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Abstract.—It is well known that salmon home to their natal rivers for spawning, but the spatial scale of

homing within a river basin is poorly understood and the interaction between natal site fidelity and habitat-

based spawning site selection has not been elucidated. Understanding the complex trade-offs among homing

to the natal site, spawning site selection, competition for sites, and mate choice is especially important in the

context of hatchery supplementation efforts to reestablish self-sustaining natural spawning populations. To

address these questions, we examined the homing patterns of supplemented Yakima River spring Chinook

salmon Oncorhynchus tshawytscha released from satellite acclimation facilities after common initial rearing at

a central facility. Final spawning location depended strongly on where fish were released as smolts within the

upper Yakima River basin, but many fish also spawned in the vicinity of the central rearing hatchery,

suggesting that some fish imprinted to this site. While homing was clearly evident, the majority (55.1%) of the

hatchery fish were recovered more than 25 km from their release sites, often in spawning areas used by wild

conspecifics. Hatchery and wild fish displayed remarkably similar spawning distributions despite very

different imprinting histories, and the highest spawning densities of both hatchery and wild fish occurred in

the same river sections. These results suggest that genetics, environmental and social factors, or requirements

for specific spawning habitat may ultimately override the instinct to home to the site of rearing or release.

Philopatry is a fundamental aspect of salmon

biology, and homing to the river of origin for

reproduction has been extensively documented. Hom-

ing to the natal river, or homing to the natal tributary in

large river systems, is generally very precise (Dittman

and Quinn 1996). Different species and even particular

populations may demonstrate different rates of stray-

ing, but in general salmon return to the river basin from

which they originated (Hendry et al. 2004). On a finer

spatial scale, as fish enter the specific river or river

reach from which they originated, the relative precision

of homing to the natal site is poorly understood. There

is considerable genetic and demographic evidence

indicating that within a metapopulation, many salmon

‘‘stray’’ from their natal site (Rieman and Dunham

2000; Schtickzelle and Quinn 2007). At the same time,

fine-scale homing has also been extensively document-

ed using both genetic analysis (Bentzen et al. 2001;

Neville et al. 2006; Kitanishi et al. 2009) and mark–

recapture studies (Quinn et al. 2006). The process that

ultimately dictates a salmon’s fidelity to its natal site

presumably involves a complex trade-off among

selective pressures to home, spawning habitat selec-

tion, competition, and mate choice (Dittman and Quinn

1996; Hendry et al. 2004).

Homing by adult salmon is governed by the

olfactory discrimination of and attraction to their natal

waters (Dittman and Quinn 1996). Before their seaward
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migration, juvenile salmon learn to identify (imprint

on) site-specific odors associated with their home

stream and later use these retained odor memories to

guide the final phases of their spawning migration

(Hasler and Scholz 1983). This imprinting process is

critical for the successful completion of the spawning

migration, and salmon that do not experience their

natal waters during appropriate juvenile stages are

more likely to stray to nonnatal sites (Lister et al. 1981;

Quinn 1993; Dittman and Quinn 1996). Many studies

have identified the parr–smolt transformation as an

especially important period for olfactory imprinting

(Hasler and Scholz 1983; Dittman et al. 1996).

However, in the wild, many species display complex

juvenile migration patterns, indicating that imprinting

must occur at earlier developmental periods as well

(e.g., Beckman et al. 2000; Habicht et al. 2007).

Understanding the relationship between early rearing

experience and ultimate homing success has become

increasingly important in managing artificial propaga-

tion programs as they shift from segregated production

hatcheries to integrated supplementation hatcheries,

which are designed to enhance wild populations by

integrating hatchery- and natural-origin fish on the

spawning grounds (Flagg et al. 2000; Mobrand et al.

2005). Typically, supplementation hatcheries artificial-

ly spawn naturally produced adults, rear the embryos

and juveniles at the central hatchery, and then release

juveniles from satellite acclimation facilities so that the

fish will ultimately return to those locations to spawn

(Bugert 1998; Flagg and Nash 1999; Flagg et al. 2000).

Salmon generally return to the site from which they

were released (Donaldson and Allen 1958; Ricker

1972), but fish that are transported and released off-site

tend to stray more than fish that are released directly

from the rearing site (Lister et al. 1981; reviewed by

Quinn 1993).

Straying may reflect a salmon’s inability to locate

the natal site (due to improper juvenile imprinting or

adult orientation) or could represent the fish’s decision

not to use the natal site due to environmental and

demographic factors. For example, if habitat quality is

degraded at the natal site, salmon might be expected to

stray in search of appropriate spawning habitat (e.g.,

Leider 1989). Even subtle differences in environmental

quality and habitat (e.g., gravel type, temperature, flow,

groundwater influences, water chemistry, biological

productivity, and olfactory cues) might influence

spawning site selection, thereby affecting the decision

to home or stray (e.g., Baxter and Hauer 2000; Geist

2000). Decision-based straying is a special concern for

supplementation programs where acclimation sites may

be developed in areas that do not have appropriate

spawning habitat, and homing salmon may therefore

choose not to spawn near the release site.

In this study, we examined the patterns of homing

and spawning site selection by spring Chinook salmon

Oncorhynchus tshawytscha in relation to a supplemen-

tation hatchery’s rearing and release locations to

examine the efficacy of satellite acclimation sites in

facilitating successful imprinting and colonization of

targeted habitat. Specifically, we hypothesized that the

distribution of spawners within the Yakima River,

Washington, would reflect homing to and spawning in

the vicinity of the acclimation–imprinting release site

or early rearing site. To test these hypotheses, we

mapped and analyzed the spawning distribution of wild

Yakima River spring Chinook salmon and hatchery-

reared Chinook salmon released from three acclimation

facilities in the upper Yakima River basin as part of a

supplementation program.

Methods

Study site and population.—The Yakima River is a

major tributary of the Columbia River system in central

Washington (Figure 1). The upper Yakima River

spring Chinook salmon population spawns in an area

encompassing approximately 200 river kilometers

(rkm) throughout the main-stem Yakima River and

its major tributaries (Cle Elum and Teanaway rivers)

upstream from Roza Dam (located at rkm 208; rkm 0¼
confluence with the Columbia River). The highest

densities of spawning occur upstream from the city of

Ellensburg (Figure 1). Maturing adults migrate into the

Yakima River basin in the spring (May–June) and

spawn from mid-September to early October. Juveniles

spend a year in freshwater before migrating to the

ocean in their second spring. Most adults (80–90%)

return at age 4 (after 2 years in the ocean), although

small percentages of both males and females return at

age 5 (1–5%) and 10–20% of males return at age 3

(Knudsen et al. 2006).

The Yakima–Klickitat Fishery Project (YKFP)

supplementation program began artificial production

of upper Yakima River spring Chinook salmon at the

Cle Elum Supplementation and Research Facility

(hereafter, Cle Elum Hatchery) in 1997. The YKFP is

an integrated hatchery program specifically designed to

increase natural production by promoting natural

spawning between wild and supplemented fish. An

additional goal of the program is to re-establish natural

spawning in underused habitat by imprinting juvenile

salmon at satellite acclimation facilities located

throughout the upper Yakima River basin. Broodstock

collection, rearing, and marking protocols for the

YKFP supplementation program have been described

earlier (Knudsen et al. 2006; Fast et al. 2008). Briefly,
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eggs were fertilized and incubated at the Cle Elum

Hatchery during September through April, and juve-

niles were transferred to outdoor raceways for

approximately 10 additional months of rearing. The

water source for incubation and rearing was a

combination of well water and Yakima River water

taken just upstream from the hatchery; the proportion

of volume from each water supply was adjusted

seasonally to maintain appropriate rearing tempera-

tures. In February of their second year (before the parr–

smolt transformation), fish were transferred to one of

three satellite facilities used for acclimation, imprint-

ing, and release (Easton, Clark Flat, and Jack Creek;

Figure 1). The water source for each facility was river

water pumped from just upstream of each site. After 2–

8 weeks of acclimation (typically from April to early

June), smolts were allowed to volitionally migrate from

the facilities over the next 2 months. After this period,

all remaining fish were forced out of the acclimation

sites. All fish were marked with release-site-specific

coded wire tags, color-coded elastomer eye tags

(Northwest Marine Technology, Inc.), and adipose fin

clips. Upon return as adults, all hatchery-reared fish

were allowed to spawn naturally within the basin. At

the time these adult fish were returning to the spawning

areas of the upper Yakima River basin, no fish were

present and no water was running at any of the

acclimation sites. However, the Cle Elum Hatchery

facility had juvenile spring Chinook salmon rearing at

the site, and water released from its outflow (rkm 290)

would have contained conspecific odors.

Spawning ground surveys.—To assess the spatial

distribution of hatchery-origin and naturally produced

adults, we conducted comprehensive annual carcass

surveys of the upper Yakima River basin from 2002 to

2005. Beginning in late September, the entire upper

Yakima River and its Chinook salmon-bearing tributar-

ies (Cle Elum and Teanaway rivers) from the Keechelus

Dam to Ellensburg were surveyed once (Figure 1). We

did not survey for carcasses in the main-stem Yakima

River above Easton Dam during 2002 or 2003 or in the

15.1-km section immediately above Ellensburg during

FIGURE 1.—The Yakima River basin, Washington, including the Cle Elum and Teanaway rivers. All upper Yakima River

spring Chinook salmon are enumerated as homing adults at Roza Dam, and broodstock for the supplementation program are

collected there. Fertilization and initial juvenile rearing occur at the Cle Elum Hatchery (Cle Elum Supplementation and

Research Facility; star in upper inset). In their second spring, the fish are transferred to one of three acclimation sites (Easton,

Jack Creek, and Clark Flat; black triangles in upper inset) for final rearing and release. The lower inset shows the location of the

Yakima River subbasin within the Columbia River basin.
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2002. Retrospective analysis of redd counts from 2002

and 2003 suggested that less than 4% of the upper

Yakima River population spawned in these areas during

those years (YKFP 2008). Surveys in the Cle Elum

River and the main-stem Yakima River below Easton

Dam were staggered to avoid temporal bias in any one

area. This was accomplished by initially surveying

approximately one-half of each 10-km reach from

Easton Dam to Ellensburg (Figure 1). After completing

this first pass, the rest of each reach was surveyed during

a second pass through the entire spawning area. The

Teanaway River and main-stem Yakima River above

Easton Dam were surveyed only once in each year

(Figure 1). Surveyors identified and recovered as many

carcasses as possible, recording the location with a

hand-held Global Positioning System (GPS) data logger

(Geoexplorer 3 or Geo-XT, Trimble; Figure 2). For each

recovered carcass, the following data were collected: (1)

date, (2) origin of the fish (i.e., hatchery versus naturally

spawned), (3) gender and age-class (adult or jack), (4)

length (fork length and mid-eye to hypural plate), and

(5) location and color of elastomer tags. Tissue

containing coded wire tags was collected for later tag

recovery and analysis to determine site of release. After

sampling, the tail of each carcass was removed to avoid

resampling and the carcass was returned to the river.

During these same periods, Yakama Nation tribal

biologists conducted weekly surveys for spring Chinook

salmon redds throughout the upper Yakima River and

its tributaries until spawning was completed. Each redd

was flagged with color-coded ribbons indicating the

date when the redd was identified, and the location of

each redd was subsequently mapped with a GPS data

logger (Figure 2).

We assumed that the site of carcass recovery within

the upper Yakima River approximated the site of

spawning. If Chinook salmon spawned in multiple

locations or migrated long distances after spawning,

our results might be confounded by these movements.

Chinook salmon typically build only one redd and

defend it until they are near death (Healey 1991;

Bentzen et al. 2001; Murdoch et al. 2009a). Female

spring Chinook salmon carcasses in another upper

Columbia River tributary were closely associated with

their redds (Murdoch et al. 2009b). Furthermore, unlike

rivers where flooding can move carcasses considerable

distances (Zhou 2002), flow throughout most of the

Yakima River basin is tightly regulated by dams and

early fall floods did not occur during the years in which

our studies were carried out.

Geographical information systems analysis.—To

calculate the location of each carcass and redd, we

used the linear referencing features of ArcView version

9.1 (Environmental Systems Research Institute, Inc.).

River routes for the Yakima River and appropriate

tributaries were created from the StreamNet Pacific

Northwest hydrology data set (StreamNet 2001), and

these shape files were used to calculate river distances

upstream from an arbitrary starting point near Ellens-

burg. Sites of carcass recovery were located along the

appropriate linear river route in the ArcGIS Desktop

program using a snap tolerance of 1,000 m to ensure

that all points were included, even in areas of extensive

river braiding. Carcass densities were calculated using

the ArcView Spatial Analyst extension with a search

radius of 50 m and an output cell size of 100 m.

Statistical analysis.—We first assessed spawning

site selection using a log-linear regression model with a

Poisson distribution to test for effects of several

categorical factors (acclimation site, gender, age at

return, return year, and brood year) on the distribution

of spawners in the main-stem Yakima River and its

FIGURE 2.—An example of data plotted on an aerial photograph of a 1.0-km section of the Yakima River, Washington, at the

Cle Elum Hatchery (within the circle), showing the Chinook salmon carcass recovery locations (white dots) and redd locations

(white 3 symbols) during 2002–2005.
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tributaries. We assessed brood year as a surrogate for

imprinting history because fish from the same brood

year experienced the same environmental conditions

during out-migration, and hatchery fish experienced the

same acclimation procedures. We selected the most

parsimonious model using Akaike’s information crite-

rion (Crawley 2002) and then developed subsequent

models to examine interactions between significant

main effects and other categorical factors. Significant

effects were further characterized by pairwise compar-

isons between treatments using Pearson’s chi-square

contingency analysis.

Within-tributary distribution was assessed using

carcass location (rkm) as the dependent variable. These

data did not satisfy tests for normality, so all

subsequent analyses of rkm data used nonparametric

statistical tests. To test for the effects of acclimation

site, gender, return year, brood year, and age at return

on within-tributary distribution, we first used Kruskal–

Wallis tests, which were then followed by pairwise

comparisons between treatments using Wilcoxon’s

signed rank tests. To determine whether supplementa-

tion influenced the overall spatial distribution of

spawning within the upper Yakima River subbasin,

we used Wilcoxon’s signed rank tests to assess whether

hatchery fish collectively demonstrated different

spawning patterns from wild fish. The test statistic

presented represents the chi-square approximation for

these tests.

We used similar nonparametric Kruskal–Wallis tests

to examine whether fidelity to the release site or to Cle

Elum Hatchery (defined as the distance carcasses were

recovered from these sites) depended on release site or

origin. We first tested actual distance from the

acclimation site or from Cle Elum Hatchery as a direct

measure of fidelity. To account for any bias related to

tributary length, we conducted the analysis of distance

from the acclimation site a second time by assigning all

tributary spawners to the point on the main-stem

Yakima River at the tributary’s confluence and

measuring the distance to the acclimation site (or

tributary mouth in the case of Jack Creek fish). To

determine whether early rearing at Cle Elum Hatchery

influenced the spawning location within the main-stem

Yakima River, we also conducted a secondary analysis

of distance from the hatchery using only those fish

recovered in the main stem of the Yakima River below

Easton Dam. Log-linear models were developed and

tested using S-plus version 8.0 (Insightful Corp.,

Seattle, Washington). All other statistical analyses used

JMP software (SAS Institute, Inc., Cary, North

Carolina). The significance level a was set at 0.05 for

all tests.

Results

During the 4 years of this study (2002–2005),

27,524 spring Chinook salmon returned to the upper

Yakima River basin to spawn naturally (Table 1). The

percentage of hatchery-reared fish each year ranged

from 20.3% to 76.4%. We recovered and mapped the

location of 6,807 carcasses (24.7%) that could be

definitively assigned as wild or to specific acclimation

sites. Recovery rates were similar for wild (26.4%) and

hatchery-reared fish (25.6%) but were higher for 4- and

5-year-old adults (28.6%) than for 3-year-old fish

(8.8%).

Distribution among Rivers

The recovery location of hatchery fish depended

strongly on the site of release. Our initial log-linear

regression analysis of potential factors affecting the

distribution of salmon among rivers (the Cle Elum,

Teanaway, and main-stem Yakima rivers) identified

acclimation site as the only significant main effect.

Subsequent year-by-year pairwise comparisons be-

tween wild fish and the hatchery fish from the different

acclimation sites indicated that wild fish and fish

released from the Jack Creek facility on the Teanaway

River each had different distributions from all other

groups in all years (P � 0.05) except 2005 (Jack Creek

versus Clark Flat: P¼ 0.29; wild fish versus Clark Flat:

P¼ 0.58). Most fish within each group spawned in the

main-stem Yakima River (Figures 3, 4), but this

tendency was greater for fish released from the two

main-stem acclimation sites (Easton: 95.5%; Clark Flat:

91.9%) than for wild fish (83.4%) or fish released from

the Jack Creek site (61.2%). Fish released from the Jack

Creek facility were the only group with a substantial

proportion of spawners in the Teanaway River (Figure

3). Few of the other groups spawned in the Teanaway

River. On a proportional basis, the Cle Elum River was

used most frequently by wild fish, but a significant

TABLE 1.—Total number of spring Chinook salmon

migrating past Roza Dam into the upper Yakima River basin,

Washington, 2002–2005 (total run), and number of carcasses

recovered and mapped from each hatchery release group

(Easton, Clark Flat, and Jack Creek) or from wild fish.

Group

Year

2002 2003 2004 2005

Total run (n) 8,091 3,258 10,187 5,717
Carcasses sampled (n)

Wild 395 162 1,982 1,348
Easton 404 96 177 52
Clark Flat 608 192 397 47
Jack Creek 324 138 298 187

Total number sampled 1,731 588 2,854 1,634
(% of total run) (21.4%) (18.1%) (28.0%) (28.6%)

1018 DITTMAN ET AL.

D
ow

nl
oa

de
d 

by
 [

M
r 

B
ill

 B
ak

ke
] 

at
 0

8:
07

 2
4 

Ja
nu

ar
y 

20
12

 



percentage of hatchery fish also spawned in this

tributary even though none of these fish had been

released there (Figure 3). Few of the fish released from

main-stem acclimation facilities were recovered in the

Cle Elum River, whereas 14.9% of the Jack Creek fish

(the only hatchery group released from a tributary) were

recovered in the Cle Elum River, the other major

tributary in the upper Yakima River basin (Figure 3).

For each group, the distribution of fish among the

Cle Elum, Teanaway, and main-stem Yakima rivers did

not differ among years (P � 0.22); the exception was

Jack Creek fish (v2¼ 91.49, P , 0.001; Figure 3). The

annual variation for Jack Creek fish was driven

primarily by the percentage of Jack Creek fish

spawning in the Teanaway River, which varied from

a high of 37.7% in 2002 to a low of 2.7% in 2005. We

observed no significant differences in tributary distri-

bution based on gender, age at return, or release year.

Distribution within Rivers

The distribution of fish within the Yakima River and

its two major tributaries also depended strongly on

juvenile rearing history (main-stem Yakima River: v2¼
453.4, P � 0.001; Teanaway River: v2 ¼ 14.4, P �
0.001; Cle Elum River: v2 ¼ 40.3, P � 0.001; Figure

4). We hypothesized that the distribution of spawners

within the Yakima River would reflect homing to and

spawning in the vicinity of the acclimation–imprinting

release site. Consistent with this hypothesis, fish

released from the Easton acclimation site (the farthest

upstream in the basin) spawned farthest upstream in the

main-stem Yakima River (mean rkm¼ 58.82), whereas

fish released at the Clark Flat site spawned farther

downriver (mean rkm¼ 46.67; Kruskal–Wallis test: v2

¼ 413.0, P � 0.001). The distribution of Jack Creek

fish in the main-stem Yakima River (mean rkm¼ 46.5)

was similar to that of Clark Flat fish (Wilcoxon’s

signed rank test: v2¼ 0.2, P¼ 0.646). The distribution

of wild fish in the main-stem Yakima River was

distinct from and intermediate between the distribu-

tions of all other groups (mean rkm¼ 52.8, v2 � 82.5,

P � 0.001; Figure 4). Although the absolute distribu-

tion of fish in the main-stem Yakima River varied

between years (v2 ¼ 137.8, P � 0.001), the relative

location of carcasses within the main-stem Yakima

River consistently followed a pattern in which Easton

fish spawned the farthest upstream, Jack Creek and

Clark Flat fish spawned the farthest downstream, and

wild fish spawned in an intermediate reach. Gender and

age had significant effects on carcass distribution

within the Yakima River (v2 ¼ 88.8, P � 0.001).

Adult females (4 or 5 years old) were recovered higher

in the watershed (mean rkm ¼ 53.96) than were adult

males (mean rkm ¼ 50.72). Three-year-old males

(jacks) were recovered farther downstream than either

adult males or females (mean rkm¼ 46.64).

Distributions within the two tributaries also depend-

ed on release site (v2 � 14.4, P � 0.001). Within the

Teanaway River, fish released from the Jack Creek

acclimation site at rkm 27.6 tended to spawn below the

acclimation site (mean rkm ¼ 10.8), but fish from the

other two groups recovered from the Teanaway River

spawned even farther downstream (v2 � 4.2, P � 0.04;

Figure 4). There was no difference in the distribution of

wild fish (mean rkm ¼ 8.2) and Clark Flat fish (mean

rkm ¼ 5.9) within the Teanaway River (v2 ¼ 2.6, P ¼
0.11). Comparisons between years were not possible

due to small sample sizes. In the Cle Elum River, wild

fish spawned farthest upstream (mean rkm ¼ 10.1),

followed by fish released from Jack Creek (mean rkm¼
9.4), Clark Flat (mean rkm ¼ 8.1), and Easton (mean

rkm ¼ 7.5; P � 0.05). We observed no significant

differences in distribution within the tributaries based

on gender, age at return, or release year.

Distribution Relative to Acclimation Sites

Site of acclimation and release influenced the

general distribution of hatchery spawners, but most

fish were not recovered near their respective release

sites. Overall, the mean distance carcasses were found

from their acclimation–release sites was 29.3 rkm, and

several fish were recovered 80 rkm away from their

FIGURE 3.—Relative distribution of Chinook salmon

carcasses recovered in the Cle Elum, Teanaway, and main-

stem Yakima rivers, Washington. Pie charts represent the

proportion of hatchery fish (released from three acclimation

sites) or wild fish that were recovered in each river during

each year (2002–2005).
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acclimation–release sites (Figure 5). The distance from

release to recovery locations depended strongly on the

site (v2¼ 968.8, P � 0.001). Easton fish demonstrated

the highest fidelity (mean distance from the release site

¼ 13.8 rkm) in comparison with fish from the Clark

Flat facility (mean distance ¼ 29.6 rkm) and the Jack

Creek facility (mean distance ¼ 40.8 rkm).

The especially poor homing fidelity of Jack Creek

fish, as suggested by the mean distance of nearly 41

rkm from the release site, partly reflects the acclimation

site’s location high in the Teanaway River system (27.6

rkm from the mouth); thus, any Jack Creek fish that

spawned outside the Teanaway River automatically

had 27.6 km added to its fidelity measure. Therefore,

we reanalyzed the data after assigning all tributary

spawners to the point on the main-stem Yakima River

at the confluence with the tributary and assessed

distance to the acclimation site (or the tributary mouth

FIGURE 4.—Distribution of Chinook salmon carcasses from each of the hatchery release groups (Easton, Jack Creek, and Clark

Flat) or from wild fish within the (A) Cle Elum River, (B) Teanaway River, and (C) main-stem Yakima River, Washington. The

data represent the number of carcasses recovered in each 1-km segment of river expressed as a percentage of the total number of

carcasses recovered from that group in the entire upper Yakima River basin (except the areas above Easton Dam and below

Thorpe; see text for explanation). The river kilometer (rkm) values on the map correspond to the same rkm values on the graphs.

Data were pooled for all years of the study (2002–2005). Large black circles on the map and arrows on the graphs indicate the

locations of the acclimation–release sites.
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in the case of Jack Creek fish). Using this measure, fish

released from the Easton facility still demonstrated the

highest fidelity to their acclimation site (mean distance

from the release site ¼ 13.5 rkm) and Clark Flat fish

still showed relatively poor site fidelity (mean distance

from the release site ¼ 29.0 rkm). As expected under

these criteria, Jack Creek fish demonstrated higher

fidelity to the area around the confluence with the

Teanaway River (mean distance from the Teanaway

River¼ 14.4 rkm). Using this distance as a measure of

homing, Jack Creek fish showed significantly higher

fidelity to their release tributary than Clark Flat fish did

to their acclimation site (v2 ¼ 491.2, P � 0.001) but

less fidelity than was exhibited by Easton fish (v2 ¼
3.85, P¼ 0.049).

In general, fish released from acclimation sites high

in the watershed tended to spawn below the acclima-

tion site, whereas fish released lower in the basin were

recovered above the acclimation site (Figure 4). For

example, the Jack Creek acclimation facility is located

high in the Teanaway River system (27.6 rkm from the

mouth), and of the 226 Jack Creek fish recovered in

this system none were recovered above the acclimation

site and less than 5% were recovered within 5 rkm

downstream from the site. Similarly, 90.9% of the fish

from the Easton acclimation site located in the upper

reaches of the main-stem Yakima River (rkm 72.60)

were recovered below the acclimation site. On the other

hand, 99.4% of the fish released from the Clark Flat

facility, which was located relatively low on the main-

stem Yakima River (rkm 19.2), were recovered

upstream from that facility. These patterns largely

reflect the distribution of available spawning habitat as

indicated by historical redd distributions (Major and

Mighell 1969; YKFP 2008).

Distribution Relative to the Cle Elum Hatchery

To assess whether spawning site selection by

supplemented fish was influenced by imprinting and

homing to the early rearing site at the Cle Elum

Hatchery, we also examined the distance that hatchery

carcasses were recovered from the Cle Elum Hatchery

as a function of rearing history (Figure 6). Hatchery

fish spawned closer to the hatchery than did wild fish

(v2 ¼ 83.6, P � 0.001), but the distance from the

hatchery varied among acclimation site groups (Krus-

kal–Wallis test: v2 ¼ 247.2, P � 0.001). Within the

Yakima River, fish released from the Clark Flat and

Jack Creek facilities tended to spawn near the Cle Elum

Hatchery (Clark Flat: 8.64 rkm from the hatchery; Jack

Creek: 8.60 rkm from the hatchery), whereas Easton

fish spawned farther from the hatchery site (14.27 rkm

from the hatchery; Kruskal–Wallis test: P � 0.001;

Figure 6). Both the Clark Flat and Jack Creek groups

tended to spawn closer to the hatchery site than did

FIGURE 5.—Percentage of hatchery Chinook salmon carcasses (from three release groups) that were recovered within each 1-

km bin of distance (river kilometers [rkm]) from the acclimation–release site: (A) Easton; (B) Clark Flat; and (C) Jack Creek,

Washington. Arrows indicate the mean carcass distance from the acclimation site.
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wild fish (13.34 rkm from the hatchery; v2 � 43.2, P �
0.001; Figure 6).

Relative Distributions of Hatchery and Wild Fish

At the spatial scale we analyzed, wild and hatchery

fish (all acclimation sites collectively) displayed similar

spawning distributions within the upper Yakima River

basin (Figure 7). Density analysis showed considerable

overlap of the two groups in terms of which sections of

the river were used for spawning and which areas had

the highest densities of spawners (Figure 7). Indeed, if

the entire upper Yakima River basin is divided into 1-

km segments, six of the eight highest density segments

for wild spawners were also the highest density

segments for hatchery spawners. The closest acclima-

tion site to these high-density segments was over 18

rkm away. Within the main-stem Yakima River below

Easton Dam, the spawning locations of hatchery and

wild fish were remarkably similar (v2¼ 0.68, P¼ 0.41;

Figure 8A). In this area, both groups had median

spawning locations of 50.1 rkm that were within 71 m

of each other and had similar interquartile ranges

(Figure 8A). However, the spawning distributions of

hatchery and wild fish diverged for the Cle Elum River,

the Teanaway River, and the main-stem Yakima River

above Easton Dam. In the Cle Elum River, both groups

had high densities of spawners in the uppermost reach

(Figure 7), but on average wild fish spawned higher in

the river than did hatchery fish (wild fish: mean rkm¼
10.1; hatchery fish: mean rkm ¼ 8.76; v2¼ 26.7, P �
0.001) and the distribution of carcasses differed

between groups (Figure 8B). Spawning in the Tean-

away River was dominated (91.7% of recoveries) by

hatchery fish (Figure 7). The distributions of hatchery

and wild fish tended to differ within the Teanaway

River (Figure 8C), but the low number of wild fish

reduced the statistical power and the mean spawning

locations were not significantly different. The 14.7-rkm

stretch of the Yakima River above Easton Dam (Figure

1) was used almost exclusively (98.3% of 241 fish

recovered) by wild fish (Figure 7).

FIGURE 6.—Percentage of hatchery or wild Chinook salmon carcasses that were recovered in the main-stem Yakima River,

Washington, within each 1-km bin of distance (river kilometers [rkm]) from the inlet of Cle Elum Hatchery: (A) Easton release

group; (B) Clark Flat release group; (C) Jack Creek release group; and (D) wild fish. Arrows indicate the mean carcass distance

from the hatchery.
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Discussion

Homing Patterns

The spawning location of spring Chinook salmon

depended strongly on juvenile release site. Fish

released from main-stem acclimation facilities returned

and spawned primarily in the main-stem Yakima River

(92.7%), and almost all fish recovered in the Teanaway

River had been released there as juveniles. Further-

more, the spatial patterns of adult recoveries within

FIGURE 7.—Relative density (number of carcasses/river kilometer) of hatchery (all acclimation sites pooled) and wild Chinook

salmon carcasses recovered in the upper Yakima River basin, Washington. The distribution and density of hatchery and wild

spawners were similar except in the main-stem Yakima River above Easton Dam (A), at the base of the Cle Elum Dam on the Cle

Elum River (B), and in the Teanaway River (C). The absolute densities of wild fish were higher than those of hatchery fish, but

the density scales were standardized so that relative differences in abundance within groups could be compared.

FIGURE 8.—Distribution of hatchery (all acclimation sites pooled) and wild Chinook salmon carcass recoveries within the (A)
main-stem Yakima River, (B) Cle Elum River, and (C) Teanaway River, Washington. In each box-and-whisker plot, the

horizontal line indicates the median river kilometer of carcass recovery, the box represents the interquartile range, and the

whiskers show the range of the recovery locations to the outermost data points.
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each river also indicated the influence of release

location; Chinook salmon released from upstream

acclimation sites were generally recovered farther

upstream than fish released from downstream sites.

These results suggest that naturally spawning hatchery

Chinook salmon demonstrated homing fidelity to their

release locations and that the use of satellite

acclimation–release facilities can influence the spatial

distribution of supplemented fish. These findings are

consistent with previous studies indicating that

salmon tend to imprint and return as adults to the

site at which they were released and initiated their

downstream migration (reviewed by Lister et al. 1981;

Quinn 1993). However, our study is the first to

comprehensively assess homing at a fine spatial scale

to identify the ultimate spawning locations of

naturally spawning hatchery fish released from

multiple sites.

The parr–smolt transformation has been implicated

as an important developmental window for imprinting

(Hasler and Scholz 1983; Dittman et al. 1996), and our

results indicated that spring Chinook salmon exposed

to acclimation site waters during smolting were able to

imprint to the release site. However, the recovery of

many hatchery fish in the vicinity of Cle Elum

Hatchery suggests that the fish also learned homing

cues at earlier developmental periods as well as during

smolting. In particular, many fish released from the

Clark Flat (37.8%) and Jack Creek (40.5%) acclimation

sites were recovered within 5 rkm of Cle Elum

Hatchery even though the facility is more than 25

rkm from these acclimation sites. Returns of hatchery

salmon to the rearing site instead of the release site

have been observed previously (Lister et al. 1981;

Johnson et al. 1990; Slaney et al. 1993), and imprinting

before smolting is consistent with the life history

patterns of wild spring Chinook salmon, which often

display extensive seasonal downstream migrations

away from the natal site before smolting (Beckman et

al. 2000) but later return to their natal area to spawn.

Interestingly, a significant percentage of hatchery

fish were recovered in the Cle Elum River, where no

hatchery fish were released. These fish might have

imprinted to Cle Elum River water while being

reared at Cle Elum Hatchery. The hatchery intake is

located 2 km downstream from the confluence of the

Cle Elum and Yakima rivers (Figure 1), and during

part of the year a large percentage of the water at the

hatchery intake originates from the Cle Elum River.

Salmon are able to discriminate between different

mixtures of stream waters (Fretwell 1989) but can be

attracted to unfamiliar nonnatal locations if imprint-

ed odors are present (Hasler and Scholz 1983;

Fretwell 1989). Interestingly, carcass recovery in

the Cle Elum River was greater for fish from the Jack

Creek facility than for fish released from the two

closer main-stem acclimation sites. One possible

explanation for this is that higher-order streams (such

as the Teanaway and Cle Elum rivers) may share

chemosensory properties and fish may imprint

‘‘generically’’ to chemicals associated with tributary

water. Moreover, movement into both tributaries

involves a similar ‘‘right turn’’ (Figure 1), and some

aspect of imprinting and homing might also involve

learning navigational routes as has been demonstrat-

ed in the main-stem Columbia River (Keefer et al.

2006).

Taken together, the acclimation-site-specific patterns

of homing we observed are most consistent with the

sequential imprinting hypothesis proposed by Harden-

Jones (1968) and Brannon (1982). Those authors

hypothesized that salmon learn a series of olfactory

waypoints as they migrate through freshwater and then

retrace this odor sequence as adults. Thus, wild Yakima

River spring Chinook salmon may learn olfactory

information as they emerge from the natal gravel,

during subsequent seasonal downstream movements,

and during their seaward migration as smolts. For

hatchery fish that are transported and released off site,

the sequential imprinting hypothesis predicts that fish

will return to the release site where they initiated their

seaward migration. At that point, if the fish can detect

the odors of their rearing site, they will continue on to

it. This prediction has been largely supported by

transport studies indicating that if the rearing site is

close enough to the release site, most fish will return as

adults to the rearing site (Lister et al. 1981; Johnson et

al. 1990). Interestingly, if the release site is upstream

from the rearing site, returning salmon will often

bypass the initial rearing site and return to the release

site (Quinn et al. 1989; Brannon and Quinn 1990; but

see Johnson et al. 1990).

The sequential imprinting scenario would explain

the large percentage of Clark Flat and Jack Creek fish

recovered upstream from their release sites in the

vicinity of Cle Elum Hatchery or in the Cle Elum

River. On the other hand, relatively few fish from the

Easton acclimation site were recovered in the vicinity

of the hatchery or in the Cle Elum River despite the

proximity of this acclimation site to the hatchery and

the Yakima–Cle Elum River confluence. Consistent

with the sequential imprinting hypothesis, these fish

may have returned to the vicinity of the acclimation

site upstream from Cle Elum Hatchery and then, being

unable to detect any earlier imprint signal (i.e.,

chemical cues emanating from the hatchery), chose

to spawn in the vicinity of their last familiar homing

cue.
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Spawning Site Selection

While many of the Chinook salmon released as part

of the YKFP demonstrated some degree of homing to

their acclimation sites or to Cle Elum Hatchery,

perhaps the most striking finding was that hatchery

fish were frequently recovered in areas far from any

juvenile rearing site. While sequential imprinting and

homing could explain many of the patterns of

spawning site selection that we observed, learning

and homing to site-specific cues cannot explain the

recovery of hatchery fish in areas they had never

experienced. Interestingly, the majority of hatchery fish

recovered away from juvenile rearing or release sites

were found in areas that were also used extensively by

wild fish for spawning (Figure 7). One possible

explanation for this observation is that both hatchery

and wild fish require specific spawning habitat, and at

some point the need to find an appropriate spawning

location ultimately supersedes the instinct to home to

the site of rearing or release. We observed that fish

released from the Easton acclimation site demonstrated

high fidelity to spawning areas near this site, while fish

released from the other acclimation facilities tended to

spawn in areas far from their release sites. These

patterns of straying and spawner distributions coincid-

ed with the relative distribution of spring Chinook

salmon spawning habitat in the upper Yakima River

basin (Snyder and Stanford 2001; Yakima Subbasin

Fish and Wildlife Planning Board 2004). Thus,

Chinook salmon may initially home back to their

release site but then begin searching for appropriate

spawning habitat if it is not available at the release site.

An alternative explanation for the overlapping

spawning distributions of hatchery and wild fish is

that both groups share a genetic or phenotypic

predisposition for specific spawning habitat or loca-

tions. Locally adapted salmon populations tend to

demonstrate higher homing fidelity relative to trans-

plants, which suggests a genetic component to homing

and spawning site selection (Bams 1976; Candy and

Beacham 2000). Furthermore, McIsaac and Quinn

(1988) inferred a genetic basis for homing in Chinook

salmon that were reared and released away from their

ancestral spawning grounds but that returned to their

ancestral sites as adults. Hatchery fish in the present

study were generated from the wild population of upper

Yakima River spring Chinook salmon; thus, an innate

preference for certain habitat types or locations may

have prompted hatchery fish to ultimately choose the

same spawning sites as wild fish. Hatchery fish also

display many of the same phenotypic traits as the wild

fish they were derived from (Knudsen et al. 2006;

Busack et al. 2007), and if salmon choose spawning

sites appropriate for their phenotypes (Morbey and

Hendry 2008), they may choose similar spawning sites

as wild fish. Finally, the overlap in spawning

distributions between hatchery and wild fish may result

in part from social interactions, such as conspecific

attraction and mate choice.

While the spawning distributions of hatchery and

wild fish overlapped extensively throughout the upper

Yakima River basin, the area above Easton Dam

(Figure 1) remained largely free of hatchery fish during

the 4 years of this study. One unique feature of this area

is that fish must migrate through Lake Easton, the

reservoir created by Easton Dam, to reach the Yakima

River spawning areas located above the lake. It is

possible that only fish that imprint at and migrate from

this area will return to this site because migration

through the lake presents too great a navigational or

motivational challenge for adults that did not experi-

ence the route as juveniles. Alternatively, the reservoir

may mask or buffer any olfactory cues that might be

indicative of appropriate spawning habitat upstream.

Implications for Supplementation

One of the basic premises of salmon supplementa-

tion programs is that artificially produced fish will

increase natural production by either (1) increasing the

number of successful, naturally spawning adults in

areas already occupied by wild spawners or (2)

establishing self-sustaining spawning populations in

habitat that is underused or that has been restored or

reconnected (Flagg et al. 2000; Mobrand et al. 2005).

Depending upon the primary goals of a program, the

ability to rear and release hatchery fish that will return

to spawn in appropriate locations is critical for

supplementation success (Bugert 1998). For programs

specifically designed as integrated hatchery programs,

it is anticipated that wild and hatchery fish will spawn

with one another and use similar spawning areas. Our

results suggest that when analyzed on a basinwide

scale, spatial integration of hatchery and wild spawners

was largely successful. These results contrast with the

few supplementation program studies that have ana-

lyzed the spatial distribution of adult hatchery and wild

spring Chinook salmon and shown that hatchery fish

often spawn in different areas (in many cases farther

downstream) than wild fish (Hoffnagle et al. 2008;

Murdoch et al. 2008).

Several factors may have contributed to the spatial

overlap of hatchery and wild fish in the Yakima River

(e.g., genetics, fish densities, or available spawning

habitat), but one likely reason for the similar

distribution of hatchery and wild fish is that hatchery

juveniles were released from multiple locations

throughout the Yakima River basin. The use of
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multiple release sites has also been successful in

achieving a wide distribution of spawners in other

supplementation programs (Garcia et al. 2004). If

YKFP Chinook salmon had been released from only

one acclimation site (as occurs in many supplementa-

tion programs; e.g., Hoffnagle et al. 2008; Murdoch et

al. 2008), we might have reached different conclusions

about homing patterns of hatchery-reared fish. Fish

released from the three acclimation facilities displayed

noticeably different patterns of dispersal relative to the

release site.

One of the goals of the YKFP is to establish natural

spawning in areas that are underused or where habitat

has been restored. Results from our study indicate that

this strategy has produced mixed results for the upper

Yakima River spring Chinook salmon population. For

example, some of the fish released into the Teanaway

River returned to spawn in this tributary, which was

rarely used before supplementation. However, most of

the fish released in the Teanaway River strayed to other

areas to spawn. Coincident habitat restoration efforts in

the Teanaway River watershed may ultimately improve

the success of the supplementation efforts in this

tributary. Similarly, releases from the Clark Flat facility

increased the number of fish spawning lower in the

main-stem Yakima River, but few of these fish

spawned in the vicinity of their release site.

Our results collectively suggest that using off-site

releases to expand the range and abundance of naturally

spawning salmon populations can be successful, but it

must be done in close coordination with habitat and

ecological assessments of appropriate release locations

(Pearsons and Hopley 2001) and, where necessary, in

conjunction with habitat improvements to ensure that

fish will return to the target locations. Furthermore, the

operation and siting of rearing hatcheries and acclima-

tion–release sites must incorporate an understanding of

the developmental periods of sensitivity for imprinting

in different salmon species. Finally, even for the best

release locations, it is likely that normal metapopula-

tion dynamics and spawning site selection will result in

some movement of hatchery fish to spawning areas

away from the release site. Therefore, it is also

important to weigh any potential negative consequenc-

es of in-basin straying (Goodman 2005) with the

benefits of supplementation. If population levels are

relatively healthy, it may be appropriate to allow wild

fish to naturally colonize spawning areas as they are

reclaimed or rehabilitated (e.g., Milner and Bailey

1989; Anderson and Quinn 2007).
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