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Abstract: Understanding the relative fitness of naturally spawning hatchery fish compared with wild fish has become an
important issue in the management and conservation of salmonids. We used a DNA-based parentage analysis to measure
the relative reproductive success of hatchery- and natural-origin spring Chinook salmon (Oncorhynchus tshawytscha) in
the natural environment. Size and age had a large influence on male fitness, with larger and older males producing more
offspring than smaller or younger individuals. Size had a significant effect on female fitness, but the effect was smaller
than on male fitness. For both sexes, run time had a smaller but still significant effect on fitness, with earlier returning
fish favored. Spawning location within the river had a significant effect on fitness for both sexes. Hatchery-origin fish pro-
duced about half the juvenile progeny per parent when spawning naturally than did natural-origin fish. Hatchery fish
tended to be younger and return to lower areas of the watershed than wild fish, which explained some of their lower fit-
ness.

Résumé : Pour la gestion et la conservation des salmonidés, il est devenu important de comprendre la fitness relative des
poissons d’élevage qui frayent naturellement par rapport à celle des poissons sauvages. Nous avons utilisé une analyse de
filiation basée sur l’ADN pour mesurer le succès reproductif relatif de saumons chinook (Oncorhynchus tshawytscha) du
printemps provenant d’élevages ou d’origine naturelle dans le milieu naturel. La taille et l’âge ont une forte influence sur
la fitness des mâles, car les mâles plus grands et plus âgés produisent plus de descendants que les individus plus petits ou
plus jeunes. La taille a un effet significatif sur la fitness des femelles, mais cet effet est moins important que sur la fitness
des mâles. Chez les deux sexes, le moment de la montaison a un effet petit mais néanmoins significatif sur la fitness et les
poissons qui reviennent tôt sont favorisés. Le site de fraie dans la rivière a un effet significatif sur la fitness des deux
sexes. Lorsqu’ils frayent naturellement, les poissons d’élevage produisent environ la moitié de la descendance par parent
que ne le font les poissons d’origine naturelle. Par comparaison aux poissons sauvages, les poissons d’élevage ont tendance
à être plus jeunes et ils retournent à des sites plus en aval dans le bassin versant, ce qui explique en partie leur fitness
réduite.

[Traduit par la Rédaction]

Introduction
Artificial propagation is a commonly used tool to con-

serve a wide variety of threatened species (Mallinson 1995).
Hatchery propagation, in which fish are bred and reared for
part of their lives in captivity before being released into the
wild, is widely used to supplement wild salmon populations
(Naish et al. 2007). For example, over 4 billion anadromous
juvenile salmon are released annually into the North Pacific
Ocean from hatcheries in North America and Asia (Beamish
et al. 1997). Similar hatchery programs and large-scale

closed-pen fish farming operations exist for Atlantic salmon
(Salmo salar) in the North Atlantic Ocean and Baltic Sea.
Hatcheries are increasingly intended to contribute to con-
serving natural salmonid populations, as well as to produce
fish to mitigate for lost harvest opportunities (National Re-
search Council 1996). In particular, supplementation pro-
jects, in which natural spawning by hatchery fish is
intended to augment a natural population’s abundance, have
become common throughout the Pacific Northwest (Naish et
al. 2007) and Europe (Fleming et al. 2000).

Received 27 October 2009. Accepted 17 June 2010. Published on the NRC Research Press Web site at cjfas.nrc.ca on 23 October 2010.
J21491

Paper handled by Associate Editor James Grant.

K.S. Williamson, E.J. Ward, and M.J. Ford.2 Conservation Biology Division, Northwest Fisheries Science Center, 2725 Montlake
Boulevard E, Seattle, WA 98112, USA.
A.R. Murdoch and T.N. Pearsons.1 Washington Department of Fish and Wildlife, 600 Capitol Way, North Olympia, WA 98501-1091,
USA.

1Present address: Grant County Public Utility District, P.O. Box 878, Ephrata, WA 98823, USA.
2Corresponding author (e-mail: mike.ford@noaa.gov).

1840

Can. J. Fish. Aquat. Sci. 67: 1840–1851 (2010) doi:10.1139/F10-099 Published by NRC Research Press



A key biological uncertainty about the effects of hatchery
production on natural populations is the degree to which
hatchery-produced fish can reproduce in the natural environ-
ment (Reisenbichler and McIntyre 1977; Ford 2002; Araki
et al. 2008). Evaluating relative reproductive success is
therefore critical for determining if the considerable invest-
ment society has made in hatchery supplementation is ac-
tually contributing to the recovery of salmon populations
(Mobrand et al. 2005). Accurately measuring the biological
causes of variance in reproductive success is important not
only for determining the benefits of conservation hatcheries,
but also for evaluating the risks from fish that stray from
‘‘production’’ type hatcheries. The presence of large num-
bers of hatchery fish on spawning grounds can obscure the
status of natural populations because their reproductive suc-
cess is unknown (McClure et al. 2003) and may lead to re-
duced short- and long-term natural productivity because of
genetic deterioration of the natural population as a result of
interbreeding between naturally produced fish and hatchery
fish (Lynch and O’Hely 2001; Ford 2002). By quantifying
the reproductive success of hatchery fish relative to that of
fish from the natural population, the viability of natural pop-
ulations receiving hatchery fish can be more accurately eval-
uated.

Even when the relative reproductive success of hatchery-
produced fish is quantified, the causes of fitness differences
between hatchery and wild fish often remain unknown. Con-
ceptually, there could be a wide variety of reasons why
hatchery fish might have lower fitness than wild fish spawn-
ing in the same stream (Araki et al. 2008). Even in cases
where hatchery fish have low fitness, the conservation impli-
cations are likely to vary depending on why the hatchery
fish are less fit. For example, if reduced fitness is largely
due to environmental effects such as release location, this
would probably lead to fewer conservation concerns than if
fitness reductions were due to genetic differences in behav-
ior or physiology.

In a recent review, Araki et al. (2008) concluded that
hatchery-produced steelhead (i.e., sea-run rainbow trout, On-
corhynchus mykiss) generally have lower reproductive suc-
cess in the natural environment than wild steelhead. In
contrast, they noted that few data are available on the rela-
tive reproductive success of hatchery and wild Chinook sal-
mon (Oncorhynchus tshawytscha) despite the extensive use
of hatchery supplementation for this species (Independent
Scientific Advisory Board 2003, 2005; Araki et al. 2008).
Recently, several papers have reported on studies of hatch-
ery Chinook salmon breeding success in laboratory or semi-
natural environments (Fritts et al. 2007; Pearsons et al.
2007; Schroder et al. 2008), but there are no published stud-
ies of the relative fitness of this species in the wild.

In this study, we assess the relative reproductive success
of naturally spawning hatchery- and natural-origin spring
run Chinook salmon in the Wenatchee River, Washington,
USA, by employing a genetic pedigree analysis and deter-
mine the degree to which differences in reproductive success
between hatchery and natural Chinook salmon can be ex-
plained by biological characteristics such as run timing,
morphology, and spawning location.

Materials and methods

Study population
Our study population consists of the spring run Chinook

salmon that spawn in the Wenatchee River, Washington
(Fig. 1). The population is listed as ‘‘endangered’’ under the
Endangered Species Act (Federal Register 70:37160). Start-
ing in 1989, hatchery supplementation has been used in an
attempt to increase population abundance, and in recent
years the hatchery program has produced >50% of the indi-
viduals in the population that spawn naturally. The hatchery
program’s focus is primarily on the Chiwawa River, a major
tributary of the Wenatchee River. Wild and hatchery-origin
broodstock for the supplementation program are collected at
a weir in the Chiwawa River, and the offspring of those fish
are released back into the Chiwawa River as yearlings.
Although juvenile fish are released only in the Chiwawa
River, as adults they return to spawn in all of the major
spawning areas throughout the watershed (Murdoch et al.
2008).

The population exhibits a ‘‘stream-type’’ life-history pat-
tern (Healey 1991) in which adults return to fresh water in
the spring several months prior to spawning, and juveniles
migrate to the ocean during the spring 1 year following their
emergence from the gravel (Healey 1983). In wild popula-
tions of Chinook salmon in the Columbia River, including
the Wenatchee River, most anadromous males become sexu-
ally mature between ages three to five, and most females be-
come mature at ages four or five (Myers et al. 1998).
Another characteristic of stream-type Chinook salmon is
that some male fish mature at 1 or 2 years of age without
migrating to the sea (Rich 1920; Burck 1967; Mullan et al.
1992), but little is known about the reproductive success of
these early maturing males.

Adult and juvenile trapping and sampling
In 2004 and 2005, beginning in early April and ending in

early August, essentially all migrating spring Chinook sal-
mon were trapped and sampled (scales, caudal fin clip) at
Tumwater Dam, located at river kilometre (rkm) 43.7 on
the Wenatchee River (Fig. 1, Table 1). Tumwater Dam is lo-
cated below all of the major spring Chinook salmon spawn-
ing areas in the watershed, so we obtained samples from
essentially all of the potential breeders, with the possible ex-
ception of those mature male parr that never migrated below
Tumwater Dam and a very small number of adults that mi-
grated after the trapping period ended. Biological data were
collected from all adult salmon sampled (Table 1). Each fish
was identified to gender, scanned for passive integrated
transponder (PIT) tags (fish without a PIT tag had one in-
serted during sampling) and coded wire tags and the pres-
ence or absence of the adipose fin (indicating hatchery or
wild origin; all hatchery fish released in the Wenatchee
watershed have a clipped adipose fin). Fork and post orbital
to hypural plate length were measured to the nearest centi-
metre and weight to the nearest 0.01 kg. Subsequent identi-
fication of PIT-tagged carcasses recovered on the spawning
grounds permitted the comparison of carcass recovery distri-
butions of individual hatchery- and naturally produced fish.
Spawning location was based upon location of carcass re-
covery and linked back to fish identity at Tumwater Dam
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by PIT tag information. Spawning ground surveys of all
potential spawning habitat were conducted twice a week
throughout the entire spawning season (Murdoch et al. 2008).
Carcass recovery location of each PIT-tagged fish was
recorded using handheld GPS devices and converted to river
kilometre using ArcView 9.2 (ESRI, Redlands, California).

Juvenile Chinook salmon samples (caudal fin clip) were
taken from fish collected in rotary screw traps located on
the lower Wenatchee River (rkm 9.6), Chiwawa River (rkm
1.0), and Nason Creek (rkm 0.8) (Fig. 1, Table 1). All rotary

traps were located downstream from the majority of spawn-
ing habitat in each stream. The primary collection location
was the lower Wenatchee River, which is below all spawn-
ing areas and operated from early February through August,
although most yearling smolts were captured prior to 1 July.
Depending on river discharge levels, one or two screw traps
(1.5 m diameter) were operated, and trap efficiency ranged
between 1% and 3%. Because of spring runoff, traps oper-
ated during 83% and 92% of the trapping period in 2006
and 2007, respectively. At tributary trap locations, yearling

Fig. 1. Map of the study area in Washington, USA. Major spring Chinook salmon spawning tributaries include the Chiwawa River, Nason
Creek, White River, and Little Wenatchee River. Parents were sampled at Tumwater Dam, and progeny were sampled at White Trap, Nason
Trap, Chiwawa Hatchery, and Lower Wenatchee Trap.

Table 1. Summary of 2004 and 2005 adult and juvenile Chinook salmon samples, stratified by
year, origin, and life stage.

Adults Yearling juveniles Subyearling juveniles

Year Origin Males Females C N LW C N
2004 Hatchery 1502 270

Wild 437 376 744 203 647 576 447
Unknown 18 13

2005 Hatchery 1573 1724
Wild 235 238 889
Unknown 15 17 .

Note: Trap locations are as follows: C, Chiwawa River; N, Nason Creek; LW, Lower Wenatchee River.
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(age 1) juveniles were sampled approximately daily from
early March to late June. In addition, separate samples of
subyearlings (age 0) juveniles produced by the 2004 spawn-
ers were collected weekly from late September to early No-
vember on the Chiwawa River and Nason Creek in 2005
(Table 1).

Microsatellite genotyping
Genomic DNA was extracted from fin clips according to

the method of LaHood et al. (2008). All individuals were
genotyped at 11 microsatellite loci: Ots3 (Banks et al.
1999); Ots104 (Nelson and Beacham 1999); Ots201b,
Ots211, and Ots213 (Greig et al. 2003); Ots2M and Ots10M
(Greig and Banks 1999); Ots519NWFSC (Naish and Park
2002); Oke4 (Olsen et al. 1998); Ogo4 (Olsen et al. 1998);
and Ssa408 (Cairney et al. 2000). Microsatellite loci were
amplified by polymerase chain reaction (PCR), and allele
sizes were electrophoretically resolved and scored according
to the method of Winans et al. (2004). For each fluorescent
phosphoamidite-labeled primer set, the annealing tempera-
ture used was 48 8C (Ots3 and Ots104), 54 8C (Oke4,
Ots10M, Ots213, and Ots519NWFSC), or 60 8C (Ogo4,
Ots2M, Ots201b, Ots211, and Ssa408). Genotyping error
rate per locus was determined by re-amplifying and re-
scoring microsatellite loci for a subset of individuals and
calculating the number of alleles mis-scored over the total
number of alleles observed at each locus. Error rates varied
among loci and were generally ~1%.

Parentage assignment
Parentage assignment methods and results are described in

detail in a previous paper (Ford and Williamson 2009).
Briefly, assignment of parentage was calculated using the
likelihood methods of Meagher and Thompson (1986) and
Gerber et al. (2000) as implemented in the program FAMOZ
(Gerber et al. 2003). Individuals with missing data at more
than one locus were excluded from the analysis. In addition,
a small number (<2% of the samples) of summer run Chi-
nook salmon, which are genetically distinct from the spring
run population (Utter et al. 1995; Schwenke et al. 2006),
were excluded from the analysis on the basis of their geno-
types. Each individual in a sample of progeny was tested
against all potential pairs of parents, and a log of odds score
was calculated for each potential pair of parents and off-
spring as the log of the ratio of the probability of a parent
pair – offspring relationship compared with the probability
they were drawn randomly from the population. The analy-
sis assumed a per locus genotyping error rate of 0.1%,
which was lower than our estimated error rate. In evaluating
simulated data, however, it produced more accurate results
than an error rate of either 0% or 1.5%, similar to what has
been reported previously (Sancristobal and Chevalet 1997;
Gerber et al. 2000).

Ford and Williamson (2009) discovered a pattern of
biased assignment failure, such that progeny of hatchery
fish in this population were less likely to be assigned to the
correct pair of parents than progeny of wild fish, because of
higher levels of relatedness among the hatchery-origin fish.
In situations where multiple parent pairs are compatible
with some offspring, fractional assignment methods provide
a statistically robust way to estimate selection gradients

(e.g., Morgan and Conner 2001; Nielsen et al. 2001) and fit-
ness differences between groups (Ford and Williamson
2009). In particular, Ford and Williamson (2009) found that
both fractional assignment and assignment to the most likely
parent pair without use of a statistical threshold for assign-
ment produced unbiased estimates of relative fitness. For
the fractional assignments, only the 20 most likely parent
pairs for each offspring were included in the analysis rather
than every possible combination of parents. The rationale
for this was to make the calculations computationally tract-
able. The specific value of 20 was chosen because the like-
lihood value of the nth most likely parent pair declines
rapidly with increasing n, and likelihoods were essentially
zero by n = 20. As a point of comparison for the fractional
assignment results, we also conducted analyses based solely
on the single most likely pair of parents for each progeny
(i.e., n = 1).

Relative fitness and selection analysis
The fitness of an individual spawner was defined as either

the number of offspring assigned to that spawner (for the
analyses using the single most likely pairs of parents) or the
number of fractionally assigned offspring (for the analysis
using the fractional assignments). For the fractional assign-
ments only, the initial fitness values were standardized by
the mean fitness values within sexes and years.

In addition to simply comparing the mean fitness esti-
mates of wild and hatchery fish within sexes and years, we
also simultaneously evaluated the effects of the following
traits on fitness: weight, run time (day of year), age, origin
(hatchery or natural), and spawning location. To facilitate
comparisons among sexes, traits, and years and to identify
which covariates had the largest effects on fitness, traits
were standardized within each sex and year by subtracting
the mean and dividing by the standard deviation. Weight
was cube-root-transformed prior to standardization such that
it was a more linear function of length, and run time was
converted to ordinal days for ease of analysis and to permit
comparison between years. For the relative fitness estimates
based on the fractional assignments, linear regression mod-
els were used to test the significance of each covariate fol-
lowing Lande and Arnold (1983). For the ith parent,
relative fitness can be written as

Yi ¼ B0 þ
X

Bj � traitj þ 3i

where 3i ~ Normal(0,s), and traits refer to origin, age,
weight, run timing, and (for some models) spawning loca-
tion. For calculation of p values in the linear models only,
the relative fitness values were transformed by raising to
the 0.2 power to improve normality. All effect estimates
and comparisons between hatchery and wild fitness, how-
ever, are reported using the untransformed relative fitness
values (Lande and Arnold 1983). Because the relative fitness
estimates based on the single most likely assignments are
discrete variables, we used generalized linear models
(GLMs) with a Poisson error distribution (‘‘glm’’ in the sta-
tistical package R with log-link and treatment contrasts).
This framework assumes that the offspring for the ith parent
have an approximately Poisson distribution (ui). Covariates
are used to predict the natural log of the mean:
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log ðuiÞ ¼ B0 þ
X

Bj � traitj

There are several differences between the GLM approach
and standard regression approach. With GLMs, we assume
that the relationship between covariates and relative fitness
is linear in log space or exponential in normal space. The
identity link function may be used in some cases to force
the relationship to be linear in normal space; however, most
ecological data sets (including this one) result in conver-
gence problems because the mean of the Poisson should
never be allowed to be negative. A second important differ-
ence in these approaches is that the linear regression model
introduces one additional parameter (resulting in slightly
more flexibility) because it explicitly estimates a residual er-
ror parameter. Hierarchical versions of GLMs can be modi-
fied to include residual error, but because significance
testing and model selection are not straightforward for these
models, we did not consider them here.

Results

Genetic variation
Across the 11 loci, both hatchery-origin and wild-origin

adults and their offspring had high and approximately equal
levels of variation (Table 2). The overall level of genetic
differentiation among the four adult origin � year combina-
tions was low (FST = 0.0039), but exact tests of differentia-
tion among all pairs of populations defined by origin and
sample year were highly significant (p < 0.00001 for all
comparisons). The low level of differentiation is consistent
with the high rates of gene flow between the hatchery and
wild subgroups expected in this supplemented population.
Expected two parent exclusion probabilities were very
high: >0.999999 for both hatchery- and wild-origin parents.

Genotypic frequencies at several loci were significantly (p <
0.0001) out of Hardy–Weinberg expectations, but the abso-
lute differences between observed and expected hetero-
zygosity at all loci were small (Table 2) and likely
represent a combination of nonrandom mating and failure to
detect all large alleles at these highly polymorphic loci. The
parentage assignment methods used are robust to both of
these phenomena.

Phenotypic differences between hatchery and wild fish
Hatchery and wild fish differed in several characteristics

(Table 3). In particular, in 2004 most of the hatchery males
were 2- and 3-year-olds, whereas most of the wild males
were 4-year-olds. The large numbers of 2-year-old hatchery
males in 2004 led to a highly male biased sex ratio for
hatchery fish in that year. For some comparisons within
age, sex, and year, hatchery and wild fish differed signifi-
cantly in run timing and weight, but these comparisons
were not consistent between years.

One notable difference between hatchery and wild fish of
both sexes was carcass recovery location. Within both the
Chiwawa River and Nason Creek (the two largest spawning
tributaries), hatchery fish were recovered significantly lower
in the watersheds than wild fish (Table 3). There were also
areas, such as the Wenatchee River main stem, that had
large numbers of hatchery carcass recoveries but few or no
wild carcasses.

Fitness of hatchery and wild fish in the stream
environment

The fitness distribution estimated from the fractional off-
spring assignments was highly skewed, with a mode near
zero and a tail of larger fitness values (Fig. 2). Such a
highly skewed fitness distribution is similar to what has

Table 2. Summary of genetic variation in the 2004 and 2005 hatchery and wild parents and their offspring.

Parents (HO/HE) Offspring (HO/HE)

2004 2005 2004 2005

Locus Alleles
Exclusion
probability

Hatchery
(n = 1771)

Wild
(n = 812)

Hatchery
(n = 3294)

Wild
(n = 473) (n = 2524) (n = 873)

Ogo4 18 0.824 0.82/0.81 0.78/0.82 0.82/0.83 0.84/0.82 0.79/0.81 0.81/0.83
Ots10M 7 0.361 0.51/0.54 0.53/0.55 0.56/0.53 0.56/0.55 0.54/0.54 0.53/0.55
Ots211 44 0.975 0.94/0.94 0.95/0.94 0.95/0.94 0.95/0.94 0.91/0.94 0.94/0.94
Ots213 36 0.952 0.94/0.91 0.90/0.91 0.93/0.90 0.91/0.91 0.89/0.90 0.91/0.91
Ots2M 16 0.392 0.56/0.54 0.53/0.56 0.58/0.55 0.52/0.55 0.53/0.55 0.57/0.58
Oke4 11 0.552 0.62/0.63 0.55/0.61 0.61/0.64 0.62/0.62 0.57/0.60 0.64/0.64
Ots104 67 0.984 0.96/0.95 0.93/0.95 0.95/0.95 0.93/0.95 0.94/0.95 0.94/0.95
Ots201b 36 0.970 0.95/0.93 0.92/0.93 0.93/0.93 0.92/0.93 0.91/0.93 0.87/0.94
Ots3 12 0.550 0.66/0.64 0.54/0.55 0.64/0.61 0.58/0.58 0.58/0.58 0.59/0.62
Ots519 12 0.614 0.66/0.70 0.72/0.70 0.65/0.67 0.66/0.68 0.71/0.70 0.68/0.69
Ssa408 27 0.938 0.86/0.89 0.87/0.91 0.88/0.90 0.86/0.89 0.86/0.90 0.88/0.91

Average 26 0.737 0.77/0.77 0.75/0.77 0.77/0.77 0.76/0.77 0.75/0.76 0.76/0.78
Cumulative 286 >0.999999 .

Note: ‘‘Alleles’’ refers to the total number alleles in the combined samples. Exclusion probability was calculated using the formulas
reported in Jamieson and Taylor (1997) as implemented in the FAMOZ program. It is the theoretical probability that a random pair of
individuals drawn from a randomly mating population with the same allele frequencies as the observed parental population would be
excluded as the parents of a randomly drawn offspring. HO and HE refer to observed and expected (under random mating) heterozygosity,
respectively. The table includes all samples with data at five or more loci.
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Table 3. Summary of trait variation in adult hatchery and wild spring Chinook salmon used in the parentage analysis.

Males Females

Hatchery Wild Hatchery Wild

Age n Mean SD n Mean SD p n Mean SD n Mean SD p

Weight (kg)
2004 2 626 0.12 0.11 — — — — — — — — — — —

3 747 1.79 0.64 28 1.44 0.50 <0.001 3 3.27 0.46 0 — — —
4 96 5.60 1.29 403 5.32 1.30 0.06 252 5.50 0.97 362 5.28 0.81 <0.001
5 2 9.10 0.42 4 7.71 1.10 0.09 3 6.23 2.25 7 8.23 1.77 0.26

2005 2 290 0.10 0.031 — — — — — — — — — — —
3 129 1.83 0.46 9 1.62 0.30 0.08 0 — — 0 — — —
4 1111 6.05 1.30 185 5.16 1.30 <0.001 1702 5.41 0.87 201 5.39 0.97 0.80
5 6 8.10 2.20 39 9.23 1.93 0.28 8 7.23 1.41 44 7.99 1.31 0.19

Run timing (Julian days)
2004 2 626 193.18 9.01 — — — — — — — — — — —

3 747 179.61 9.21 28 178.71 12.42 0.71 3 185.30 2.89 0 — — —
4 96 173.91 14.50 403 170.73 13.58 0.05 252 177.13 12.29 362 170.13 11.70 <0.001
5 2 167.00 2.83 4 160.00 6.22 0.13 3 169.00 14.73 7 178.71 12.65 0.39

2005 2 290 191.22 12.66 — — — — — — — — — — —
3 129 179.76 11.02 9 182.44 17.74 0.67 0 — — 0 — — —
4 1111 171.79 12.66 185 175.46 15.84 <0.001 1702 170.57 12.18 201 175.01 15.39 <0.001
5 6 166.33 16.71 39 166.97 18.91 0.93 8 164.88 16.34 44 168.39 17.03 0.59

Locationa

Chiwawa River
3 25 19.35 11.54 2 20.48 3.18 0.75 0 — — 0 — — —
4 89 18.66 10.81 47 27.57 10.64 <0.001 194 20.26 11.86 63 29.54 11.20 <0.001
5 0 — — 3 28.77 12.93 — 0 — — 8 28.83 8.77 —

Nason Creek
3 37 8.94 6.48 1 13.44 — — 0 — — 0 — — —
4 54 6.73 5.64 48 13.60 7.09 <0.001 118 7.92 6.34 48 13.63 8.31 <0.001
5 0 — — 1 13.46 — — 1 13.37 — 15 14.95 7.20 —

White River
3 0 — — 0 — — — 0 — — 0 — — —
4 2 29.19 0.39 5 29.33 0.41 0.71 29 30.00 0.74 11 29.70 0.70 0.24
5 0 — — 0 — — — 0 — — 0 — — —

Wenatchee River
3 3 83.61 2.71 0 — — — 0 — — 0 — — —
4 37 83.76 1.90 1 78.27 — — 60 83.25 2.36 1 85.52 — —
5 0 — — — — — 0 — — 1 84.27 — —

Little Wenatchee River
3 0 — — 0 — — — 0 — — 0 — — —
4 5 11.52 2.23 6 11.88 1.45 0.76 22 11.14 2.91 10 11.62 2.48 0.64
5 0 — — 0 — — — 0 — — 0 — — —

Note: SD, standard deviation.
aLocation refers to river kilometres from named river mouth. Data from 2004 and 2005 are combined.
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been observed for other salmonid species, including coho
salmon (Oncorhynchus kisutch; Ford et al. 2006) and steel-
head (Seamons et al. 2004; Araki et al. 2007c). The fitness
distribution based on the most likely assignments appeared
very similar (data not shown).

When progeny were counted as subyearlings (2004 brood
year only), we found no significant difference in progeny
per parent for hatchery- and natural-origin fish if the com-
parisons were made within age classes, although hatchery
fish produced fewer sampled progeny/parent for all age
classes except age 5 females (Table 4). When progeny were
counted at the yearling stage, the 4-year-old (dominant) age
class hatchery fish produced significantly fewer progeny per
male and female parent than did 4-year-old wild fish in both
2004 and 2005. When all age classes were combined within
each sex in either 2004 or 2005, hatchery males and females
produced significantly fewer yearling progeny per parent
compared with their wild counterparts.

In addition to wild origin, higher weight and earlier run
timing were also associated with greater fitness (Fig. 3, Ta-
ble 5). The effect of weight was more important than the ef-
fect of run timing and was larger for males than for females
(Table 5). Hatchery origin still had a significant negative ef-
fect on fitness, after taking into account the effects of
weight, run timing, and age (Table 5). A model that used
progeny counts inversely weighted by daily trapping effi-
ciency produced essentially identical results (data not
shown).

We also investigated the effect of carcass recovery loca-
tion, which was measured on the spawning grounds instead
of at Tumwater Dam. Only ~10% of the fish sampled at the
dam were recovered as carcasses, so we combined data from
both years for this analysis. Because only the Chiwawa
River and Nason Creek had large numbers of hatchery and
wild spawners with a range of recovery locations, we lim-
ited our analysis to these two streams. Carcass recovery lo-
cation had a significant effect on fitness, with fish that
spawned higher upstream producing more progeny than fish
spawning downstream (Fig. 4, Table 6). For both the linear
and GLM fitness models, the hatchery-origin effect was re-
duced (becoming less negative) when recovery location was
introduced as a covariate (Table 6). For females, the hatch-
ery coefficient in the linear model becomes nonsignificant
and very close to zero when spawning location is included
as a covariate, although the hatchery effect remains signifi-
cant (but reduced in magnitude) in the GLM.

Fig. 2. Histograms of estimated fitness (fractionally assigned off-
spring) for 2004 (a) and 2005 (b). Both absolute estimates (counts,
left-hand axis) and the proportions per histogram category (propor-
tion per bar, right-hand axis) are shown.

T
ab

le
4.

M
ea

n
pr

og
en

y
co

un
ts

ba
se

d
on

fr
ac

tio
na

l
as

si
gn

m
en

ts
,

an
d

re
la

tiv
e

fi
tn

es
s

of
ha

tc
he

ry
an

d
w

ild
fi

sh
fo

r
th

e
20

04
an

d
20

05
sp

aw
ni

ng
ye

ar
s.

20
04

20
05

Su
by

ea
rl

in
g

Y
ea

rl
in

g
Y

ea
rl

in
g

W
ild

H
at

ch
er

y
W

ild
H

at
ch

er
y

W
ild

H
at

ch
er

y

Se
x

A
ge

na
M

ea
nb

SD
n

M
ea

n
SD

H
/W

c
M

ea
n

SD
M

ea
n

SD
H

/W
n

M
ea

n
SD

n
M

ea
n

SD
H

/W
M

al
e

2
0

—
—

62
6

0.
22

0.
50

—
—

—
0.

32
0.

50
—

0
—

—
29

0
0.

20
0.

50
—

3
28

1.
06

2.
03

74
0

0.
72

1.
32

0.
68

0.
84

1.
19

0.
70

1.
01

0.
83

9
2.

03
2.

32
12

9
0.

74
1.

34
0.

36
4

40
3

2.
48

3.
44

96
2.

00
2.

50
0.

81
2.

50
3.

12
1.

38
1.

49
0.

55
*

18
5

2.
04

3.
29

11
11

1.
00

2.
10

0.
49

**
5

4
1.

15
1.

40
2

0.
78

1.
07

0.
68

4.
50

7.
33

0.
07

0.
07

0.
02

39
2.

05
3.

32
6

1.
36

2.
60

0.
66

A
ll

43
5

2.
38

3.
37

14
91

0.
59

1.
26

0.
25

**
2.

42
3.

17
0.

58
0.

92
0.

24
**

23
3

2.
04

3.
25

15
36

0.
83

1.
86

0.
40

**

Fe
m

al
e

4
36

2
1.

04
1.

37
25

2
0.

89
1.

14
0.

86
1.

24
1.

37
0.

69
0.

10
0.

55
**

20
1

1.
80

2.
90

17
02

0.
88

1.
70

0.
49

*
5

7
0.

32
0.

35
3

0.
69

0.
58

2.
15

0.
54

0.
47

0.
38

0.
34

0.
70

44
1.

97
2.

34
8

1.
72

2.
53

0.
78

A
ll

36
9

1.
04

1.
36

27
1

0.
91

1.
17

0.
88

1.
23

1.
36

0.
68

0.
96

0.
55

**
24

5
1.

83
2.

80
17

59
0.

88
1.

70
0.

48
**

N
ot

e:
Pa

re
nt

s
w

ith
da

ta
m

is
si

ng
at

>
1

lo
cu

s
w

er
e

ex
cl

ud
ed

fr
om

th
e

an
al

ys
is

.
a n

re
fe

rs
th

e
pa

re
nt

al
sa

m
pl

e
si

ze
fo

r
th

e
sp

ec
if

ic
or

ig
in

,s
ex

,a
ge

an
d

ye
ar

cl
as

s
in

qu
es

tio
ns

.T
he

pa
re

nt
al

sa
m

pl
e

si
ze

s
fo

r
th

e
20

04
su

by
ea

rl
in

gs
an

d
ye

ar
lin

gs
ar

e
id

en
tic

al
,s

in
ce

it
th

e
sa

m
e

se
to

f
pa

re
nt

s
bu

t
tw

o
di

ff
er

en
t

sa
m

pl
es

of
of

fs
pr

in
g.

b M
ea

n
an

d
SD

re
fe

r
to

th
e

m
ea

n
an

d
st

an
da

rd
de

vi
at

io
n,

re
sp

ec
tiv

el
y,

of
th

e
nu

m
be

r
of

pr
og

en
y

pe
r

pa
re

nt
fo

r
sp

ec
if

ic
or

ig
in

,
se

x,
ag

e,
an

d
ye

ar
cl

as
s

in
qu

es
tio

n.
c H

/W
is

th
e

ra
tio

of
m

ea
n

pr
og

en
y

nu
m

be
r

be
tw

ee
n

ha
tc

he
ry

an
d

w
ild

fi
sh

fo
r

sp
ec

if
ic

ag
e,

se
x,

an
d

ye
ar

cl
as

se
s.

Si
gn

if
ic

an
ce

of
di

ff
er

en
ce

s
in

m
ea

n
pr

og
en

y
nu

m
be

r
be

tw
ee

n
ha

tc
he

ry
an

d
w

ild
fi

sh
w

er
e

ca
lc

ul
at

ed
us

in
g

a
t

te
st

w
ith

bo
ot

st
ra

pp
ed

p
va

lu
es

to
ac

co
un

t
fo

r
no

n-
no

rm
al

ity
an

d
ar

e
in

di
ca

te
d

w
ith

as
te

ri
sk

s:
*,

p
<

0.
05

;
**

,
p

<
0.

01
.

1846 Can. J. Fish. Aquat. Sci. Vol. 67, 2010

Published by NRC Research Press



T
ab

le
5.

E
ff

ec
ts

of
or

ig
in

,
ag

e,
ru

n
tim

in
g,

an
d

w
ei

gh
t

on
m

al
e

an
d

fe
m

al
e

re
la

tiv
e

fi
tn

es
s.

Fr
ac

tio
na

l
as

si
gn

m
en

t
(L

M
)a

D
is

cr
et

e
as

si
gn

m
en

t
(G

L
M

)b

20
04

20
05

20
04

20
05

E
ff

ec
t

M
al

e
Fe

m
al

e
M

al
e

Fe
m

al
e

M
al

e
Fe

m
al

e
M

al
e

Fe
m

al
e

In
te

rc
ep

t
0.

94
(0

.1
2)

1.
20

(0
.0

6)
1.

74
(0

.1
3)

1.
82

(0
.1

2)
–0

.1
9

(0
.0

8)
0.

89
(0

.0
3)

–0
.1

5
(0

.0
7)

–0
.2

9
(0

.0
8)

W
ei

gh
t

0.
80

(0
.0

9)
0.

18
(0

.0
5)

0.
35

(0
.0

7)
0.

12
(0

.0
4)

0.
79

(0
.0

6)
0.

20
(0

.0
3)

0.
27

(0
.0

4)
0.

09
(0

.0
3)

O
ri

gi
n

(h
at

ch
er

y
ef

fe
ct

)
–0

.7
9

(0
.1

5)
–0

.5
0

(0
.1

)
–0

.9
6

(0
.1

4)
–0

.9
4

(0
.1

3)
–0

.6
2

(0
.0

9)
–0

.5
7

(0
.0

6)
–0

.6
6

(0
.0

8)
–0

.7
0

(0
.0

8)
R

un
tim

e
–0

.1
5

(0
.0

5)
–0

.1
5

(0
.0

5)
–0

.0
8*

(0
.0

5)
–0

.1
8

(0
.0

4)
–0

.0
9

(0
.0

3)
–0

.1
5

(0
.0

3)
–0

.0
7*

(0
.0

3)
–0

.1
5

(0
.0

3)
A

ge
3

ef
fe

ct
c

0.
95

(0
.2

2)
—

0.
63

*
(0

.2
4)

—
0.

80
(0

.1
5)

—
0.

39
(0

.1
7)

—

N
ot

e:
A

ge
2

m
al

es
w

er
e

ex
cl

ud
ed

an
d

ag
es

4
an

d
5

w
er

e
co

m
bi

ne
d

fo
r

th
e

an
al

ys
is

.
R

es
ul

ts
fr

om
tw

o
pa

re
nt

ag
e

as
si

gn
m

en
t

m
et

ho
ds

an
d

fi
tn

es
s

m
od

el
s

ar
e

pr
es

en
te

d:
fr

ac
tio

na
l

as
si

gn
m

en
t,

us
in

g
m

od
el

s
w

ith
no

rm
al

er
ro

r,
an

d
th

e
si

ng
le

m
os

t
pr

ob
ab

le
pa

re
nt

pa
ir

us
in

g
ge

ne
ra

li
ze

d
lin

ea
r

m
od

el
s

(G
L

M
s)

w
ith

Po
is

so
n

er
ro

r.
St

an
da

rd
de

vi
at

io
ns

of
co

va
ri

at
e

es
tim

at
es

ar
e

gi
ve

n
in

pa
re

nt
he

se
s;

co
ef

fi
ci

en
ts

w
ith

as
te

ri
sk

s
(*

)
re

pr
es

en
t

no
ns

ta
tis

tic
al

ly
si

gn
if

ic
an

t
re

su
lts

(p
>

0.
05

).
A

ll
ot

he
r

co
ef

fi
ci

en
ts

ar
e

si
gn

if
ic

an
t

(a
t

le
as

t
p

<
0.

05
).

a C
oe

ff
ic

ie
nt

s
of

th
e

lin
ea

r
m

od
el

(L
M

)
ba

se
d

on
fr

ac
tio

na
l

pa
re

nt
ag

e
as

si
gn

m
en

t:
pr

og
en

y
=

in
te

rc
ep

t
+

re
tu

rn
tim

e
+

ef
fe

ct
of

ha
tc

he
ry

or
ig

in
+

w
ei

gh
t

+
ef

fe
ct

of
ag

e
3

(m
al

es
on

ly
)

+
"

(n
or

m
al

).
b C

oe
ff

ic
ie

nt
s

of
Po

is
so

n
ge

ne
ra

li
ze

d
lin

ea
r

m
od

el
(G

L
M

)
ba

se
d

on
m

os
tly

lik
el

y
pa

re
nt

ag
e

as
si

gn
m

en
ts

:l
og

(u
pr

og
en

y)
=

in
te

rc
ep

t+
re

tu
rn

tim
e

+
ef

fe
ct

of
ha

tc
he

ry
or

ig
in

+
w

ei
gh

t+
ef

fe
ct

of
ag

e
3

(m
al

es
on

ly
).

c T
he

ag
e

3
ef

fe
ct

is
th

e
ef

fe
ct

of
be

in
g

ag
e

3
(i

ns
te

ad
of

ag
es

4
or

5)
,

in
de

pe
nd

en
t

fr
om

th
e

ef
fe

ct
of

w
ei

gh
t.

It
is

on
ly

in
cl

ud
ed

in
th

e
an

al
ys

is
of

m
al

es
si

nc
e

al
l

fe
m

al
es

w
er

e
ei

th
er

ag
e

4
or

5.

Fig. 4. Relationship between female and male carcass recovery lo-
cation and relative fitness for the Nason Creek females (a) and
males (b) and Chiwawa River females (c) and males (d) in 2004
and 2005 combined. Individual relative fitness for wild (open
squares) and hatchery (solid circles) fish was estimated as the frac-
tionally assigned yearling juvenile count for an individual divided
by the mean counts per individual within sexes. Density plots of
recovery location (stream kilometre) and fitness are illustrated on
the margins for hatchery (filled) and wild (open) fish. The density
plots are scaled to reflect distributions within origin classes, and
heights of the plots are not proportional to the relative abundance
among origin classes. Dashed and solid lines illustrate the linear
relationship between spawning location and the standardized pro-
geny counts for hatchery and wild fish, respectively.

Fig. 3. Relationship among age, weight, and relative fitness for the
combined 2004 and 2005 data for naturally spawning males (a) and
females (b). Individual relative fitness was estimated as the frac-
tionally assigned juvenile yearling progeny count for an individual
divided by the mean counts per individual within sexes and years.
Individuals of ages 3, 4, and 5 are indicated by solid circles, gray
squares, and open circles, respectively. Density plots of weight (kg)
and fitness are illustrated on the margins for ages 3 (black),
4 (gray), and 5 (open). The density plots are scaled to reflect distri-
butions within age classes, and heights of the plots are not propor-
tional to the relative abundance among age classes.
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Discussion

Fitness distribution
Like previous studies of salmon fitness, the estimated off-

spring numbers per parent in our study were highly skewed.
There are several potential causes of this skewed distribu-
tion. First, the number of offspring sampled was a small
fraction of the total juvenile population, and if more progeny
were sampled the fitness distribution would move to the
right. Second, many of the adults in fact produced no prog-
eny, because prespawn mortality in this population is as
high as 50% (Murdoch et al. 2008). Finally, even among
those fish that spawned, there appears to be a skewed distri-
bution of progeny number, indicating a high variance in re-
productive success.

Factors associated with low fitness of hatchery fish
Hatchery-origin adults in our study had less than half the

mean fitness of their wild counterparts. This level of fitness
reduction is similar to what has been observed in other spe-
cies, particularly steelhead (e.g., Leider et al. 1990; Kostow
et al. 2003; Araki et al. 2007a, 2007b). Like most steelhead
hatchery programs, spring run Chinook salmon typically
spend a full year rearing in the hatchery prior to release. If
reduced fitness is correlated with hatchery residence time,
then species that spend similar periods of time in hatchery
rearing conditions might be expected to have similar reduc-
tions in fitness in the wild. However, a portion of the fitness
differences we observed was explained by differences in
spawning location, indicating that factors other then simply
time spent in the hatchery can influence subsequent fitness.

For males, the relative fitness of hatchery fish was lower
if all age classes were combined than if analyzed separately,
because of the higher fraction of 3-year-old males among
hatchery fish compared with wild fish. Hatchery fish have a
tendency to mature at earlier ages than wild fish (Knudsen
et al. 2006; Murdoch et al. 2008), but the difference is
subtle and does not explain the differences in age structure
we observed. Instead, these differences were due mostly to
an increase in hatchery releases starting in 2003, and the 3-
year-olds that returned to spawn in 2004 were in high abun-
dance owing to this strong hatchery cohort (A.R. Murdoch,
unpublished data). Neither weight nor run timing differed
consistently between hatchery and wild fish, and neither of
these traits explained the reduced fitness of hatchery fish.

Other than differences in age structure, carcass recovery
location was the only measured trait that differed notably
between hatchery- and wild-origin fish. Carcass recovery lo-
cation also had a significant effect on fitness, such that fish
that were recovered higher in the watershed had higher aver-
age fitness than those that were recovered lower in the
watersheds. When spawning location was included as a pre-
dictor, the model coefficients associated with hatchery origin
became less negative for both females and males and be-
came nonsignificant for females in one of the two models.
Overall, these results indicate that spawning location ex-
plains a portion but not all of the reduced fitness of hatchery
fish in this study.

To our knowledge, this is the first direct estimate of the
effect of general spawning location on fitness in a natural
stream, although the result is consistent with previous indi-T
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rect observations, and there is a large literature on spawning
site selection by salmon (reviewed by Quinn 2005). For ex-
ample, Hoffnagle et al. (2008) found that hatchery Chinook
salmon females were distributed lower in an Oregon water-
shed than wild females, and they hypothesized that this
could have a deleterious effect on the fitness of the popula-
tion. Schroder et al. (2008) found that small differences in
spawning location within an artificial stream contributed to
reduced fitness of hatchery spring Chinook salmon in the
Yakima River.

The cause of the difference in spawning distribution in
our study is probably due to the rearing methods and release
location of the hatchery fish. Hatchery juveniles are initially
reared in an offsite facility until 6–7 months of age, when
they are transferred to a rearing pond near the mouth of the
Chiwawa River. There, the fish are reared on a mixture of
Chiwawa River and Wenatchee River water until they are
released as smolts. Salmon are known to imprint on chemi-
cal cues in the water (Quinn and Fresh 1984; Quinn 1993).
It is therefore not surprising that returning hatchery fish tend
to spawn in the lower reaches of the Chiwawa River and
areas nearby in Nason Creek and the Wenatchee River,
since this is the area to which they imprinted as juveniles.
Assuming that sufficient habitat capacity was available, re-
leasing fish higher in the watershed might therefore result
in improved fitness of the returning hatchery adults.

Our results do not directly address the mechanism by
which spawning in the lower reaches of the Chiwawa River
and Nason Creek leads to lower fitness, but there are two
plausible factors. First, the density of spawners is higher in
the lower reaches, owing to the large number of hatchery
fish produced by the supplementation program. Second, the
spawning and rearing habitat in the lower reaches are more
impacted by roads and development (Upper Columbia Sal-
mon Recovery Board 2007). Other aspects of the effect of
spawning location remain to be explored. For example, rela-
tively few wild fish but considerable hatchery fish spawned
in the Wenatchee River proper, and this choice of spawning
location may also contribute to the overall reduction in
hatchery fish fitness.

One limitation of our study is that it does not directly es-
timate the genetic versus environmental components of dif-
ferences between the hatchery and wild fish. In particular,
the hatchery and wild spawners experienced different juve-
nile rearing environments, which could lead to environmen-
tally induced differences in behavior or physiology that in
turn lead to differences in fitness. The difference in spawn-
ing location between the two types of fish, for example, is
probably due to differences in their early rearing environ-
ment. However, even after accounting for spawning loca-
tion, hatchery fish remained less fit than wild fish
(especially males), and some of those differences could be
due to genetic effects or environmentally induced effects on
traits we did not measure. For example, there have been
studies that have found differences between hatchery fish in
a variety of behavioral (e.g., Riddell and Swain 1991; Flem-
ing and Gross 1992), morphological (e.g., Fleming and
Gross 1989), and physiological traits (e.g., Hill et al. 2006).

We found larger effects of hatchery origin on fitness com-
pared with some other recent studies of Chinook salmon in
seminatural environments. In particular, Schroder et al.

(2008) found that egg to fry survival for first generation
hatchery females was 0.94 times that of wild females when
measured in an artificial stream channel. There are several
potential reasons for the greater differences in fitness in our
study. First, the Wenatchee River supplementation program
was started in 1989, and returning hatchery fish have com-
prised 36%–70% of the broodstock since 1994. The Yakima
River program started in 1997 and uses only wild fish for
broodstock, so the hatchery fish in the Wenatchee River
have experienced more generations of domestication selec-
tion than the Yakima River fish. Second, we measured fit-
ness over a longer period of the life cycle, allowing for
more opportunities for differences in fitness between wild
and hatchery fish to manifest. Third, a portion of the fitness
differences we observed was due to large-scale differences
in spawning location, which would not be able to be mani-
fest in a spawning channel. Finally, the Wenatchee study
was in a natural setting, compared with an artificial stream
channel in the Yakima River. It is possible that the natural
environment is less benign to hatchery-produced fish than
the stream channel, leading to greater differences in fitness.
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