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A decade af data on wild steelhead trout (Salmo gairdneri) from a coastal stream in British Columbia demonstrated 
large fluctuations in smolt number, age structure, sine, estimates of adult run sizes, smalt-to-adult survival, and 
adult age. Adult runs averaged 922 (range 209-2730) with approximately 18% repeat spawning incidence. 
Females repeat spawned more than males and were more abundant as kelts, but maiden run adults were equally 
male and female. The proportion sf males returning after 1, 2, and 3 yr in the ocean averaged 3, 62, and 35%, 
respectively; 58 and 42% of females returned after 2 and 3 yr, respectively. Adult age structure, srnolt number, 
and srnolt sizevaried biennially. Adult size decreased with freshwater age, but increased with ocean age sf returns. 
Males were larger at each ocean age. Mean number of srnolts (50:50 sex ratio) was 5543 and varied fivefold. 
Mean srnslt length was 173 mm and mean weight was 49 g. Smolts were 2-5 yr old, and freshwater age 3 was 
most prevalent (average 56%). Mean survival from srnolt to adult was 16% (7% from 1978 cohorts to 26% from 
1982 cohorts). Survival was positively correlated with srnolt length and weight. However, 1982 cohorts had twice 
the survival of other cohorts, possibly related to El Nifio. No clear relationship was found between return age 
and mean smolt sine, but on average, freshwater age was inversely related to ocean age. The relationships suggest 
that predictive models may be developed over the longer term from this type of study. 

L'analyse des dsnn6es recueillies pendant une dkcennie sur la truite arc-en-ciel sarevage (Sairno gairdneri) peu- 
plant un cows d>ea cc6tier de la Cslombie-Britannique a r6vele d'impsrtantes fluctuations du nombre, de la 
structure des Ages et de la taille des srnslts, et a donn6 des estimations du nsrnbre de geniteurs amontants, de la 
survie des srnolts jusqulA 11c5tat adulte et de \'Age des adultes. Le nsrnbre moyen de geniteurs arnontants s16Ievait 
A 922 individus (&art : 209-2730) dont ewviron 10 % etaient des g6niteurs multifrai. Les femelles ont fray6 une 
secsnde fois plus souvent que les m3les et etaient plus abondantes 3 ('$tat de charognard; toutefois, les rernontes 
d'individus vierges 6taient constitu6es d'autant de fernelies que de rnsles. be nornbre relatif de miles qui sont 
revenus en eau douce aprPs avsir pass6 1, 2 et 3 ans en mer s'elevait en moyenne a 3 , 6 2  et 35 % respectivernent; 
58 et 42 % des femelles sont revenues apres avglir pass6 2 et 3 ans respectivement en mer. La structure des iges 
des adultes et le ncambre eb la taille des srnolts ont varie tous les deux ans. La taille des adultes a diminu6 en 
fonction de la p6riode pass& en eau douce mais a augment6 en fonction de Itage des individus arnsntdnts. Pour 
chaque 5ge oceanique, Bes males ont montr6 une plus grande taille. be nombre moyen de smoits (proportion 
relative des sexes 50:50) s'elevait h 5 543 et variait de 2 104 A 1 1 897 individus. La longueur et le yoids msyens 
se situaient respectivernent 2 5 73 rnm et 49 g tandis que I'Age allait de deux 5 cinq ans. Les individus qui avaient 
passe trois ans en eau douce etaient les plus absndants (moyenne 56 %j. Le taux de survie rnoyew du stade srnolt 
au stade adulte s'devait 2 16 % (7 % chez les cshortes de 1978 et 26 % chez les coksrtes de 1982). Le taux de 
survie etait en correlation positive avec la longueur et le poids des smolts. Toutefois, les cshortes de 1982 ont 
montre des taux de s~rrvie deux Bois superieurs A ceux d'autres cohortes, peut-&re en reaction aat courant El Nifis. 
Aucune relation precise n'a et6 relevee entre ll$ge au retour et la taille rnoyenne des srnolts mais, en moyenne, 
/'Age en eau douce etait en relation inverse avec !'age en mer. Les relations signalees portent 2 croire que des 
modPles pr6dictiis psurrsnt &re dabores 3 long terme a partir de r6sultats de telles etudes. 
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nfomatisn on marine survival rates of wild Pacific salmo- 
nids, particularly wild steelhead trout (%airno gairdnesi), is 
sparse. Also, life history studies have been mainly based on 

scale samples from anglers' catches (Maher and Larkin 1954; 
Withler 1966; Namer 1969; N m e r  md Withler 1971). Earlier 
attempts at enumerations of wild steelhead suffered from a lack 
of discrimination of pm from srnolt migrants (e. g . Shapavalsv 
md Taft 1954) or from low numbers of samples and size-selec- 
tive trapping ( e .  g . Peterson and Lyons 1968). Current studies 
in northwest Washington have produced more promising results 

on ~moBt-to-ad~It survival from small streams (T. H. Johnson 
and R. Cooper, Washington Department of Game, Port Tom-  
send, WA, pers. comm.). 

Time series data from salmonid migration studies are a useful 
tool in understanding and managing wild populations. The 10- 
yr study at Waddell Creek, California (Shapavslsv and Taft 
1954), provided infomation on juvenile md adult timing akld 

mw size, fish age and size, sex ratio of adults, and factors influ- 
encing migrations. Similar results were not available for a Brit- 
ish Columbia steelhead population, and since productivity of 
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fish md life history components likely differ, there was a need 
to examine British Columbia's smolt and addt migrants more 
closely. 

Similar to Atlantic salmon (Sakm sakar), steelhead life his- 
tory is complex with variable ocean age and return rates of 
adults, making it difficult to predict run size [Chadwick 1982). 
Given an expected return of adults, it is difficult to estimate 
how many return as ocean age 1, 2, or 3 and whether males 
return differently from females. Previous studies had not 
attempted to explain the relative returns of different steelhead 

age groups. There was a need to more closely define the influ- 
ence of smolt size on marine survival and age at return. Walters 
et al. (1978) noted a need for better definition of the size and 
survival relationship in salmon of the Pacific coast, a d  Hyatt 
md Stocher (198%) commented on the importance of this type 
of examination foa management purposes. 

The purpose of this study was to examine in steelhead trout 
the variability in smolt and adult numbers, size, and age stmc- 
ture at a coastal stream in British Columbia; to examine the 
relationship between smolt number and adult returns; a d  to 

0 1 2  3 4 5 k m  - 
Scale 

FIG. 1 .  Kmgh fiver drainage area showing general locatlon on the British Columbia coast and northern 
Vancouver Island. 
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determine the effect of srnslt size on suwival rate and scem 
age at maturitya These relationships were cornbind in a gre- 
dictive equation to exmine their overall role in describing mn 
sizes of adult steelhead of the Keogh River, with the longer 
temp goal of developing predictive models based mainly on 
smolt yield to estimate adult returns. 

Study Area 

The Keogh River, near Port Hardy on Vmcouver Island, 
British Columbia, Bows northeast for 34 km and drains into 
Queen Charlotte Strait (127.4' W, 50.6' N; Fig. 1). Mean 
annual discharge is 5.3 m4*s-hand ranges from 0.1 to 
approximately 254 mL s - fmm the 1 29-km2 watershed. Flow 

er md p & s  in late autumn and winter, the 
trolled by rainfall (mean annual precipitation 

178 cm, Enviroment Canada). Dissolved solids md nutrients 
are low: totid dissolved solids, 30 rngeL-l; orthophosphoms, 
0.001 mg-L-I; nitrate-N, 0.81 mg.L-l. Mean annual stream 
temperature is 9°C and ranges from near 0 to 2I0C (VVard md 
Slmey 1979, 1981). 

Forest cover is typical of the region, dominated by western 
red cedar (Thuja pHicaga) and western hemlock (Tsugw: 
heiterophy&&a). Approximately 35% of the drainage area has been 
forest harvested (clearcut) in the past 30 yr (see Penin and 
Johnston (1985) for more detailed description of the watershed). 

Streams or lakes in the watershed support populations sf pink 
sdmon (Oncor8~ynchus gorbuscha), coho salmon (0. kisutch), 
chum salmon (0. kern), steelhead trout, madromous and 
resident Dolly Vaden char ((SwHvelinus makma), resident md 
anadromcsus cutthroat trout (Sa&mo clarkk cHarki), kokanee (8. 
nerkee), coast r a g e  sculpin (Csttus wieutkcus), prickly sculpin 
(C.  asper), threespine sticMeback (Gasterosteus aculeatas), md 
Pacific lamprey (Lampetra tridentatus). 

Angling pressure is low and is focused on steelhead during 

salmon at the river mouth in the late summer. Prior to 
implementation of catch md release regulations (1980) on 
Vancouver Island, annual steelhead harvest was approximately 
5% at the more remote Keogh River, based on creel surveys 
(data on file). A commercial fishery in the mean directed at 
salmon intercepts some steelhead kelts in late spring (Evms 
8979). Mortdity as a result of sports fishekes was assumed to 
have insignificant effects on the results presented, or affected 
marked and unmarked fish equally (i.e. anglers caught and 
removed marked and unmarked fish with equal chance). 

Marked hatchery smolts (range 3 f 00-30 400) were 
introduced to the Keogh system beginning in 1979, released 
mainly wear the mouth (Slaney and Wmswer 1981), and may 
have resulted in slightly altered smolf-to-adult survival of wild 
fish. Whole-river nutrient enrichment experiments (Penin et aH. 
1987) began May 15, 1983, but effects to the 1983 and 1984 
smolt migrations were not detectable. 

Adult Sampling 

Adult steelhead migrating upstream were trapped fmm 1975 
to 1986 at a counting fence 300 rn from the river mouth (Mot- 
trim 1977; Johnston et al. 1986). Fish were usually captured 
from F e b m a ~  to May except 1976-77 when the complete sea- 

son of adult upstream migration was sampled from November 
to May. The total number of adult males and females was esti- 
mated by mark and recapture using the adjusted Petersen esti- 
mate (Ricker 1975) by marking upstream migrant adults md 
capturing kelas &ring their downstream migration through the 
trap from Mach to June. Adults were sexed by external features 
and marked by either an adipose fin clip or by punching a round 
hole (6 mm) in the operculum. Fork lengths were measured and 
scde samples removed, similar to Maher and Larkin (9954). 
Because of differential mortality of adult males md females 
fiorn the time of river entry to kelt exit, male and female num- 
bers were estimated separately. 

The second year of trap operation (November 1976 to June 
197'7) enabled c o m p ~ s o n  of early-mn (November-January) to 
late-run (February-May) survival of adults to kelt by making 
adults with an adipose fin clip md inserting numbered Floy tags 
in front of the dorsal fin. The Petersen estimate assumes an 
equal chance of catching all fish. A bias to early- or late-run 
composition in the kelts, because of differential mortality, could 
affect the population estimates. The distribution of marked fish 
in the kelt catch was examined to detect this possible bias. 

Scales were prepared for age determination by making plastic 
iwngsressions (Narver and Anderson 1974) and then projected 
onto a 3M588 Microfiche reader-printer (model 275 AGM) to 
photomicrograph. Ocean age s f  wild adults was validated by 
comparison of scale patterns with marked hatchery returns 
beginning in 1982. Two readers independently read scales, con- 
ferred, and mediated on differences. The European system of 
age designation was utilized, where 2.3 represents a fish of 
river age 2 and ocean age 3 .  Age composition of adults was 
exmined for each sex for both freshwater and ocean years and 
repeat spawning frequency. Size differences between sexes were 
compared for each age class. The association between fresh- 
water and saltwater age for males and females during 197685 
was examined. 

Srnolt Sampling 

Steelhead srnolts migrating downstream were enumerated 
from early April to mid-June, 1877-86. Trapping during the 
autumn md winter of 1975 and 1976 indicated that there were 
no autumwlwinter srnolts. Migrants were collected in trap boxes 
after passage over a Ixge area of horizontal screen (Slaney 
1977) or in freshets by additional operation of hanging inclined 
plane (i.e. Wolfe) traps (Mottram 1977). Total numbers were 
estimated by conducting a series of trap efficiency tests with 
Barge (> 12 cm) coho smelts marked and released upstream, 
similar to deHmsscsczy -Wirth (1 979). Trapping efficient y was 
typically 90% (range 70-100%). Steelhead smolts were not uti- 
lized to test trap efficiency because sampling with seines 
upstream of the trap during June-July (several weeks after corn- 
pletion of the srnole migration) indicated that a proportion of a 
marked (n = 208) test group reverted to p m  (n = 5) ,  failing 
to migrate. Although treated the same,. marked steelhead smolts 
were recaptured at a rate 179% lower than marked coho smolts 
(see Hoar 11976). Since run timing and size of coho smolts dif- 
fered from steelhead smolts, the trap efficiency tests sewed as 
a check on trap operation and an approximation of our ability 
to capture steelhead smolts. The fence was inspected daily to 
prevent smolt passage anywhere but through the trap boxes. 

Srnolts were randomly sampled for fork length and weight 
and subsampled for scales (8977-79). Afer 1980. srnolts were 
stratified random sampled for scales by 10-mrn size intervals 
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TABLE 1. Population estimates s f  Keogh River steelhead m s .  

-95% a9596 9% of 
Year Marks Captures Recaptures Othersa Estimate CLb CCL N handled 

Males 
Females 
Total 

Males 
Females 
Total 

Males 
Females 
Total 

Males 
Females 
Total 

Males 
Females 
Total 

Males 
Females 
Total 

Males 
Females 
Total 

Males 
Fernales 
Total 

Males 
Fernales 
Totd 

Males 
Femdes 
Total 

Mdes 
Females 
Total 

"Trap mortalities, hatchery broodstock, or escapees. 
t"Wicker (1975) Appendix 11. 

(Ricker 1975). Techniques for preparation and reading of smslt 
scales for age were similar to those for adult scales. Previous 
ageing of scales collected by electrofishing and seining p m  
throughsue the river assisted recognition of annuli in smolt 
scales. Smolt sex ratios were examined in 1980, 1984, and 1985 
by sacrificing subsampled srnolts md examining the gonads. 
Mean weights were calculated by converting lengths to weights 
based on length-weight regressions (n = 88415) established 
annually. 

Srnolt-to-Adult Survival 

Marine survival rates were calculated as the sum sf male and 
female return estimates from a given smolt year divided by that 
yea's number of migrant smolts. Returns were estimated after 
calculating the ocean age composition derived from adult scales 
and the estimated adult population size. The returns of smolt 

cohorts were the sum of the ocean age 1 returns (jacks), the 
ocean age 2 returns in the next yea,  and the ocean age 3 returns 
in the following yea. The repeat spawning component was 
removed from the adult peapulatisn estimate; survival rates were 
only based on maiden fish (i.e. first time spawners). The method 
of cdculating marine saamivaH by srnole y e a  differs from that 
of Hyatt md Stockner (1985); they calculated sockeye marine 
survival based on the brood year of origin. Sockeye smoEts are 
composed almost entirely of 1 age class whereas steelhesad 
smolts a e  several sages. 

The effect of smelt size on survival rate in the wean was 
examined by least squares regression analysis using the mean 
smolt length and weight in a s m ~ l t  cohort. Seven yews of smolt 
enumeration md sampling (1977-83) and 9 ya of adult return 
estimation and aging (197846) were available. 

Marine suwivaHs were compared between yean by adjusting 
the mean smolt length to a standard. The regression of mean 
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smolt size on marine survival was used as a statistical control Bias to late-run fish in marking coinciding with higher 
(Sskal and Rohlf 198 1). This procedure provided an indication postspawning mortality of early-mn fish would have lowered 
of the variability in ocean conditions as reflected by the adjusted the populaion estimates. Coenp&son of the recapture rak of 
survival rates, assuming that differences in size-adjusted sur- edy-mn versus late-tun fish, which were adipose-clipped and 
vival were mainly a result sf conditions in the ocean. given numbered F40y tags, indicated only a slightly higher 

(2.3%) postspawning survival of the Hate-run group in the 1976- 
Results 77 season. 

Adult Steelhead 

Pop&arion sizes 
The mean estimate of wild steelhead (winter run) returning 

to the Keogh River from 1976 to 1986 was 922 and ranged 
between 209 and 2730 (Table 1). The recapture rate sf marked 
adults as kelts was different for each sex. The mean rate of 
recapture of male kelts was 23% of the fish marked as upstream 
migrants (range 540%) whereas mean recapture rates of 
females was about two times higher or 42% (range 2441%). 
Accordingly, different mortality rates of males and females 
justified stratifying population estimates by sex. The recapture 
rate for males was ~ o o r  in 1983 65.3% of the fish marked) and 
confidence limits were wide this estimate (913-3429). 
Confidence intervals for males were an average 31% greater 
than for females. The number sf adults captured and marked 
moving upstream was usually slightly higher than the number 
sf kelts capturd migrating downstream and exmined for 
marks. Ow average, 62% (SD = 20.3; Table 1) of the estimated 
population was handled either as upstream migrant spawners, 
unmarked dowmstrem migrant kelts , broodstock, or trap 
mortalities. 

Repewtt spawning 
Repeat spawning frequency averaged 8.1 a d  11.6% for 

males md females, respectively, within 1 976-86 return years 
(Table 2) and rates were similar to the above when expressed 
as a percentage of the previous year's mn. Repeat spawning 
was higher for females (up to 3 1%) in the overall pooled esti- 
mate (p (4P 0-05). Male repeat spawners outnumbered females 
in only 2 of B 1 years (1983 and 1985). There was no correlation 
between the kelt catch (spawned fish that emigrated) and the 
next year's repeat spawning males (r2 = 0.15, p > 8.05) and 
females (r2 = 08.03, g >. 0.05). Condition sf kelts (e.g . seas, 
fungal growth) upon exit varied between years (data s n  file) 
and may have influenced subsequent survival. 

Adult sex ratios 
On average, the percentage of males and females was similar 

@I > 8.05): 48% males (SD = 9.3) and 52% females 
(SD = 8.5). However, there was significant departure from a 
uniform sex ratio in adult estimates in three yeas QJ < 0.05). 
In 1976 and 1985, females outnumbered males by 38 and 33%, 
respectively, whereas in 1983 there were 23% more males. 

TABLE 2. Age structure of adult steelhead populations immigrating the Keogh River during return 
years 197686. 

- - - 

Age composition (%) No. /age 
% Repeat Maiden 
spawners fish . 1  .2 . 3  .4 . 1  -2  .3  .4 

Males 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
I984 
1985 
1986 

Mean 

Females 
1976 
I977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
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TABLE 3. Ocean age composition of male and female steehead adults 
returning from 2976 to 1985 expressed as percentage within freshwater 
age groups. 

Ocean age 
Freshwater 

Age . 1  -2 .3 .4 n 

Females 2. 52.6 46.6 0.8 249 
3. 65.7 34.1 0.2 501 
4. 79.6 20.4 93 

Age in ocean years 
h general, males returned at an earlier ocean age than 

females. Although jacks were present (mean 3961, females age 
. I  were very rare (Table 2). Composition of males aged .2 was 
4% higher on average than -2 females, but females were pre- 
dominant by 7% in composition of .3. Age .4 were present in 
insignificant numbers (average 0.3%, females). 

There was a biennal pattern whereby age .2 were mainly 
dominant in odd-numbered years and - 3  were dominant in even- 
numbered yeas  @ "= 8.05). Females of age .3 displayed the 
greatest difference between odd- (average composition 19%, 
SD = 15.6) and even-numbered (average composition 60% , s s  
= 6.0) yeas. However, the returns since 1985 did not exhibit 
this pattern and .2 and .3  groups were similar in percent occur- 
rence (Table 2).  

Age in fleshwater yeam 
Freshwater age composition from adult scales was difficult 

to sample as a result of regenerated scales in the freshwater 
growth zone (approximately 30%). However, by combining 
adults returning from 8976 to 1985, several differences were 
apparent in the combined freshwater and saltwater age com- 
position. Male and female adults were predominantly aged 
freshwater 3's at 61 and 5996, respectively. As freshwater age 
increased, the proportion of total adults returning after 3 yr in 
the ocean decreased, particularly for females (this is discussed 
further in the section on age at return of cohorts). Age . 1  a d  
.2 males a d  .2 females increased in percent occurrence as 
freshwater age increased (Table 3). No adults returned with 
freshwater age 8 (fry) or I scales ( n  = 1393) m d  freshwater 
age 5 was very rue  (one male m d  one female, both returning 
as -21, as was age -4 (n = 3). 

Adult length 
Differences in adult mean length appeared to be associated 

with the year of smolting , age, and sex. Adult males were 28- 
lager within ocem ages -2 md -3  thm adult femdes 

QI < 0.05; Table 4). Both male and female lengths were dif- 
ferent @ "= 0.05) between years. Fish were grouped by year of 
smslting (1977-$31, and using the GT-2 method (Sokal and 
Rohlf 1981), the order sf mean lengths was tested. The pattern 
fm age .2 males m d  females was similar in that adults derived 
from the 1977, 1980, and 1981 smolt cohorts were significantly 
lager than the adults derived from other smolt years. Size of 
adults decreased (p < 0.05) as freshwater age increased 
(Table 4). Closer examination showed that within the .2 adults, 
length slightly increased @ < 0.05) with freshwater age, yet 
for -3  adults, length was similar in the freshwater age 2 md  3 

TABLE 4. I. Adult size at ocean age. Mean length ranked Bow to high 
with nonsignificantly different means undemc~red by the same line. 

Females aged .2 
Sn~oleyea 1978 1982 1979 1983 1981 1980 1977 
2 length $50 654 663 643 679 680 690 

Males aged .2 
Smsltyear 1983 I982 1979 1978 1980 1981 1977 
2 length 680 685 686 688 699 703 715 

Females aged .3 
Smolt year 1983 1982 8978 1979 1981 1977 1980 
2 length 753 770 775 777 778 782 792 

Maks aged .3 
Smo1tyea.r 1978 I980 1983 1979 1982 1981 1977 
R length 754 777 885 814 824 833 847 

TABLE 4. %I. Adult size at freshwater age and mean age of steelhead 
(SD = standard deviation, n = smpBe size) for all upstream migrants 
sampled from 1977 to 1983 in the Keogh River, B .C. 

8 c e m  age 
Freshwater 

age Sex . 1  .2 -3 All 

2 F 

M 

3 P 

M 

4 F 

M 

All F 

M 

Length 
SD 

n 

Length 
SD 

n 

Length 
SD 

n 

Length 
SD 
PP 

Length 
SD 

a 

Length 
SD 
n 

Length 
SD 

se 

Length 
SD 

82 

groups but lower fmm adults (by 12 gparaa for females and 42 mm 
for males) that had spent 4 yr in freshwater @ < 0.05; Table 4). 

Population sizes 
The mem number of wild smolt migrants was 5543 from 

1976 to 1983 (Table 5). Variation between years was substan- 
tial in both numbers (21048 1 897) and age class stmcture (2- 
5 yr in freshwater; Table 5). Even yeus produced fewer smolts 
than the preceding odd year (p > >.05), and this was most pro- 
nounced in age 3 and 4 smolts. On average, fish smolted after 
3 yr in freshwater (56% of composition) at the Keogh River. 
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TABLE 5. Steelhead smoIt yield of the Keogh River (1977-83) and estimated numberlfreshwater age 
from percent cornpsition in sede analysis. 

Freshwater age 
Trap Scale 

Year Yield efficiency 2 (%) 3 (%) 4 (%I 5 (W na 

Mean 5 543 

aReadable, wonregenerated scale samples 

%molt size 
Mean annual size of steelhead smoTts was 173 rnm and 49 g 

with a range between 160 and 187 rnm and 40 and 67 g. Size 
displayed odd and even cyclic dominance similar to srnolt num- 
ber md ocean age composition, larger mean smolt size oeeur- 
ring in sdd-numbered yeas @ < 0.05; Fig. 2). Smolt size was 
directly related to smolt age (Tables 5 and 6). Length-weight 
regressions and condition factors were not significmtly differ- 
ent between years @ > 0.05). There was little annual variation 
in mean smolt length within freshwater ages. However, in 1980, 
age 3 and 4 fish were much srazaller (dB < 0.05) than other yeas 
(Table 6) and there was a trend to larger sized age 3 smolts In 
sdd-numbered years (p < 0.05, Mann-Whitney U-test), but 
this did not apply to the other ages @ > 0.05). For all yeas, 
mean smolt length at freshwater age was 153,177, and 2 18 rnm 
for age 2, 3, and 4 smslts, respectively. These means were 
derived fmm a truncated normal distribution (no fish less than 
130 mm) which was skewed to the right. Corresponding mean 
weights at these average lengths were as follows: age 2, 33 g; 
age 3,48 g; age 4, 83 g. High variability in age class strength 
was evident. 

The weighted mean length calculated from smolt number and 
size at age was the same as the mean smdt length from length 
frequency distributions in ail but two years: in 1978 and 1979 
the weighted means from scales were 4 and 2% larger, respec- 
tively, than means from smolt length frequency. Some smslt 
length intervals were unavailable in the scale sampling sf 1978 
because of a small sample size, and a slight bias to more intew- 
sive sampling of larger smolts may have affected the 1979 
results. 

Sex of smelts 
In 3 yr of smoEt samples, the percent composition of males 

was lower than females by about 4% (Table 7). However, sex 
of smolts was not statistically different from 1:I @ > 00.5, G- 
test). With all years lumped and compared by size interval, a 
trend to more females in the smaller categories and more males 
in the largest interval was suggested, but a doubling of sample 
size would be required for this difference to achieve statistical 
significance. Similarly, sacrificed smolts fmm B 985 were 
equally male and female within freshwater ages 2, 3, and 4. 

Survival in the ocean 
Marine survival estimates, based on maiden-run fish only 

(i .e. repeat spawners excluded), from smolt year classes B 977- 
83 ranged from 7 to 26% (Table 8). Variation in adult return 
was a linear function of smolt numbers emigrating from the 

river (Pig. 3) from 1977 to 1983 (r2 = 0.86, n = 7, 
p < 0.05). This relationship was highly dependent on the 1981 
smolt data point; several more years of data would be required 
to describe this relationship with confidence. The mean survivd 
was 16.2% 

Variation in the smolt-to-adult survival could be accounted 
for by differences in mean smolt length or weights between 
yeas (Fig. 4). Data for 1977-83, excluding 1982 as an outlier, 
suggested that the relationship was linear for the range of mean 
smolt lengths and weights such that 

(1) Survival = 5.75 (length (crn)) - 84.95 (r2 = 0.95, 
@ < 0.05) 

(2) Survival = 0.60 (weight (g)) - 15.35 (r2 = 0.95, 
p < 0.05). 

The coefficient of determination was much reduced when the 
1982 smolts were included in the regression analysis (length, 
r2 = 0.47, p > 0.05; weight, r2 = 0.36, p > 0.05). The 
absolute value of the residual of the 1982 datum in the regres- 
sion was more than twice the value of the next closest absolute 
value of the residuals and thus can be considered an outlier 
(Draper and Smith 1966). Size-adjusted c o m p ~ s o n s  indicated 
very little difference between yeas in marine survival except 
the 1982 smelt year class which was 104% greater than the 
expected survival. Comparing smslt sizes in 1978 and 1982, 
the difference in survival was expected to be about 6%; instead, 
a difference of 19% was recorded. When other smolt survival 
rates were statisticdly size-adjusted this way, differences in sur- 
vival were at most 3%, indicating the aberrant nature of the 
1982 cohorts' marine survival. 

Cohort age at retarn 
No clear pattern was discernible in the sea age at return of 

male or female smolt cohorts (Table 8). Variation in age com- 
position in ocean yeas was broad. Males aged . I were rela- 
tively more abundant from 1982 smslts, and conversely, males 
aged - 3  (1 = 37%) were lowest from 1981 md 1982 smolts. 
Although some males were age . I ,  no females were, and age 
composition sf .2 and -3 mdes and females was similar 
@I > 0.85). k m 1 e s  aged - 3  were also lowest from 198 1 srnolts 
(Table 81, but slightly higher than average (X = 46%) from 
1982 smolts. Estimates of age composition of males md females 
appeared to be correlated but points were scattered (g.2 = 0.64, 
p ) 0.05). 

There were no significant relationships sf mean smolt size 
md proportion returning at age .3  for males (length, p.2 = 0.89, 
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Smolt Length, mm 
FIG. 2. Length frequency distributions of steelhead smcslts, 1977-82. 

p > 0.05; weight, r2 = 0.2, p > 0.05) or females (length, 
P"% = 0.07; weight, r2 = 0.2, p > 0.4). However, when esti- 
mates of marine survival were high, males of age .3 appeared 
to decline in relative abundance (r2 = 0.42, p > 0.85)). 
Females did not show this trend (6 = 0.11 , p > 0.5) and nei- 
ther slope was significant (p > 0.05). The influences sf fresh- 
water age and growth may confound this malysis. 

The age at return was not influenced by size or growth in 
males and females in the s m e  manner. If adult size is a deter- 
mining factor in the age at return, then age should vary with 
changes in marine conditions that affect growth. Length at ocean 
age was significantly different in many cohorts (Table 4),  part 

of which may be accounted for by the differences in smolt length 
or age. W e n  mean srnolt length was subtracted from the size 
at ocean age, only males indicated an inverse relationship sf 
growth in the ocean and age at return (Fig. 5). Females did not 
vary as much in length nor did they mature earlier with increased 
growth, compared with males. Again, freshwater age effects 
may confound this analysis . 

There was a relationship sf freshwater age with ocean age 
(Table 3). Since age at return decreased with increased srnslt 
age, we assumed that age at return dso decreased with increased 
srnolt size. If the relationship between percentage returning at 
age -3  and size at freshwater age is linear, then the relationship 
can be described by the line 
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TABLE 6. Steelhead smlt  size u p n  emigration fmm the K e ~ g h  River. 

Mean Length Mem Length (mm) at freshwater age 
length sample weight 

Year (mm) (SD) size ( g )  (SD) 2 ( s ~ )  3 (SD) 4 (ss)  5 ( s s )  

Average 173 

(3) P,  = 82.04 - 0.303 (L) (r2 = 0.99,p < 64.05) for females where P, = percent return of males as age .3,  Pf 
= percent returns sf females as age .3,  md & - srnolt length 

for males and (millirnetres). 

TABLE 7. Sex coarapssition s f  steelhead smelt samples in four size 
intervals. 

If results s f  ageing male md female scales were combined 
into freshwater age groups 2, 3, 4, and 5 ,  the percentage aged 
- 3  within each group was 42.2, 31.4, 19.7, and 096, respec- 
tively. This could be described linearly: 

1981 1984 1985 
Size 

internal (mm) M F M F M F where Pr = percent returns of age -3  fish. 
The biennial variation in age at return within steelhead Huns 

(Table 1) was apparently a result sf the variation in numbers 
and sizes of smolts. The dominant sea age class was .2 from 
smolt returns (males averaged 59% age .2, SD = 15; females 
5674-1, SD = 12). Since smolt number and size varied biennially, 
a pattern sf odd and even y e a  class shifts thus appeared within 
runs. 

TABLE 8. Age composition of male and female returns fmm steelhead smolts md the subsequent marine 
survival rates. 

Ocean age 

Males Females 
S m l t  Smslts 
year .I .2 .3 Sum .1 .2 .3  Sum M and F totals Survivals 

Mean 

Numerical composition 

Percent corp~pask'bion 

Sex 
(96 male) 
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kc. 3. Relationship between the numkr of emigrant smolts md adult 
returns from 1977 to 1983. 

70 
Female 

+ + + 

@ 70 8 1 Male 
ae so 4 

Srnolt to Age .9 Growth, mm 
FIG. 5. Relationship between postsmolt growth to age .3 and return 
rate of age -3 (A) femdes and (B) males. 

Smdt Length, rn 
FIG. 4. Relationship between the marine survival of smeaIts and their 
mean length upon emigration. 

The combination of the srnolt number, the smolt size and 
survival relationship, and the smolt size at age and age at matu- 
pity relationship suggested a method of predicting run sizes. 
This was tested for the data used to develop these relationships. 

Estimates sf  smlt  returns based on freshwater age were cd-  
cu1atd as 

.where R = adult returns from 8 cohort, i = freshwater age, ni 
= number of smolts of age t ,  amd %, = survival rate as a func- 
tion of length of age i srnolts. 

On average, prediction of sragprivors was overestimated by 
about 3%. As expected, 1982 smolt returns were underesti- 
mated, by 5296, but 1978 smolts were predicted to return 41 % 
higher thm measured by adult trapping and sampling. Some 
smolt lengths at freshwater age were outside the range sf  mean 
smslt lengths used to establish the size md survival relation- 
ship. The predictive equation remains speculative until the 
shape sf the curve is defined to those limits. 

Estimates of adults by age were calculated by including I+: 
A 

(7) R, = i ~ , n i S i P r j / l O O  

C Q ~ .  9. Fish. Aqnesab. Sci., V0l. 45, 1988 

-+- predicted 

A -==+-- measured 
2500 

I I I I I 

1980 1981 1982 8983 1984 1985 

Year of Spawning 

FIG. 6. Difference between stelhead mn sizes (maiden fish only) as 
masurd by mark-recapture and run sizes predicted by a model based 
on smolt size md number for the $molt returns spawning from 1980 
to 1985. 

where R, and R, are the returns at ages - 3  md .2, respectively. 
Calculated run sizes for the adult mns from I980 to 1985 

developed fmm equations '7 a d  8 were compaed with popu- 
lation estimates of maiden-run fish though the Keogh River 
trap, and agreement was fair. Calculated numbers were within 
38% sf run sizes, except for the adult mn of 1981 which was 
overestimated 2.6 time; that observed (Fig. 6). 
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This study clearly indicated that run sizes of srnolt md adult 
steelhead varied substantidly between years (5- and 18-fold, 
respectively). Age structure dso varied, accounting for changes 
in mean sizes of adults a d  smolts. Although based on a limited 
number of cohort returns (n = 71, adult numbers were directly 
proportional to smolt yield. 

Much of the residual variation from the linear relationship of 
srnolt and adult numbers was explained by srnolt size. Mortality 
was highest for smaller smolts. There is increasing evidence 
that high mortality occurs early in marine life for sockeye 
(Petemm 1982; Ryall 19851, chinook (Neilson and Geen 
19861, coho (Mathews and Buckley 19761, and chum fry 
(Healey 1982). These authors also noted size-dependent sur- 
vival. This is supported by work ow hatchery Atlantic salmon 
(Peterson 19721, hatchery coho (Biltow et al. 1982), and hatch- 
ery steelhead (Wagner 1967; Kenastsn and MacHugh 1985) 
which indicated a positive relationship between hatchery smolt 
release size and subsequent return rate. Hager and Noble (1976) 
noted not only increased returns of hatchery coho with increased 
srnolt size, but also found survival rates of male smolts slightly 
higher than female smelts. The relationship of smslt size and 
retum rate may not be linear for smallest and largest srnolts; 
the c w e  likely flattens at both ends. 

Although srnolt size (length) appeared to be the major caus- 
ative variable, temperature changes in the marine environment 
were also probably important $64 marine survival. Smolts from 
1982 survived two times higher thaw expected, according to Bhe 
srnolt size and suwival relationship. Keogh hatchery smolts 
released in I982 also survived &out twice the average rates 
(data on file), and catches of steelhead by anglers cm Vancouver 
Island in 1983-84 and 1984-85 (return years of 1982 smolts) 
were the highest on record (Billings 1986). This is supported 
by underwater surveys sf Vancouver Island steelhead streams 
(M. G. Lirette, Ministry of Environment and Parks, Fishefies 
Branch, Nanaimo, B .C., pers. comrn.). Mysak (1886) meas- 
ured increased marine temperatures and noted numerous fish 
distributional changes associated with an EB Nifio event in 1982- 
83, We suggest that the marine events associated with El Nifio 
may have resulted in improved survival for steelhead in the 
Vmcouver Island region, but monitoring over a Longer tern is 
required to further examine the role of temperature in marime 
survival. Temperature effects in the marine environment and 
Atlantic salmon production near Iceland were positively related 
according to Scmecchia (1984). In contrast, Johnson (1984) 
documented negative impacts sf  El Ni5o to coho and chinook 
salmon from the more southern latitude of Oregon. 

The timing of the srnolt migration may have also affected 
survival rates. The timing sf  the I982 srndalt migration was typ- 
ical, but the peak migration time of the 1981 smolts was 
extended to a later second peak (data on file). Since the return 
data from the 1981 smolts had a large effect on results pre- 
sented, some of the conclusions remain speculative until there 
is further investigation of the relationship sf timiag of wild 
smolt migrations and marine survival. 

Age at Matu~ty  

In Keogh River steelhead the relationship between freshwater 
age and ocem age was related to the size at freshwater age, 
Hooton et a%. (1987) presented evidence that size at freshwater 
age or freshwater growth rate may have been related to jack 

returns but had little effect on older ocem ages of stelhead. 
Glebe md Saunders (1986) suggested that smolt size and sub- 
sequent growth rate rather than smolt age may be determining 
sea age at maturity in Atlantic salmon. Similarly, Hyatt and 
Stocklger (1985) showed that increases in sockeye srnolt size 
were conelated with earlier age at maturity. When individual 
smolt year classes were compwed in the Keogh, no relationship 
existed between mean smolt size and retum sea age. Either 
additive variability masked the relationship, scale samples for 
aging poorly represented the population, or the analysis was 
confounded by the effects of freshwater age and parental age. 

Some of the variation in sea age for males may have been 
influenaced by growth conditions at sea. Males might respond 
to rapid growth at sea by maturing earlier; because females v a -  
ied less in size at age with varied growth conditions, they do 
not alter age at maturity. This suggests that age at maturity may 
be more stable in females whereas males are more plastic. In 
females, the threshold size or growth rate was possibly not great 
enough in the wean to affect the age at maturity (Thorpe 1986). 
In ddition, sera age may be under greater genetic control in 
females (Chadwick et al. 1986) than in males, and females may 
funnel surplus production elsewhere (fecundity or energy 
reserve). Growth and temperature effects in the ocean were 
inconclusive in relation to age at maturity of Atlantic salmon 
when summarized by Randall et aIm (1986). 

The effect of smolt size on sea age may vary in relation to 
parental sea age (Ritter et al. 1986). For females, growth at sea 
may be less important to age at retum than the maternal age at 
maturity. Since Chadwick et al. (1986) found &at ovarian devel- 
opment in female smolts was inversely related to sea age of 
parents, it follows that sea age of female smoHts is largely deter- 
mined at smoltification. Variation in sea age should neverthe- 
less be expected within and between streams due to local adap- 
tation and success or failure of various broods. AS Myers (1986) 
suggested, some systems sp conditions may favour large 
females, while others favour smaller, younger spawners. Smolts 
from such broods would vary from nomal in parental sea age, 
confounding an analysis of s m l t  size effects on sea age due to 
the genetic component in age at return. 

Changes in smolt number produced the biennial variation in 
ocem age structure. Large mean smolt size was followed by 
higher incidence of ocean -2's in the adult run, in general. Since 
males returned earlier than females, the males in odd-year runs 
(age 2) and the females in even-yea mns (age .3) further 
exemplified the smolt size and number effect. The apparent 
termination of the biennial pattern (1985) coincides with a bal- 
ancing of odd- and even-year pink salmon mws (Johnston et al. 
1986) but may also be associated with hatchery fish returns or 
oceanographic co nditions . 

Adult size md age structure of Keogh River steelhead was 
typical of Vancouver Island steelhead populations (Hooton et 
al. 1987). Males were the largest md smallest adults in the 
population, as found with other salmonids (Gxdner 19'96). 
Most of the variation in adult steelhead size could be explained 
by the relationship of freshwater age and saltwater age. 

Srnolt Migrants 

Variation in smolt size may be caused by the strong domi- 
nance of m even-year mn of pink salmon (Johnston et al. 1986). 
Steelhead srncrlt sizes and number were highest following the 
even-year pink salmon cycle. Steelhead p m  were observed 
intensively feeding on dislodged pink salmon eggs in the 
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autumn (data on file). Smolt length in d d  yews was greater 
than in even years and was related to freshwater age compo- 
sition. Two different general shapes were apparent in length 
frequency distributions indicating not only larger mean size in 
odd y e m  but dso  greater variation around the mean compared 
with smolt length in even years, 

Mean smolt length was similar to that observed in other Vm- 
cower Islmd streams (Hooton et d. 1987) and of wild smolts 
measured in Alsea River tributaries (Chapman 1958), but it was 
based on lager samples over a longer time perid. Mean smolt 
size varies little on the Pacific coast (Withler 1966). Smolt 
length was limited to 13 md 30 em, which was within the range 
of backcdcamlated smolt sizes predicted on the Chilliwack River 
(Maher a d  Larkinn 1954). Hatchery fish released below (Wag- 
ner et al. 1963) or above (Partridge 1985; Slaney and Harrower 
1981) the critical length remained in the stream, some for an 
additional year. Variation within the critical length between 
years a d  between streams probably relates to the age structure 
of the smolt population and stream production dynamics 
(Symons 1979). 

Kelt Migrants and Repeat Spawners 

The assumption of representative catch of keles to derive the 
Petersen population estimates sf adults was only tested and con- 
f m e d  in one season sf returns (winter of 1976-77). Fish cap- 
ture may have depended largely on stream Wow conditions dur- 
ing both spawner entry and kelt exit, a d  also on the genetic 
composition sf the individual runs (Gdscsn md Rosentreter 
1988). That is, a run comprised mainly from early-run fish may 
nnst have been as well represented in kelts compared with a run 
composed of relatively more late mn fish. A similar problem 
may have existed for ocean age s r  adult size. It was also likely 
that kelt emigration was aided by relatively higher late winter 
a d  early spring stream flow, or conversely, impeded by low 
flow conditions. We assumed that these effects, if present, were 
negligible or equally affected each estimate. 

Recapture rate of male kelts in 1983 was lowest, probably 
not ody  due to a relatively high composition of early run fish, 
but also because of extremely low discharge in May and June, 
impeding kelt movement downstream. However, even if the 
lower 95% confidence interval of the male estimate was used 
in the mdysis presented, the resulting trends remained signif- 
icmt regarding smolt number, size, md adult returns. If the 
lower limit was used, the ocean age structure and sex ratios 
were affected. When examined by smolt cohort, this provided 
less variation than observed with the mark and recapture esti- 
mate. However, other observations, including redd counts md 
angler catch (data on file), supported the large population esti- 
mate of 1983. Further, the estimate sf female adults in 1983 
was ~ O W W  with more confidence. Since the difference in 
recapture rate between male md female kelts in 1983 was the 
same as other y e a ,  the male estimate was accepted, albeit with 
broad confidence intervals. 

Composition of repeat spawners did not depend on the rel- 
'ative strength of the previous year9s run. The ability for kelts 
to migrate out md survive m additional y e a  at sea following 
spawning was probably the main determinant of repeat spawner 
composition. Frequency of repeat spawning in the Keogh River 
was similar to that observed from anglers' catch data elsewhere 
(Maher md Lakin 1954; Withler 1966). Similar rates of mul- 
tiple spawning exist in Atlantic salmon populations (Schaffer 
and Elson 1975). Winter steelhead kelts were present inciden- 

tally in the commercial catch (Evms 1979), and this may vary 
in mxxrnnce with seasonal openings or marine envkonmentd 
conditions. Differences in flow patterns and catch plus variation 
in kelt health between yeas may have altered repeat spawning 
rates. 

Management and Research Implications 

The large variation in adult returns of Keogh winter mn steel- 
head provides a clear indication of the problem fisheries man- 

aging steelhead fisheries. Inability to predict 
effects of fluctuating smolt rearing conditions, smslt size and 
age changes, md marine conditions has been largely respn- 
sibEe for conservative management strategies in British Csl- 
umbia. Adult population estimates for the Keogh River dem- 
onstrated for the first time the order of magnitude of fluctuation 
possible in a wild steelhead population where fishery pressure 
was Isw. 

Another productive aspect of these ongoing studies has been 
identification of areas requiring more research. Future research 
should focus on the smolt sex ratio within size intervals (md 
in relation to hatchery grading practices). The marine survival 
of males versus females should be compared. Smdt sizes at 
age compared with adult scale backcalculated sizes at age a d  
backcalculated sizes at age . 1  in relation to return age should 
dso be examined. The role of smolt size or age and the age at 
return will remain uncertain for steelhead until interactions 
between environmental and genetic factors are better under- 
stood. The effect of smolt size on marine survival of steelhead 
weeds to be verified and exmined further over a longer time 
series with tagged smolts sampled over the migration period, 
and in broader ecologicd settings. The eventual establishment 
of predictive models of returns based on smolt number, size, 
and other characteristics (e. g . sex) may greatly assist the under- 
standing md management sf steelhead populations. 
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with computer analyses. Dr. J. W. Iwline md Dr. T. G. Northcote 
provided stimulating comments. The efforts of D. McKay and I. War- 
ner, papticu8arly in manuscript preparation, m acknowledged with 
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draft a d  improved the presentation by providing many constructive 
comments. Direction was provided by Dr. A. F. Tautz. 

References 

BILLINGS, S.  J. 1986. Steelhed hmest analysis 19114-85. kov. B.C. Fish. 
Tech. Cuc. No. 71: 38 p. 

B L ~ N ,  H. T., D. F. ALDERDICE, AND J. T. S C M N ~ E .  1982. Influence of time 
md size at release of juvenile coho salmon (Omcorhynchus kisutch) on 
returns at mbrity. Canx7. J. Fish. Aquat. Sci. 39: 426-47. 

CHADWICK, E. M. P. 1982. Stock recruitment relationship for Atlantic salmon 
(Salrno salm-1 in NewfounQBmd rivers. Can. J. Fish. Aquat. Sci. 39: 1496- 
1501, 

GHADWHCK, E. %a%. P., R. G. RANDALL, AND C. L~GER.  1986. O~rarim devel- 
opment of Atlantic salmon (Salmo saha) smolts md age at first maturity, 
p. 15-23. %n D. J. Merburg [&.I Salmonid age at maturity. Can. Spec. 
h b l .  Fish. Aquat. Sci. 89. 

CHAPMAN, D. W. 1958. Studies on the life history of ABsea River steelhed. J. 
Wildl. Mmage. 22(2): 123-134. 

D E J R W ~ ~ O C Z Y - W ~ T H ,  94 C. 1979. Coded-wire tagging of wild coho juveniles 
from the Keogh River system, 1977 and 1978. Fish. Marur. Sew. Can. MS 
Rep. 1586: 25 p. 

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
12

/0
1/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://www.nrcresearchpress.com/action/showLinks?system=10.1139%2Ff82-201&isi=A1982PN82500008
http://www.nrcresearchpress.com/action/showLinks?isi=A1982NJ47600007


DRAPER, N. R., me, H. SMRH. 1966. Applied regression mdysis. John Wiley 
& Sons, Ins., New York, N.Y. 40'7 p. 

EVANS, L. K.  1939. Incidental catches of steelhead trout in the coimercid 
salmon fisheries of Baldey Sound, Johnstone Strait and the Dean and 
Bella Cmla rivers area. Rov. B .C. Fish Wild. Fish. Tech. Circ. No. 39: 
369 p. 

GMDNER, M. L. G. 1976. A review of the factors which may imfluence the 
sea-age and maturation sf Atlantic salmon (Salmo sojar L). J. Fish Biol. 
8: 289-3219. 

G ~ S O N ,  R. L., AND N. M. ROSE~ETER. 1980. Stock assessment and genetic 
studies of anadromow sdmonids. Federal Aid Progress Reports, Fisheries 
AFS-73-3. Oregon Department of Fish and Wildlife, Conallis, OR. 46 p. 

GLEBE, B . D., AND R. L. SAUNDERS. 1986. Genetic factors in sexud maturity 
of cultured Atlantic salmon (Salmo sakar) p m  md adults reared in sea 
cages, p. 24-29. In D. J. Meerburg led.] Salmonid age at maturity- Cm. 
Spec. h b l .  Fish. Aquat. Sci. 89. 

HAGER, R. C., AND R. E. NOBLE. 1976. Relation of size at release of hatchery- 
reared coho salmon to age, size and sex composition of returning adults. 
hog. Fish-Cult. 38: B 11-147. 

HEALEY, M. C. 1982. Timing and relative intensity of size selective mortality 
sf juvenile chum salmon (Oncorhy~~~hus keba) during early sea life. CanPI. 
J. Fish. Aquat. Sci. 39: 952-9541. 

HOAR, W* S. 1976. Smslt transfornation: evolution, behaviour, a d  physiol- 
ogy. J. Fish. Res. Bowd Can. 33: 1234-1252. 

HWTON, R. S. ,  B.  R. WARD, V. A. LENYNSKY, M. G .  L I W ~ E ,  AND A. R. 
F A C ~ I N .  1987. Age and growth of steelhead in Vmcouver Island popu- 
lations. hov. B.C. Fish. Tech. Cbc. No. 77: 39 p. 

HYATT, K. B., AND B. G.  STWKNER. 1985. Responses of sockeye salmon 
(Oncorhynchcb% ncrka) to fertilization of British Columbia coastal lakes. 
Cm. 9. Fish. Aquat. Sci. 42: 320-331. 

JOHNSON, S. E. 1984. The effects of the 1983 El Ni5s on Oregon's coho and 
chinook sdmon. Oreg. Dep. Pish Wildl. Fish. Div. Info. Rep. No. 84-8: 
43 P. 

JOHNSTON, N. T., J. R. IRVINE, AND G. 9. ~ R M N .  1986. A co~aapaative eval- 
uation of fence count, mark and recapture and Bendix Sonar estimates of 
salmon escapements in the Keogh, a variable flow coastal B .C. river. Can. 
Tech. Rep. Hish. Aquat. Sci. 1453: 44 p. 

&~NAST(IN, K. R . ,  AND N. M. MACHUGH. 1985. Steelhed production factors. 
Oreg. Dep. Fish Wildi. Pish Res. &oj. 2-4-0-740-18). Annual Progress 
Rep., Portland, OR. 28 p. 

?vfmER, E P., AND P. A. LARKIN. 1954. Life history of the steelhead trout of 
the Chilliwack River, B.C. Trms. Am. Fish. Soc. 84: 27-38. 

M A T ~ W S ,  S. B., AND R. BUCKLEY. 1976. Marine mortality of h g e t  Sound 
coho salmon (Bneorhynehus Rbs~scA). J. Fish. Res. B o d  Can. 33: 1677- 
1684. 

MOAM, W. 1977. Design and constrPaction of the Keogh River fish enu- 
meration fence. Prov. B.C. Fish. Branch Tech. Ckc. No. 25: 18 p. 

M m s ,  R.  A. 1886. G m e  theory and the evolution of Atlantic sdrnon (Salmo 
SCE~QB) age at maturation, p. 53-41. In @I. J. Meerbwg [ed. ] Sdmonid age 
at maturity. Can. Spec. h b l .  Fish. Aquat. Sci. 89. 

MYSAK, L. A. 1986. El Nifio, interannua1 variability md fisheries in the north- 
east Pacific Ocean- Cm* 5. Fish. Aquat. Sci. 43: 

N ~ V E R ,  D. W. 1969. Age and size of steelherad tm Babine River, 
British Columbia. 9. Rsh. Res. Board Cm. 26: 27562760. 

Nmvw,  D. W., AND B. C. A ~ E R S O N .  1974. Fish populations of Cmaeion 
Creek and other Barkley Sound s t r e w  1978-1973: Data record md prog- 
ress report. Fish. Res. Board Can* MS. Rep. Ser. No. 1383. 

Nmvm, D. W., AND F. C. WITFILER. 197 1. Age and size sf steelkad trout 
(Salmo gairdneri) in anglers9 catches from Vancouver Island, British Col- 
umbia, streams. Pish. Res. Boad Can. Tech. Ckc. 91: 26 p. 

NEILSON, 5. D., AND G.  H. GBEN~ 1986. First-year growth rate of Shes River 
chinook salmon as inferred from otoliths: effects on mrtality and age at 
maturity. Trans. h. Fish. SIX. 115: 28-33. 

Bmmm~, E E. 1985. Effect of steelhead trout srnslt size on residualism md 
adult return rates. Idaho Fish G m e  Fish. Res. Contract No. 14-16-001- 

6465: 25 p. 
C. J., M. L. B o ~ L ,  AND P. A. S L A ~ Y .  1987. Experimental 

enrichment of a c w s d  stream in British Columbia: effects of ogmic  and 
inorganic additions on autotrophic periphyton production. Can* 9. Fish. 
Aquat. Sci. 44: 1247-1256. 

, C .  J.,  AND RI. T. J O ~ S T O N ,  1985. A preliminary study of whole-river 
fertilization in a coastal stream. L h o t e k  Research md  Development h c .  
Contrast RepHk 035s~.m576-4-8103 for the Department of Fiskries and 
Oceans, Vancouver, B .C. 

PETX~AN, W. IM. 1982. Model of salmon age structure and its use in pe- 
season forecasting md studies sf marine survivd. Can. J. Fish. Aquat. 
Sci. 39: 1444-2452. 

PETERSON, M. H. 1972. Adult returns to date fmm hatchery-reared one-year- 
old smolts. dn M. Wo Smith and W. M. Carter [d.] Proc. Int. 
Symp. Atlantic Salmon: Management Biology and Survival sf the SF- 
cies. Int. Atl. Salmon Found. Spec. h b l .  Ser. 4(8): 21 8-226, Sept. 2973. 

PETERSON, 6. R., AND 9. C. LYONS. 1968. A preliminary study of steelhead in 
the Big Qualicum River. B.C. Fish Wildl. Branch Fish. Manage. 
Rep. No. 56: 46 p. 

RANDALL, R. 6 . ,  9. E. THORPE, R. 9. GIBSON, AND D. G. REDBIN. 1986. Bio- 
logical factors affkcting age at maturity in Atlantic sdmon (Salmo salar), 
p. 90-96. 3n B. J. Meerburg Led.] Salmonid age at maturity. Can. Spec. 
h b l .  Fish. Aquat. Sci. 89. 

RICE~ER, W. Eo 197%. Computation and interpretation of biological statistics of 
fish populations. Bull. Fish. Res. Board Can. 891: 382 p. 

R ~ E R ,  J. A., G. T. FARMER, R. K. MISRA, T. 8. GOFF, 9. K. BAILEY, AND 
E. T. BAUM. 1986. Parental influences and smolt size and sex ratio effects 
on sea age at first maturity of Atlmtic salmon (Sa8mo skibar), p. 30-38. 
In D. J. Meerburg [ed.] Salmonid age at maturity. Can. Spec. h b l .  Hish. 
Aquat. Sci. 89. 

WYALL, Po J. 1985. Effect of smslt size and marine growth rates on d u l t  sockeye 
salmon (Oncorhynchus nerh)  returns md possible impiications for the 
benefitkosk sf 1&e enrichment: the Great Central Lake case. M.Sc. the- 
sis, Natural Resource Management, Simon Fraser University, Basmaby, 
B.C. 87 p. 

SCARNECCBIA, B. L. 1984. Climauasc and oceanic variations affecting yield of 
Icelmdic stocks of Atlantic salmon (Salrno ssmlar). Can. J. Fish. Aqaat. 
Sci. 41: 917-935. 

S C H A ~ W ,  W. M.? AND P. F. EWON. 1975. The adaptive significance of vari- 
ation in life history among local populations of Atlantic sdmon in North 
America. Ecology 54: 577-590. 

SHAPAVALOV, L., AND A. @. TAR. 1954. The life histories of steelhead rain- 
bow trout, Sdrno gairdneri gairdneri, and silver salmon, Oneorhynchus 
kbsutch, with specid reference to Waddell Creek, California aad recom- 
mendations regarding their management. Calif. Bep. Fish Game Fish. 
Bull. No. 98: 375 p. 

SLANEY, P. A. 1979. An evdaaation of a diversion screen design and an assess- 
ment of fish losses in irrigation diversions of Loon Inlet Creek, British 
Columbia. B.C. Fish. Branch Fish. Manage. Rep. No. 68: 18 p. 

SEBNEY, P. A., AND We L. HIMOWER. 198 1. Experimental culture and release 
sf  steelhead trout reared in net-pens at 07Connor Lake in British Co- 
lumbia, p. 43-51. In T. J. Hasslet [ed.] Proceedings: Propagation, 
Enhancement and Rehabilitation of Anadromous Sdmonid Populations 
and Habitat Symposium. Humboldt State University, kcata,  CA. 

SOUL, R. R., AND E J. IPBBLF. 1981. Biometry. W. W. Freeman and Co., Sm 
Francisco, CA. 776 p. 

SYMONS, P. F. K. 1979. Estimated escapement of Atlantic salmon ($alms sular) 
for maximum smoh production in rivers of different productivity. J. Fish. 
Res. Board Can. 36: 132-140. 

THORE, I E. 1986. Age at f i s t  maturity in Atlantic salmon, Salrns saku: 
freshwater period influences and conflicts with smlting, p. 7-14. dn B. 
L Meerbug led.] Salrnsnid age at maturity. Can. SF. h b l .  Fish. Aquat. 
Sci. 89. 

WAGNER, H. H. 1967. A s u m m y  of investigations of the use s f  hatchery- 
rewed steelhead in the management of a sport fishery. @eg. State Univ. 
Fish. Rep. No. 5: 62 p. 

WAGNER, H. H., R. L. WALLACE, AND H. J. C m w e ~ e .  1963. The seaward 
migration and return of hatchery-reared steelhead trout, Skiimo gairdneri 
Richardson, in the Alsea River, Oregon. Trans. Am. Pish. SK. 92: 1202- 
1210. 

W A L ~ S ,  C. J., R. HILBORN, R. M. PEEW, AND M. J. STALEY. 1978. 
Model for examining early wean limitation of Pacific salmon production. 
J- Fish. Res. B m d  Camaan. 35: 1303-1315. 

WARD, B. R., AND P. A. SLANEY. 1979. Evaluation of in-stream enhancement 
S ~ ~ C ~ B I P & S  for the production of juvenile stelhead trout and coho sdmon 
in the Keogh River: progress 197'9 md 1978. Wsv. B.C. Fish. Tech. Gbc. 
No. 45: 47 p. 

198 1. Further evaluations of stmctms for the improvement of sd-  
monid rearing habitat in coastal streams of British Columbia, p. 99-108. 
Pn T. J. Hassler [ed.] Proceedings: Propagation, E ~ c e m e n t  and Reb-  
bilitation of AnaQomous Sdmnid  Populations md Habitat in Pacific 
Northwest Symposium. Humboldt State University, kcata,  a. 

WITHER, I. E. 1966. Variability in life history characteristics of steelhed trout 
(Sakm gairdneri) dong the Pacific Coast of North America. J. Fish. Res. 
B o d  C a .  23: 365-393. 

Can. 9. Fish. A q u a  Sci., Vul. 45, 1988 

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
12

/0
1/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://www.nrcresearchpress.com/action/showLinks?system=10.1139%2Ff79-022
http://www.nrcresearchpress.com/action/showLinks?system=10.1139%2Ff76-158
http://www.nrcresearchpress.com/action/showLinks?system=10.1139%2Ff85-041&isi=A1985ACG6500014
http://www.nrcresearchpress.com/action/showLinks?system=10.1139%2Ff82-130&isi=A1982PA93100004


This article has been cited by:

1. Neala W. Kendall, John R. McMillan, Matthew R. Sloat, Thomas W. Buehrens, Thomas P. Quinn, George R. Pess, Kirill
V. Kuzishchin, Michelle M. McClure, Richard W. Zabel. 2015. Anadromy and residency in steelhead and rainbow trout
(Oncorhynchus mykiss): a review of the processes and patterns. Canadian Journal of Fisheries and Aquatic Sciences 72:3, 319-342.
[Abstract] [Full Text] [PDF] [PDF Plus]

2. Ian A. Tattam, James R. Ruzycki, Josh L. McCormick, Richard W. Carmichael. 2015. Length and Condition of Wild Chinook
Salmon Smolts Influence Age at Maturity. Transactions of the American Fisheries Society 144:6, 1237. [CrossRef]

3. Maureen Kavanagh, Douglas E. Olson. 2014. The Effects of Rearing Density on Growth, Fin Erosion, Survival, and Migration
Behavior of Hatchery Winter Steelhead. North American Journal of Aquaculture 76, 323-332. [CrossRef]

4. Sean A. Hayes, John F. Kocik. 2014. Comparative estuarine and marine migration ecology of Atlantic salmon and steelhead: blue
highways and open plains. Reviews in Fish Biology and Fisheries 24, 757-780. [CrossRef]

5. Ohms Haley A., Sloat Matthew R., Reeves Gordon H., Jordan Chris E., Dunham Jason B.. 2014. Influence of sex, migration
distance, and latitude on life history expression in steelhead and rainbow trout (Oncorhynchus mykiss). Canadian Journal of
Fisheries and Aquatic Sciences 71:1, 70-80. [Abstract] [Full Text] [PDF] [PDF Plus]

6. Kevin D. Friedland, Bruce R. Ward, David W. Welch, Sean A. Hayes. 2014. Postsmolt Growth and Thermal Regime Define the
Marine Survival of Steelhead from the Keogh River, British Columbia. Marine and Coastal Fisheries 6, 1-11. [CrossRef]

7. Alicia Abadía-Cardoso, Eric C. Anderson, Devon E. Pearse, John Carlos Garza. 2013. Large-scale parentage analysis reveals
reproductive patterns and heritability of spawn timing in a hatchery population of steelhead ( Oncorhynchus mykiss ). Molecular
Ecology 22, 4733-4746. [CrossRef]

8. Jeremy D. Romer, Camille A. Leblanc, Shaun Clements, Jayde A. Ferguson, Michael L. Kent, David Noakes, Carl B. Schreck.
2013. Survival and behavior of juvenile steelhead trout (Oncorhynchus mykiss) in two estuaries in Oregon, USA. Environmental
Biology of Fishes 96, 849-863. [CrossRef]

9. Douglas R. Hatch, David E. Fast, William J. Bosch, Joseph W. Blodgett, John M. Whiteaker, Ryan Branstetter, Andrew L.
Pierce. 2013. Survival and Traits of Reconditioned Kelt Steelhead Oncorhynchus mykiss in the Yakima River, Washington. North
American Journal of Fisheries Management 33, 615-625. [CrossRef]

10. Karl D. Burton, Larry G. Lowe, Hans B. Berge, Heidy K. Barnett, Paul L. Faulds. 2013. Comparative Dispersal Patterns for
Recolonizing Cedar River Chinook Salmon above Landsburg Dam, Washington, and the Source Population below the Dam.
Transactions of the American Fisheries Society 142, 703-716. [CrossRef]

11. Donald A. Larsen, Deborah L. Harstad, Charles R. Strom, Mark V. Johnston, Curtis M. Knudsen, David E. Fast, Todd N.
Pearsons, Brian R. Beckman. 2013. Early Life History Variation in Hatchery- and Natural-Origin Spring Chinook Salmon in
the Yakima River, Washington. Transactions of the American Fisheries Society 142, 540-555. [CrossRef]

12. Joseph R. Benjamin, Patrick J. Connolly, Jason G. Romine, Russell W. Perry. 2013. Potential Effects of Changes in Temperature
and Food Resources on Life History Trajectories of Juvenile Oncorhynchus mykiss. Transactions of the American Fisheries Society
142, 208-220. [CrossRef]

13. Mary T. Negus, Donald R. Schreiner, Matthew C. Ward, Joshua E. Blankenheim, David F. Staples. 2012. Steelhead return rates
and relative costs: A synthesis of three long-term stocking programs in two Minnesota tributaries of Lake Superior. Journal of
Great Lakes Research 38, 653-666. [CrossRef]

14. Simone Vincenzi, William Hallowell Satterthwaite, Marc Mangel. 2012. Spatial and temporal scale of density-dependent body
growth and its implications for recruitment, population dynamics and management of stream-dwelling salmonid populations.
Reviews in Fish Biology and Fisheries 22, 813-825. [CrossRef]

15. Margaret E. Atcheson, Katherine W. Myers, David A. Beauchamp, Nathan J. Mantua. 2012. Bioenergetic Response by Steelhead
to Variation in Diet, Thermal Habitat, and Climate in the North Pacific Ocean. Transactions of the American Fisheries Society
141, 1081-1096. [CrossRef]

16. R. J. Beamish, R. M. Sweeting, C. M. Neville, K. L. Lange, T. D. Beacham, D. Preikshot. 2012. Wild chinook salmon survive
better than hatchery salmon in a period of poor production. Environmental Biology of Fishes 94, 135-148. [CrossRef]

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
12

/0
1/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1139/cjfas-2014-0192
http://www.nrcresearchpress.com/doi/full/10.1139/cjfas-2014-0192
http://www.nrcresearchpress.com/doi/pdf/10.1139/cjfas-2014-0192
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/cjfas-2014-0192
http://dx.doi.org/10.1080/00028487.2015.1082503
http://dx.doi.org/10.1080/15222055.2014.920747
http://dx.doi.org/10.1007/s11160-014-9348-8
http://dx.doi.org/10.1139/cjfas-2013-0274
http://www.nrcresearchpress.com/doi/full/10.1139/cjfas-2013-0274
http://www.nrcresearchpress.com/doi/pdf/10.1139/cjfas-2013-0274
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/cjfas-2013-0274
http://dx.doi.org/10.1080/19425120.2013.860065
http://dx.doi.org/10.1111/mec.12426
http://dx.doi.org/10.1007/s10641-012-0080-8
http://dx.doi.org/10.1080/02755947.2013.788586
http://dx.doi.org/10.1080/00028487.2012.760483
http://dx.doi.org/10.1080/00028487.2012.750626
http://dx.doi.org/10.1080/00028487.2012.728162
http://dx.doi.org/10.1016/j.jglr.2012.09.010
http://dx.doi.org/10.1007/s11160-011-9247-1
http://dx.doi.org/10.1080/00028487.2012.675914
http://dx.doi.org/10.1007/s10641-011-9783-5


17. Barry A. Berejikian, Donald A. Larsen, Penny Swanson, Megan E. Moore, Christopher P. Tatara, William L. Gale, Chris R.
Pasley, Brian R. Beckman. 2012. Development of natural growth regimes for hatchery-reared steelhead to reduce residualism,
fitness loss, and negative ecological interactions. Environmental Biology of Fishes 94, 29-44. [CrossRef]

18. LM Tomaro, DJ Teel, WT Peterson, JA Miller. 2012. When is bigger better? Early marine residence of middle and upper
Columbia River spring Chinook salmon. Marine Ecology Progress Series 452, 237-252. [CrossRef]

19. David E. Rundio, Thomas H. Williams, Devon E. Pearse, Steven T. Lindley. 2012. Male-biased sex ratio of nonanadromous
Oncorhynchus mykiss in a partially migratory population in California. Ecology of Freshwater Fish 21:10.1111/eff.2012.21.issue-2,
293-299. [CrossRef]

20. L. K. Albertson, L. E. Koenig, B. L. Lewis, S. C. Zeug, L. R. Harrison, B. J. Cardinale. 2012. HOW DOES
RESTORED HABITAT FOR CHINOOK SALMON (ONCORHYNCHUS TSHAWYTSCHA) IN THE MERCED RIVER
IN CALIFORNIA COMPARE WITH OTHER CHINOOK STREAMS?. River Research and Applications n/a-n/a. [CrossRef]

21. J. J. Duda, H. J. Coe, S. A. Morley, K. K. Kloehn. 2011. Establishing spatial trends in water chemistry and stable isotopes
(δ15N and δ13C) in the Elwha River prior to dam removal and salmon recolonization. River Research and Applications 27:10.1002/
rra.v27.10, 1169-1181. [CrossRef]

22. Yasuyuki Miyakoshi, Sei-Ichi Saitoh. 2011. Effects of smolt size and timing of migration on recovery rate of wild masu salmon
Oncorhynchus masou. Fisheries Science 77, 939-944. [CrossRef]

23. HayesSean A., BondMorgan H., HansonChad V., JonesAndrew W., AmmannArnold J., HardingJeffrey A., CollinsAlison L.,
PerezJeffrey, MacFarlaneR. Bruce. 2011. Down, up, down and “smolting” twice? Seasonal movement patterns by juvenile steelhead
(Oncorhynchus mykiss) in a coastal watershed with a bar closing estuary. Canadian Journal of Fisheries and Aquatic Sciences 68:8,
1341-1350. [Abstract] [Full Text] [PDF] [PDF Plus] [Supplemental Material]

24. Jennifer L.NielsenJ.L. Nielsen, Sara M.TurnerS.M. Turner, Christian E.ZimmermanC.E. Zimmerman. 2011. Electronic tags
and genetics explore variation in migrating steelhead kelts (Oncorhynchus mykiss), Ninilchik River, Alaska. Canadian Journal of
Fisheries and Aquatic Sciences 68:1, 1-16. [Abstract] [Full Text] [PDF] [PDF Plus]

25. Joseph D.KiernanJ.D. Kiernan, Brett N.HarveyB.N. Harvey, Michael L.JohnsonM.L. Johnson. 2010. Direct versus indirect
pathways of salmon-derived nutrient incorporation in experimental lotic food webs. Canadian Journal of Fisheries and Aquatic
Sciences 67:12, 1909-1924. [Abstract] [Full Text] [PDF] [PDF Plus]

26. Lance R. Clarke, Michael W. Flesher, Timothy A. Whitesel, Gary R. Vonderohe, Richard W. Carmichael. 2010. Postrelease
Performance of Acclimated and Directly Released Hatchery Summer Steelhead into Oregon Tributaries of the Snake River. North
American Journal of Fisheries Management 30, 1098-1109. [CrossRef]

27. Justin C. Touchon, Karen M. Warkentin. 2010. Short- and long-term effects of the abiotic egg environment on viability,
development and vulnerability to predators of a Neotropical anuran. Functional Ecology 24:10.1111/fec.2010.24.issue-3, 566-575.
[CrossRef]

28. David L. Smith, John M. Nestler, Gary E. Johnson, R. Andrew Goodwin. 2009. Species-Specific Spatial and Temporal
Distribution Patterns of Emigrating Juvenile Salmonids in the Pacific Northwest. Reviews in Fisheries Science 18, 40-64. [CrossRef]

29. William H. Satterthwaite, Michael P. Beakes, Erin M. Collins, David R. Swank, Joseph E. Merz, Robert G. Titus, Susan M.
Sogard, Marc Mangel. 2009. Steelhead Life History on California's Central Coast: Insights from a State-Dependent Model.
Transactions of the American Fisheries Society 138, 532-548. [CrossRef]

30. D. S. Pavlov, E. A. Kirillova, P. I. Kirillov. 2008. Patterns and some mechanisms of downstream migration of juvenile salmonids
(with reference to the Utkholok and Kalkaveyem rivers in northwestern Kamchatka). Journal of Ichthyology 48, 937-980. [CrossRef]

31. Morgan H.BondM.H. Bond, Sean A.HayesS.A. Hayes, Chad V.HansonC.V. Hanson, R. BruceMacFarlaneR.B. MacFarlane.
2008. Marine survival of steelhead (Oncorhynchus mykiss) enhanced by a seasonally closed estuary. Canadian Journal of Fisheries
and Aquatic Sciences 65:10, 2242-2252. [Abstract] [Full Text] [PDF] [PDF Plus]

32. Jennifer E. McLean, Todd R. Seamons, Michael B. Dauer, Paul Bentzen, Thomas P. Quinn. 2008. Variation in reproductive
success and effective number of breeders in a hatchery population of steelhead trout (Oncorhynchus mykiss): examination by
microsatellite-based parentage analysis. Conservation Genetics 9, 295-304. [CrossRef]

33. David E. Scott, Erin D. Casey, Michele F. Donovan, Tracy K. Lynch. 2007. Amphibian lipid levels at metamorphosis correlate
to post-metamorphic terrestrial survival. Oecologia 153, 521-532. [CrossRef]

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
12

/0
1/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1007/s10641-011-9788-0
http://dx.doi.org/10.3354/meps09620
http://dx.doi.org/10.1111/j.1600-0633.2011.00547.x
http://dx.doi.org/10.1002/rra.1604
http://dx.doi.org/10.1002/rra.1413
http://dx.doi.org/10.1007/s12562-011-0397-9
http://dx.doi.org/10.1139/f2011-062
http://www.nrcresearchpress.com/doi/full/10.1139/f2011-062
http://www.nrcresearchpress.com/doi/pdf/10.1139/f2011-062
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/f2011-062
http://www.nrcresearchpress.com/doi/suppl/10.1139/f2011-062
http://dx.doi.org/10.1139/F10-124
http://www.nrcresearchpress.com/doi/full/10.1139/F10-124
http://www.nrcresearchpress.com/doi/pdf/10.1139/F10-124
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/F10-124
http://dx.doi.org/10.1139/F10-110
http://www.nrcresearchpress.com/doi/full/10.1139/F10-110
http://www.nrcresearchpress.com/doi/pdf/10.1139/F10-110
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/F10-110
http://dx.doi.org/10.1577/M09-161.1
http://dx.doi.org/10.1111/j.1365-2435.2009.01650.x
http://dx.doi.org/10.1080/10641260903304487
http://dx.doi.org/10.1577/T08-164.1
http://dx.doi.org/10.1134/S0032945208110027
http://dx.doi.org/10.1139/F08-131
http://www.nrcresearchpress.com/doi/full/10.1139/F08-131
http://www.nrcresearchpress.com/doi/pdf/10.1139/F08-131
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/F08-131
http://dx.doi.org/10.1007/s10592-007-9340-0
http://dx.doi.org/10.1007/s00442-007-0755-6


34. Donald A. Larsen, Brian R. Beckman, Charles R. Strom, Paul J. Parkins, Kathleen A. Cooper, David E. Fast, Walton W. Dickhoff.
2006. Growth Modulation Alters the Incidence of Early Male Maturation and Physiological Development of Hatchery-Reared
Spring Chinook Salmon: A Comparison with Wild Fish. Transactions of the American Fisheries Society 135, 1017-1032. [CrossRef]

35. Reginald R. Reisenbichler, Michael C. Hayes, Stephen P. Rubin, Lisa A. Wetzel, Bruce M. Baker. 2006. PEPA-1 * Genotype
Affects Return Rate for Hatchery Steelhead. Transactions of the American Fisheries Society 135, 28-39. [CrossRef]

36. R. BRUCE MACFARLANE, STEPHEN RALSTON, CHANTELL ROYER, ELIZABETH C. NORTON. 2005. Juvenile
chinook salmon (Oncorhynchus tshawytscha) growth on the central California coast during the 1998 El Nino and 1999 La Nina.
Fisheries Oceanography 14:10.1111/fog.2005.14.issue-5, 321-332. [CrossRef]

37. Anthony P. Spina, Mark A. Allen, Michael Clarke. 2005. Downstream Migration, Rearing Abundance, and Pool Habitat
Associations of Juvenile Steelhead in the Lower Main Stem of a South-Central California Stream. North American Journal of
Fisheries Management 25, 919-930. [CrossRef]

38. T. C. Nelson, M. L. Rosenau, N. T. Johnston. 2005. Behavior and Survival of Wild and Hatchery-Origin Winter Steelhead
Spawners Caught and Released in a Recreational Fishery. North American Journal of Fisheries Management 25, 931-943. [CrossRef]

39. Gregory T. Ruggerone, Jennifer L. Nielsen. 2004. Evidence for competitive dominance of Pink salmon (Oncorhynchus gorbuscha)
over other Salmonids in the North Pacific Ocean. Reviews in Fish Biology and Fisheries 14, 371-390. [CrossRef]

40. Allen F. Evans, Roy E. Beaty, Martin S. Fitzpatrick, Ken Collis. 2004. Identification and Enumeration of Steelhead Kelts at a
Snake River Hydroelectric Dam. Transactions of the American Fisheries Society 133, 1089-1099. [CrossRef]

41. ERNEST L. BRANNON, MADISON S. POWELL, THOMAS P. QUINN, ANDRÉ TALBOT. 2004. Population Structure
of Columbia River Basin Chinook Salmon and Steelhead Trout. Reviews in Fisheries Science 12, 99-232. [CrossRef]

42. David W. Welch, Bruce R. Ward, Sonia D. Batten. 2004. Early ocean survival and marine movements of hatchery and wild
steelhead trout (Oncorhynchus mykiss) determined by an acoustic array: Queen Charlotte Strait, British Columbia. Deep Sea
Research Part II: Topical Studies in Oceanography 51, 897-909. [CrossRef]

43. N.J. Milner, J.M. Elliott, J.D. Armstrong, R. Gardiner, J.S. Welton, M. Ladle. 2003. The natural control of salmon and trout
populations in streams. Fisheries Research 62, 111-125. [CrossRef]

44. Jennifer E McLean, Paul Bentzen, Thomas P Quinn. 2003. Differential reproductive success of sympatric, naturally spawning
hatchery and wild steelhead trout (Oncorhynchus mykiss) through the adult stage. Canadian Journal of Fisheries and Aquatic
Sciences 60:4, 433-440. [Abstract] [PDF] [PDF Plus]

45. Res Altwegg, Heinz-Ulrich Reyer. 2003. PATTERNS OF NATURAL SELECTION ON SIZE AT METAMORPHOSIS IN
WATER FROGS. Evolution 57:10.1111/evo.2003.57.issue-4, 872-882. [CrossRef]

46. A. Klemetsen, P.-A. Amundsen, J. B. Dempson, B. Jonsson, N. Jonsson, M. F. O'Connell, E. Mortensen. 2003. Atlantic salmon
Salmo salar L., brown trout Salmo trutta L. and Arctic charr Salvelinus alpinus (L.): a review of aspects of their life histories.
Ecology of Freshwater Fish 12, 1-59. [CrossRef]

47. William R. Ardren, Anne R. Kapuscinski. 2003. Demographic and genetic estimates of effective population size (Ne) reveals
genetic compensation in steelhead trout. Molecular Ecology 12, 35-49. [CrossRef]

48. R.D. Ewing, G.S. Ewing. 2002. Bimodal length distributions of cultured chinook salmon and the relationship of length modes
to adult survival. Aquaculture 209, 139-155. [CrossRef]

49. Daniel D. Heath, Christopher Busch, Joanne Kelly, Dana Y. Atagi. 2002. Temporal change in genetic structure and effective
population size in steelhead trout (Oncorhynchus mykiss). Molecular Ecology 11, 197-214. [CrossRef]

50. Gregory Mackey, Jennifer E. McLean, Thomas P. Quinn. 2001. Comparisons of Run Timing, Spatial Distribution, and Length
of Wild and Newly Established Hatchery Populations of Steelhead in Forks Creek, Washington. North American Journal of Fisheries
Management 21, 717-724. [CrossRef]

51. Yasuyuki Miyakoshi, Mitsuhiro Nagata, Shuichi Kitada. 2001. Effect of smolt size on postrelease survival of hatchery-reared masu
salmon Oncorhynchus masou. Fisheries Science 67, 134-137. [CrossRef]

52. Robert B. Lindsay, Kenneth R. Kenaston, R. Kirk Schroeder. 2000. Low Adult Return of Juvenile Steelhead Treated with 17α-
Methyltestosterone to Produce Sterility. North American Journal of Fisheries Management 20, 575-583. [CrossRef]

53. Welch, Ward, Smith, Eveson. 2000. Temporal and spatial responses of British Columbia steelhead (Oncorhynchus mykiss)
populations to ocean climate shifts. Fisheries Oceanography 9, 17-32. [CrossRef]

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
12

/0
1/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1577/T05-200.1
http://dx.doi.org/10.1577/T04-222.1
http://dx.doi.org/10.1111/j.1365-2419.2005.00338.x
http://dx.doi.org/10.1577/M04-105.1
http://dx.doi.org/10.1577/M04-192.1
http://dx.doi.org/10.1007/s11160-004-6927-0
http://dx.doi.org/10.1577/T03-121.1
http://dx.doi.org/10.1080/10641260490280313
http://dx.doi.org/10.1016/j.dsr2.2004.05.010
http://dx.doi.org/10.1016/S0165-7836(02)00157-1
http://dx.doi.org/10.1139/f03-040
http://www.nrcresearchpress.com/doi/pdf/10.1139/f03-040
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/f03-040
http://dx.doi.org/10.1111/j.0014-3820.2003.tb00298.x
http://dx.doi.org/10.1034/j.1600-0633.2003.00010.x
http://dx.doi.org/10.1046/j.1365-294X.2003.01705.x
http://dx.doi.org/10.1016/S0044-8486(01)00755-4
http://dx.doi.org/10.1046/j.1365-294X.2002.01434.x
http://dx.doi.org/10.1577/1548-8675(2001)021&lt;0717:CORTSD&gt;2.0.CO;2
http://dx.doi.org/10.1046/j.1444-2906.2001.00209.x
http://dx.doi.org/10.1577/1548-8675(2000)020&lt;0575:LAROJS&gt;2.3.CO;2
http://dx.doi.org/10.1046/j.1365-2419.2000.00119.x


54. Bruce R Ward. 2000. Declivity in steelhead (Oncorhynchus mykiss) recruitment at the Keogh River over the past decade. Canadian
Journal of Fisheries and Aquatic Sciences 57:2, 298-306. [Abstract] [PDF] [PDF Plus]

55. Barry D Smith, Bruce R Ward. 2000. Trends in wild adult steelhead (Oncorhynchus mykiss) abundance for coastal regions of
British Columbia support the variable marine survival hypothesis. Canadian Journal of Fisheries and Aquatic Sciences 57:2, 271-284.
[Abstract] [PDF] [PDF Plus]

56. A. H. Rikardsen, J. M. Elliott. 2000. Variations in juvenile growth, energy allocation and life-history strategies of two populations
of Arctic charr in North Norway. Journal of Fish Biology 56:10.1111/jfb.2000.56.issue-2, 328-346. [CrossRef]

57. Brian R. Beckman, Walton W. Dickhoff, Waldo S. Zaugg, Cameron Sharpe, Steve Hirtzel, Robin Schrock, Donald A. Larsen,
Richard D. Ewing, Aldo Palmisano, Carl B. Schreck, Conrad V. W. Mahnken. 1999. Growth, Smoltification, and Smolt-to-
Adult Return of Spring Chinook Salmon from Hatcheries on the Deschutes River, Oregon. Transactions of the American Fisheries
Society 128, 1125-1150. [CrossRef]

58. Shoichiro Yamamoto, Kentaro Morita, Akira Goto. 1999. Marine growth and survival of white-spotted charr,Salvelinus
leucomaenis, in relation to smolt size. Ichthyological Research 46, 85-92. [CrossRef]

59. Brian R. Beckman, Donald A. Larsen, Beeda Lee-Pawlak, Walton W. Dickhoff. 1998. Relation of Fish Size and Growth Rate to
Migration of Spring Chinook Salmon Smolts. North American Journal of Fisheries Management 18, 537-546. [CrossRef]

60. J. I. Johnsson, A. Akerman. 1998. Intersexual diVerences in aggression in juvenile rainbow trout. Journal of Fish Biology
52:10.1111/jfb.1998.52.issue-6, 1292-1294. [CrossRef]

61. S McKinnell, J J Pella, M L Dahlberg. 1997. Population-specific aggregations of steelhead trout (Oncorhynchus mykiss) in the
North Pacific Ocean. Canadian Journal of Fisheries and Aquatic Sciences 54:10, 2368-2376. [Abstract] [PDF] [PDF Plus]

62. M. Mangel. 1996. Computing expected reproductive success of female Atlantic salmon as a function of salmon size. Journal of
Fish Biology 49:10.1111/jfb.1996.49.issue-5, 877-882. [CrossRef]

63. T. Bohlin, C. Dellefors, U. Faremo. 1996. Date of smolt migration depends on body-size but not age in wild sea-run brown
trout. Journal of Fish Biology 49:10.1111/jfb.1996.49.issue-1, 157-164. [CrossRef]

64. Robert E Bilby, Brian R Fransen, Peter A Bisson. 1996. Incorporation of nitrogen and carbon from spawning coho salmon
into the trophic system of small streams: evidence from stable isotopes. Canadian Journal of Fisheries and Aquatic Sciences 53:1,
164-173. [Citation] [PDF] [PDF Plus]

65. Cornelis GrootSalmonid Life Histories 97-230. [CrossRef]
66. John W. Hayes. 1995. Importance of stream versus early lake rearing for rainbow trout fry in Lake Alexandrina, South Island, New

Zealand, determined from otolith daily growth patterns. New Zealand Journal of Marine and Freshwater Research 29, 409-420.
[CrossRef]

67. Josh Korman, David R. Marmorek, Gilles L. Lacroix, Peter G. Amiro, John A. Ritter, Walton D. Watt, Richard E. Cutting,
Donald C. E. Robinson. 1994. Development and Evaluation of a Biological Model to Assess Regional-Scale Effects of Acidification
on Atlantic Salmon (Salmo salar). Canadian Journal of Fisheries and Aquatic Sciences 51:3, 662-680. [Abstract] [PDF] [PDF Plus]

68. G.J. Farmer. 1994. Some factors which influence the survival of hatchery Atlantic salmon (Salmo salar) smolts utilized for
enhancement purposes. Aquaculture 121, 223-233. [CrossRef]

69. Marc Mangel. 1994. Climate change and salmonid life history variation. Deep Sea Research Part II: Topical Studies in Oceanography
41, 75-106. [CrossRef]

70. N. Jonsson, B. Jonsson, L. P. Hansen, P. Aass. 1993. Coastal movement and growth of domesticated rainbow trout (Oncorhynchus
mykiss (Walbaum)) in Norway. Ecology of Freshwater Fish 2:10.1111/eff.1993.2.issue-4, 152-159. [CrossRef]

71. J.M. Elliott. 1993. The pattern of natural mortality throughout the life cycle in contrasting populations of brown trout, Salmo
trutta L. Fisheries Research 17, 123-136. [CrossRef]

72. Torgny Bohlin, Claes Dellefors, Ulo Faremo. 1993. Optimal Time and Size for Smolt Migration in Wild Sea Trout (Salmo
trutta). Canadian Journal of Fisheries and Aquatic Sciences 50:2, 224-232. [Abstract] [PDF] [PDF Plus]

73. David J. Behmer, Roger W. Greil, Steven J. Scott, Todd Hanna. 1993. Harvest and Movement of Atlantic Salmon Stocked in the
St. Marys River, Michigan. Journal of Great Lakes Research 19, 533-540. [CrossRef]

74. Marvin L. Rosenau. 1991. Natal‐stream rearing in three populations of rainbow trout in Lake Taupo, New Zealand. New Zealand
Journal of Marine and Freshwater Research 25, 81-91. [CrossRef]

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
12

/0
1/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1139/f99-243
http://www.nrcresearchpress.com/doi/pdf/10.1139/f99-243
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/f99-243
http://dx.doi.org/10.1139/f99-254
http://www.nrcresearchpress.com/doi/pdf/10.1139/f99-254
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/f99-254
http://dx.doi.org/10.1111/j.1095-8649.2000.tb02110.x
http://dx.doi.org/10.1577/1548-8659(1999)128&lt;1125:GSASTA&gt;2.0.CO;2
http://dx.doi.org/10.1007/BF02674951
http://dx.doi.org/10.1577/1548-8675(1998)018&lt;0537:ROFSAG&gt;2.0.CO;2
http://dx.doi.org/10.1111/j.1095-8649.1998.tb00973.x
http://dx.doi.org/10.1139/f97-143
http://www.nrcresearchpress.com/doi/pdf/10.1139/f97-143
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/f97-143
http://dx.doi.org/10.1111/j.1095-8649.1996.tb00086.x
http://dx.doi.org/10.1111/j.1095-8649.1996.tb00012.x
http://dx.doi.org/10.1139/f95-159
http://www.nrcresearchpress.com/doi/pdf/10.1139/f95-159
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/f95-159
http://dx.doi.org/10.1016/S0167-9309(96)80006-8
http://dx.doi.org/10.1080/00288330.1995.9516675
http://dx.doi.org/10.1139/f94-067
http://www.nrcresearchpress.com/doi/pdf/10.1139/f94-067
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/f94-067
http://dx.doi.org/10.1016/0044-8486(94)90022-1
http://dx.doi.org/10.1016/0967-0645(94)90063-9
http://dx.doi.org/10.1111/j.1600-0633.1993.tb00097.x
http://dx.doi.org/10.1016/0165-7836(93)90012-V
http://dx.doi.org/10.1139/f93-025
http://www.nrcresearchpress.com/doi/pdf/10.1139/f93-025
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/f93-025
http://dx.doi.org/10.1016/S0380-1330(93)71239-3
http://dx.doi.org/10.1080/00288330.1991.9516456



