled high-density spawning areas and,
in turn, supported more spawning than their surrounding
reaches. The combination of LOWESS and PCA indicat-
ed that spawning female salmon preferred reaches char-
acterized by gravel substrate, woody or vegetative cover,
and complex, low gradient channel types.

Fig 2 Locally weighted
scatterplot smoothing (LOW-
ESS) of redd data from 2007
binned in 1-km reaches
(black dots) in the Yakima
(a), Teanaway (b), and Cle
Elum (c) rivers. Circles indi-
cate local peaks in spawning
density. Letters identify spe-
cific peaks that appear in
multivariate ordination
(see Fig. 3b)
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Tradeoffs between habitat and homing

A total of 3583 female carcasses were identified from
2004 to 2008 (Table 3). The suite of habitat variables
that was used to constrain the CCA explained 14 % of
the variation among reaches in spawning assemblage
space on the first two axes (ANOVA, p<0.01, Fig. 4,
Table 4). The first CCA axis was driven by substrate,
vegetative cover, depth, and multiple channels, and the
second axis was driven by stream gradient, active width,
and depth (Fig. 4a). There was differentiation among
reaches from each river based on their respective spawn-
ing assemblages. Yakima River reaches showed the

most variation (i.e., they occurred in all quadrants),
whereas Cle Elum and Teanaway river reaches occurred
almost entirely in quadrant 2. Within quadrant 2, there
was very little overlap between Teanaway reaches and
reaches from the Yakima and Cle Elum, and there was a
small degree of overlap between Yakima and Teanaway
reaches in quadrants 2 and 3 (Fig. 4a).

There was distinct separation among acclimation rea-
ches in spawner space; the Easton reach was located on
the right side of the ordination, which contained highly
productive spawning habitat, as indicated by the LOW-
ESS peaks (Fig. 2a) and PCA (Fig. 3b). Clark Flat and
Jack Creek were in quadrants 2 and 3 of the CCA,

Fig. 3 Principal components
analysis of aquatic habitat
characteristics in 1-km
reaches in the Yakima, Cle
Elum, and Teanaway
rivers. Reaches in habitat
space are plotted with respect
to a biplot indicating the
direction and magnitude of
loadings (a). Redd density
peaks from LOWESS
(reaches A – I, Fig. 2) and the
locations of hatchery facili-
ties are shown in habitat
space (CFClark Flat, JC Jack
Creek, EA Easton,CH central
hatchery). Habitat near
hatchery facilities is averaged
in 3-km reaches (b)
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respectively, and were associated with habitat conditions
that were not preferable for spawning (i.e., higher gradi-
ent and larger percentage of cobble substrate). The sep-
aration among acclimation facilities in the CCAwas due
to females homing to their release location for spawning,
resulting in different spawning assemblage structures.
The inter-annual spread within the Easton spawning
group and its overlap with the wild-origin spawning
group was influenced primarily by one female from
Easton spawning upstream of Easton Dam in 2005, an
area that was otherwise exclusively used by wild-origin
females (Fig. 4b). The inter-annual variation in spawn-
ing distribution was less for Easton females, which

encountered productive spawning habitat while homing
to their release site, than it was for females from other
acclimation facilities. Jack Creek and Clark Flat females
showed broader inter-annual spread and tended to be
farther from their release sites in ordination space
(Fig. 4b). Wild-origin females spawned throughout the
survey area, but were generally on the right side of the
ordination

The results of the CCA analysis supported our
hypotheses that there would be distinct clusters of
spawning groups and reaches only if homing were
the dominant factor affecting spawning site selection.
The separation among acclimation sites and reaches in
ordination space did indicate homing fidelity for some
females, but the general pattern was for the spawning
groups to cluster around the origin, indicating that
females selected similar spawning locations and hab-
itat conditions regardless of acclimation site. The loca-
tions in ordination space of the spawning groups
relative to their acclimation sites provided an indica-
tion of the degree to which a given spawning group
responded to habitat versus acclimation location
(Fig. 4). For example, spawning groups from Jack
Creek and Clark Flat were farther from (and to the
right of) their acclimation site in ordination space than
the Easton females were from their acclimation site.
Thus, female salmon released from Clark Flat and
Jack Creek acclimation facilities generally spawned
in reaches with more complex channel types, gravel
substrate, and cover availability than was offered by
their release areas.

Discussion

Acclimation areas

Environmental conditions near each acclimation facil-
ity were markedly different and contributed to varying
fidelity among spawning groups to their release areas.
Previous research focused on either the spawning hab-
itat preferences of salmon (Geist 2000; McHugh and
Budy 2004) or on homing behavior (Dittman and Quinn
1996), but rarely has the potential tradeoff between
habitat and homing been investigated (Dittman et al.
2010). Acclimation facilities characterized by marginal
habitat could be expected to have higher stray rates than
those in more productive areas because reproductive
success is dependent on females identifying and

Table 2 Structure loadings (> 0.40) from the first two axes of
PCA (Fig. 3) on spatially continuous habitat data binned in 1-km
reaches

PCAVariable PC1 PC2

Gravel 0.53

Cobble −0.60
Boulder −0.45
Bedrock

Wetted width 0.49 −0.74
Gradient −0.72
Active Width 0.75 −0.53
Sinuosity 0.51

Tributary effects −0.42 0.48

Vegetative cover 0.63

Wood cover 0.65

Maximum depth 0.60

Glides 0.47 0.42

Pool

Riffle −0.46
Multiple channels 0.46

Table 3 Female carcasses per year by spawning group

Spawning group Year

2004 2005 2006 2007 2008

Clark Flat 218 10 61 40 110

Easton 92 13 81 37 137

Jack Creek 144 87 93 35 93

Wild 1033 747 270 143 139
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utilizing appropriate spawning and incubation environ-
ments (Williamson et al. 2010).

The Jack Creek acclimation area is 29 km upstream in
the TeanawayRiver, which poses challenges tomigratory
adults related to cover and flow, as well as substrate
limitations for spawning. Discharge in the Teanaway
River is primarily derived from snowpack, with high

runoff in spring and early summer, and low flow in the
fall (< 0.3 m3/s in low water years). Therefore, salmon
that return to the Teanaway River in spring may move
downstream as the water level declines and temperature
increases due to a lack of cover (i.e. narrow channels and
few pools) (sensu Torgersen et al. 1999). Alternative-
ly, salmon that hold in the Yakima River until fall

Fig. 4 Canonical correspon-
dence analysis of spawning
assemblage from 2004 to
2008 in 1-km reaches in the
Yakima, Cle Elum, and
Teanaway rivers and the
locations of hatchery
facilities (stars) are shown in
habitat space (CF Clark Flat,
JC Jack Creek, EA Easton,
CH central hatchery).
Reaches and hatchery facili-
ties are plotted with respect to
the direction and magnitude
of their associations with
habitat characteristics that
constrain variation among
reaches in spawning
assemblage space (a). The
inset of individual spawning
assemblage groups (CFClark
Flat, JC Jack Creek, EA
Easton, W wild; the numbers
after the abbreviation indicate
the year of observation)
illustrates patterns near the
center of the ordination (b)

Environ Biol Fish



may encounter difficult passage conditions through
the Teanaway River and, thus, spawn elsewhere.
Spawning density may also be limited by a lack of
suitable gravel, which is flushed out during peak
flows resulting in substrates dominated by cobble
and bedrock (Table 1). Dittman et al. (2010) found an
exceptionally high stray rate among Jack Creek-released
individuals: 97 % spawned outside of the Teanaway
River in 2005. Inter-annual variability in flow and den-
sity of Chinook throughout the system may also affect
straying among Jack Creek salmon.

The Clark Flat acclimation area is situated down-
stream of the major tributaries where the river is pre-
dominantly a single, wide, exposed channel that has
minimal floodplain interaction due to (1) armoring on
the outside of most meanders and (2) the natural con-
straint of the channel by adjacent hills. There is abun-
dant boulder and bedrock substrate, but spawning
gravels are limited in areas that have adequate depth
and velocity for spawning. There is minimal wood and
vegetation along the river margins and mid channel,
making deep water the only available cover type. The
combination of low spawning habitat quality and lack of
cover for over-summer holding may cause most salmon
released from Clark Flat to continue upstream in search
of better habitat. Dittman et al. (2010) showed that, on

average, Clark Flat salmon spawned 29 km upstream
from their release site.

Of the three acclimation facilities, Easton was lo-
cated in the most productive spawning area. As indi-
cated by Fig. 2, most spawning occurred in the
Yakima River from rkm 40 to 76, reaches character-
ized by desirable spawning or holding features such as
sinuosity, cover, channel bifurcation, gravel, pools,
and water depth (Montgomery et al. 1999; Torgersen
et al. 1999; Fukushima 2001; Mull and Wilzbach
2007). The same habitat characteristics were associat-
ed with quadrants 1 and 4 of the CCA, which were
elected by wild- and Easton-origin females and were
associated with the most productive spawning areas of
the PCA. The positions of Clark Flat and Jack Creek
spawning groups on the left side of the CCA ordina-
tion indicated that many spawned in low density near
their acclimation areas, but most strayed into the more
desirable areas already occupied by wild- and Easton-
origin salmon.

Where do straying salmon go?

If habitat was equal throughout the survey area and the
acclimation process alone determined spawning site
selection, then the distribution of redds would have
revealed distinct peaks along the longitudinal profile at
each acclimation site. Also, CCAwould have resulted in
greater differentiation among spawning groups in the
ordination, such that they were more closely associated
with their release site than with other spawning groups.
However, due in part to habitat conditions in the Tean-
away and lower Yakima rivers, most females from those
areas spawned closer to the peak in wild spawning near
the central hatchery than they did to their release sites.
These salmon may have homed correctly and then elec-
ted to spawn elsewhere due to low spawning habitat
quality near their release site. Alternatively, this may
have been attributable to sequential imprinting that oc-
curred at the central hatchery before juveniles were
transferred to their acclimation facility (Dittman et al.
2010) or to social behavior related to conspecifics in
upstream areas (Mull and Wilzbach 2007). However,
social or imprinting factors are unlikely to be the prima-
ry drivers of straying behavior, given the frequency with
which the Cle Elum River was used for spawning by
hatchery-origin females. Females that spawned in the
Cle Elum River were almost exclusively wild- or Jack
Creek-origin salmon.

Table 4 Analysis of variance of aquatic habitat loadings on
canonical correspondence axes (**: α00.01,*:α00.05)

CCAVariable Df Chi square F N. Perm Pr (>F)

Gravel 1 0.05 5.30 99 0.01 **

Cobble 1 0.01 1.61 99 0.17

Boulder 1 0.01 1.28 99 0.31

Bedrock 1 0.03 3.05 99 0.01 **

Wetted width 1 0.05 5.19 99 0.01 **

Gradient 1 0.02 1.72 99 0.10

Active width 1 0.04 4.94 99 0.01 **

Sinuosity 1 0.01 1.68 99 0.15

Tributary effects 1 0.01 1.62 99 0.11

Vegetative cover 1 0.03 2.92 99 0.01**

Wood cover 1 0.03 2.97 99 0.01**

Maximum depth 1 0.02 1.79 99 0.09

Glides 1 0.03 3.30 99 0.01**

Pool 1 0.01 0.75 99 0.76

Riffle 1 0.02 2.13 99 0.05*

Multiple channels 1 0.01 0.85 99 0.76
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It is possible that the Jack Creek salmon recognized
tributary habitat and chose to spawn there because the
Teanaway River was unsuitable. The Cle Elum and
Teanaway rivers are geographically proximate, drain to
the south, and have similar geologies, but the Cle Elum
River offers better migration and spawning conditions
as it is wider and deeper (see Table 1). Within each
spawning group, dispersion among yearly averages in
the ordination may have been due to inter-annual habitat
differences or density related factors. Females released
from acclimation facilities in low-quality spawning rea-
ches quickly occupied the suitable redd sites and dis-
placed others from their spawning group into more
distant reaches. Easton- and wild-origin females showed
the least variation across years, likely because wild
salmon have always exploited the best available habitat
and Easton salmon are acclimated in a productive
spawning area, making straying unnecessary. The high
inter-annual spread among Jack Creek and Clark Flat
females was driven by frequent straying in search of
more suitable spawning habitat than was available near
their release sites.

The patchy distribution of redds in 2007 was likely
driven by habitat discontinuities (sensu Poole 2002),
which were assumed to be relatively consistent during
our study period based on the Pearson’s correlations
among redd densities. In most reaches, naturally occur-
ring aquatic habitat variation influenced spawning site
selection, but in a few cases dams may have contributed
as well. Areas immediately downstream of the Cle Elum
and Easton Dams may have supported higher density
spawning than would have naturally occurred if the
barriers had not been present. For nearly 3 km down-
stream of the Cle Elum dam, the river is incised and
lacks small sediment and wood. Spawning in this area
may have been motivated by the barrier, rather than
desirable habitat conditions. However, reaches down-
stream of Easton Dam ostensibly were not affected by
the dam’s interception of wood and sediment beyond the
first few hundred meters. Therefore, the high spawning
density near Easton Dam is likely attributable to bene-
ficial habitat conditions despite the barrier upstream.

Management implications

Acclimation facilities attempt to expand the spatial dis-
tribution of a population, creating a metapopulation
structure, wherein each acclimation facility is a source,
and intermediate areas may be sinks or sources for wild

populations (Schlosser and Angermeier 1995). Accli-
mation facilities were moderately successful at dis-
tributing hatchery-origin spawners among areas that
were not extensively used by wild-origin salmon, but
relatively low numbers of salmon returned to these
areas. Salmon released from the two sites that were
located in areas of marginal spawning habitat quality
(Clark Flat and Jack Creek) showed low fidelity to
their acclimation areas, but their distribution was
affected by homing. Females that strayed from these
acclimation sites may be the most likely to colonize
other reaches in the watershed, as they are unable to
spawn near their release site.

Peaks in spawning density that occurred near rela-
tively unproductive areas, such as downstream of Clark
Flat, are of particular importance because they are
source areas for wild-origin salmon and spawning
grounds for supplementation salmon. There is evidence
that naturally spawning hatchery-origin Chinook salm-
on select inferior spawning locations and produce fewer
offspring than wild-origin conspecifics (Williamson et
al. 2010). However, hatchery-origin salmon may be
predisposed to select inferior spawning sites based on
the location of acclimation facilities within a watershed.
Additionally, hatchery-origin females may be excluded
from more desirable redd sites by wild-origin salmon
that emerged from suitable redds and intend to return to
sites of proven quality. By creating the habitat condi-
tions found in high-density spawning areas through site-
and process-based restoration near acclimation areas,
the spatial organization of spawning may shift as the
tradeoffs between homing and habitat are reduced.

This study has demonstrated the importance that
spawning habitat has on influencing the spatial distribu-
tion of spawning. Acclimation sites are intended to influ-
ence the distribution of spawners and this approach may
be effective in areas that have quality spawning habitat.
However, habitat enhancements may be more effective at
influencing spawning distribution, particularly in areas
that have unsuitable spawning habitat. Acclimation and
habitat enhancement might be used in different areas
depending upon the existing habitat conditions of the
desired spawning location. Supplementation programs
seeking to rebuild salmon populations could relatively
quickly and inexpensively quantify habitat in a similar
manner to the extensive habitat survey we conducted.
Field-derived data coupled with readily available GIS
data offer insights into the spawning potential of current
or future acclimation areas. Existing programs could
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utilize such information to plan restoration actions, while
future projects could optimize their placement of accli-
mation facilities in areas that are likely to meet their
objectives.
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