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Abstract.—Progeny of wild, freshwater sequestered (resident) rainbow trout Oncorbynchus mykiss,
descendants of a stocking of steelhead (anadromous rainbow trour) in 1926, and progeny of the wild,
ancestral steelhead lineage and their reciprocal crosses were compared for two brood years in a
hatchery environment to determine the effects of 70 years of freshwarter residency on growth,
survival, early maturity, and smolting proportion. Resulting smolts were tagged, released, and recov-
ered as maturing adults to evaluate marine survival. For the 1996 brood, 75 families were maintained
in separate freshwater raceways for 10 months. Approximately 100 fish from each family were tagged
with passive integrated transponder tags, pooled by type, and cultured until age 2. An additional
group was tagged with coded-wire tags and reared in the same manner. For the 1997 brood, 80

families were coded-wire-tagged, separated by breeding type, and cultured at different densities.

Size-at=age and survival were reduced significantly in progeny of resident females when compared
with progeny from anadromous females during the first 2 months after first feeding. No significant
differences were observed in subsequent growth or survival through age 2. A higher proportion of
smolting at age 2 and a lower proportion of early male maturity was observed in families from
anadromous parents. Smolts produced by anadromous parents had four to five times higher marine
survival than those from resident parents. While smolting proportions and smolt survival were lower
for the progeny of freshwater resident fish, the results indicate that significant numbers of smolts and
adults can still be produced by populations landlocked for up to 70 years and 20 generations. The
resules have substantial implications for the use of natural freshwater environments for the preserva-
tion of endangered anadromous stocks of rainbow trout, the rehabilitation of anadromous stocks,
and the acrual effective breeding size of anadromous rainbow trout populations.

Introduction

In the past 100 years, habitat destruction from log-
ging, hydropower development, urbanization, farm-
ing, and ranching combined with overfishing on the
West Coast of the United States has resulted in serious
declines in most salmonid stocks, including anadro-
mous rainbow trout (sceelhead Oncorhynchus mykiss).
Status reviews of West Coast steelhead stocks spon-
sored by the National Marine Fisheries Service (NMFS)
have resulted in the classification of 15 evolutionarily
significant units or ESUs (Busby et al. 1996). These
ESUs are the lowest classification within a species that
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can be authorized for protection under the Endan-
gered Species Act (ESA). Of the 15 ESUs recognized,
67% are currently listed as threatened or endangered
under the act.

Because of this coastwide decline and official pro-
tection under the ESA, plans are being developed for
stock and habitat preservation, rehabilitarion, and res-
toration. While many stocks have reached critically
low levels, and their continued survival relies on coop-
eration of virtually all levels of society, preservation
and restoration must be conducted with comprehen-
sive scientific informartion on the potential effects of
proposed actions or inaction. In the most serious cases,
it may be decided that the probability of continued
survival of an endangered stock in its native habirar is
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unlikely and the only reasonable chance for future
restoration efforts would be to remove the remaining
individuals, or a portion thereof, to some form of pro-
tective custody as has been done with a number of
species, notably, the California condor.

For fish which spend their entire lives in freshwa-
ter, protective custody generally involves moving the
individuals or their progeny into a hacchery or other
intensive culture environment using artificial incuba-
tion and rearing containers and/or grow-out ponds in
which each life stage is carefully regulated through
human intervention. For anadromous fishes, which
normally spend a significant portion of their lives in
seawater, the seawater portion of the life cycle has been
reproduced by using marine net-pens or land-based
rearing containers with pumped seawater as in the
case of the Snake River sockeye (Flagg et al. 1995).

Questions have been raised by many researchers
as to the potential negative impacts of intentional or
inadvertent adaptive and genetic changes to caprive
and manipulated populations resulting from captiv-
ity and hatchery influence (Doyle and Talbot 1986;
Leider et al. 1990; Doyle et al. 1995; Reisenbichler
and Brown 1995; Berejikian et al. 1996; Heath et al.
2003). 1t is currently uriknown if adaptation to an
artificial environment, for possibly decades until the
native habicat is restored, will significantly alter im-
portant life history characteristics. Also unknown are
the impacts these changes might have on attempts ar
future restoration in the former native habitat or on
the interactions of the preserved fish with a possible
remnant population.

In an attempt to counter some of these unknown
effects, a technique that attempts to minimize human
influence has been to move the population of concern
into another natural environment where they can be
protected, as in the case of the desert pupfish (Dunham
and Minckley 1998). While the potential negative con-
sequences of adapting to a different natural environ-
ment could also be severe, it does reduce human
influence and potential associated maladaprations
throughout the life cycle. While chis technique may be
possible with fish that spend their entire lives in fresh-
water, to date, there do not exist any “natural” marine
environments where endangered anadromous popula-
tions can be protected through that portion of the life
cycle. It may be possible, however, to sequester a nor-
mally anadromous population in freshwater, bypassing
the marine portion of the life cycle, and still retain adap-
tations necessary for successful future rehabilitation ef-
forts. Long-term efforts of this nature have not been
tried to date, and their potential for success is unknown.
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Another important issue is whether the resident
portion of a population that has an anadromous com-
ponent should be considered part of the breeding
population for the anadromous fish. Recent genetic
evidence (Docker and Heath 2003) and otolith evi-
dence (Zimmerman and Reeves 2000) indicares that
the relationship between resident and anadromous
forms is complex and varies berween systems.

In 1926, on southern Baranof Island in south-
east Alaska, juvenile rainbow trout were collected by
cannery workers from the lower portion of Sashin
Creek, which contained a population of steelhead,
and transported above two natural barriers that com-
pletely blocked fish passage to the upper reaches of
the watershed where they were planted in Sashin Lake
(Anonymous 1939.). During the intervening 70 years,
no subsequent transplants of fish have been made
into the lake and the watershed has remained in a
virtually pristine state. Surveys done in the 1930s in-
dicated that the lake population numbered in the thou-
sands and continues so to this day. Because of the
geography of the system, all fish in the lake thar un-
derwent the normal smolting process associated with
the downstream migration characreristic of steelhead,

"migrated over the barrier falls and were lost to the

breeding population of the lake.

Because this system represented a “worst case”
scenario for long-term intensive genetic selection against
a critical life history trait (smolting) for an anadromous
fish, and to improve our ability to assess the potential
success of future recovery efforts on endangered stocks
of steelhead, the National Marine Fisheries Service
funded a study in 1996 to determine how this period
of freshwater residency had altered smolting and other
important life history characteristics in this stock of
steelhead. Our hypothesis was that because of the com-
plete selection against downstream migration in this
population, the production of smolts from the resi-
dent fish would be negligible when compared with
the production from the ancestral steelhead lineage in
the lower reaches. We also wanted to determine if dif-
ferences existed between the two populations in other
important life history characteristics such as survival,
growth, and early sexual maturiry. To evaluate differ-
ences between populations, we made within-line
matings and between-line marings of resident fish in
the upper watershed and anadromous fish in the lower
watershed in 1996 and 1997 and cultured the fish
under hatchery conditions until age 2. We released
coded-wire-tagged smolts from all four groups for both
brood years and evaluated marine survival and size for
returning adults.
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Methods

We captured mature fish from both the anadromous
and resident populations and artificially spawned them
to produce pure stock families from each population,
and also performed reciprocal crosses between popula-
tions to produce a total of 90 families in 1996 and 83
families in 1997. Seventy-five of these families of the
1996 brood year and 80 families of the 1997 brood
year were raised in separate containers until large enough
to tag with passive integrated transponder (PIT) tags
(1996 brood) or sequentially coded-wire tags (SCWT)
(1997 brood) at age 1 and then combined by breeding
type and raised until age 2. The additional families and
individual fish surplus to the PIT-tagged portion in the
1996 brood were combined by type, and the smolts
were tagged with coded- wire tags for anadromous re-
lease at age 2. The populations were regularly sampled
during incubation and rearing for growth and survival
information and sampled at age 2 for early maturity
and smolting,

In late May and early June of 1996 and 1997,
mature resident rainbow trout were captured at the
outlet of Sashin Lake using a 1.3-m-diamerer baited
hoop trap, and anadromous adults (steelhead) were
captured at the Sashin Creek weir (Figure 1). Resident
fish were killed prior to spawning, and anadromous
fish were live spawned, retained in freshwater con-
tainers, and used once to several times. The gametes
were stored in plastic bags on ice until mixed in the
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Figure 1. Map of the Sashin Creek drainage showing
the initial transplant (1926) from the anadromous por-

tion of the stream to Sashin Lake, located above two
barriers to upstream migration.
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laborarory, usually within several hours of spawning.

For the 1996 brood, 90 families were produced
from 5 anadromous males, 18 anadromous females,
32 resident males, and 49 resident females. From these,
80 families were reared in individual containers (Heintz
and Joyce 1992) for 10 months, and then approxi-
mately 100 fish were randomly chosen from each of
75 of those families and tagged with PIT tags. These
tagged fish were combined by type (anadromous fe-
male x anadromous male [A x A]-type; anadromous
female x resident male [A x R]-type; resident female x
resident male [R x R]-type; resident female x anadro-
mous male [R x A}-type) and reared in freshwater
vertical raceways (Martin and Heard 1987) until age
2. Fish from the nonPIT-tagged families were com-
bined by type in other vertical raceways. Surplus fish
from the 75 family groups were added to these 2
months after ponding, when densities in the indi-
vidual containers were reduced to a maximum of 300
fish each, and again at PIT tagging at age 1. These fish
were tagged with coded-wire tags prior to release at
age 2.

For the 1997 brood, 83 families were produced
from 8 anadromous males and 10 anadromous fe-
males, 28 resident males, and 28 resident females. From
these, 80 families were grown in individual containers
for 1 year (as above) and then tagged with SCWTs,
pooled by type, and then split into high density (177
fish/m?), low density (106 fish/m?), and variable den-
sity (45-141 fish/m’) groups.

Growth and survival data were obtained by peri-
odically weighing all fish in a container and counting
all by hand to determine an average weight and sur-
vival by period. After PIT tagging in June 1997, all
fish were individually weighed using an electronic
balance accurate to 0.1 g and measured using a digi-
tizing board accurate to 1 mm. Individual PIT tag
numbers were electronically recorded using a Biomark
PIT tag station.

In early June 1998 and 1999 (for 1996 and
1997 broods respectively), all fish (both PIT- and
coded-wire-tagged) were anesthetized in MS-222, in-
ventoried, and graded into three groups depending
on physiological condition: mature, smolt, or resident
(nonmaturing, nonsmolting). A fish was considered
mature only if gametes could be obrained with gentle
pressure on the abdomen. Questionable fish (<5% of
the total) were classified as resident. Resident fish were
inventoried a second time in mid-June to determine if
any additional maruration or smoltification had taken
place.

Survival by period, length, weight, and condi-
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tion factor by life stage were analyzed using one-way
analysis of variance (ANOVA). Grouping by physi-
ological condition was analyzed using a log likelihood
ratio test for goodness of fir (G-test). The results of all
tests were evaluated using a significance level of 0.05%.

Results

Average size of the wild resident rainbow spawners
was substantially smaller in both years than the steel-
head spawners (Table 1). While the anadromous fish
were not significantly different between years, the resi-
dent fish, both males and females, were significantly
larger in 1997.

Freshwater Survival
1996 Brood

Survival was variable by period and between types
(Figure 2). Incubation survival (from eyed egg to emer-
gent fry) was not different between pure parental types
(92% average) but was significantly lower for the
anadromous female by resident male type (80%). First
summer survival was significantly lower for the fry
derived from resident females regardless of male pa-
rental type (62%) versus fry derived from anadro-
mous females (82%). First winter survival (October
1996 to May 1997) was not significantly different
between types and averaged 97%. Second summer
survival (May 1997 to October 1997) was not sig-
nificantly different between types; however, survival
of coded-wire-tagged groups was higher (99% aver-
age) than PIT-tagged groups (96% average). Subse-
quent survival to June 1998 was high (99% average)
and not different for all groups.

1997 Brood

Survival was variable by period and between types (Fig-
ure 3). Incubation survival was generally high (96.1%
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Figure 2. Survival of juvenile rainbow trout (1996
brood year) of pure anadromous, pure resident, or recip-
rocal cross origin during freshwater residence to age 2,
indicating poor early survival of juveniles originating from
resident females.

average) and not significantly different between pure
types; however, progeny of matings between resident
females and anadromous males survived significantly
better (97.8%) than those of the pure anadromous
type (92.9%). First summer survival was significantly
lower for progeny of resident females crossed with
anadromous males (84.8%) when compared with prog-
eny of all other mating types. No differences in survival
of progeny between types was detected for the first
winter period (93.5% average) or throughout the sec-
ond year of rearing (98.1% average).

Growth
1996 Brood

Size at emergence (August 1996) was significantly
smaller for progeny of resident females (0.14 g average
weight) than those of anadromous females (0.24 g
average weight). By June 1997, only the pure resi-
dent type remained significantly smaller (3.7 g aver-
age weight) than the other three types, which were

Table 1. Average size of wild, sequestered resident (Sashin Lake) and anadromous (Sashin Creek) O. mykiss

spawners used to produce the 1996 and 1997 broods.

1996 1997
Mean Mean Mean Mean
length weight length weight
Spawners Sex n (mm) SE (g SE n (mm) SE (g) SE
Resident male 26 190.9 17.5 128.2 36.8 28 277.7 124 2693  33.2
female 27 320.7 12,7  426.7 476 28 363.6 69 574.0 279
Anadromous male 5 665.4 15.6 3128 186.3 8 683.8 12.4 3032 180.5
female 15 706.8 21.0 3964 340.8 10 725.5 17.6 4006 291.7
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Figure 3. Survival of juvenile rainbow trout (1997
brood year) of pure anadromous, pure resident, or recip-
rocal cross origin during freshwater residence to age 2,
indicating very similar survival trajectories for all types.

not significantly different from each other (4.6 g aver-
age weight) (Figure 4).

During the second year of culture (June 1997 to
June 1998), the fish that had been PIT-tagged and
combined by type (four types, four raceways) grew
uniformly, and there were no significant differences in
weight between types by June 1998 (80.7 g average
weight) (Figure 4). The remaining fish, which were
also combined by type and later coded-wire-tagged,
displayed significant differences in average weight by
June 1998 (Figure 4). The resident female x anadro-
mous male type was significantly larger (83.9 g aver-
age weight) than the other three types, which were
not significantly different from each other (60.8 g
average weight).
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Figure 4. Growth of juvenile rainbow trour (1996
brood year) of pure anadromous, pure resident, or recip-
rocal cross origin during freshwater residence to age 2,
for two treatment groups indicating significantly greater
growth in the resident female x anadromous male recip-
rocal cross type in one group {Coded-wire-tagged) and
similar growth for all types in the other (PIT-tagged).
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1997 Brood

Progeny of resident females (0.19 g average weight)
were significantly smaller at emergence (late July 1997)
than those of anadromous females (0.23 g average
weight) (Figure 5). By October 1997, there were no
significant differences between types in average weight
(3.31 g average weight); however, by the end of June
1998, progeny of resident females were significantly
larger (13.3 g average weight) than those of anadro-
mous females (12.3 g average weight).

During the second year of growth, from July 1998
to mid-June 1999, growth varied between types and
between densities. In all densities, the resident female
x anadromous male type grew to a significantly larger
size than the other three types (Figure 5). In the high
and low density groups, the other three types were
not significantly different from each other; however,
in the variable density group, the pure anadromous
type was significantly larger than either the pure resi-
dent or anadromous female x resident male types.

Life History Type
1996 Brood

Individual examination of each fish in the coded-wire-
tagged (z = 8,968) and PIT-tagged (n = 6,653) popu-
lations in June 1998 revealed significant differences
between proportions of the four breeding types that
matured as males, transformed into smolts for a ma-
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Figure 5. Growth of juvenile rainbow trout (1997
brood year) of pure anadromous, pure resident, or recip-
rocal cross origin during freshwater residence to age 2,
for three treatment groups, indicating significantly greater
growth in the resident female x anadromous male recip-
rocal cross type.
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rine existence, or remained unchanged (Figure 6).
Within both populations, the pure anadromous type
produced significantly more smoles (67.8% and
65.4%, respectively) than the pure resident rype
(55.6% and 46.5%). The resident female x anadro-
mous male type produced the highest proportion of
smolts (79.4% and 72.3%), while the anadromous
female x resident male type produced proportions
(50.0% and 50.0%) similar to the pure resident type.
Averaging both PIT-tagged and coded-wire-tagged
populations, matings using anadromous males pro-
duced 1.4 times more smolts than those using resi-
dent males.

Early male maturity averaged 11.8% and was
not significantly different between types. The pro-
portion of fish that did not undergo significant physi-
ological change (remained as residents) varied roughly
inversely with smolt proportion.

Examination 1 year later at age 3 of all of the
remaining PIT-tagged fish in freshwarer that had not
smolted in 1998 (n = 2573) revealed only 77 age-3
smolts representing all four breeding types. Of the
pure anadromous type remaining, 32 fish or 4.3%
smolted. Of the pure resident type remaining, only 5
fish or 0.8% smolted. The reciprocal crosses had inter-
mediate levels of smolting.

1997 Brood

Individual examination of each fish in the controlled
(n = 18,353) and variable (n = 15,148) density popu-

lations in June 1999 revealed significant differences
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Figure 6. Proportion of smolts, residents, and ma-
ture fish for pure anadromous, pure resident or reciprocal
cross rypes (1996 brood) at age 2 for two treatments,
indicating a higher proportion of smolts produced by the
pure anadromous type in both treatments and the lowest
proportion of smolts in the pure resident type.
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berween proportions of the four breeding types that
matured as males, transformed into smolts for a ma-
rine existence, or remained unchanged (Figure 7).
Within both controlled and variable density popula-
tions, the pure anadromous type produced signifi-
cantly more smolts (64.9% and 63.9%, respectively)
than the pure resident type (36.3% and 32.2%, re-
spectively). The resident female x anadromous male
type produced the highest proportion of smolts
(75.3% and 73.1%, respectively), while the anadro-
mous female x resident male type produced propor-
tions of smolts (39.5% and 39.3%) similar to the
pure resident type. Combining results of both densi-
ties, matings using anadromous males produced 1.9
times more smolts than those using resident males
(69.3% and 36.8%, respectively).

Unlike the 1996 brood, early male maturity was
significantly different between types in the 1997
brood. The pure anadromous type had a significantly
lower proportion of early male maturity for both con-
trolled and variable densities (15.5% and 18.0%, re-
spectively) than either the pure resident type (30.5%
and 33.0%, respectively) or the anadromous female x
resident male type (27.3% and 31.2%, respectively),
which were not different from each other. The lowest
maturation proportion for either density and all rypes
was observed in the resident female and anadromous
male type (9.0% and 7.9%, respectively). Combin-
ing results of both densities, matings using anadro-
mous males produced 2.4 times fewer maturing males
than those using resident males (12.6% and 30.5%,
respectively).
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Figure 7. Proportion of smolts, residents, and ma-
ture fish for pure anadromous, pure resident, or recipro-
cal cross types (1997 brood) at age 2 for two trearments,
indicating a higher proportion of smolts produced by the
pure anadromous type and the lowest proportion of smolts
in the pure resident type in both treatments.
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Size by Life History Type

Mean length and weight varied substantially berween
smolts, residents, and mature fish at age 2 (Tables 2
and 3). In both brood years and all groups, smolts
were significantly larger (both length and weight)
than either residents or mature fish. Residents typi-
cally displayed a bimodal size distribution, however,
with the larger mode similar to the smolts in length
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but heavier. The small size mode was significantly
smaller than the mature fish. In general, smolts also
had the lowest condition factor and mature fish had

the highest.

1996 Brood

Coded-wire-tagged and PIT-tagged groups varied sig-
nificantly in length and weight exceprt for R x A type

Table 2. Comparison of length, weight and condition factor becween type (A XA, AX R, RX R ,or R x A) within
lifestage (smolt, resident or mature) for coded-wire-tagged or PiT-tagged groups of the 1996 brood of rainbow/
steelhead at Little Port Walter. Breeding types within cells (e.g. smolt length, resident weight) with the same lower

case letter are not significantly different.

1996 brood coded-wire-tagged groups

Length Weight Condition factor
Smolts Type Mean SE n Mean  SE n Mean SE n
AXA 193.27 1.05 113 a 72.41 1.24 113 a 0.9927 0.0058 113 a
AxR 191.51 1.36 84 a 70.85 1.70 84 a 0.9936  0.0079 84 a
RxR 191.42 1.35 93 a 71.88 1.55 93 a 1.0122  0.0072 93 ab
RxA 20392 095 73 b 88.13 141 73 b 1.0345  0.0083 73 b
Residents
AXA 160.34 4.40 61 ab 51.51 4.01 61 ab 1.096 0.0134 61 a
AXR 152.33 2.67 108 a 43.86 2.28 108 a 1.1216  0.0087 108 ab
RxR 154.79. 2.55 89 .ab-- —44.62- -2.08-—89- a-  1.1364 - 0:06099- 89 —bc —
RxA 164.69 396 71 b 58.93 4.19 71 b 1.1611  0.0095 71 ¢
Mature
AXA 158.28 2.43 46 a 49.02 229 46 a 1.196 0.0123 46 a
AxR 153.71 2.42 52 a 44.57 2.09 52 a 1.1815 0.0130 52 a
RxR 157.65 2.06 46 a 47.87 2.07 46 a 1.1893 0.0144 46 a
RxA 180.56  7.99 9 b 74.57 8.60 9 b 1.2167  0.0166 9 a
1996 brood PIT-tagged groups
Length Weight Condition factor
Smolts Type Mean  SE n Mean  SE n Mean SE n
AXA 207.74 0.35 1423 a 87.38 0.46 1423 a 0.9636  0.0019 1416 a
AXR 208.91 0.70 675 a 96.08 0.97 675 b 1.0308 0.0027 676 b
RxR 203.64 0.54 555 b 90.38 0.78 555 ¢ 1.0634  0.0030 539 ¢
RxA 205.53 0.31 1363 ¢ 8559 0.39 1364 d 0.9781 0.0017 1388 d
Residents
AXA 182.57 1.35 498 a 70.61 1.46 497 a 1.0749  0.0033 497 a
AXxXR 170.7 1.39 462 b 63.11 1.50 464 b 1.1685 0.0034 462 b
RxR 175.61 1.27 459 ¢ 69.41 1.38 458 a 1.2082 0.0041 457 ¢
RxA 176.78 1.51 344 ¢ 65.88 1.56 344 ab 1.1086 0.0036 344 d
Mature
AXA 181.63 1.24 246 a 71.09 1.42 246 ab 1.1455 0.0042 245 a
AxR 174.91 1.27 220 b 67.56 1.45 221 b 1.2206  0.0048 221 b
RxR 176.93 1.36 159 b 73.22 1.61 159 a 1.2878  0.0062 159 ¢
RxA 182.43 1.18 181 a 74.65 1.39 182 a 1.2011 0.0052 181 d

A X A - Anadromous female crossed with anadromous male
A X R - Anadromous female crossed with resident male

R x R - Resident female crossed with resident male

R x A - Resident female crossed with anadromous male
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Table 3. Comparison of length, weight and condition factor between type (A X A, A X R, R X R, or R X A) within
lifestage (smolt, resident or mature) for controlled density or variable densiry groups of the 1997 brood of rainbow/
steelhead ar Little Port Walter. Breeding types within cells (e.g. smolt length, resident weight) with the same lower

case letter are not significantly different.

1997 brood controlled density

Length Weight Condition factor
Smolts Type Mean SE n Mean  SE n Mean SE n
AXA 191.1 0.95 149 a 70.69 1.05 149 a 1.004 0.0036 149 a
AxR 191.3 1.30 80 a 73.81 1.51 80 ab 1.045 0.0045 80 b
R xR 192.3 1.40 57 a 77.2 1.74 57 be 1.076 0.0088 57 «¢
RxA 197.5 0.92 155 b 79.37 1.20 155 ¢ 1.021  0.0048 155 d
Residents
AXA 167.1 2.28 86 a 52.52 1.97 86 a 1.078 0.0046 86 a
AXxXR 170.1  2.00 145 a 57.25 1.85 145 ab 1.1 0.0043 145 b
RxR 1725 2,00 136 a 62.22 1.95 136 be 1.159  0.0057 136 «c
RxA 180.1 253 96 b 67.03 248 96 d 1.097 0.0075 96 b
Marure
AXxA 165.3 2,10 47 a 53.57 2.12 47 a 1.162 0.0089 47 a
AxR 164.8 203 77 a 54.68 2.04 77 a 1.183  0.0054 77 a
RxR 162.2 196 83 a 54.69 1.97 83 a 1.236  0.0071 83 b
RxA 166.7 3.46 21 a 56.08 3.65 21 a 1.181 0.0141 21 a
1997 brood uncontrolled density
Lengrh Weight Condition factor
Smolts Type Mean SE n Mean  SE n Mean SE n
AXxXA 190.8 0.82 260 a 71.2 098 260 a 1.009 0.0029° 260 a
AXR 189.6 1.12 113 a 70.79 1.19 113 a 1.03 0.0052 113 b
RxR 1928 1.23 95 a 77.23 1.59 95 b 1.065  0.0051 95 <«
RxA 198.6 1.37 103 b 80.92 1.97 103 b 1.015  0.0053 103 ab
Residents
AXA 174 1.97 145 a 58.7 1.76 145 a 1.062 0.0048 145 a
AXR 168.4 1.68 192 b 54.37 1.51 192 ab 1.08 0.0040 192 b
R xR 164.3 1.68 209 b 52.27 1.42 209 be 1.114 0.0045 209 ¢
RxA 185.5 2.18 85 ¢ 70.92 2.38 85 d 1.071  0.0073 85 ab
Mature
AXA 163.4 3.25 49 ab 54.27 3.06 49 ab 1.184 0.0093 49 ab
AxR 167 1.87 91 a 56.65 1.79 91 a 1.179 0.0062 91 a
RxR 157.4 1.62 97 b 48.35 1.52 97 b 1.203 0.0052 97 b
RxA 169.2 5.84 14 ab 60.71 5.74 14 a 1.202 0.0141 14 ab

A XA - Anadromous female crossed with anadromous male
A xR - Anadromous female crossed with resident male

R x R - Resident female crossed with resident male

R x A - Resident female crossed with anadromous male

smolts and R x A mature fish, which were nor differ-
ent between groups (Table 2).

Coded-wire-tagged groups.—Mean length of smolts
was similar for all types except the resident female x
anadromous male type, which was significantly larger
than the others (Table 2). Mean weight was also
similar for all types except the R x A type, which was
significantly larger. Condition factor was similar for
the A x A and A x R types, which was significantly
lower than the R x A type. Condition factor of the R

x R type was not different from any of the other
types.

Mean length of residents was similar between types
with the exception of the R x A type being signifi-
cantly larger than the A x R type. Mean weight was
similar excepr that the R x A type was significantly
larger than either the A x R or the R x R types. Condi-
tion factor was lowest (1.096) for the A x A type and
highest for the R x A type (1.1611).

Mean length and weight of mature males was
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significantly greater for the R x A type than all other
types, which were notsignificantly different from each
other. No difference in condition factor was detected

between any of the types.

PlT-tagged groups.—Smolts produced by anadromous
females were significantly longer than those produced
by resident females (208 and 204 mm respectively);
however, the difference was small. Mean weights were
significantly different for all types with the A x R type
the largest (96.1 g) and the R x A the smallest (85.6
g). Condition factor was also significantly different
between all types, with the lowest mean observed in
the A x A type (0.9636) and the highest (1.0634) in
the R x R type.

Pure anadromous type residents were significantly
larger on average (182.6 mm) and A x R type resi-
dents were significantly smaller on average (170.7 mm)
than the other types. Mean weights ranged from 63.1
to 70.6 g, with the A x R type significantly smaller
than the A x A or R x R types. All types had signifi-
cantly different condition factors, with the lowest fac-
tor (1.075) in the A x A type and the highest factor
(1.208) in the R x R type.

Mature fish of the A x A and R x A types were
significantly longer than those in the A x Rand R x R
types. Mean weight for the A x R type was signifi-
cantly lower than either R x R or R x A types. Condi-
tion factor for mature fish maintained the pattern
observed for the residents and smolts, with the A x A
type having a significantly lower mean condition fac-
tor (1.146) and the R x R type having a significandy
higher factor (1.288) than the reciprocal cross types.

1997 Brood

Smolts in both densities were significantly longer,
heavier, and had a lower condition factor than either
residents or mature fish (Table 3). Marture fish were
shorter on average and had significantly higher con-
dition factors than the smolts or residents. Sample
size for mature fish in boch densities was low, how-
ever. Smolt size by type was similar in both densities,
with the R x A type significantly larger in both. The
R x A type residents were also larger than the other
types in both densities. Patterns of differences in sizes
of mature fish between and within densities were

not apparent.

Controlled density.—Smolts of the R x A type were
significantly longer than any of the other types,
which were not different from each other. The R x A
type smolts were also significantly heavier than ei-
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ther the A x A or A x R types. All types had signifi-
cantly different condition facrors, with the A x A
type having the lowest (1.004) and the R x R type
the highest (1.076).

The R x A type residents were significantly longer
and heavier than the other types. Condition factor
was lower in the A x A type and highest in the R x R
type.

No differences in length or weight between types
of mature fish was detected; however, condition factor
was significantly higher in the R x R type.

Variable density—The R x A type smolts were signifi-
cantly longer than the other types, which were not
different from each other. Smolts produced from resi-
dent females were significantly heavier than those pro-
duced from anadromous females. Condition factor
was significantly higher in the R x R type. The R x A
type residents were significantly longer and heavier
than the other types. Condition factor was signifi-
cantly higher in the R x R type.

The R x A type residents were significantly longer
and heavier than the other types. The R x R type
residents had a significantly higher condition factor
than the other-eypes. - -

While mean length, weight, and condition factor
were not the same for mature fish across types, there
was considerable overlap in means, with no clear pat-
tern of differences.

Marine Survival
1996 Brood

Marine survival of tagged smolts was significantly
higher in the two groups sired by anadromous males
(pure anadromous 2.8% and resident female x anadro-
mous male 2.7%) than in the groups sired by resident
males (pure resident 0.7% and anadromous female x
resident male 1.1%) (Figure 8).

1997 Brood

Marine survival of tagged smolts was lower for the
1997 brood overall than the 1996 brood (Figure 8).
The pattern of survival berween groups was similar
between broods, however, with groups sired by
anadromous males (pure anadromous 1.9%, and resi-
dent females x anadromous males 1.3%) surviving
better than those sired by resident males (pure resi-
dent 0.4%, and anadromous females x resident males
1.1%).
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Figure 8. Marine survival of smolts, as measured by
recovery of tagged fish at the weir upon return, for pure
anadromous, pure resident, or reciprocal cross types (1996
and 1997 broods), indicating fourfold to fivefold higher
survival of pure anadromous type compared to pure resi-
dent type.

Discussion

Freshwater Survival

The primary difference in juvenile survival observed
berween types was the reduced survival of progeny of
resident females in the 1996 brood. Resident females
used for spawning in 1996 were very small compared
to anadromous females and had substantially smaller
eggs (0.10 g versus 0.16 g mean eyed weight, respec-
tively), which produced substantially smaller fry. While
care was taken to provide small food sizes for these fry, it
is quite possible that a significant portion of the dispar-
ate mortality shortly after first feeding was due to me-
chanics of the fish culture system. In 1997, we were
able to obtain larger resident females, which resulted in
larger eggs and fry and less of a disparity in size berween
resident and anadromous types (0.13 g versus 0.16 g
mean eyed weight, respectively). In this brood, survival
exceeded 90% (for all but the R x A type) which was
significantly better than survival during the same pe-
riod for all types of the 1996 brood. Survival during all
other culture periods was generally very high and not
different between types. In natural environments, early
life stages typically have high mortality rates and larger
fry tend to survive better chan smaller fry.

Growth

Perhaps the most interesting outcome of the compari-
sons of growth in freshwater was the consistently higher
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growth rate of the resident female by anadromous
male type. This occurred in both brood years under a
range of culture conditions, which indicates a strong,
heritable genetic component (heterosis). This increased
growth rate may be linked to the higher smolting rate
also seen in this type. The larger mean size of all types
within the PIT-tagged groups at age 2, while retain-
ing similar proportions of smolts when compared to
the coded-wire-tagged groups, indicates thar the link-
age berween smoltification and size is not necessarily
an incremental process, at least after a cerrain size has
been reached, but is probably one that incorporates
size and growth rate at specific times, presumably in
concert with other factors.

Life History Type
Smolting Rate

We expected the smolting rate in the resident type to
be negligible after 70 years of complete counter-selec-
tion. The mean smolting rate was lower for the resi-
dent type than for the anadromous type in both brood
years; however, substantial numbers of smolts were
produced from the resident type in both years. The
lower rate does imply a heritable component to
smolting. The continued production of large num-
bers of smolts indicates that a suite of genes may be
involved and/or environmental conditions are impor-
tant for activation of smolting genes. There is a sub-
stantial body of scientific literature on the importance
of factors such as size, growth rate, and temperature
on smoltification in salmonids. It is also probable that
anadromy, as a life history strategy, is numerically a
relatively minor component of the rainbow trout
metapopulation associated with rivers that have the
potential for anadromous runs. The anadromous por-
tion may represent a distinct, reproductively isolated
portion in some rivers, while in others it simply repre-
sents a form that freely interbreeds with the resident
fish (Zimmerman and Reeves 2000). Reduced pro-
portions of the anadromous form are more evident as
one nears the geographic maximums of range for O.
mykiss in North America. In the Bristol Bay region of
Alaska, there are large populations of O. mykiss inhab-
iting the large river systems that are home to huge runs
of other salmonids; however, the anadromous form of
O. mykiss is not found there. In Southern California
and northern Mexico, O. mykiss populations are pre-
vented from developing anadromy by thermal limits
to successful migration or physical blockage of river
mouths. This is not to say that anadromy is not impor-
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tant to metapopulation survival; in fact, some research-
ers (Nielsen et al. 1994b) believe that anadromy and
the associated straying of maturing adults is a crucial
mechanism for the exchange of genetic informarion
between river systems and the establishment of new
populations.

[t is important to note that the use of resident
females in conjunction with anadromous males did
not lower the smolting rate, as occurred when resident
males were used. This result could have specific appli-
cation in re-establishing anadromous runs when resi-
dent females and anadromous males are available for
recovery efforts and resident males or anadromous fe-
males are in short supply.

Early Maturation

The tendency of progeny of resident males to mature
at a higher rate than those of anadromous males is an

expected outcome given the severe selection constraints

imposed for 70 years on the population. However, the
differences between brood years indicates that sub-
stantial genetic variation for this trait still exists in the
resident population.

Marine Survival

Because of the substantial reduction in genetic varia-
tion found in the resident population by Thrower et
al. (2004), it is impossible to determine if the reduc-
tion in marine survival of the pure resident type is
related to low genetic diversity or counterselection for
survival in a freshwater lake. It is possible that a larger
founder population that preserved more of the ge-
netic variation might also have survived bertter in the
current marine environment.

Conclusion

The success of any recovery program thar utilizes some
form of captive broodstock ultimately relies on the
production and survival of the juveniles produced.
Sequestered populations in refugia have many poten-
tial problems such as lack of control of breeding popu-
lation size, uncontrolled disease outbreaks or other
sources of mortality, and adapration to an environ-
ment dissimilar to the one they will be returned to.
However, many of the known problems with domes-
tication selection in completely captive populations
might be avoided by utilizing natural refugia. This
study indicates that anadromous O. my#kiss can be main-
tained for decades in freshwater residency and still
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produce smolts and adults that survive the narural
marine environment. Careful attention to initial breed-
ing population size and monitoring to avoid genetic
bottlenecks (Schonhuth et al. 2003) might result in
improved smolt and adult production over that seen
in this study. The results also imply that resident popu-
lations of O. mykiss may contribute significantly to the
maintenance of anadromous populations. Further evi-
dence of this has recently been added by Docker and
Heath (2003) in a genetic analysis of sympatric resi-
dent and anadromous populartions. This evidence in-
dicates that important genetic resources of anadromous
O. mykiss probably still exist in many water storage
and power generation reservoirs on the West Coast of
North America. These populations need to be studied
to assess their potential use in rebuilding depressed
populations, and protected where warranted.

Acknowledgments

The authors would like to thank Ty Cummins, Don
Cummins, and Nick Goodwin who contributed sig-
nificantly in gamete collection and care and feeding of

eggs and fry used in this study. Funding was provirdredr -

in part by the Office of Protected Resources, U.S.
National Marine Fisheries Service.

References

Anonymous. 1939. Trout planting in Alaskan lakes. Pro-
gressive Fish-Culturist 46:31-32.

Berejikian, B. A., S. B. Mathews, and T. P. Quinn. 1996.
Effects of hatchery and wild ancestry and rearing
environments on the development of agonistic be-
havior in steelhead trout (Oncorhynchus mykiss)
try. Canadian Journal of Fisheries and Aquatic Sci-
ences 53:2004-2014.

Busby, P. J., T. C. Wainwright, G. J. Bryant, L. J.
Lierheimer, R. S. Waples, F. W. Waknitz, and [. V.
Lagomarsino. 1996. Status review of West Coast
steelhead from Washington, Idaho, Oregon, and Cali-
fornia. NOAA Technical Memorandum NMFS-
NWEFSC-27, Seattle.

Docker, M. E, and D. D. Heath. 2003. Genetic compari-
son between sympatric anadromous steethead and
freshwater resident rainbow trout in British Colum-
bia, Canada. Conservation Genetics 4:227-231.

Doyle, R. W., C. Herbinger, C. T. Taggart, and S.
Lochmann. 1995. Use of DNA microsatellite poly-
morphism to analyze genetic correlations between
hatchery and natural fitness Pages 193-204 in H. L.
Schramm, Jr. and R. G. Piper. Uses and effects of
cultured fishes in aquatic ecosystems. American



496

Fisheries Society, Symposium 15, Bethesda, Mary-
land.

Doyle, R. W, and A. J. Talbot. 1986. Effective popula-
tion size and selection in variable aquaculture stocks.
The Second International Symposium on Genetics
in Aquaculture. Aquaculture 57(1-4):27-35.

Dunham, J. B., and W. L. Minckley. 1998. Allozymic
variation in desert pupfish from natural and artifi-
cial habitats: genetic conservation in fluctuating popu-
lations. Biological Conservation 84:7<15,

Flagg, T. A., C. V. Mahnken, and K. A. Johnson. 1995.
Saimon recovery using captive broodstocks. Pages
81-90 in H. L. Schramm and R. G. Piper, editors.
Uses and effects of cultured fishes in aquatic eco-
systems. American Fisheries Society, Symposium
15, Bethesda, Maryland.

Heath, D. D., J. W. Heath, C. A. Bryden, R. M. Johnson,
C. W. Fox. 2003. Rapid evolution of egg size in
captive salmon. Science 299(March 14):1738~1740.

Heintz, R., and I. Joyce. 1992. Small vertical raceways
for rearing juvenile salmon. Progressive Fish-
Culturist 54:105-108.

Leider, S.A., P. L. Hulett, J. J. Loch, and M. W. Chiicote.
1990. Electrophoretic comparison of the reproduc-
tive success of naturally spawning transplanted and

THROWER AND JOYCE

ern steelhead. Molecular marine biology and bio-
technology 3(5):281-293.

Reisenbichler, R. R., and G. Brown. 1995. Is genetic
change from hatchery rearing of anadromous fish
really a problem? Pages 578-579 in H. L. Schramm,
Jr. and R. G. Piper, editors. Uses and effects of
cultured fishes in aquatic ecosystems. American
Fisheries Society, Symposium 15, Bethesda, Mary-
land.

Schonhuth, S., G. Luikart, and 1. Doadrio. 2003. Effects
of a founder event and supplementary introductions
on genetic variation in a captive breeding popula-
tion of the endangered Spanish killifish. Journal of
Fish Biology 63:1538-1551.

Shaklee, J. B., C. Smith, S. Young, C. Marlowe, C.
Jones, and B. Sele. 1995. A captive broodstock ap-
proach to rebuilding a depleted chinook salmon
stock. Pages 567 in H. L. Schramm, Jr. and R. G.
Piper, editors. Uses and effects of cultured fishes in
aquatic ecosystems. American Fisheries Society,
Symposium 15, Bethesda, Maryland.

Thrower, F, C. Guthrie, III, J. Nielsen, and J. Joyce.
2004. A comparison of genetic variation between
an anadromous steelhead (Oncorhynchus mykiss)
population and seven derived populations seques-

Aquaculture 88(3-4):239-252.

Martin, R. M., and W. R. Heard. 1987. Floating vertical
raceway to culture salmon (Oncorhynchus spp.).
Aquaculture 61:295-302.

Nielsen, J. L., C. A. Gan, J. M. Wright, D. B. Morris,
and W. K. Thomas. 1994b. Biogeographic distribu-
tions of mitochondrial and nuclear markers for south-

tered in freshwater for 70 years. Environmental Bi-
ology of Fishes 69:111-125.

Zimmerman, C. E,, and G. H. Reeves. 2000. Population
structure of sympatric anadromous and nonanadro-
mous Oncorhynchus mykiss: evidence from spawn-
ing surveys and otolith microchemistry. Canadian
Journal of Fisheries and Aquatic Sciences 57:2152—
2162,



