
Differences in juvenile phenotypes and survival
between hatchery stocks and a natural population
provide evidence for modified selection due to
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Abstract: Juvenile phenotypes and fitness as indicated by survival were compared for naturally produced steelhead
(Oncorhynchus mykiss), a new local hatchery stock, and an old nonlocal hatchery stock on the Hood River, Oregon,
U.S.A. Although the new hatchery stock and the naturally produced fish came from the same parent gene pool, they
differed significantly at every phenotype measured except saltwater age. The characteristics of the new hatchery stock
were similar to those of the old hatchery stock. Most of the phenotypic differences were probably environmentally
caused. Although such character changes would not be inherited, they may influence the relative fitness of the hatchery
and natural fish when they are in the same environment, as selection responds to phenotypic distributions. A difference
in fitness between the new hatchery stock and naturally produced fish was indicated by significant survival differences.
Acclimation of the new hatchery stock in a “seminatural” pond before release was associated with a further decrease in
relative smolt-to-adult survival with little increase in phenotypic similarity between the natural and hatchery fish. These
results suggest that modified selection begins immediately in the first generation of a new hatchery stock and may pro-
vide a mechanism for genetic change.

Résumé : Les phénotypes des jeunes et leur survie (comme mesure de fitness) ont pu être comparés chez des truites
arc-en-ciel anadromes (Oncorhynchus mykiss) nées en nature, des truites d’un nouveau stock local de pisciculture et
des truites d’un ancien stock non local de pisciculture dans la rivière Hood, Oregon, É.-U. Bien que le nouveau stock
de pisciculture et le stock naturel proviennent du même pool génétique parental, ils différent significativement par tous
les caractères phénotypiques mesurés, sauf l’âge en eau salée. Les caractéristiques du nouveau stock de pisciculture
ressemblent à celles de l’ancien stock de pisciculture. La plupart des différences phénotypiques sont probablement
attribuables à l’environnement. Bien que de tels caractères ne soient pas transmis génétiquement, ils peuvent affecter le
fitness relatif des poissons de pisciculture et des poissons sauvages quand ils cohabitent dans le même milieu, puisque
la sélection réagit à la distribution des phénotypes. Il existe des différences significatives de survie, donc de fitness,
entre le nouveau stock de pisciculture et le stock sauvage. L’acclimatation du nouveau stock de pisciculture dans un
étang « semi-naturel » avant sa libération en nature entraîne une diminution additionnelle de la survie des saumoneaux
jusqu’au stade adulte et augmente peu la ressemblance phénotypique entre les poissons de pisciculture et les poissons
sauvages. Ces résultats indiquent que la sélection modifiée agit immédiatement dès la première génération dans un nou-
veau stock de pisciculture et qu’elle peut fournir un mécanisme pour le changement génétique.
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Phenotypic and fitness differences between wild fish and
hatchery fish that have been captive for several generations
are well documented (e.g., Reisenbichler and McIntyre
1977; Fleming et al. 1996; Johnsson et al. 2001). Many of
the differences are argued by the authors to have a genetic
basis (e.g., Fleming et al. 1994; Berejikian 1995; Kallio-
Nyberg and Koljonen 1997). The mechanisms that have been
proposed to cause genetic divergence between hatchery and

wild fish include modified selection pressures caused by dif-
ferent survivals and mortalities in the artificial versus natural
environments (Reisenbichler and Rubin 1999; Ford 2002).
Other mechanisms include accumulation of genetic load
caused by relaxed selection during captivity (Lynch and
O’Hely 2001) and genetic changes caused by small brood-
stocks and other demographics that lower effective popula-
tion  sizes  (Ryman  and  Laikre  1991;  Ryman  et  al.  1995).
These mechanisms may work concurrently to eventually
erode the fitness of a captive population when it is returned
to the wild (Woodworth et al. 2002).

The idea that modified selection pressures might cause
hatchery and wild fish to diverge has been criticized by
some resource managers in the northwestern United States
because the survival of fish while in captivity can be very
high, up to 90% for fish reared from eggs to smolts (ODFW
and USFWS 1996). Given these high survivals, some man-
agers argue that there appears to be little opportunity for se-
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lection to occur either for or against particular individuals
while they are captive (see, for example, the requirements
for domestication selection presented by Doyle (1983)).
However, it may be possible for modified selection to con-
tinue to affect the hatchery fish after they are released. In or-
der for this to occur, the hatchery fish would have to
continue to experience different selection pressures after re-
lease than those experienced by the wild fish. One way this
might occur is if the hatchery and wild fish express signifi-
cantly different phenotypes while they are in the same natu-
ral environment and experience different survivals under the
same conditions.

It is a common practice in steelhead (Oncorhynchus
mykiss) hatchery programs to accelerate growth rates and
smoltification to produce large, yearling smolts (see exam-
ples of release criteria in ODFW and USFWS (1996)). Man-
agers adopt this practice in an effort to optimize postrelease
survival of the hatchery fish (Wagner et al. 1963; Wagner
1967) while reducing or eliminating residual hatchery fish
(Jonasson et al. 1995; Bigelow 1995). It is generally recog-
nized that this protocol could make hatchery steelhead juve-
niles larger and younger than wild fish (Berejikian et al.
1996). Many chinook (Oncorhynchus tshawytscha) and coho
salmon (Oncorhynchus kisutch) hatchery programs also in-
crease growth rate and size at release to produce vigorous
smolts and to improve smolt-to-adult survival (Mahnken et
al. 1982; Dickhoff et al. 1995).

The implications of intentionally manipulating juvenile
phenotypes in a hatchery program are particularly important
when the program is implemented for the purpose of in-
creasing the size of a wild population. The current manage-
ment perspective is that hatchery fish in a conservation
hatchery program of this kind should be as “similar” to wild
fish as possible to lower both genetic and ecological risks to
wild fish (Independent Multidisciplinary Science Team
2000; McMichael et al. 2000). “Similarity” is most often
viewed in a genetic or phenotypic context. One idea associ-
ated with this perspective is that if hatchery and wild fish
were phenotypically “similar”, then selection in the natural
environment might affect the two groups in a “similar” way,
decreasing the opportunity for genetic divergence.

However, manipulation of juvenile phenotypes is used in
steelhead hatchery programs in the northwestern United
States even when the program goal is to produce hatchery
fish for conservation purposes with characteristics that are
“similar” to those of wild fish (Phillips et al. 2000). Many
managers propose that the environmentally caused differ-
ences that result from the manipulations are not genetically
important because they are not inherited (Swain et al. 1991).
However, selection differentials respond to phenotypic distri-
butions and influence fitness regardless of the source of
phenotypic variation. After the hatchery fish are released,
they are exposed to the same natural environment as wild
fish. If the hatchery and wild fish have substantially different
phenotypes when they are in the same environment, natural
selection may affect them differently. These different selec-
tion regimes could lead to eventual genetic divergence be-
tween the groups.

A comparison of wild fish that have never been in captiv-
ity and hatchery fish from the same parent gene pool may re-
veal phenotypic and fitness differences that provide the

opportunity for modified selection pressures to occur. In this
paper, I compare several juvenile phenotypes and fitness as
indicated by survival of naturally produced steelhead and
hatchery steelhead from a newly founded conservation
hatchery program. The evaluation site was the Hood River, a
tributary of the lower Columbia River at river kilometre
(rkm) 270 in Oregon, U.S.A., which has indigenous winter
and summer steelhead populations. Juvenile out-migrants
were evaluated over 5 years, from 1994 through 1998. Dur-
ing the evaluation period, two hatchery stocks were released
into the Hood River. The “new” hatchery stock was founded
starting in 1991 from wild winter steelhead adults captured
at Powerdale Dam at rkm 6.4 on the mainstem Hood River.
This hatchery program was implemented for the purpose of
rapidly increasing the size of the wild winter steelhead pop-
ulation. The “old” hatchery program was implemented to
provide a sports fishery in the Hood River and used a
nonlocal summer steelhead hatchery stock that was founded
in the 1950s.

One may expect significant phenotypic and fitness differ-
ences between the old hatchery stock and the native Hood
River steelhead populations. The primary question for this
paper was how hatchery juveniles from the new hatchery
stock compared with naturally produced juveniles that had
never been in captivity but came from the same parent gene
pool as the hatchery fish. Fish from the new hatchery stock
were also compared with fish from the old hatchery stock.

Materials and methods

Study populations
All adult steelhead have been captured and sorted at a trap

at Powerdale Dam since 1992. The adult trap captured 100%
of the adult steelhead destined to spawn in the Hood River
and was located below 100% of the natural production area
in the basin. The population sizes and composition of the
naturally spawning parent populations that produced the out-
migrants in 1994 through 1998 were therefore known.
Broodstock for the new hatchery program was collected at
the same trap, whereas the old hatchery stock smolts were
imported from a different basin.

The new hatchery stock, Hood River Winter Stock, was
founded starting in 1991 from wild Hood River winter
steelhead. Wild adults were distinguished from any hatchery
fish that entered the trap by a lack of fin clips or other
marks. Each year of this study, 10–25% of the wild popula-
tion was taken for the broodstock, sampled throughout the
wild run time distribution. The juvenile out-migrants in this
study were produced by the 1993 through 1997 brood years.
The broodstocks ranged in size from 43 to 82 fish and in-
cluded from 0% to 48% hatchery fish. The hatchery fish that
were used in the broodstock were adult returns from the first
years’ releases of the same stock. The hatchery protocols
used to rear, acclimate, and release the new hatchery stock
were those designed for the regular hatchery program, de-
scribed in Olsen and French (2000) and O’Toole (1991),
since the intent was to evaluate the products of the program
as it was intended for normal implementation. The hatchery
smolts were released directly into the East Fork of the Hood
River in 1994 and 1995 but were acclimated for several
weeks before release in 1996 through 1998 in a pond that
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was supplied with some “enriched environmental features”
(Flagg and Nash 1999). One hundred percent of the new
hatchery stock juveniles were marked with fin and mandible
clips.

The old hatchery stock, South Santiam Hatchery
Skamania Summer Stock, originated from several tributaries
in southwest Washington in the late 1950s (Reisenbichler et
al. 1992). The broodstock was transferred to South Santiam
Hatchery in Oregon in the 1970s and was released annually
into several Oregon rivers, including Hood River, to provide
a sports fishery. The total broodstock size during the 1990s
was quite large, but only a small part of the production was
released into the Hood. The number of parents that produced
fish for the Hood ranged from 54 to 92 fish and was com-
posed of 100% hatchery fish. Juveniles from the old hatch-
ery stock were reared outside the Hood Basin then released
as smolts directly into the West Fork of the Hood River. One
hundred percent of the old hatchery stock juveniles were
marked with fin clips.

The two wild steelhead populations in the Hood River
were distinguished by adult run time and geographic spawn-
ing distribution. The winter steelhead population passed
Powerdale Dam between January and June and immediately
spawned in the East and Middle forks of the Hood River.
The summer steelhead population passed Powerdale Dam
between April and October and spawned the following
spring in the West Fork of the Hood River, above a partial
passage barrier that blocked winter steelhead. Resident rain-
bow trout were sympatric with the summer steelhead popu-
lation (Kostow 1995).

Naturally produced juveniles ranged in age from 0 to
4 years so the 1994 through 1998 out-migrants were attrib-
uted to past parent-years proportional to their age distribu-
tions. The naturally spawning winter steelhead parent
population ranged in size from 166 to 491 fish. No winter
steelhead hatchery fish were intentionally passed above the
dam in brood years 1992 through 1995. However, because of
the presence of older smolts that had been produced from
earlier brood years and the accidental release of a few adult
hatchery fish above the dam, it was determined that 2–3% of
the parents of the 1994 through 1996 out-migrants had been
hatchery fish from other hatchery stocks outside the Hood
Basin. Some hatchery adults from the new winter steelhead
hatchery stock were intentionally passed above the dam
starting in 1996. The 1997 and 1998 naturally produced out-
migrants had 43% and 51% hatchery parents, respectively.
Hatchery summer steelhead adults from the South Santiam/
Skamania stock were passed above the dam during the study
and potentially mingled with the wild summer steelhead in
the West Fork. The naturally spawning summer steelhead
parent population ranged in size from 652 to 2211 fish but
included a much larger hatchery component, 78–88% hatch-
ery fish.

Juvenile phenotype data
Juvenile phenotypes of old hatchery stock juveniles, new

hatchery stock juveniles, and naturally produced juveniles
were measured during 5 years of juvenile out-migration
from 1994 through 1998. The new hatchery stock juveniles
were measured for length and weight before release as year-
ling smolts. Releases occurred between 1 April and 15 May

each year. The old hatchery stock juveniles were released as
yearling smolts in April. A subsample of juveniles from both
hatchery stocks were recaptured along with naturally pro-
duced juveniles in four rotary-screw (smolt) traps located in
the West Fork at rkm 6.4, in the Middle Fork at rkm 2.1, in
the East Fork at rkm 1.6, and in the lower mainstem Hood
River at rkm 7.2. The traps were operated from about the
first of April to about the end of October each year and were
checked on most days. Further details about the field sam-
pling protocols are described in Olsen (2003).

The origin of the juveniles captured in the smolt traps was
identified as new hatchery stock, old hatchery stock, or natu-
rally produced fish based on the fin and mandible marks or
lack of marks. Phenotype data for the naturally produced
winter and summer steelhead were combined, as individuals
from these life histories could not be differentiated in the
mainstem trap. The fish were measured for length (milli-
metres), weight (grams), date of capture, and age at capture
determined from a juvenile scale sample. Juveniles passing
the mainstem smolt trap were moving below all-natural rear-
ing habitats in the basin and were believed to be leaving the
Hood River, whereas those captured in the tributary smolt
traps may have been moving within the basin. Therefore, the
date of capture and the age at capture in the mainstem trap
were considered to be the date of and age at out-migration
from the Hood Basin. Out-migration from the Hood did not
necessarily mean that the fish were smolting and moving
into the ocean. Further phenotypic data were collected when
the out-migrants returned as adults to the Powerdale trap in
1995 through 2002. Freshwater age, also considered to be
the age at smolting, was determined by a saltwater entry
mark on the adult scales (Borgerson 1992). Saltwater age
and total age at spawning were also determined from the
adult scales.

The dates of capture at the mainstem trap (dates of out-
migration) and age data from adult scales were combined for
all years within origin group: naturally produced, new hatch-
ery stock, and old hatchery stock. However, the mean values
and the distributions of the length and weight traits differed
within the three origin groups depending on when and where
they were measured; therefore, the data were distributed
among several treatments. For naturally produced juveniles,
two treatment groups were identified: captured in the tribu-
taries (all three traps) and captured in the mainstem trap
with data for all years combined. For the old hatchery stock,
there were also two treatment groups: captured in the tribu-
tary trap (West Fork) and captured in the mainstem trap with
data for all years combined. For the new hatchery stock, five
treatment groups were analyzed to take into consideration
the changes in release strategy part way through the study.
For the two years of direct releases (1994–1995), there were
two treatments: at release and captured in the mainstem trap.
For the three years of acclimated releases (1996–1998),
there were three treatments: at release, captured in the tribu-
tary trap (East Fork), and captured in the mainstem trap.

Over the 5 years, nearly 3000 juvenile fish were measured
in the tributary traps, whereas over 5250 were measured in
the mainstem trap. Most of the phenotype sample sizes were
therefore large and most of the data sets were approximately
normally distributed. Exceptional data sets included the date
of out-migration for naturally produced juveniles and the
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length and weight measurements for naturally produced ju-
veniles in the tributaries, all of which had bimodal distribu-
tions. The length and weight data were analyzed among all
treatment groups using pairwise F tests to compare
phenotypic variances and pairwise t tests assuming either
equal or unequal variances depending on the results of the
F tests to compare mean phenotype values. Dates of out-
migration were also compared by applying pairwise t tests
and F tests to the dates of capture at the mainstem trap.
Freshwater age (interpreted as age at smolting) and saltwater
age were compared using t tests.

Further information about the behavior of the naturally
produced fish was qualitatively described from the trapping
data. Comparisons of age at capture and dates of capture in
the mainstem and tributary smolt traps and comparisons of
age at capture in the smolt traps and age at smolting deter-
mined from adult scales revealed life history complexity
among the naturally produced fish that was not present
among any hatchery treatments. Graphics were developed to
demonstrate and compare the distribution of phenotypic
variation for some of the more complex traits and the behav-
ior patterns were described. The only comparison that could
be made was that the life history complexity was present in
the naturally produced fish but absent in the hatchery fish.

Survival data
The following measures of survival were made as fitness

indicators: egg-to-smolt survival, smolt-to-adult survival,
egg-to-adult survival, parent per capita production of smolt
offspring, and parent per capita production of adult off-
spring. Survival data were measured for each of the 5 out-
migrant years from 1994 through 1998 for naturally pro-
duced winter steelhead, naturally produced summer steelhead,
the new hatchery stock and the old hatchery stock.

For the two hatchery stocks, the survival data were com-
puted from hatchery monitoring records, smolt release data,
and adult return data. The parent populations were the
broodstocks in brood years 1993 through 1997 that produced
the smolts that were released into the Hood Basin. Egg pro-
duction was determined from the number of females
spawned and the average fecundities of the females. Egg-to-
smolt survivals occurred during captivity for the hatchery
stocks and were tracked while the fish were in the hatcheries
from green eggs to smolt release. Only natural mortalities
were considered; losses resulting from intentional culling
were not counted. Smolt-to-adult survivals were determined
for each out-migrant year from the number of smolts re-
leased into the Hood River and the number of adults return-
ing for their first spawning measured at the mouth of the
Hood River. Fish from the 1994 through 1998 release years
returned for their first spawning from 1995 through 2002.
The number of adults at the mouth of the Hood River was
determined by the Powerdale Dam counts, where the adults
were also aged and assigned to their out-migration year, and
the annual harvest rate in the basin below the dam.

The number of naturally spawning parents that produced
each out-migrant year was estimated from the juvenile age
distribution and counts of adults past Powerdale Dam, cor-
rected for a prespawning mortality of 5% for winter steel-
head and 10% for summer steelhead. Naturally spawning

wild and hatchery fish were treated equally. Natural egg pro-
duction was calculated from the number of females passed
and an average fecundity of 3500 eggs per female. The egg-
to-smolt and smolt-to-adult survivals of naturally produced
winter and summer steelhead depended on an estimate of
wild smolt production from the Hood River. An estimate of
total smolt production from the basin was made from sam-
pling of unmarked juveniles at the mainstem trap. The total
production estimate was distributed among summer and win-
ter steelhead using the data from the West Fork trap (sum-
mer steelhead) and the traps in the East and Middle forks
(winter steelhead). Since it was evident from the size and
age data that some of the out-migrants may not have been
smolts, only fish larger than 165 mm were used to make the
smolt production estimates. Trap efficiencies were regularly
monitored and adjusted seasonally to account for variations
in flows. A pooled Petersen mark–recapture estimate with
Chapman’s modification (Ricker 1975) was used to make
the juvenile abundance estimates. Further details about the
methods used to calculate the number of naturally produced
winter and summer smolts are provided in Olsen (2003).
The number of adult offspring was determined using the
same method that was used for hatchery fish. Fish from the
1994 through 1998 out-migrants returned for their first year
of spawning in 1995 through 2002. Age and lower Hood
River sports harvest were again taken into consideration to
calculate the adult returns to the river mouth for each out-
migrant year.

The survival statistics, egg-to-smolt survival, smolt-to-
adult survival, egg-to-adult survival, parent per capita pro-
duction of smolt offspring, and parent per capita production
of adult offspring, were computed for each of the out-
migrant years for naturally produced winter steelhead, natu-
rally produced summer steelhead, the new hatchery stock,
and the old hatchery stock. The results averaged over the
5 years for each group were then compared using pairwise t
tests. Within the new hatchery stock group, the two direct-
release years (1994–1995) and the three acclimated-release
years (1996–1998) were also broken out for comparison to
take into consideration the change in release strategy that oc-
curred during the study.

Results

Length and weight of juveniles
Naturally produced juveniles were significantly smaller

(P < 0.001) than all treatments of both the new and the old
hatchery fish stocks measured both as length and as weight
(Table 1). They were also more variable in length than
hatchery fish, while they showed similar amounts of varia-
tion in weight, although in different distributions. Both the
length and weight trait distributions of naturally produced
fish measured in the tributaries were strongly bimodal
(Fig. 1) and the fish were significantly smaller (P < 0.001)
than when measured in the mainstem trap.

The fish from the new hatchery stock differed in size de-
pending on when and where the fish were measured. The
new hatchery stock fish that were directly released were sig-
nificantly bigger, both in length and weight and both at re-
lease and at recapture, than those that were acclimated (P <

© 2004 NRC Canada

580 Can. J. Fish. Aquat. Sci. Vol. 61, 2004



0.001). Within both the direct-release and the acclimated
groups of the new hatchery stock, the fish became signifi-
cantly longer and heavier as they progressed from release to
recapture in the mainstem trap (P < 0.001). The change in
size was partially due to a loss of the smallest hatchery fish
between release and recapture, although other changes in the
distribution also occurred (Fig. 2a).

The old hatchery stock juveniles were significantly larger
(P < 0.001) than four of the treatments of the new hatchery
stock juveniles measured by both length and weight, but the
two stocks were not significantly different in either measure-
ment at the mainstem trap when the new hatchery stock fish
were directly released. The average size of old hatchery
stock juveniles was uniform from release to out-migration in
that neither length nor weight varied by sampling site. Even
though the acclimated fish from the new hatchery stock were
significantly smaller than fish from the old hatchery stock,
they had a size distribution at the mainstem trap that was
more similar to that of the old hatchery stock than to that of
the naturally produced fish (Fig. 2b).

Age at smolting and age at first spawning
Fish from both hatchery stocks were significantly younger

when they smolted, as determined by the age at which they
entered salt water, than the naturally produced fish (P <
0.001). The hatchery fish were also nearly uniform in age,
whereas the naturally produced fish were highly variable
(Table 2). The younger and lesser variation in freshwater age
of the hatchery fish corresponded to younger and lesser
variation in total adult age at first spawning. Another conse-
quence of a younger total age was that the average genera-
tion time of the hatchery fish was shortened by 1 year, from
4 years for the naturally produced fish to 3 years for both
hatchery stocks. The new and old hatchery stocks had nearly
identical age distributions. Both stocks were intended to be
yearling smolts and this objective was achieved in over 99%
of the fish based on ages from adult scales. Both hatchery

stocks showed similar characteristics and diversity in saltwa-
ter age and were similar to wild fish in this trait.

Time of out-migration
Time of out-migration was measured as the date at which

fish were captured in the mainstem trap. This was a difficult
trait to measure in this study with a complete lack of bias
because two protocols affected sampling, which affected the
character of the trait. First, hatchery fish could not out-
migrate before they were released. Second, the Hood could
not be sampled for out-migrating juveniles all year because
the river experiences high flashy flows in the winter and
smolt traps cannot safely operate.

Juveniles from both hatchery stocks out-migrated signifi-
cantly earlier than naturally produced juveniles based on
mean date of out-migration (P < 0.001). However, the pri-
mary difference between the groups was that the out-
migration time distribution for natural fish was highly vari-
able, whereas the out-migration time for hatchery fish was
very narrow (variance for wild fish (σW) = 3377 and vari-
ance for hatchery stock (σH) = 317, P < 0.001, also com-
pared in Fig. 3). A large number of naturally produced fish
out-migrated during the spring and the new hatchery stock
matched this peak time reasonably well. But less than 1% of
either hatchery stock was captured in any smolt trap after the
end of June. In contrast, naturally produced fish were cap-
tured throughout the season. Their lowest period of move-
ment was during midsummer when river flows were at the
lowest levels, and then out-migration increased again in Sep-
tember. Substantial numbers of fish continued to out-migrate
through October and it is possible that some continued to
out-migrate through the winter after sampling stopped.

Life history complexity
The size, age, and movement data also revealed informa-

tion about natural juvenile behavior and life history patterns
in the Hood Basin that were absent among the hatchery fish.
Among the naturally produced fish, small age-0 and age-1
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Group
N
(lengths)

Average length
(SD) (mm)

N
(weights)

Average weight
(SD) (g)

Natural (tributary) 2289 119.3 (48.5) 1690 28.4 (26.3)
Natural (mainstem) 919 171.3 (29.0) 722 53.6 (23.0)
New hatchery stock (direct release) 915 192.3 (22.8) 915 81.7 (27.9)
New hatchery stock (direct, mainstem) 391 208.0a (15.1) 382 89.3b (22.0e)
New hatchery stock (acclimated release) 1007 185.7 (24.6) 1007 75.2 (28.4)
New hatchery stock (acclimated, tributary) 413 196.6 (16.4c) 383 78.9 (19.9d)
New hatchery stock (acclimated, mainstem) 2535 199.4 (16.6c) 2437 78.0 (20.0d)
Old hatchery stock (tributary) 211 208.5a (21.1) 205 87.0b (26.5)
Old hatchery stock (mainstem) 1371 208.1a (18.0) 1345 88.1b (22.4e)

Note: The lengths of the old hatchery stock measured in the tributaries and in the mainstem were not significantly
different from each other or from those of the new hatchery stock at the mainstem trap when the smolts were direct
released (indicated by “a”). All other pairwise mean lengths analyzed with t tests were significant at P < 0.001. The
mean weights of the two old hatchery stock samples and the direct-release new hatchery stock sample at the mainstem
trap (indicated by “b”) were not significantly different from each other. All other pairwise mean weights analyzed
with t tests were significant at P < 0.001. Variances for two of the new hatchery stock lengths and weights (indicated
by “c” and “d”, respectively) and for the direct-release new hatchery stock and old hatchery stock at the mainstem
trap (indicated by “e”) were not significantly different. All other pairwise variances analyzed with F tests were signifi-
cantly different at P < 0.001.

Table 1. Comparison of juvenile lengths and weights.



fish were more common in the tributary traps (Fig. 4). These
results indicate that young presmolting fish were moving for
several years among different rearing environments within
the Hood Basin as they grew. Very young fish were also
seen migrating past the mainstem trap, indicating that some
of them were leaving the Hood Basin. However, age-0
smolts were absent, whereas age-1 smolts were rare among
naturally produced fish based on the age at saltwater entry
mark identified on adult scales. This result indicates that
about 25% of the naturally produced fish out-migrated from
the Hood Basin as presmolts. The nonsmolting juveniles that
were leaving the Hood Basin may have died or they may
have reared for another year or two in the Columbia before
smolting. Larger, age-2 and age-3 juveniles, probably
smolts, dominated the mainstem trap in the spring. However,

all ages of naturally produced fish, with highly variable sizes
and both smolts and presmolts, were moving within the
Hood Basin and out of the Hood Basin at all times that sam-
pling occurred (Fig. 5).

These behavior patterns were absent among the hatchery
fish (Figs. 4 and 5). They entered the mainstem trap from a
few days to a few weeks after release and were large and rel-
atively uniform sized. They were released at age 1 and less
than 1% of them were older than age 1 when they entered
salt water, as indicated by the entry mark on the adult scales
(Fig. 4). Hatchery fish were not found lingering in the Hood
Basin either. They were released between the first of April
and the middle of May and over 99% of them were gone
from the Hood Basin by the end of June based on sampling
that continued through October (Fig. 5). Residual hatchery
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Fig. 1. (a) Length distributions of naturally produced fish measured in the tributaries (shaded bars) and in the mainstem trap (solid
bars) compared with the acclimated new hatchery stock fish measured in the mainstem trap (open bars). (b) Weight distributions of
naturally produced fish measured in the tributaries (shaded bars) and in the mainstem trap (solid bars) compared with the acclimated
new hatchery stock fish measured in the mainstem trap (open bars).



steelhead, which never out-migrate and have been seen near
release sites in other Columbia tributaries (e.g., Jonasson et
al. 1995; McMichael et al. 2000), have not been observed in
the Hood Basin after June, although their presence cannot be
completely ruled out.

Survival
The annual survivals and the data from which they were

calculated are presented for naturally produced winter and
summer steelhead and for the new and old hatchery stocks
(Table 3). Averages, standard deviations, and information
about statistical significance for each measurement are also
presented (Table 4).

Both the new and the old hatchery fish had high egg-to-
smolt survivals while they were in captivity compared with

wild fish rearing in the natural environment (Tables 3 and
4). Both hatchery stocks had average egg-to-smolt survivals
over 60% compared with less than 2% for the naturally pro-
duced winter steelhead and less than 1% for the naturally
produced summer steelhead (differences between natural
and hatchery fish significant at P < 0.001). Both hatchery
stocks therefore produced significantly more smolt offspring
per parent (P < 0.001) than did the naturally spawning par-
ents (Table 4).

The survival superiority was reversed between the natural
and hatchery groups for smolt-to-adult survivals, which oc-
curred while all of the fish were in the same environment.
Naturally produced smolts had average smolt-to-adult sur-
vivals of 5–6%, whereas both hatchery stocks had average
survivals over the 5 years of about 1% (differences between
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Fig. 2. (a) Comparison of the length distributions of the acclimated new hatchery stock just before release (solid bars) and when captured
at the mainstem trap (shaded bars). The distribution measured in the tributary trap was intermediate. The distribution of the naturally pro-
duced fish at the mainstem trap is also shown (open bars). (b) Comparison of the length distribution of the acclimated new hatchery stock
(solid bars), the old hatchery stock (shaded bars), and the naturally produced fish (open bars), all measured in the mainstem trap.



natural and hatchery fish significant at P < 0.001; Table 4).
However, the survival superiority given the hatchery fish
while they were captive continued through to return adults,
as they had higher overall egg-to-adult survivals and pro-
duced many more adult offspring per parent than the natu-
rally produced fish (both significant at P < 0.001; Table 4).

The naturally produced winter steelhead had significantly
higher egg-to-smolt survivals, smolt offspring produced per
parent, egg-to-adult survivals, and adult offspring produced
per parent than the naturally produced summer steelhead (all
significant at P < 0.01 or greater; Table 4). For example,
egg-to-smolt survivals were 10 times higher among the win-
ter steelhead than among the summer steelhead. This differ-
ence in survivals was probably related to a difference in the
proportion of hatchery parents and the origin of hatchery
parents between the two naturally spawning populations.
The winter steelhead population included 2–51% hatchery
fish, primarily first-generation returns from the local

broodstock included among the natural spawners in the last
2 years of the study, whereas the summer steelhead popula-
tion included 78–88% hatchery fish each year of the study,
all from the old hatchery stock (Table 3). The two natural
populations had similar smolt-to-adult survivals (differences
not significant; Table 4).

The new hatchery stock over the 5 years of the study had
significantly fewer smolt and adult offspring per parent and
lower smolt-to-adult survivals than the old hatchery stock
(significant at P < 0.05 or greater; Table 4). For example,
over the 5 years, the new hatchery stock produced 35%
fewer smolts and 60% fewer adult offspring per parent com-
pared with the old hatchery stock. Comparisons of the
direct-released new hatchery stock, the acclimated-released
new hatchery stock, and the old hatchery stock demonstrated
that the acclimated new hatchery stock had significantly
lower smolt-to-adult, egg-to-adult, and adult offspring per
parent than either of the other hatchery treatments (P < 0.05
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Fig. 3. Time of out-migration, measured as date of capture in the
mainstem smolt trap averaged over all years of the study, com-
paring naturally produced fish (solid line) and the new hatchery
stock (gray line).

Fig. 4. Ages of juveniles comparing the data for the new hatch-
ery stock measured from adult scales (solid bars) and the natu-
rally produced fish measured in three different samples: tributary
smolt traps (light shaded bars), mainstem smolt trap (dark
shaded bars), and as adults (open bars). All three naturally pro-
duced samples included fish that were age 4 but at less than 1%.

Freshwater
age (years)

Saltwater
age (years)

Natural winter
steelhead (%)

Natural summer
steelhead (%)

New winter
hatchery (%)

Old summer
hatchery (%)

1 1 — 0.8 1.5 2.9
2 0.9 0.1 76.7 83.5
3 0.8 — 19.8 12.6
4 — — — 0.1
Repeat 0.1 — 1.2 0.8

2 1 4.9 5.9 — —
2 59.5 57.4 0.6 0.1
3 16.5 12.4 0.1 0.01
4 — 0.2 — —
Repeat 5.2 2.9 — —

3 1 0.5 1.3 — —
2 8.9 16.5 — —
3 2.4 1.4 — —
Repeat 0.1 0.9 — —

4 2 0.1 0.1 — —

Note: All measurements are from scales collected from returning adult fish at Powerdale Dam.

Table 2. Comparisons of freshwater and saltwater ages for naturally produced steelhead, the new
hatchery stock, and the old hatchery stock.



or greater; Table 4). For example, the average smolt-to-adult
survival for the acclimated fish was only about half of what
was observed for the direct-released fish and for the old
hatchery stock. The direct-released fish and old hatchery
stock had similar smolt-to-adult survivals.

Discussion

The new hatchery stock juveniles differed significantly
from the naturally produced juveniles in every phenotypic
trait that was measured in this study, except saltwater age.
The out-migrating new hatchery stock juveniles were larger
and less variable in size, younger, and less variable in fresh-
water and total age, all smolts, whereas the out-migrating
wild fish were either smolts or presmolts, out-migrated over
a narrow spring window, whereas some wild fish out-
migrated throughout the sampling season, and lacked the life
history complexity that naturally produced juveniles ex-
pressed. The fish from the new hatchery stock more closely
resembled the fish from the old hatchery stock, particularly
by the time they reached the mainstem trap. The phenotypic
differences were probably environmentally caused, since
both the hatchery and naturally produced fish were from the
same parent gene pool. However, large phenotypic responses
by fish from the same parent gene pool to the differences be-
tween the captive and natural environments are consistent
with the process of domestication (Kohane and Parsons
1989). After the hatchery fish were released, the phenotypic
differences provided an opportunity for different responses

to selection by the two groups while they were in the same
natural environment.

Some of the naturally produced juveniles may have had
hatchery parents. Substantial numbers of the old hatchery
stock summer steelhead were passed into natural spawning
grounds each year and some first-generation winter steel-
head adults from the new hatchery stock contributed to the
1997 and 1998 out-migrant years. It was not possible to de-
termine whether the phenotypes of the offspring of naturally
spawning hatchery fish differed from those of the offspring
of wild fish, since the juveniles caught in the traps could not
be assigned to either hatchery or wild parents. It is likely,
however, that there were very few offspring of the naturally
spawning old hatchery stock in the traps. Although the natu-
rally spawning summer steelhead had very large proportions
of old hatchery stock fish among them, their egg-to-smolt
survivals were extremely low, only about 10% of what was
observed for the naturally spawning winter steelhead. This
result indicates reproductive failure by the old hatchery sum-
mer steelhead stock, which either did not deposit the eggs
that were expected or did not produce juveniles that survived
to be captured in the smolt traps. Once summer steelhead
smolts reached the mainstem trap, their smolt-to-adult sur-
vival was not significantly different from that of the winter
steelhead smolts, and the number of wild adult summer
steelhead returning annually to the river was fairly constant
since the early 1990s. Evidence of reproductive failure by
the old hatchery stock in the Hood River is consistent with
earlier studies of this same hatchery stock, which demon-
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Fig. 5. Average length per day by date of out-migration for naturally produced fish in the tributaries (open diamonds) and in the
mainstem (shaded squares) and for hatchery fish at the same locations (solid triangles) (both samples combined). Data are averaged
over all years of the study. The hatchery fish were over 99% age-1 smolts. The naturally produced juvenile out-migrants ranged from
age 0 to age 4 and included both smolts and nonsmolting migrants based on the differences between age at out-migration measured
from juvenile scales and age at smolting measured from adult scales.
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Parent group

Smolt out-
migration
year

Number
of parents

Hatchery
fish among
parents (%)

Number
of eggs

Number
of smolts

Egg-to-smolt
survival (%)

Smolt
offspring
per parent

Number of
adult offspring
to river mouth

Smolt-to-
adult
survival (%)

Egg-to-adult
survival (%)

Adult offspring
per parent to
river mouth

Naturally spawning
winter steelhead

1994 355 3 751 450 5036 0.67 14.2 282 5.60 0.038 0.79
1995 306 2 711 550 4672 0.66 15.3 263 5.63 0.037 0.86
1996 166 3 279 300 7662 2.74 46.2 355 4.63 0.127 2.14
1997 372 43 665 000 22 550 3.39 60.6 1212 5.37 0.182 3.26
1998 491 51 1 000 800 14 024 1.40 28.6 1274 9.08 0.127 2.59

Naturally spawning
summer steelhead

1994 2211 78 4 857 500 1347 0.03 0.6 156 11.60 0.003 0.07
1995 1348 82 2 866 500 2883 0.10 2.1 144 4.99 0.004 0.11
1996 1853 88 3 452 500 5661 0.16 3.1 112 1.98 0.003 0.06
1997 652 80 1 238 000 3899 0.31 6.0 171 4.39 0.009 0.26
1998 1493 88 2 936 000 8670 0.30 5.8 212 2.45 0.005 0.14

New winter steelhead
hatchery stock

1994 75 0 62 200 38 034 61.20 507.1 354 0.93 0.569 4.72
1995 43 2 95 000 42 898 45.14 997.6 579 1.35 0.610 13.48
1996 82 28 63 800 50 904 79.80 620.8 381 0.75 0.598 4.65
1997 68 46 85 500 59 837 70.01 880.0 323 0.54 0.378 4.75
1998 58 48 102 500 62 136 60.64 1071.3 445 0.72 0.434 7.66

Old summer steelhead
hatchery stock

1994 92 100 161 324 90 042 55.81 976.7 693 0.77 0.430 7.52
1995 71 100 124 216 76 330 61.45 1075.4 1242 1.63 1.000 17.50
1996 54 100 94 448 68 378 72.40 1267.0 622 0.91 0.658 11.52
1997 54 100 94 624 60 993 64.46 1128.0 584 0.96 0.617 10.80
1998 54 100 93 826 64 910 69.18 1210.7 588 0.91 0.627 10.97

Note: The naturally spawning fish were in the natural environment throughout their life cycle. The hatchery stocks were in a hatchery environment from eggs to smolts and then in the same natural
environment as the naturally produced fish from smolts to adults. The proportions of previous-generation hatchery adults that were among the parents of each production year are also included. All data
were corrected for age structure and harvest in the lower Hood River.

Table 3. Five years of survival data for naturally spawning winter and summer steelhead, the new hatchery stock, and the old hatchery stock in the Hood River.



strated that it had low reproductive success in other basins
(Chilcote et al. 1986; Leider et al. 1990; Kostow et al.
2003).

Differences in survival measurements for the naturally
produced and new hatchery stock juveniles were also signifi-
cant over all juvenile life stages, indicating that selection
was different for the two groups. The naturally produced fish
had relatively low egg-to-smolt survivals compared with the
high survivals that the hatchery fish experienced while they
were in captivity. This difference reflects a relaxation of nat-
ural selection on the hatchery fish while the fish were cap-
tive so that more fish reached smolting than would naturally
do so (Lynch and O’Hely 2001). However, over the 5 years,
the elevated egg-to-smolt survivals of the hatchery fish in
captivity ranged from only 45% to 80%, which was lower
than the 90–95% that is often reported for hatchery pro-
grams (ODFW and USFWS 1996). Survival also differed be-
tween the groups after the new hatchery fish were released
into Hood River, with the advantage going to the naturally
produced fish. Average smolt-to-adult survivals for the natu-
rally produced winter and summer steelhead were five to six
times higher than for the new hatchery stock.

Based on these two measures of survival, there were two
opportunities for modified selection to affect the new hatch-
ery stock. The first occurred while the hatchery fish were
under artificial conditions, where selection was relaxed com-
pared with the naturally produced fish but also 20–55% of
the hatchery fish were lost each year. The second opportu-
nity occurred after the fish were released when the new
hatchery stock had very low smolt-to-adult survivals relative
to the naturally produced fish while the two groups were in
the same environment.

A third opportunity for modified selection is indicated by
the change in length and weight of the new hatchery stock
fish from their release to their recapture in the mainstem
trap. The smolt traps readily captured very small, young
wild fish throughout the sampling season, so it is unlikely
that the small hatchery fish were simply not caught in the

traps. It is not known whether the smaller hatchery fish grew
or died between sample sites. However, substantial growth
between sample sites seems unlikely, since the time between
release and recapture was only a few days to a few weeks.
The old hatchery stock fish took a similar time to reach the
mainstem trap but showed no evidence of growth. Further,
over 99% of the hatchery fish that returned as adults had
out-migrated and entered saltwater as yearling smolts rather
than lingering somewhere to grow to an older age. On one
hand, the loss of the small fish may be expected. Bigger
body size in juvenile fish is generally thought to be advanta-
geous when fish are placed in competition (Abbott and Dill
1989; McMichael et al. 1999). Most studies of steelhead
hatchery fish performance have demonstrated that small
hatchery steelhead, including any that do not smolt as year-
lings, have very poor survival to adults (Wagner et al. 1963;
Wagner 1967). Also, the size distributions of the new hatch-
ery stock fish became progressively more similar to those of
the old hatchery stock fish as they progressed from release
to the mainstem trap. Finally, the treatment that produced
the smallest hatchery fish was the acclimated releases of the
new hatchery stock and it had the lowest smolt-to-adult sur-
vivals observed in this study. The earlier studies, along with
the results presented here, suggest that the smaller hatchery
fish had a survival disadvantage.

However, although the smallest hatchery fish were not ob-
served after release, the naturally produced out-migrating ju-
veniles were even smaller, yet they were readily captured in
the traps throughout the monitoring season and had far
higher survival to adults than either hatchery stock. Size of
hatchery steelhead may be less important as a direct indica-
tion of survival potential than it is an easy to measure conse-
quence of more complicated behaviors and physiological
traits. Berejikian et al. (1996) proposed that larger size was a
result of greater aggressiveness, which was advantageous in
captivity but disadvantageous in the natural environment
(also see Huntingford et al. 1990). Perhaps the smaller
hatchery fish were lost soon after release because they were
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Group

Egg-to-smolt
survival, average
(SD) (%)

Smolt offspring
leaving the river per
parent, average (SD)

Smolt-to-adult
survival, average
(SD) (%)

Egg-to-adult
survival, average
(SD) (%)

Adult offspring to
the river per parent,
average (SD)

Naturally spawning winter
steelhead

1.77 (1.24) 33.0 (20.1) 6.06a (1.74) 0.102 (0.063) 1.93 (1.08)

Naturally spawning summer
steelhead

0.18 (0.12) 3.5 (2.3) 5.08a (3.86) 0.005 (0.003) 0.13 (0.08)

New winter steelhead hatch-
ery (all years combined)

63.36b (12.83) 815.4 (243.8) 0.86 (0.31) 0.518d (0.105) 7.05 (3.81)

New winter steelhead
hatchery (direct release)

53.17b (11.36) 752.4 (346.8) 1.14c (0.30) 0.590d (0.029) 9.10e (6.19)

New winter steelhead hatch-
ery (acclimated release)

70.15b (7.82) 857.3 (226.1) 0.67 (0.11) 0.470 (0.114) 5.69 (1.71)

Old summer steelhead
hatchery

64.66b (6.50) 1131.6 (113.7) 1.03c (0.34) 0.666d (0.207) 11.66e (3.62)

Note: All pairwise differences within each statistic are significantly different from each other at P < 0.05 or greater except the following, which were
not significant: natural winter versus natural summer smolt-to-adult (indicated by “a”); all new hatchery treatments versus old hatchery egg-to-smolt (indi-
cated by “b”); new hatchery direct release versus old hatchery smolt-to-adult (indicated by “c”); new hatchery combined years and direct release versus
old hatchery egg-to-adult (indicated by “d”); and new hatchery direct release versus old hatchery adult offspring per parent to the river (indicated by “e”).

Table 4. Comparison of the average survivals for naturally spawning winter and summer steelhead, the new hatchery stock, and the old
hatchery stock in the Hood River produced from the data in Table 3.



poorer competitors during captivity and therefore were in
relatively poor condition at release. Larger size, or more
specifically rapid growth rate, is associated with the physio-
logical changes that accompany smolting (Mahnken et al.
1982; Dickhoff et al. 1995). It is not natural for all Hood
River steelhead to smolt as yearlings, so it was likely that
some individuals responded poorly to the manipulations that
accelerated smolting.

Modified selection pressures and demographic character-
istics of a population may work together to contribute to ge-
netic change in a captive population (Lynch and O’Hely
2001). The characteristics of a hatchery program may cause
one mechanism or the other to be more important
(Woodworth et al. 2002). Characteristics of the new hatchery
stock in the Hood River may have increased the importance
of small population effects. The census sizes of both the
broodstock and the wild winter steelhead population were
small during the 1990s. But also the modified age distribu-
tion of the hatchery fish decreased the length of their aver-
age generation by 1 year compared with the natural
population, which should decrease their effective population
size for comparable annual census sizes (Waples 1990).
Other studies are currently underway in the Hood River to
measure the effective sizes of these population components.

Comparisons of fish from the various hatchery treatments
also revealed some differences between the two hatchery
stocks and between the different release protocols. The new
hatchery stock had very similar phenotypes and survivals
when compared with the old hatchery stock, particularly
when it was released directly into the Hood River without
acclimation. The protocol of acclimating the new hatchery
stock in a pond provided with some “enriched environmental
features” (Flagg and Nash 1999) was associated with smaller
juveniles and with juveniles that had smolt-to-adult survivals
that were about half of those observed in the old hatchery
stock and in the new hatchery stock when it was released di-
rectly. This result is contrary to some expectations (Maynard
et al. 1995). The acclimated new hatchery stock juveniles
were closer to the average size of the naturally produced fish
when they were released, although they were still signifi-
cantly much larger. However, the changes in their size distri-
butions that occurred from release to recapture in the
mainstem trap made them more closely resemble the old
hatchery stock by the time they out-migrated, and their
smolt-to-adult survivals also deviated further from those of
the natural fish.

It appears that the most successful fish in the new hatch-
ery stock generally resembled the old hatchery stock, fol-
lowing the homogenous life history strategy of being large
yearling smolts that promptly entered the ocean during a
narrow window after release. The complex strategies of wild
steelhead juveniles to move from natal areas through a vari-
ety of rearing environments over 2 or 3 years with wide indi-
vidual variation were indicated by our data and are also
known to occur in other basins (e.g., Everest 1973) but were
not present among the hatchery juveniles. It would be possi-
ble to artificially produce some of the variation, for example
by releasing 2-year-old hatchery smolts, or smaller smolts,
or a mix of smolts and presmolts. But as demonstrated by
the apparent consequences for the smaller acclimated hatch-
ery fish released in this study, hatchery fish may be made to

“look more like” wild fish without behaving like them or
surviving like them.

Further, it is not desirable to remove all survival differ-
ences between the hatchery and wild fish. The survival ad-
vantage that occurs in the hatchery is necessary for a
successful hatchery program regardless of potential conse-
quences. In order for a hatchery program to have any value,
it has to be able to produce more adult fish from the parents
taken into captivity than would occur in the wild. This re-
quires that egg-to-adult survivals and per capita offspring
production be greater for hatchery fish than for wild fish. In
spite of some shortcomings, the new hatchery stock evalu-
ated in this study was successful by egg-to-adult survival
and per capita offspring measures, as both measures were
much higher for new hatchery stock fish compared with nat-
urally produced fish.

In conclusion, this study demonstrated large average phe-
notype and survival differences between hatchery-produced
and naturally produced fish from the same parent gene pool.
These results indicate that a different selection regime was
affecting each of the groups. The processes indicated by
these results can be expected to lead to eventual genetic di-
vergence between the new hatchery stock and its wild source
population, thus limiting the usefulness of the stock for con-
servation purposes to only the first few generations.
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