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Chapter 7

Introduction

This chapter reviews information on the marine life history and ecology of steelhead—the 
ocean-migrating (anadromous) form of Rainbow Trout Oncorhynchus mykiss. While there are 
numerous scientific and common names for this species in North America and Asia (Table 
1), the nomenclature in this chapter conforms to that accepted by western taxonomists. Both 
anadromous and freshwater resident forms of O. mykiss are best known as one of the world’s 
premier species for aquaculture (predominantly resident form) and recreational fisheries (both 
anadromous and resident forms), and as such are very economically important. Nevertheless, 
most of the research on the ecology of O. mykiss has been conducted in freshwater habitats. In 
accordance with the theme of this book, however, information about the freshwater life history  
and ecology of Rainbow Trout is included only where needed to clarify this review.

An earlier review of the ocean ecology of steelhead by Burgner et al. (1992) includes 
references to most of the early scientific literature on this topic. My review, therefore, empha-
sizes new information published during the period 1992–2017. The chapter is divided into 
five major sections: (1) General Biology, (2) Migration, Distribution, and Abundance, (3) 
Feeding and Growth, (4) Survival, and (5) Concluding Remarks, which includes suggestions 
for future research on the ocean life history and ecology of steelhead.

In the ocean, the overall physical appearance of steelhead is similar to that of all other 
species of Oncorhynchus. For example, the ventral surface of the body (below the lateral line) 
is silvery due to guanine crystals in the skin under the scales. Nevertheless, steelhead have a 
more slender (compressed and elongated) body shape and a smaller head and anal fin (8–12 
rays) than other Pacific salmon species (>12 anal fin rays). The posterior edge of the anal fin 
is vertical in steelhead, while it is slanted in other Pacific salmon species. The coloration of 
the dorsal surface of the steelhead body (above the lateral line) and head is typically a metal-
lic gray-black or olive green and is covered with small black spots, in contrast to the blue 
or blue-green coloration in Coho Salmon O. kisutch, which also have small black spots on 
the dorsal surface of the body. The most unique physical characters that quickly distinguish 
steelhead from other Pacific salmon species in the ocean include the white mouth, tongue, and 
gums at the base of the teeth, the square shape of the caudal fin (very shallow forking), and 
the coloration of the caudal fin, which has radiating rows of small black spots covering the 
entire fin and silvery bars confined to the central portion of the fin. During the ocean life his-
tory phase, steelhead can be distinguished from anadromous Cutthroat Trout O. clarki by the 
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Table 1. Major taxonomic, phylogenetic, maturity, and migratory groups of Oncorhynchus mykiss. 

Group Description Group locations Source 

Oncorhynchus 
mykiss, 
Salmo gairdneri, 
Salmo mykiss; 
Parasalmo mykiss, 
Parasalmo 
penshinensis, 

steelhead, 

steelhead trout,  

Kamchatka steelhead, 

Kamchatka mykiss. 

Rainbow Trout,  

Redband Trout, 

mikizha. 

 

 

Taxonomic/Binomial 

names: O. mykiss: 

accepted by western 

taxonomists; S. 
gairdneri formerly used 

by western 

taxonomists, now 

unaccepted; S. mykiss, 

P. mykiss, and  P. 
penshinensis, used by 

eastern taxonomists, are 

unaccepted by western 

taxonomists. Common 

names: steelhead, 

steelhead trout, 

Kamchatka steelhead 

used for anadromous 

form, Rainbow Trout and 

Kamchatka mykiss for 

resident form; Redband 

Trout for N. American 

inland form; mykiss or 

mikizha used in Russia 

for both anadromous 

and resident forms. 

Resident and anadromous forms of 

O. mykiss are conspecifics and native 

to both Asia (Russia) and North 

America. In North America, O. 
mykiss is distributed from northern 

Mexico to western  Alaska; 

redband trout are native only to the 

Fraser and Columbia River drainages 

east of the Cascade Crest.  In Russia, 

mikizha are distributed primarily in 

Kamchatka. Resident forms occur in 

both eastern and western 

Kamchatka; coastal and typically 

anadromous forms are documented 

to occur only in western Kamchatka.  

Savvaitova 

and Lebedev 

1966; 

Savvaitova 

and Maksimov 

1967; 

Savvaitova et 

al. 1973; 

Savvaitova 

1975; 

Allendorf et 

al. 1980; 

Okazaki 

1984b; Smith 

and Stearly 

1989; Behnke 

1992, 2002; 

Sheiko and 

Fedorov 2000; 

Pavlov et al. 

2001; 

Chereshnev et 

al. 2002; 

Kuzishchin et 

al. 2002. 

O.  mykiss irideus, 
coastal;  
O. mykiss gairdneri,  
inland.  

Phylogenetic groups: 

Two subspecies of O. 
mykiss proposed by 

Behnke (1992): coastal 

(O. mykiss irideus) and 

inland (O. mykiss 
gairdneri) based on 

differences in 

evolutionary 

development, history, 

and genetics; currently 

unaccepted.  

California, Alaska, and Kamchatka 

have only the coastal group; Idaho 

has only the inland group; British 

Columbia, Washington, and Oregon 

have both inland and coastal groups; 

inland groups occur in tributaries of 

the Fraser R. (upstream from junction 

with Thompson R.) and Columbia R. 

(in and upstream from Klickitat and 

Deschutes rivers), east of the Cascade 

mountains. 

Allendorf et 

al. 1980; 

Okazaki 

1984b;Behnke 

1992; Pavlov 

and 

Kuzishchin 

1999; 

McCusker et 

al. 2000; 

McPhee et al. 

2007.
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Group Description Group locations Source 

 

Stream-maturing, 

summer, 

summer-run,  

fall, 

fall-run,  

hiemal race 

Maturity group: fish not 

sexually mature at 

freshwater entry (May

October); commonly 

called summer 

steelhead; in Alaska 

called fall steelhead; in 

Kamchatka called 

heimel race. 

Tend to spawn in upper reaches of 

North American streams; all 

Columbia R. inland steelhead are 

stream-maturing; in Kamchatka 

heimal race enters fresh water in fall 

with gonads at a low maturation stage 

and spawns in spring.  

Busby et al. 

1996; 

Pavlov et al. 

2008. 

Ocean-maturing, 

winter, 

winter-run,  

spring, 

spring-run,  

vernal race  

Maturity group: fish are 

sexually mature at 

freshwater entry 

(November April); 

commonly called 

winter or winter-run 

steelhead, except in 

Alaska called spring 

steelhead; in Russia 

called vernal race. 

Dominant type in coastal streams of 

US Pacific Northwest; in Kamchatka 

the vernal race enters fresh water in 

spring right before spawning with 

gonads at high maturation stage.  

Busby et al. 

1996; 

Pavlov et al. 

2008. 

Kelt Maturity group: a 

steelhead that has 

recently spawned  or 

spawned more than 

once (repeat-spawner). 

Kelts occur throughout the known 

geographic range of steelhead. 

 

Fluvial-anadromous Migratory: Juveniles 

rear 1 2 (or sometimes 

more) summers in fresh 

water; smolts migrate 

to ocean, using the 

estuary only for 

acclimation to saltwater 

and as a migration 

corridor 

(also occasionally for 

spring-time feeding). 

Southern California. Shapavalov 

and Taft 1954; 

Smith 1990; 

Bond 2006; 

Boughton et 

al. 2005, 2007. 

 

Lagoon-anadromous Migratory: Juveniles 

spend 1st or 2nd  

summer in a seasonal 

lagoon at the 

mouth of the stream 

formed by a sandbar 

barrier between the 

ocean and river mouth. 

Southern California. Shapavalov 

and Taft 1954; 

Smith 1990; 

Bond 2006; 

Boughton et 

al.  2005, 

2007. 

 

  

– 

– 

– 

Table 1. Continued.
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lack of basibranchial teeth, which are located behind the tongue between the first and second 
gill clefts in Cutthroat Trout.

Oncorhynchus mykiss is an ancient species of Pacific salmon, ~6 million years old 
(McPhail 1996). All salmonids (members of the family Salmonidae) evolved as part of a 
diverse group of fishes in which diadromy (migration between fresh and marine water) is a 
key ancestral behavioral trait (McDowall 1993, 2002). The divergence of Oncorhynchus spe-
cies from other salmonid fishes occurred during the late Miocene, ~8 million years ago, when 
formation of the cold Subarctic water mass provided cool and productive ocean conditions 
favorable to species diversification and range expansion of Oncorhynchus species (Neave 
1958; Pearcy 1992). Thus, knowledge of the marine life history and ecology of O. mykiss is 
fundamental to understanding the evolution, adaptation, and survival of this species.

General Biology

Geographical Distribution and Abundance

Geographical distribution.—Steelhead and freshwater-resident forms of Rainbow Trout, 

Table 1. Continued.

Group Description Group locations Source 

 

– 

A-run,  

B-run 

Migratory: Designates 

bimodal peaks in inland 

steelhead runs in the 

Columbia River Basin, 

particularly the Snake 

River subbasin; A-run 

is young (ocean age 1), 

small size, and early 

(June -mid August); B-

run is older (ocean age 

2), larger, and later 

(late August October). 

A-run spawn throughout Snake River 

subbasin (Idaho); B-run spawn only 

in Clearwater, Middle Fork Salmon, 

and South Fork Salmon (Idaho).  

Busby et al. 

1996. 

Estuarine,  

riverine estuarine, 

riverine 

Migratory: different in-

river migratory patterns 

of resident forms of O. 
mykiss. 

Asian and North America. Pavlov et al. 

1999; 

Savvaitova et 

al. 2005. 

Half-pounders; 

migratory-B form 

Migratory: After 

smoltification, half-

pounders spend only 2

4 months in the ocean 

before returning to 

fresh water to 

overwinter; most are 

sexually immature and 

re-enter ocean in 

spring. 

Rogue, Klamath, Mad, and Eel Rivers 

of southern Oregon and northern 

California, the California Current, and

western Kamchatka (migratory-

B form). 

Snyder 1925; 

Busby et al. 

1996; 

Pavlov et al. 

1999, 2000, 

2001; Behnke 

2002; 

Savvaitova 

et al. 2005;. 

– 

– 

Hayes et al.
2016.



783Ocean Ecology of Steelhead

henceforth collectively referred to as O. mykiss, are endemic to rivers tributary to the 
North Pacific Ocean and its adjacent seas in both Asia, specifically the Kamchatka Penin-
sula in the Russian Far East and western North America. On both continents, the coastal 
range of steelhead is less extensive than that of freshwater-resident Rainbow Trout (Fig-
ure 1).

In North America, the geographic distribution and population structure of O. mykiss ap-
pears to be closely related to the persistence over geological time scales of large westward-
flowing rivers and inland lake systems, and the presence of ice-free refuges in western North 
America during periods of glacial maxima (Smith 1975; McPhail and Lindsey 1986; Minckley 
et al. 1986; Nielsen et al. 1994, 1998; McCusker et al. 2000; Gustafson et al. 2007; McPhee 
et al. 2007; Waples et al. 2001, 2008). The high genetic diversity of southern California steel-
head compared to northern populations suggests that the current population structure of North 
American steelhead may have resulted from two Pleistocene refugia, the Gulf of California 
(proposed by Behnke 1992) and Beringia, and an ecotone (region of transition between popu-
lations) in southern California (Nielsen 1999). Ecotones occur in regions of divergent envi-
ronmental conditions that drive genetic diversity. Thus, the hypothesis for a southern Cali-
fornia ecotone is supported by oceanographic conditions in the California Transition Zone, 
located near 34°N (Point Conception, California), which is a region of steep thermal gradients 
(Nielsen 1999). The present geographic range of O. mykiss largely reflects distribution during 
the last glacial maximum in ice-free refuges in Alaska (Bering), British Columbia (Queen 
Charlotte), the Columbia River Basin (Cascadia), and California and Oregon, and postglacial 
recolonization over the past 10–25 thousand years.

Figure 1. The endemic coastal range of steelhead and Rainbow Trout Oncorhynchus mykiss. Black line 
indicates region of overlap in coastal range of steelhead and Rainbow Trout. Dotted line indicates addi-
tional range of Rainbow Trout, which extends into northwestern Kamchatka and western Alaska (Bristol 
Bay northward to Kuskokwim River), and the extreme southern U.S. West Coast and northern Mexico. Not 
shown is the resident Rainbow Trout population on Great Shantar Island (56°54'N, 137°43'E) in the south-
west Sea of Okhotsk (Augerot 2005).



784   Chapter 7

In Asia, steelhead are documented to occur only in western Kamchatka Peninsula (Rus-
sia) streams tributary to the Sea of Okhotsk (Augerot 2005; Figure 1). Molecular genetic 
analysis suggests that Kamchatka may be the most recent region of postglacial recolonization 
by O. mykiss, via the Bering Strait after the Bering land bridge (Beringia) was submerged 
about 13,000–10,000 years ago (McCusker et al. 2000).

In Asia freshwater-resident forms of O. mykiss are much more abundant than steelhead, 
and their documented endemic range includes both eastern and western Kamchatka and the 
Great Shantar Island in the southwest Sea of Okhotsk (Augerot 2005). The current northern 
limit of resident O. mykiss forms in Asia appears to be the Ozernaya River on Kamchatka’s east 
coast (57.5°N) and the Palana River (59.2°N) on Kamchatka’s west coast (P.W. Soverel, Kam-
chatka Steelhead Project, personal communication, May 2013). Large spawning populations of 
steelhead are limited to tundra rivers and tributaries with special thermal conditions in western 
Kamchatka (Kuzishchin et al. 2008). Eastern Kamchatka rivers up to the Ozernaya River, how-
ever, are reported to produce small numbers of steelhead, i.e., individual fish rather than “runs” 
(Berg 1948; Savvaitova et al. 1973; P.W. Soverel, Kamchatka Steelhead Project, personal com-
munication, May 2013). The documented geographic range of steelhead includes most rivers 
in western Kamchatka from the Opala River (52.3°N, 157.3°E) in southwestern Kamchatka to 
the Voyampolka River (58.1°N, 159.9°E) in northwestern Kamchatka (Savvaitova et al. 1973; 
Augerot 2005; McPhee et al. 2014). Previously reported regions of low steelhead abundance in 
Asia (Savvaitova et al. 1973; Burgner et al. 1992), i.e., the Okhotsk Sea continental coast (the 
Lonkovaya River near the Ola), the Amur River estuary south of the Amur River mouth (Ka-
ganovski 1949), and possibly in the Commander Islands (Suvorov 1912) have not been verified.

In North America, O. mykiss are native to the Pacific and Bering slopes (regions west of 
the continental divide) from northwestern Mexico to the Kuskokwim River in western Alas-
ka, and on the east slope of the continental divide of the Rocky Mountains in the headwaters 
of the Peace and Athabasca Rivers (Mackenzie River Basin) in Alberta, Canada (McPhail and 
Lindsey 1970; Behnke 2002). The documented native range of spawning steelhead currently 
extends from southern California (San Mateo Creek, 33.4°N, 117.6°W; NOAA 2005), north-
ward to the upper Copper River drainage (Gulkana River, 62.2°N, 145.4°W) in southcentral 
Alaska (Burger et al. 1983; Wuttig et al. 2004), and westward to Russell Creek (55.2°N, 
162.7°W) near Cold Bay on the southwest (Pacific Ocean side) of the Alaska Peninsula and 
the Sandy River (56.2°N, 160.4°W) on the north-central (Bering Sea side) of the Alaska Pen-
insula (Eaton and Adams 1995). The current extent of the southern range of spawning popula-
tions of steelhead is contracted from the endemic range, primarily due to human-built barriers 
to fish migration such as dams, culverts, and heavily engineered channels of concrete and 
riprap that have extirpated steelhead from at least a third of the basins in southern California 
where they occurred historically (Boughton et al. 2005).

In northern Mexico, the documented native range of spawning Rainbow Trout extends 
southward to (at least) the Rio Santa Domingo (25.5°N, 112.1°W) in Baja California and 
headwaters of the Sierra Madre Occidental from the Río Yaqui (27.6°N, 110.6°W) southward 
to (at least) the Río Culiacán (24.8°N, 107.4°W) (Needham and Gard 1959; Abadia-Cardoso  
et al. 2015). The disputed native range of Rainbow Trout in northern Mexico extends even 
further south to the Rio Presidio River in Mexico (23.1°N, 106.3°W) and perhaps Baluarte 
(23.3°N, 105.6°W) and Acaponeta (22.5°N, 105.4°W) river drainages (Hendrickson et al. 
2002). The northern limit of the native range of Rainbow Trout in western Alaska is the Aniak 
River, (61.6°N, 159.5°W) in the Kuskokwim River Drainage (Alt 1986).
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Abundance.—Data on abundance of steelhead are insufficient throughout most of the species 
range. There are no estimates of the total abundance of annual returns of adult steelhead in 
Kamchatka (Pavlov et al. 2007). In one tundra river system, the Utkholok River, the estimat-
ed 2007 run of adult steelhead, using a Dual-Frequency Identification sonar (DIDSON), was 
~10,800 fish (Pavlov et al. 2009), an estimate considered to be far higher than what would 
be expected in most similar-sized (134 km) river systems in North America (P.S. Rand, 
Wild Salmon Center, Portland, Oregon, personal communication). Given that there are about 
15–20 rivers with significant steelhead runs in western Kamchatka (Augerot 2005; P.W. 
Soverel, Kamchatka Steelhead Project, personal communication), a very rough estimate of 
recent total annual returns of adult Kamchatka steelhead is approximately 50,000–75,000 
fish (P.W. Soverel, Kamchatka Steelhead Project, personal communication). The total an-
nual abundance of adult steelhead returns in North America was roughly estimated at about 
1.5–1.6 million fish (Sheppard 1972; Light 1987; see review by Burgner et al. 1992). Light 
(1987) estimated that about 50% of total annual adult steelhead returns to North America 
during 1970–1987 were wild (naturally produced) fish (Table 2). All Kamchatka steelhead 
are naturally produced.

In Alaska, the documented distribution of wild steelhead includes 4,202 km of rivers and 
streams within 353 drainages; however, many streams have not been surveyed for steelhead 
(Marston 2012). Most of these rivers and streams support only small populations of steelhead 
spawners (≤1000 adults). Annual stock assessments (adult counts) of steelhead are limited to 
15 index streams (snorkel surveys in 9 streams, weir counts in 6 streams). The most produc-
tive steelhead river, the Situk River near Yakutat in northern Southeast Alaska, has annual 
runs that vary from 3,000–15,000 adults (Harding and Coyle 2011) and average 7,000–9,000 
adults (Marston 2012). Significant steelhead runs also occur in Southcentral Alaska on Ko-
diak Island and the Kenai Peninsula (Cook Inlet).

Table 2. Estimated historical (1970–1987) average annual abundance of North American steelhead (hatch-
ery and wild stocks). Source: Light 1987.

               Number of Adults (nearest 1,000)1

Region     Hatchery (%)  Wild (%)  Total

Alaska        2,000 (3)    73,000 (97)    75,000
British Columbia     34,000 (15)  190,000 (85)  224,000
Coastal Washington and   151,000 (70)    64,000 (30)  215,000
  Puget Sound
Columbia River Basin  330,000 (73)  122,000 (27)  452,000
  (Wash., Oregon, Idaho)
Coastal Oregon   222,000 (67)  108,000 (33)  330,000
California2     60,000 (22)  215,000 (78)  275,000
Total     799,000 (51)  772,000 (49)            1,571,000

1Rounding to the nearest 1,000 was for convenience only, and was not intended to reflect the 
  precision of the estimates. The figures shown could fluctuate by more than one-third from year 
  to year. See discussion in Light 1987.
2Does not include age .0 fish (half-pounders).
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In British Columbia spawning populations of wild steelhead are distributed in an esti-
mated 391 watersheds that contain 423 steelhead populations (Parkinson et al. 2005). British 
Columbia steelhead are classified into three ecotypes based on timing of freshwater entry 
and migratory distance of adults: coastal winter-run (300+ stocks; generally low abundance 
due to small, <200 km2, watershed size and low productivity), coastal summer-run (the rar-
est ecotype, probably less that 40 stocks, and some possible local extinctions), and interior 
summer-run stocks (~70–80 stocks; distributed in mid- and upper tributaries of large water-
sheds, including the Fraser, Skeena, and Nass; productivity varies with latitude) (Pollard and 
Beere 2012). Adult steelhead catch data are not routinely monitored and accurate escapement 
estimates are available only for a few stocks.

The U.S. West Coast (Washington, Oregon, Idaho, and California) steelhead are delin-
eated as 15 distinct population segments (DPSs), established by the federal National Oceanic 
and Atmospheric Administration (NOAA) for consideration as “species” under the U.S. En-
dangered Species Act (ESA) (Table 3). There are no estimates of total annual abundance of 
wild populations of U.S. West Coast steelhead in the 15 DPSs, although most are in long-term 
decline and listed under the ESA as species of concern, threatened, or endangered. If present 
trends continue, the southernmost native populations of U.S. Pacific Coast (California) steel-
head will likely be extinct within 50–100 years due to climate change and human effects on 
the aquatic environment (Katz et al. 2012).

Harvests.—Steelhead have never been commercially fished in western Kamchatka, although 
illegal freshwater fishing (poaching) is reported to have reduced steelhead abundance dur-
ing the 1970s–1990s (Augerot 2005). A small conservation research and ecotourism (catch 
and release) fishery operated in western Kamchatka between 1994 and 2005 and resumed in 
2010 (Berejikian and Myers 1996; http://www.wildsalmoncenter.org/pubs/kamchatka_steel-
head_bib.php; http://www.wildsalmonrivers.org/). No statistical data on catch-and-release 
recreational or subsistence fishery catches of steelhead in Kamchatka are available.

Burgner et al. (1992) reviewed historical harvests of steelhead in North American fisher-
ies. During the 1980s, estimated annual recreational harvests in North America ranged from 
approximately 235,000–449,000 steelhead, and commercial and tribal catches ranged from 
91,000–275,000 steelhead (estimated total annual harvests of 331,000–449,000 steelhead).

In the 1990s and 2000s, steelhead continued to support freshwater recreational and sub-
sistence fisheries throughout most of their geographic range, although coastwide harvest data 
are incomplete (Tables 4 and 5; Figure 2). In British Columbia, annual harvests by recre-
ational fisheries were low (average 5,700 fish; Table 4), and fishing effort decreased sub-
stantially (from >100,000 to ~50,000 angler-days per year) during 1990–2010 (Pollard and 
Beere 2012). In general, B.C. recreational fishing effort in the 2000s focused on northern B.C. 
steelhead, particularly Skeena River wild summer-run stocks (catch and release, as harvest of 
wild steelhead in B.C. recreation fisheries is prohibited), and the ten streams in B.C. stocked 
with hatchery fish (Bison 2008). For example, in 2006, approximately 35% of B.C. steelhead 
recreational fishing effort was in the Chilliwack River, which is stocked with hatchery fish 
that can be harvested. Reported subsistence harvests in B.C. averaged approximately 2,000 
steelhead per year (Table 5). Recreational fishing for steelhead in Alaska in the 2000s was pri-
marily catch and release (20,000–45,000 fish per year; 1/3 of the catch from the Situk River) 
and recreational harvests were very low, approximately 100–700 fish per year (Table 4; Mar-
ston 2010; Harding and Coyle 2011). Although statewide subsistence harvest estimates are 
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Table 3. Abundance status of US West Coast populations in Washington (WA), Oregon (OR), California 
(CA), and Idaho (ID) is delineated as distinct population segments (DPSs) by the federal National Oceanic 
and Atmospheric Administration (NOAA) for consideration as “species” under the U.S. Endangered Species 
Act (ESA). The "endangered" category indicates a DPS that is in danger of extinction within the foresee-
able future throughout all or a significant portion of its range. The "threatened" category indicates a DPS 
that is less legally protected than the "endangered" category, but likely to become an endangered species 
within the foreseeable future throughout all or a significant portion of its range. The "species of concern" 
category offers no legal protection but indicates that the DPS needs to be the focus of concentrated con-
servation actions. Source: http://www.nwr.noaa.gov/ESA-Salmon-Listings/Salmon-Populations/Steelhead. 
Maps showing the locations of DPS are available at http://www.nwr.noaa.gov/ESA-Salmon-Listings/Salmon-
Populations/Maps/Steelhead-ESU-Maps.cfm.

Distinct Population Segment  River basins included in DPS  Status under ESA
(DPS)

Puget Sound (Washington)  Strait of Juan de Fuca, Puget Sound,  Threatened 
    and Hood Canal, WA

Olympic Peninsula   Olympic Peninsula, WA, west of the  Not Warranted
    Elwha River and south to, but not 
    including, Grays Harbor, WA 

Southwest Washington   Grays Harbor, WA, Willapa Bay, WA, Not Warranted 
    and Columbia River below the Cowlitz 
    River, WA, and below Willamette River, OR  

Lower Columbia River   Columbia River between Cowlitz and  Threatened
    Wind Rivers, WA, and Willamette and 
    Hood Rivers, OR Threatened 

Upper Willamette River   Willamette River and its tributaries  Threatened 
    upstream from Willamette Falls 

Middle Columbia River   Wind River, WA and Hood River, OR  Threatened
    upstream to include the Yakima River, WA  

Upper Columbia River   Columbia River Basin upstream from  Threatened
    the Yakima River, WA
    
Snake River Basin   Snake River Basin of southeast WA,  Threatened
    northeast OR, and ID
 
Oregon Coast    Oregon coast north of Cape Blanco, OR  Species of Concern
 
Klamath Mountains Province  Elk River, OR to Klamath and Trinity  Not Warranted
    Rivers, CA 

Northern California   Redwood Creek in Humboldt County,  Threatened
    CA south to the Gualala River 
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not routinely reported, steelhead are an important subsistence food in some areas, e.g., Prince 
of Wales Island, Alaska, where a household survey in the mid 1990s estimated harvests of 
700 steelhead during a 3-year period (Turek 2005). In the 1990s and 2000s, due to conserva-
tion concerns commercial fisheries for steelhead in North America were phased out in most 
areas except Oregon and Washington, where steelhead are commercially harvested by tribal 
fisheries (Table 6; Figure 2). The commercial fishery for steelhead in Alaska was terminated 
in 1994, when state regulation prohibited the commercial sale of steelhead, although small 
numbers are harvested incidentally by fisheries targeting other species (Table 6).

Hatchery Production

O. mykiss has been artificially produced in North America since the late 1800s (see his-
torical review by Wahle and Smith 1979). The primary objectives of hatchery production 
of steelhead are to increase harvests and catches of adult steelhead, to mitigate for losses of 
natural populations due to human activities such as dam and road construction, logging, and 
overfishing, and more recently to conserve or recover natural populations. Coastwide releases 
of juvenile hatchery steelhead did not exceed 5 million fish during most of the first half of 
the 20th century and declined during World Wars I and II years (Mahnken et al. 1998). From 
1960 to 1985, estimated annual releases increased by an order of magnitude (from about 3 
million to over 30 million fish), producing estimated average annual returns of 738,000 adult 
steelhead from 1978 to 1987 (Light 1989). From 1989–1992, steelhead production decreased 
by about 20%, with more than 90% of total production in the Pacific Northwest (Mahnken et 
al. 1998). Subsequent coastwide releases of hatchery steelhead peaked in 1993–1999 at about 
30 million fish, and decreased to about 20 million fish in the 2000s (2000–2009) (Table 7; 
Figure 2). Steelhead hatchery programs were reduced in British Columbia largely because of 
their poor performance in enhancing numbers of adult steelhead available to sport fisheries, 

Table 3. Continued.

Distinct Population Segment  River basins included in DPS  Status under ESA
(DPS)

California Central Valley   Sacramento and San Joaquin Rivers, CA, Threatened 
    and their tributaries 

Central California Coast   Russian River to Soquel Creek, Santa  Threatened
    Cruz County (inclusive) and the drainages 
    of San Francisco and
    San Pablo Bays, CA  

South Central California Coast  Pajaro River, Santa Cruz County to (but  Threatened
    not including) the Santa Maria River, CA; 
    southern boundary near Pt Conception, CA 
 
Southern California   Santa Maria River, CA, to the southern  Endangered
    extent of the species range    
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Year Alaska1    Washington2 Oregon3      California4 Idaho5      British Total
             Columbia6 

1993 3.8        124.3   95.0          40.5 34.8         7.1  305.5
1994 2.4        124.3   71.0          52.8 21.2         7.7  279.4
1995 1.0        105.7   74.6          31.4 22.4         6.7  241.8
1996 0.4        100.4   79.4          37.7 26.2         6.2  250.3
1997 0.3          67.8   83.4          31.0 32.9         5.8  221.2
1998 0.4          60.1   64.2          20.0 28.4         6.8  179.9
1999 0.7          75.3   64.8          25.0 31.8         4.9  202.5
2000 0.4        104.9   63.4          14.0 28.9         6.5  218.1
2001 0.4        194.0 103.4          19.0 69.5         5.8  392.1
2002 0.5        136.0 119.1          27.0 90.3         3.9  376.8
2003 0.4        124.2   80.0            3.3 77.9         5.1  290.9
2004 0.4        130.6   94.8            5.9 68.6         5.2  305.5
2005 0.6        134.4   66.3            2.9 53.3         3.6  261.1
2006 0.4          93.7   94.0            3.9 51.4         3.2  246.6
2007 0.2        104.1   81.7            7.2 57.7         4.1  255.0
2008 0.3          97.4   72.9            2.8 56.9         5.0  235.3
2009 0.4        176.3   85.6            3.0 87.6         7.1  360.0
2010 0.1        127.2   99.3            3.0 97.6         7.7  334.9

Mean 0.7        115.6   82.9   52.1         5.7  275.4

1Alaska harvest in 1996 updated with corrected data from Alaska Department of Fish and Game.
2Washington harvests in 2000 and 2001 from Manning and Smith (2004). 
3Oregon harvests (1993–2010) updated with data from the Oregon Department of Fish and Wildlife:   
  http://www.dfw.state.or.us/resources/fishing/sportcatch.asp
4California 1997–2002 harvests updated with statewide estimates from Jackson (2007). The 2003–
  2010 harvests were updated with catch report card data (expanded statewide estimates unavailable) 
  provided by Farhat Bajjaliya, California Department of Fish and Wildlife, Sacramento, CA 
  (January 28, 2015).  Mean value is not given because of the lack of statewide estimates for the   
  2003–2010 period.
5Idaho harvests (1993–2010) updated with data provided by Alan Byrne, Idaho Fish and Game, 
  Boise, ID (December 2, 2014). 
6British Columbia harvests (1993–2010) updated with data provided by Mark Beere, Fish and 
  Wildlife Branch, BC Ministry of Forests, Lands and Natural Resource Operations, Smithers, BC 
  (December 3, 2014).  Harvests were estimated by adult run year, e.g., data for 1993 are estimates 
  for adult run year 1993–1994.

Table 4. Recreational harvest of adult steelhead (thousands of fish), 1993–2010. Source: NPAFC (2014a).   
NA = data are incomplete or not available.
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Table 5. Subsistence harvest of steelhead (thousands of fish), 1993–2010. Source: NPAFC (2014a). NA = 
data are not available. Data for Washington, Oregon, and Idaho are incomplete because some harvest sta-
tistics for the Columbia River and its tributaries in these states are not available.

Year Alaska    Washington Oregon      California Idaho      British Total
             Columbia 

1993 NA          1.89   5.94          NA NA        1.30    9.13
1994 NA          1.68   6.80          NA NA        3.50  11.98
1995 NA          1.68 12.50          NA NA        1.17  15.35
1996 NA          1.79 13.48          NA NA        1.42  16.69
1997 NA          1.24 18.76          NA NA        0.66  20.66
1998 NA          1.46 11.89          NA NA        2.75  16.10
1999 NA          0.66   7.92          NA NA        4.39  12.97
2000 NA          0.84   2.66          NA NA        3.78    7.28
2001 NA          1.68    NA          NA NA        2.36    4.04
2002 NA          0.01    NA          NA NA        3.59    3.60
2003 NA          0.01    NA          NA NA        1.19    1.20
2004 NA          0.01    NA          NA NA        2.88    2.89
2005 NA           NA    NA          NA NA        0.01    0.01
2006 NA           NA    NA          NA NA         NA 
2007 NA          0.69    NA          NA 2.20        0.79    3.68
2008 NA          0.51    NA          NA 2.20        2.30    5.01
2009 NA          0.02    NA          NA NA        1.68    1.70
2010 NA          0.12    NA          NA NA        0.01    0.13

Mean            0.89   9.99    2.2        1.99 
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Figure 2. Trends in harvests and hatchery releases of North American steelhead, 1993–2010. 
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and particularly in recent years because of the lower marine survival of steelhead returning 
to hatchery-augmented streams compared to adjacent nonaugmented streams (Pollard and 
Beere 2012). The decrease in releases of U.S. hatchery steelhead in the 2000s is largely the 
result of hatchery reform practices to reduce potential risks of decreased fitness and survival 
of hatchery fish and increased predation on or competition with U.S. Endangered Species 
Act (ESA)-listed steelhead. In the 2000s the largest production of hatchery steelhead was in 
Washington State, where annual releases decreased from nearly 12 million fish in 2001 to 6.0 
million fish in 2009 (Table 8). In the early 2010s, there was no hatchery steelhead production 
in Alaska (Marston 2012).

Life History Patterns in Freshwater and Ocean

O. mykiss exhibits a wide range of variation in freshwater and ocean life history pat-
terns, e.g., degree of anadromy, seasonal races, adfluvial migration, freshwater residency, age 
structure, fecundity, run timing, and iteroparity (repeat spawning), that reflects both genetic 

Table 6. Commercial harvest of adult steelhead (thousands of fish), 1993–2010. Source: NPAFC (2014a). 
NA = data are incomplete or not available.

Year Alaska    Washington Oregon1      California Idaho      British Total
             Columbia 

1993 1.5         43.5 15.8          NA NA           2.0 62.8
1994 0.8         39.0   8.9          NA NA           2.0 50.7
1995 0.4         33.9   8.6          NA NA           1.0 43.9
1996 0.7         52.0   1.4           NA NA           1.0 55.1
1997 0.2         48.0   1.3          NA NA         <0.5 49.5
1998 0.2         42.1   0.9          NA NA           1.0 44.2
1999 0.3         28.5   0.4          NA NA         <0.5 29.2
2000 0.2         33.7   7.8          NA NA         <0.5 41.7
2001 0.1         54.8   0.1          NA NA         <0.5 55.0
2002 0.1         34.5   0.1          NA NA         <0.5 34.7
2003 0.1         33.3   0.1          NA NA         <0.5 33.5
2004 0.3         38.0   0.4          NA NA         <0.5 38.7
2005 0.2         35.7   0.8          NA NA           0.0 36.7
2006 0.1         30.9   4.1          NA NA         <0.5 35.1
2007 0.2         43.0 14.4          NA NA           0.0 57.6
2008 0.1         37.0   8.5          NA NA           0.0 45.6
2009 0.1         44.0 17.1          NA NA           0.0 61.2
2010 0.1         48.6 21.4          NA NA           0.0 70.1

Mean 0.3         40.0   6.2      45.9

1 Oregon catches in 2001, 2005, 2006, and 2008, reported as “not available” (NPAFC 2014a), are 
  from the NOAA Fisheries, Fisheries Statistics Division (http://www.st.nmfs.noaa.gov/commercial-
  fisheries/commercial-landings/annual-landings/index). Data were converted from metric tons to 
  thousands of fish using an average body weight of 4.0 kg (1993–2000 NPAFC Statistical 
  Yearbooks).
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adaptation and plastic response to environmental conditions. Although variation in freshwater 
and ocean life history traits of O. mykiss might best be viewed as a continuum (e.g., Quinn and 
Myers 2004), scientists and fishery managers frequently classify fish with similar life history 
patterns into discrete groups (Table 1). These multiple life history strategies enable O. mykiss 
to adjust rapidly to new environmental conditions, providing a survival advantage over other 
less adaptable species.

The general life cycle and life history patterns of steelhead (Figure 3) are well known. 
Spawn timing (late winter and spring on rising temperature cycles) and capability for 
repetitive spawning are key reproductive features that distinguish steelhead from other 
species of Pacific salmon. Fecundity of steelhead ranges from about 2,500–10,000 eggs 
(average 3,500 eggs). Fry typically <30 mm fork length (FL) emerge from the gravel 
from late spring to midsummer. Fry and fingerlings may disperse to downstream fresh-
water overwintering habitats in late summer and fall. Juveniles can rear in freshwater for 
1–7 years (Table 9; typically 2–3 years) before reaching a body size sufficient to smolt, 
which is the transitional stage between freshwater and ocean stages that occurs when fish 
are approximately 14–20 cm FL. Smolts enter the ocean from spring to early summer, and 
by midsummer juveniles (ocean age 0) are distributed in epipelagic open-ocean habitats. 
After their first summer at sea some juvenile steelhead called half-pounders (Table 1) 
may return to freshwater, where they overwinter and re-enter the ocean during the fol-
lowing spring. Steelhead typically spend from 1 to 3 years in the ocean before returning 
to freshwater to spawn for the first time. Seasonal races (spring, summer, fall, winter; 
Table 1) and maturation stage (immature, mature) at freshwater entry are highly variable. 
Typically, stream-maturing fish (often called summer or fall steelhead; Table 1) return to 
freshwater in May–October and overwinter in freshwater prior to spawning the follow-
ing spring, whereas ocean-maturing fish (often called winter steelhead; Table 1) return in 
November–April and spawn shortly thereafter. Steelhead returning to the same river can 
include both stream-maturing and ocean-maturing races or ecotypes. Of the two distinct 
genetic groups of North American steelhead (coastal and inland; Table 1), the coastal 

    Average annual smolt 
    production (millions
  No. of hatcheries               of fish)             % of total 
Location  1980s 2000s 1980s 1990s 2000s 1980s 1990s 2000s

Alaska      4     1   0.1   0.1  <.01     0.3     0.2     0.0
British Columbia   22   10   0.5   0.6   0.5     2.6     2.9     3.1
Washington   44   60   6.8 10.9   9.1   34.7   35.6   45.7
Idaho      4     7   5.4   8.2   6.5   27.5   26.7   32.4
Oregon    26   26   4.5   5.9   1.9   23.2   19.1     9.5
California     9     8   2.3   4.8   1.9   11.8   15.5     9.2
Total  109 112 19.6 30.4 19.9 100.0 100.0 100.0

Table 7. Steelhead smolt production (millions of fish) by hatcheries in the 1980s (1978–1987; updated 
from Light 1989 and Busby et al. 1996), 1990s (1993–1999, updated from NPAFC 2014b), and 2000s 
(2000–2009, updated from NPAFC 2014b), listed from north to south. Sources: Alaska Department of Fish 
and Game, Freshwater Fisheries Society of British Columbia, Fisheries and Oceans Canada, California De-
partment of Fish and Game, Idaho Department of Fish and Game, Oregon Department of Fish and Wildlife. 
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Year Alaska    Washington Oregon      California Idaho      British Total
             Columbia 

1993   0.1         11.0 2.4           5.6 7.8           1.1 28.0
1994    –           9.8 6.6           6.4 8.1           1.1 32.0
1995 <0.05         10.6 6.8           5.8 8.7           0.9 32.8
1996 <0.05         10.6 6.5           5.3 8.9           0.7 32.0
1997   0.01         11.3 6.4           3.7 8.5           0.9 30.8
1998 <0.05         12.2 6.1           3.5 7.8          NA 29.6
1999     NA         11.0 6.3           3.0 7.6           0.7 28.6
2000      NA         10.9 5.8           2.4 7.9           0.6 27.6
2001     NA         11.6 5.4           3.3 8.2           0.6 29.1
2002     NA         10.0 1.4           2.2 8.0           0.7 22.3
2003 <0.01           8.4 1.3           2.1 7.5           0.7 20.0
2004     NA           8.8 0.3           0.6 3.1           0.7 13.5
2005 <0.01           8.0 1.3           1.9 4.4           0.7 16.3
2006 <0.01           9.4 1.3           1.1 7.7           0.6 20.1
2007 <0.01           9.3 1.2           2.4 6.0           0.5 19.4
2008 <0.01           8.9 0.4           1.7 5.7           0.6 17.3
2009 <0.01           6.0 0.2           0.1 5.8           0.6 12.7
2010   0.00            7.7 5.3           2.7 5.8           0.5 22.0

Mean            9.8 3.6           3.0 7.1           0.7 24.1

Table 8. Hatchery releases of juvenile steelhead (millions of fish), 1993–2010. Source: NPAFC 2014b. NA = 
data are incomplete or not available.

Figure 3. The life cycle of steelhead (Oncorhynchus mykiss).
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group includes both stream- and ocean-maturing fish and all inland steelhead are stream 
maturing. In contrast to salmon, spawning female steelhead do not guard the completed 
redd (nest). Female and male kelts (steelhead that have recently spawned; Table 1) may 
die after spawning, spend several months feeding in freshwater before returning to the 
ocean, or migrate to ocean feeding grounds immediately after spawning. Steelhead may 
spawn 1–5 times (typically 1 or 2 times) during their lifetime, typically either repeat 
spawning in consecutive years or skipping a year (skip spawning). Male steelhead are 
capable of early (precocious) maturation in freshwater as parr (life stage between fry and 
smolt). Breeding experiments indicate that smolting and precocious male maturation of 
steelhead are negatively genetically correlated (Thrower et al. 2004). Environmental fac-
tors such as water temperature that influence condition (higher growth and lipid storage) 
of individual fish also appear to play a key role in precocious maturation of male steel-
head (McMillan et al. 2012). Precocious male parr can successfully mate with mature 
female steelhead, as indicated by genetic parentage analysis (e.g., Seamons et al. 2004).

Relevant New Information on Freshwater Trout Ecology

Anadromy and freshwater residency in O. mykiss reflects interactions among genet-
ics, individual fish condition, and the environment (see review by Kendall et al. 2015). 
The co-occurrence of spawning populations of resident Rainbow Trout and steelhead in 
freshwater is well known. In some streams, resident and anadromous forms of O. mykiss 
interbreed, and progeny can include both forms (e.g., Pavlov and Savvaitova 2008; Chris-
tie et al. 2011; Courter et al. 2013; Sloat and Reeves 2014). The lack of reproductive 
isolation between anadromous and resident forms indicates the important role of the 
freshwater environment in the expression of life history diversity in O. mykiss (Table 10; 
McPhee et al. 2007). Environmental variation and homing to specific spawning grounds 
combine to produce a broad range of local phenotypic adaptations. Conserved haplotypes 
(a set of alleles inherited by an individual from a single parent) can control parallel adap-
tation of geographically distant O. mykiss populations, e.g., development rate of embryos 
in response to temperature (Miller et al. 2012). Expression of anadromy in O. mykiss in 
the John Day River watershed, Oregon, appears to be driven by environmental variation, 
e.g., ecological and physical processes related to stream size, at a range of spatial and 
temporal scales (Mills et al. 2012). In Kamchatka, proportions of resident versus anad-
romous life strategies may be regulated by the ratio of suitable spawning area to feed-
ing area and stream productivity (Pavlov et al. 2008). Thermal conditions for successful 
steelhead reproduction in Kamchatka are found only in tundra rivers and tributaries, and 
include rapid warming of water in May (water temperature 4.5–4.8°C) and a sufficient 
sum of degree-days (over 500) from mid May to mid July (Kuzishchin et al. 2008). The 
short-term extinction risk (i.e., risk of extinction in 10 or fewer years) of steelhead might 
be mitigated by reproductive contributions from resident trout (Good et al. 2005), leading 
to the view that interbreeding trout and steelhead should be managed as a single popula-
tion rather than as separate populations (e.g., McPhee et al. 2007). Interbreeding between 
steelhead and resident trout can buffer the genetic impact of fluctuating anadromous run 
size on effective population size per generation (Araki et al. 2007). Courter et al. (2013) 
were the first to successfully quantify steelhead production rates from female resident 
Rainbow Trout in a large watershed using otolith microchemistry (20% in 2010 and 7% 
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Table 10. Summary of studies comparing reproductive isolation between sympatric anadromous and resi-
dent O. mykiss. Source: Updated from McPhee et al. 2007.

Location Description Data type Reproductive 

isolation 

Reference
 

Kamchatka 

Peninsula 

Russia 

No within-drainage 

divergence detected.  

Isolation by distance evident 

among populations sampled 

over 1200 km range. 

Microsatellite (10 

loci) 

No McPhee et al. 2007 

Krasnaya  

River, Nilkinka 

River (Kol 

River 

tributaries)  

Kamchatka 

Russia 

Joint spawning of 

anadromous and resident 

forms 

Observation No Kuzishchin et al. 2007, 

2008 

Copper River 

Alaska 

Indistinguishable within 2 

locations, differ significantly 

between 2 locations 

Microsatellite (13 

loci) 

No Olsen et al. 2006 

British 

Columbia 

Canada 

MtDNA showed significant 

difference in only one 

(Meziadin) of five rivers; all 

nuclear comparisons non-

significant 

mtDNA (ND3, D-

loop), Nuclear 

GH2D (3,4GATT) 

Yes? 

(mtDNA), No 

(nuclear) 

Docker and Heath 2003 

 

Snow Creek 

Washington 

Genetic parentage analysis 

provided indirect evidence 

that resident mature male 

steelhead parr successfully 

mated with anadromous 

female steelhead 

Microsatellite 

(12 loci) 

No Seamons et al. 2004 

Quileute River 

Washington 

Visual evidence of mating 

behavior during late 

spawning season between 

wild resident males and 

steelhead females in all 

reaches studied 

Observation No McMillan et al. 2007 

Klikitat River 

Washington 

Heterozygosity of resident 

and anadromous life history 

types limited at high 

elevation sites; high stream 

gradients and barriers limited 

anadromous distribution to 

lower elevation sites 

  

Microsatellite (13 

loci) 

Yes & No Narum et al. 2008b 
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in 2011), and concluded that production of cross-life history forms may be critical to 
persistence of anadromy in areas where abundance of steelhead is low. Steelhead con-
servation and management programs need to incorporate information on the genetic con-
tributions of wild resident Rainbow Trout to endangered steelhead populations (Christie 
et al. 2011). Furthermore, the role of oceanic environmental drivers of anadromy and 
extinction risk, e.g., ocean temperature, needs to be recognized and evaluated.

Migration, Distribution, and Abundance

Timing of Entry into Seawater

Entry of juvenile steelhead into seawater is preceded by parr-to-smolt transformation 
(smoltification) that is characterized by major physiological, morphological, and behavioral 
changes (e.g., Zaugg and Wagner 1973; McCormick 2013). Smoltification is influenced by 
environmental rearing conditions, particularly water temperature and growth. For example, 
juvenile steelhead from different populations reared in common environments grew faster 
and smolted earlier in warmer water temperatures than in cooler temperatures (Doctor et al. 

Table 10. Continued.

Location Description Data type Reproductive 

isolation 

Reference
 

Yakima River 

Washington 

Visual evidence of 

anadromous and resident 

interbreeding consistent with 

allele frequencies of progeny 

collected in same reaches 

Observation, 

Allozyme (22 loci) 

No Pearsons et al. 2007 

Walla Walla 

River 

Washington 

Genetic divergence of 

resident and anadromous 

populations in mainstem, but 

not in one tributary (Touchet 

R.). Mainstem differences 

may reflect out-of-basin 

stocking. 

Microsatellite (6 

loci) 

Yes & No Narum et al. 2004 

Hood River 

Oregon 

High levels of reproductive 

contribution of 

nonanadromous 

parents to anadromous 

offspring when anadromous 

run size is small, suggesting 

a genetic compensation 

between life-history forms 

Microsatellite  

(8 loci) 

No Araki et al. 2007 

Hood River 

Oregon 

A 3-generation genetic 

pedigree analysis provided 

indirect evidence that 

anadromous steelhead mate 

with residualized hatchery 

steelhead and resident 

Rainbow Trout  

Microsatellite 

(8 loci) 

No Christie et al. 2011 

Deschutes River 

Oregon 

Resident female parentage 

(low ratios) dominated in 

mainstem progeny steelhead 

(high ratios dominated below 

falls and in tributaries) 

Otolith SR:Ca 

ratios 

Yes? (female 

parent) & No 

Zimmerman and Reeves 

2000, 2002 

1 
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2014). High freshwater temperatures (>12°C) can inhibit or reverse smoltification in steel-
head (Zaugg and Wagner 1973; Adams et al. 1975; Hoar 1988; see review by Richter and 
Kolmes 2005). Steelhead growth rates or body size (average smolt fork length of ~16 cm, 
range 12.5–22.5 cm) are more important determinants of timing of seaward migration than 
age (e.g., see review by Burgner et al. 1992). Body size may be a proxy for physiological 
readiness of smolts to migrate seaward. For example, in central California, early steelhead 
migrants are larger smolts that move directly to the ocean in February–April, while later 
migrants are smaller fish that move to the estuary in May–June, where they may rear for sev-
eral months before entering the ocean or moving back upstream to overwinter in freshwater, 
entering the ocean as larger smolts the following spring (Hayes et al. 2011; Hayes and Kocik 
2014). There appears to be a strong genetic influence on smolt transformation in steelhead, 
but resident and anadromous life history strategies are not fixed phenotypes (Hayes et al. 
2012b). For hatchery steelhead, freshwater residualism and low survival rates may result from 
early (non-volitional) release of steelhead presmolts or parr (e.g., see review by California 
HSRG 2012; Sandstrom et al. 2013a; Tatara et al. 2017).

Timing of entry of steelhead smolts into seawater is an important adaptive trait related 
to juvenile-to-adult survival (Scheuerell et al. 2009; Moore et al. 2010b). Timing is diverse 
(mid-March to mid-July; peak mid-April to mid-May), and is associated with key environ-
mental factors, for example, peak spring river flows (Burgner et al. 1992). For example, in 
Alaska steelhead smolts enter saltwater during March through June, usually corresponding 
with high spring flows caused by melting snow (Lohr and Bryant 1999). In the Columbia 
River, steelhead smolts move rapidly through the estuary during periods of peak river flows 
in spring, using the main river channel as a migratory pathway (Ledgerwood et al. 1991; 
Weitkamp et al. 2012; see review by Weitkamp et al. 2014). Juvenile-to-adult survival of 
Columbia River Basin (Snake River) steelhead migrating in early to mid May was 4–50 times 
greater than that of mid-June migrants (Scheuerell et al. 2009). In a small coastal stream (Al-
sea River) in northwest Oregon, acoustic tracking of hatchery- and naturally-reared steelhead 
smolts showed highly variable migratory timing and low survival (<50%) to the lower estu-
ary for all release groups, and the degree of hatchery domestication and rearing environment 
(concrete raceway versus natural stream) did not significantly influence rate of downstream 
movement or residence time within the estuary (Johnson et al. 2010). A subsequent acoustic 
tracking study in two small northwest Oregon coastal streams (Alsea River and Nehalem Riv-
er) also showed low survival (40–50%) of wild steelhead smolts, and for most release groups 
survival was negatively correlated with stream flow and not correlated with fork length of 
smolts (Romer et al. 2012). In addition, most smolt mortality occurred in the lower estuary 
near the ocean despite a very short estuarine residence time, typically less than 1 d (Romer et 
al. 2012). In a central California coastal stream, archival tag data indicate that steelhead (Scott 
Creek population) time their smolt out-migration to a narrow temperature window between 
February and April (Hayes et al. 2011), when ocean entry conditions are suitable for survival. 
In central and southern California streams, before ocean entry steelhead smolts may rear for 
extended periods at the mouths of streams in lagoons, formed by a sandbar barrier between 
the ocean and river mouth (see lagoon-anadromous, Table 1). The Scott Creek, California, 
population adopts a mixed-habitat use strategy, whereby some smolts enter coastal marine 
waters when winter storms reconnect the estuary to the ocean, and others rear in the estuary 
for the summer and then move upstream in the fall to spend an additional winter in freshwater 
(Hayes et al. 2011).
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In an intermittently-closed estuary in Northern California (Russian River), the movements 
of juvenile steelhead tagged with temperature sensor-encoded acoustic tags indicated that 
when the inlet to the ocean is temporarily closed by barrier beach formation juvenile steelhead 
relocate and aggregate near coldwater refugia in the lagoon (Matsubu et al. 2017). Relatively 
little is known about the physiological and behaviorial adaptations of steelhead smolts to dy-
namic habitat changes in nearshore and open ocean habitats, and this an important topic for 
future research.

Age-specific movements of juvenile steelhead between freshwater and ocean habitats have 
been correctly predicted by theoretical and computational state-dependent life history models 
at the population level (Mangel and Satterthwaite 2008; Satterthwaite et al. 2009, 2010) and 
individual-fish level (Satterthwaite et al. 2012). These models indicate that much of the varia-
tion in steelhead age and timing at ocean entry can be explained by a mortality-growth tradeoff. 
Mixed habitat use (freshwater versus ocean) by juveniles of the same state (body length) may 
result from density-dependent reduction in growth rates (Satterthwaite et al. 2012).

Ocean Distribution and Abundance of Juvenile, Immature, and Mature Fish

Information on the ocean distribution and abundance of steelhead is based primarily on 
commercial and research vessel catch and effort data (e.g., Sutherland 1973; Okazaki 1983, 
1985; Hartt and Dell 1986; Pearcy et al. 1990; Burgner et al. 1992; Welch et al. 1998; Kova-
lenko and Shubin 2000; Brodeur et al. 2003, 2004; Kovalenko et al. 2003, 2005). Composite 
analyses of these data show that distribution of steelhead extends across the entire subarctic 
North Pacific (north of 38°N) from the North American coastline to at least 150°E, including 
portions of the Sea of Okhotsk and Bering Sea (Figure 4). Throughout this extensive oceanic 
range, steelhead are sparsely distributed, and abundance in research catches is usually low 
compared to other species of Pacific salmon, excepting Chinook Salmon (e.g., Myers et al. 
1993). Within this broad range, steelhead distribution varies substantially by ocean age and 
maturity group (Figures 5 and 6). In general, steelhead abundance is highest in the Gulf of 
Alaska and eastern North Pacific, lower in the central North Pacific Ocean, and lowest in the 
western North Pacific Ocean, western Aleutian Islands, and western and central Bering Sea 
(Sutherland 1973; Burgner et al. 1992; Welch et al. 1998).

High seas research vessel data for juvenile (ocean age-0) steelhead are insufficient to 
describe distribution, particularly in late autumn and winter. Autumn-winter movements must 
be extensive, however, because by the following spring the distribution of ocean age-1 steel-
head (by convention all fish become one year older on January 1) extends across the North 
Pacific (125°W–155°E), and has shifted southward—generally south of 52°N in the Gulf of 
Alaska and south of 48°N in the central North Pacific (Burgner et al. 1992). Despite relatively 
extensive research vessel sampling with fine-mesh nets, there are no reported catches of juve-
nile steelhead in the Bering Sea and Aleutian Islands region (Figure 5). Nevertheless, North 
Alaska Peninsula streams tributary to the southeastern Bering Sea host small populations of 
steelhead, and the early-ocean distribution and life history of these populations in the Bering 
Sea has yet to be investigated.

The high seas distribution of immature (ocean age-1 and older) steelhead is more ex-
tensive than that of juvenile (ocean age 0) steelhead (Figures 5 and 6). The overall seasonal 
patterns of distribution among all age groups are similar, however, ocean age-1 steelhead 
are typically the most abundant age-group in high seas time-area strata, and have the most 
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Figure 4. Relative abundance and distribution of steelhead (all age and maturity groups combined) in 
winter (November–March), spring (April–May), and summer months (June, July, August, and September), 
1956–1996. Source: Welch et al. 1998. A "+" indicates no catch. An open circle is used to indicate relative 
abundance, i.e., catch-per-unit effort (CPUE), and circle radius is proportional to log

10 
(CPUE). Data were 

averaged over 1°-latitude by 1°-longitude statistical areas. Data comprise all available observations (N = 
20,397) from Canadian longline (and some similar U.S. sampling) and gillnet surveys during the 1950s 
and 1960s, Canadian longline, gillnet, and surface rope trawl surveys during the 1980s and 1990s, and 
Japanese (1972–1996) research vessels surveys (gillnets and longlines). Individual observations were first 
normalized by dividing the average annual catch for each sampling gear in order to remove effects due to 
interannual variations in abundance and gear type.
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Figure 5. Abundance and distribution of juvenile (ocean age .0), ocean age .1, and ocean age .2 or older 
(ocean age .2+) steelhead in spring (March–May), summer (June–August), autumn (September–November), 
and winter (December–February) based on weighted average catch-per-unit-effort (CPUE) data from U.S. 
and Canadian (1955–1985) and Japanese (1981–1985) research vessels fishing with purse seines, gillnets, 
and longlines (Source: Burgner et al. 1992). Seasonal catch and effort data were stratified by International 
North Pacific Fisheries Commission 2°-latitude by 5°-longitude statistical areas. To account for differences 
in efficiency and selectivity of each gear type, four CPUE ranks from 1 (lowest CPUE) to 4 (highest CPUE) 
were calculated for each gear type and then averaged for all gear types fished in each season-area strata to 
produce a single weighted average for each time-area combination.
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Figure 6. Abundance and distribution of immature and mature (kelt) steelhead in spring (March–May), sum-
mer (June–August), autumn (September–November), and winter (December–February) based on weighted 
average catch-per-unit-effort (CPUE) data from U.S. and Canadian (1955–1985), U.S.S.R. (1983–1985) and 
Japanese (1981–1985) research vessels fishing with purse seines, gillnets, and longlines (Source: Burgner et 
al.  1992).  Seasonal catch and effort data were stratified by International North Pacific Fisheries Commission 
2°-latitude by 5°-longitude statistical areas. To account for differences in efficiency and selectivity of each 
gear type, four CPUE ranks from 1 (lowest CPUE) to 4 (highest CPUE) were calculated for each gear type 
and then averaged for all gear types fished in each season-area strata to produce a single weighted average 
for each time-area combination.
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extensive westward distribution. During early spring immature steelhead are concentrated 
near the southern limit of their range in the North Pacific Ocean, between 42°N and 52°N lati-
tude (Figures 5 and 6) (Burgner et al. 1992). During summer, distribution extends northward 
and westward, while remaining largely south of the Aleutian Islands (Hartt and Dell 1986; 
Burgner et al. 1992; Welch et al. 1998), and by July and August, steelhead are distributed as 
far west as North Pacific waters off the southern Kuril Islands, Russia (Figure 7) (Kovalenko 
et al. 2003, 2005). In the vicinity of the Kuril Islands, approximately 75% of small-sized (<66 
cm) and 50% of large-sized (>66 cm) male and female steelhead were immature (Kovalenko 
et al. 2003, 2005). Relatively little is known about late autumn and winter migrations of im-
mature steelhead in the open ocean, due to the difficulty of conducting field surveys during 
those seasons when large storms cross the North Pacific (Welch et al. 1998). Mature (kelt or 
postspawning steelhead) are less abundant and have a less extensive ocean distribution than 
immature steelhead (Figure 6; Burgner et al. 1992).

Composite estimates of relative abundance of all age and maturity groups of steelhead 
from five decades of high-seas salmon research vessel sampling indicate that steelhead make 
extensive seasonal migrations across broad fronts in the North Pacific Ocean—moving to 
the north and west in spring through summer and to the south and east from autumn through 
winter (Sutherland 1973; Okazaki 1985; Burgner et al. 1992; Welch et al. 1998). The observed 
directional pattern of broad-scale seasonal movements appears to reflect an innate oriented 
swimming response to magnetic fields (see below—Migration behavior and mechanism, Ori-
entation).  The directions of seasonal migrations of steelhead are similar to those of other 
more abundant species of Pacific salmon such as Pink (O. gorbuscha), Chum (O. keta), and 

Figure 7. Distribution and relative abundance (catch in research gillnets, number of fish per station) of 
maturing, immature, and spent (kelt) steelhead (top panels) and unmarked and marked steelhead (bottom 
panels) in July and August 2001 in the Russian Exclusive Economic Zone (EEZ) in the western North Pacific 
and southern Okhotsk Sea (Kovalenko et al. 2005).
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Sockeye (O. nerka) salmon (e.g., Myers et al. 2007). In winter and spring, steelhead distribu-
tion is most concentrated in areas well to the south of the Commander-Aleutian Islands chain 
and far to the east of the Kuril Islands chain (Figure 4). Although research vessel survey data 
are limited, abundance in winter and spring appears to be highest in eastern and central re-
gions of the subarctic North Pacific near the southern limit of steelhead distribution. In sum-
mer and autumn steelhead distribution shifts to the north and west, and abundance is highest 
in the northwestern Gulf of Alaska, central North Pacific near the Aleutian Islands chain, 
western North Pacific near the Kuril Islands chain, southwestern Bering Sea off the eastern 
Kamchatka Peninsula and Commander Islands, and southeastern Sea of Okhotsk near the 
western Kamchatka Peninsula (Figure 4).

Seasonal Migration Model of Major Stocks

Kamchatka steelhead include anadromous forms that migrate to the North Pacific Ocean, 
as well as coastal and half-pounder (sometimes called migratory-B form) steelhead that may 
remain for their entire ocean life in the Okhotsk Sea (Table 1). There are no stock-specific data 
on the early ocean distribution and abundance of juvenile (ocean age-0) Kamchatka steelhead, 
and this is an important topic for future research. Kovalenko et al. (2003, 2005) suggested a 
seasonal migration model for Kamchatka steelhead related to sea surface temperature (SST). 
According to this model, in winter (November–March) Kamchatka steelhead distribution is 
limited by the 5–10°C area of the northeastern North Pacific Ocean. In April, Kamchatka 
steelhead start migrating westward towards the Asian continent. In May they reach 160°E, 
but only in the area south of 45°N. In late June, maturing Kamchatka steelhead start to move 
into the Russian Exclusive Economic Zone, i.e., the 200-mi zone near the North Pacific side 
of the Kuril Islands, where they migrate northward following the 6°C isotherm. Maturing 
Kamchatka steelhead feed in the western North Pacific Ocean and Okhotsk Sea for 2 months 
before entering western Kamchatka rivers in September. Immature Kamchatka steelhead en-
ter the Russian Exclusive Economic Zone later than maturing fish, during second half July 
when SSTs are higher, and are the dominant maturity group of steelhead by the second half 
of August. During summer, immature steelhead (including North American stocks) occur in 
low abundance in the Russian Exclusive Economic Zone from the southern Kuril Islands to 
southern Kamchatka, and enter the Okhotsk Sea and southwestern Bering Sea (e.g., Myers et 
al. 1990, 1993; Welch et al. 1998) (Figure 4). All immature steelhead return to overwintering 
areas located far to the east of the Kuril Islands in the central and eastern North Pacific Ocean 
(Kovalenko et al. 2003, 2005).

In North America, most coastal field investigations of juvenile (ocean age-0) steelhead 
have emphasized spring and summer (April–September) research in waters off the U.S. West 
Coast, mainly within 200 km from the shoreline (Brodeur et al. 2003). The timing and extent 
of migration of juvenile steelhead in U.S. West Coast waters is diverse. Catches of juvenile 
steelhead in research vessel surveys off Oregon and Washington during springs and summers, 
1981–1985, were generally low and decreased from May to August, and no juvenile steelhead 
were present in September, indicating they had already migrated out of coastal waters (Pearcy 
and Fisher 1990). The highest relative abundances of juvenile steelhead occurred offshore 
(27.8 or 37.1 km) of the mouth of the Columbia River (46°15’N), a major source of steelhead 
(Pearcy and Fisher 1990). Coded-wire tag and genetic data (incomplete baseline) indicate 
that steelhead populations originating from California rivers north of San Francisco Bay and 
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southern coastal Oregon rivers south of Cape Blanco, Oregon (42°50’N, 124°33’W) reside 
in the coastal zone off northern California and southern Oregon during their entire ocean life 
(Pearcy et al. 1990; Brodeur et al. 2004). However, only a few juvenile steelhead (typically 
<30 cm) were captured during 10 years of central California coastal research surveys focusing 
on juvenile Chinook Salmon (MacFarlane, unpublished data, as cited by Hayes et al. 2012a). 
A reconstruction of the early ocean (3-months) migration route of a Central California juve-
nile steelhead, as determined by archival tag and remote sensing (satellite) temperature data, 
suggested rapid northwestward migration to an oceanic region between Vancouver Island and 
Southeast Alaska and far offshore into the Gulf of Alaska (Hayes et al. 2013). In addition, a 
few historical recoveries of high-seas tagged southcentral, central, and northern California 
steelhead (n = 9; tagged between 45 and 54°N latitude, west to approximately 160°W longi-
tude) show that at least some California steelhead migrate far offshore into the Gulf of Alaska 
during juvenile and subsequent life history stages (Myers et al. 1996).

Research surveys off the Oregon and Washington coasts indicate that juvenile steelhead 
from rivers north of Cape Blanco, Oregon, migrate offshore (~30–50 km) and northward 
shortly after ocean entrance during May to August, and by September most fish have migrated 
far offshore (Pearcy et al. 1990; Brodeur et al. 2003, 2004; Daly et al. 2014). Juvenile Colum-
bia River steelhead migrate northward and farther offshore than most juvenile Chinook and 
Coho Salmon from the Oregon-Washington region (Miller et al. 1983; Brodeur et al. 2004). A 
few coded-wire tagged juvenile steelhead released from lower Columbia River, Snake River 
Basin, Olympic Peninsula, and Vancouver Island hatcheries in spring were recovered in July 
in the eastern North Pacific and Gulf of Alaska during cooperative Japan–U.S. tagging pro-
grams (Pearcy and Masuda 1982, 1987; Myers et al. 2001). The CWT recovery data, however, 
are insufficient to estimate exact timing and migration routes of juvenile steelhead to the high 
seas (Brodeur et al. 2003).

Overall, the high seas migrations of North American juvenile (ocean age-0) steelhead 
are more extensive than those of any other juvenile salmonid species (Brodeur et al. 2003). 
Research vessel surveys indicate that juvenile steelhead begin leaving nearshore waters over 
the continental shelf of North America soon after entering saltwater in the spring (Hartt 1980; 
Hartt and Dell 1986). Some juvenile steelhead move to the high seas as early as June, and 
spend their first summer–fall in the northeastern North Pacific Ocean and Gulf of Alaska 
(Pearcy and Masuda 1982, 1987; Hartt and Dell 1986; Burgner et al. 1992; Myers et al. 2001). 
Most juvenile steelhead from North America probably remain in the Gulf of Alaska through-
out their first summer and fall, although the known westward range of juvenile steelhead in 
summer extends to 180° longitude in the central North Pacific Ocean (Figure 5) (Burgner et 
al. 1992).

Information on the open-ocean distribution North American steelhead has been obtained 
primarily by tagging studies (e.g., Hartt 1980; Pearcy and Masuda 1982, 1987; Hartt and Dell 
1986; Light et al. 1988; Davis et al. 1990; Myers et al. 1990, 1993, 1996, 2005; Pearcy et al. 
1990; Burgner et al. 1992; McKinnell et al. 1997; Klovach et al. 2002; Beamish et al. 2005). A 
composite summary of tag recovery data shows the known open-ocean distribution of North 
American steelhead, primarily during spring and summer months (Figure 8). Kovalenko et al. 
(2003, 2005) found that many of the immature steelhead caught during Russian research ves-
sel surveys in the western North Pacific near the Kuril Islands were marked by fin clips (Fig-
ure 7), indicating North American origin, similar to catches of marked and coded-wire tagged 
steelhead in the central and eastern North Pacific (e.g., Pearcy and Masuda 1982, 1987; Myers 
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et al. 1990, 1996; Burgner et al. 1992; Fukuwaka et al. 2007). Coded-wire tag recoveries from 
some of these marked steelhead established the known western range limit of North American 
steelhead in the North Pacific Ocean (Myers et al. 2005). The tagged steelhead recovered far-
thest to the west, caught off the Kuril Islands (151°16’E, 45°21’N) on 28 August 2004, was an 
immature age 1.1 (655 mm FL, 3.04 kg) female B-run steelhead (see Table 1) released from 
the Dworshak National Fish Hatchery, Snake River Basin, Idaho. The fish was released as a 
smolt on 23 April 2003 into the mainstem Clearwater River, Idaho (46°30’N, 116°18’W), a 
point-to-point great-circle distance of 6,705 km from the recovery location. This is the long-
distance freshwater-ocean migratory range record for all Oncorhynchus spp.

Although sample sizes are small, tag recovery data indicate that open-ocean seasonal 
migrations of North American steelhead are diverse, varying by phylogenetic group (inland 
versus coastal), life history type, age, and regional stock groups (Tables 11 and 12) (Light et 
al. 1988; Myers et al. 1990, 1996, 2005; Burgner et al. 1992; McKinnell et al. 1997). For ex-
ample, in the Gulf of Alaska coastal stream-maturing steelhead, largely of B.C. origin, appear 
to have a more northerly distribution than inland (Columbia River Basin) steelhead (Burgner 
et al. 1992). Columbia River steelhead are more abundant in the central North Pacific (near 
180°) at an earlier age (age 1.1) than Georgia Basin (Georgia Strait, Puget Sound, and ad-
jacent waters) steelhead (McKinnell et al. 1997). In the central and western North Pacific, 
inland Snake River Basin steelhead are distributed farther to the west than coastal stream-
maturing steelhead (Burgner et al. 1992; Myers et al. 2005). Among inland steelhead, the 
westward extent of Idaho A-run steelhead, which typically return to spawn after only 1 winter 
at sea (Table 1), is less extensive than Idaho B-run steelhead (Table 11). In the Gulf of Alaska 
in summer, winter-run steelhead are distributed farther offshore (none in the eastern Gulf of 

Figure 8. The known ocean distribution of North American steelhead as determined by high seas tagging 
experiments, 1955–2004. New coded-wire tag (CWT) recoveries are those reported for the first time in 
2005. High seas tags (HST) are external tags attached to salmon at sea and later recovered in North America. 
Month is high seas recovery month for CWT fish or high seas release month for HST fish and n = total num-
ber of tagged fish that were recovered. The Wakatake maru survey line in the Central North Pacific (CNP) 
and the Oshoro maru survey line in the Gulf of Alaska (GOA) were the two primary open-ocean locations for 
HST releases and CWT tag recoveries of steelhead during the 1990s and 2000s. Source: Myers et al. 2005.
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  Ocean Ocean  Snake Snake            Coastal Coastal
Month age location  A-run B-run Interior     Coastal      summer winter

January 2 N    1         1  
  Lat-Mean   51.0       47.2  
  Lat-SD      
  Lat Max    51.0       47.2  
  Lat-Min    51.0       47.2  
  Long-Mean   135.0     133.8  
  Long-SD      
  Long-Max   135.0     133.8  
  Long-Min   135.0     133.8  
April 1 N    1         2   1
  Lat-Mean   48.9       48.9   51.6
  Lat-SD    3.9  
  Lat Max    48.9       51.6   51.6
  Lat-Min    48.9       46.1   51.6
  Long-Mean   133.3     136.3   132.5
  Long-SD            5.3  
  Long-Max   133.3     140.0   132.5
  Long-Min   133.3     132.5   132.5
 2 N             3   3
  Lat-Mean          44.9   44.9
  Lat-SD             2.8   2.8
  Lat Max           48.1   48.1
  Lat-Min           43.1   43.1
  Long-Mean        165.8   165.8
  Long-SD          26.7   26.7
  Long-Max        187.8   187.8
  Long-Min        136.0   136.0
May 1 N             9             1  7
  Lat-Mean          46.7           46.0 46.8
  Lat-SD             1.9   2.1
  Lat Max           49.2           46.0 49.2
  Lat-Min           43.5           46.0 43.5
  Long-Mean        152.1         142.4 155.6

Table 11. Summary of high seas and coded-wire tag steelhead recovery data (1956–2010) by month, ocean 
age-group, ocean location, migratory type (Snake A-run, Snake B-run), phylogenetic (interior, coastal), and 
maturity type of coastal steelhead (summer = stream maturing, winter = ocean maturing) (N = 317 fish). All 
recoveries are steelhead of North American origin. All recoveries of interior steelhead are stream-maturing 
fish from the Columbia R. and Snake R. basins. Phylogenetic, maturity, and migratory groups are described 
in Table 1. Latitude (Lat, °N) and longitude (Long) are in decimal degrees. N = sample size (number of fish), 
Max = maximum, Min = minimum, SD = standard deviation. Latitude and longitude for Gulf of Alaska = lati-
tude ≥ 50.0 (50°00’N), longitude 125.0–165.0 (125°00’W–165°00’W), Northeastern North Pacific Ocean 
= latitude <50.0 (50°00’N), longitude 125.0–165.0 (125°00’W–165°00’W), Central North Pacific Ocean = 
longitude 165.0–190.0 (165°00’W–170°00’E), 180.0 = International dateline, Western North Pacific Ocean 
= longitude >190.0 (west of 170°00’E). Data Sources: High Seas Salmon Research Program, University of 
Washington, Seattle, and North Pacific Anadromous Fish Commission, Vancouver, B.C., Canada.
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  Long-SD          14.7     14.9
  Long-Max        177.5         142.4 177.5
  Long-Min        137.5         142.4 142.5
 2 N             8             3      5
  Lat-Mean          45.4           46.1   45.0
  Lat-SD             3.2             5.1     2.2
  Lat Max           52.0           52.0   47.7
  Lat-Min           42.9           42.9   42.9
  Long-Mean        165.5         164.5 166.1
  Long-SD          21.0           22.8   22.6
  Long-Max        182.9         182.9 182.9
  Long-Min        129.6         139.0 129.6
 3 N        2         5             2 
  Lat-Mean     50.5       49.7           50.3 
  Lat-SD        0.7         0.8             1.0 
  Lat Max      51.0       51.0           51.0 
  Lat-Min      50.0       49.0           49.6 
  Long-Mean   138.2     140.8         144.3 
  Long-SD       1.1         6.0             9.5 
  Long-Max   139.0     151.0         151.0 
  Long-Min   137.5     135.5         137.6 
June 1 N      9   20   38       20             2    18
  Lat-Mean   43.7   43.8   43.8       46.4           49.6   46.0
  Lat-SD      2.0     1.4     1.6         3.2             9.3     2.2
  Lat Max    47.0   47.0   47.5       56.2           56.2   50.0
  Lat-Min    41.0   41.0   41.0       41.0           43.0   41.0
  Long-Mean 175.9 182.3 179.4     171.2         164.0 172.0
  Long-SD     9.4     5.0     7.2       12.7           22.7   11.9
  Long-Max 184.5 192.5 192.5     184.3         180.1 184.3
  Long-Min 159.7 176.5 159.7     141.8         148.0 141.8
 2 N      2     6   12       33             7    20
  Lat-Mean   44.0   44.5   43.9       46.0           48.4   45.1
  Lat-SD      1.4     1.9     1.5         3.1             5.1     1.4
  Lat Max    45.0   47.5   47.5       57.6           57.6   47.5
  Lat-Min    43.0   42.0   42.0       42.5           42.5   42.7
  Long-Mean 180.0 180.0 177.6     176.6         170.5 181.8
  Long-SD     0.0     2.5     9.0       14.6           22.5     7.9
  Long-Max 180.0 184.3 185.3     196.5         192.7 196.5
  Long-Min 180.0 176.5 150.0     137.3         137.3 157.0
 3 N        1         4                  4
  Lat-Mean     52.1       47.4     47.4
  Lat-SD             3.6       3.6
  Lat Max      52.1       52.1       52.1
  Lat-Min      52.1       43.9     43.9

Table 11. Continued.

  Ocean Ocean  Snake Snake            Coastal Coastal
Month age location  A-run B-run Interior     Coastal      summer winter
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  Long-Mean   137.6     169.9   169.9
  Long-SD          22.2     22.2
  Long-Max   137.6     188.1   188.1
  Long-Min   137.6     137.6   137.6
July 0 N      2     2     4         6             2      4
  Lat-Mean   51.8   51.2   51.5       53.0           54.0   52.5
  Lat-SD      0.4     1.6     1.0         2.2             1.4      2.5
  Lat Max    52.0   52.3   52.3       56.0           55.0   56.0
  Lat-Min    51.5   50.0   50.0       50.0           53.0   50.0
  Long-Mean 145.0 143.1 144.1     144.8         144.4 145.0
  Long-SD     0.0     2.7     1.9         2.0             4.3     0.0
  Long-Max 145.0 145.0 145.0     147.5         147.5 145.0
  Long-Min 145.0 141.3 141.3     141.4         141.4 145.0
 1 N      4   21   52       38           11    22
  Lat-Mean   46.9   45.6   46.8       51.5           52.7   50.9
  Lat-SD      0.7     1.8     2.1         3.1             3.1     3.1
  Lat Max    47.6   50.4   54.2       56.5           56.0   56.5
  Lat-Min    46.0   42.9   42.4       44.8           45.5   44.8
  Long-Mean 143.8 184.5 155.0     152.8         148.3 155.9
  Long-SD   18.5     4.3   26.6       13.8           14.2   14.0
  Long-Max 164.0 195.0 195.0     188.5         181.5 188.5
  Long-Min 127.6 177.5 127.6     132.1         134.3 142.9
 2 N      1     1     4       32           12     19
  Lat-Mean   51.4   45.5   47.0       50.3           51.3   49.6
  Lat-SD        3.4         2.7             3.7     1.5
  Lat Max    51.4   45.5   51.4       58.0           58.0   53.0
  Lat-Min    51.4   45.5   43.5       45.4           45.5   45.4
  Long-Mean 138.0 180.5 157.2     174.7         162.0 184.4
  Long-SD     28.4       19.0           20.4   10.3
  Long-Max 138.0 180.5 182.5     195.5         195.0 195.5
  Long-Min 138.0 180.5 127.8     142.1         142.1 145.0
 3 N        1         7             3                    2
  Lat-Mean     49.0       50.9           53.8   49.8
  Lat-SD             3.5             3.5     0.3
  Lat Max      49.0       56.9           56.9   50.1
  Lat-Min      49.0       47.6           50.0   49.6
  Long-Mean   145.0     152.0         143.9 188.5
  Long-SD          26.3             7.3     1.6
  Long-Max   145.0     189.6         150.5 189.6
  Long-Min   145.0     127.6         136.1 187.4
August 1 N      2   14   21          2                   2
  Lat-Mean   51.2   46.9   48.0       52.3     52.3
  Lat-SD      3.2     1.7     2.3         5.6       5.6
  Lat Max    53.4   51.2   53.4       56.3     56.3

Table 11. Continued.

  Ocean Ocean  Snake Snake            Coastal Coastal
Month age location  A-run B-run Interior     Coastal      summer winter
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  Lat-Min    49.0   45.4   45.4       48.3     48.3
  Long-Mean 133.2 185.8 173.6     169.0   169.0
  Long-SD     3.8   28.9   32.8       26.6     26.6
  Long-Max 135.9 208.7 208.7     187.8   187.8
  Long-Min 130.5 132.2 130.5     150.1   150.1
 2 N       3     3   
  Lat-Mean    46.3   46.3   
  Lat-SD       2.4     2.4   
  Lat Max     49.0   49.0   
  Lat-Min     44.1   44.1   
  Long-Mean  146.9 146.9   
  Long-SD    14.5   14.5   
  Long-Max  158.1 158.1   
  Long-Min  130.5 130.5   
Sept- 0 N             1       1
ember  Lat-Mean          55.7     55.7
  Lat-SD      
  Lat Max           55.7     55.7
  Lat-Min           55.7     55.7
  Long-Mean        151.8   151.8
  Long-SD      
  Long-Max        151.8   151.8
  Long-Min        151.8   151.8
 1 N             1       1
  Lat-Mean          51.0     51.0
  Lat-SD      
  Lat Max           51.0     51.0
  Lat-Min           51.0     51.0
  Long-Mean        182.7   182.7
  Long-SD      
  Long-Max        182.7   182.7
    Long-Min           182.7    182.7

  Ocean Ocean  Snake Snake            Coastal Coastal
Month age location  A-run B-run Interior     Coastal      summer winter

Table 11. Continued.
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Alaska) than summer-run fish, likely due to differences in timing of adult returns to fresh-
water (Burgner et al. 1992). The westward extent of offshore migrations of coastal Oregon 
and California steelhead may be less than other regional stock groups (Burgner et al. 1992). 
A statistical analysis of CWT recovery data indicated that at least some hatchery steelhead 
populations aggregate on the high seas, however, sampling was insufficient to determine the 
size, structure, or stability of these aggregations (McKinnell et al. 1997).

Acoustic tracking and archival tagging studies of North American steelhead kelts indicate 
diverse ocean migration patterns. Acoustic telemetry showed that California Central Valley 
hatchery steelhead kelts exhibit both anadromous and nonanadromous postspawning migra-
tion strategies, and some individuals alternate these strategies between years (Null et al. 2012; 
Teo et al. 2013). Anadromy, the most common strategy, was characterized by short-term resi-
dence near the release site, followed by sustained downstream emigration. For example, one 
California Central Valley (Sacramento River) kelt double-tagged with acoustic and geoloca-
tion archival tags remained in freshwater most of the time after release (285 d), while another 
tagged kelt migrated to California coastal marine waters (219 d at liberty) (Teo et al. 2013). 
Central California Coast (Scott Creek) kelts (2 fish) tagged with temperature-recording ar-
chival tags appeared to time their out-migration to a narrow temperature window between 
February and April, feeding in the California Current while moving northward, and migrat-
ing offshore to the same high-seas areas of the North Pacific as more northern North Ameri-
can steelhead populations (Hayes et al. 2012a). Although sample sizes were small, observed 
differences in migratory behavior between California Central Valley and Central California 
Coast steelhead might be related to the relative size of the river-estuary systems in the study 
populations (Teo et al. 2013). In British Columbia, one acoustic-tagged Keogh River kelt 
migrated slowly in Queen Charlotte Strait (15.6 km in 3 d) and spent a considerable amount 
of time milling (34 h) at one location (Welch et al. 2004). After spending up to 10 months in 
the Ninilchik River (Cook Inlet, southcentral Alaska), acoustic-tagged kelts migrated rapidly 
downstream with no apparent problems adapting to salt water, and held in marine water near 
the river mouth for 0–35.5 h (84 fish; Nielsen et al. 2011). The downstream migration to Cook 
Inlet was diurnal, and significantly related to tidal stage (high tide and ebbing flow). Mini-
mum winter sea temperature data (6.2–6.9°C in December 2002) from two archival tagged 
Ninilchik River kelts indicated a potential maximum southern distribution of 44–45°N in 
the North Pacific Ocean (Nielsen et al. 2011). Future innovative and cost-effective use of re-
mote sensing and acoustic and data storage tagging technology is likely to greatly expand our 
knowledge of stock-specific seasonal distribution of steelhead in the open ocean (e.g., Hayes 
et al. 2013).

To fill gaps in information on seasonal migrations of major stocks, Burgner et al. (1992) 
proposed an age-specific seasonal model of North American steelhead. The model of Burgner 
et al. (1992) was derived from a previously reported comprehensive model of seasonal mi-
grations of both Asian and North American steelhead (Light et al. 1989). A maturity-specific 
model for typically anadromous Kamchatka and North American steelhead (Figure 9), up-
dated with more recent information from tagging studies (Tables 11 and 12), is similar to 
earlier models (Light et al. 1989; Burgner et al. 1992; Kovalenko et al. 2005). Briefly, like 
other Okhotsk Sea stocks of Pacific salmon, juvenile (ocean age-0) Kamchatka steelhead 
may spend their first summer-autumn in the Sea of Okhotsk and western North Pacific off 
southeastern Kamchatka. In subsequent years, again like other Okhotsk Sea stocks of Pacific 
salmon, Kamchatka steelhead are probably distributed primarily west of the international 
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date line (180° longitude) and south of 46°N in the western and central North Pacific Ocean 
(e.g., Myers et al. 1993). Winter-spring distribution of immature Kamchatka steelhead may 
extend far to the east into the northeastern North Pacific Ocean, and summer-autumn distribu-
tion likely extends into the western Bering Sea (Kovalenko et al. 2003, 2005). Steelhead at 
advanced maturity stages and maturing steelhead distributed in the Okhotsk Sea are likely of 
local (Kamchatka) origin (Kovalenko et al. 2003, 2005). North American steelhead during 
their first summer-autumn at sea are distributed in coastal and offshore (Gulf of Alaska) habi-
tats (Figure 9). In subsequent years immature steelhead make extensive seasonal migrations 

Figure 9. Conceptual model of seasonal ocean distribution of Kamchatka steelhead (left panels) and North 
America steelhead (right panels) by maturity stage and type:  juvenile, including half-pounders (top panels); 
immature, including stream-maturing (middle panels); and kelts and ocean-maturing (bottom panels) and 
maturation type (stream-maturing, ocean maturing) based on research vessel catch, age, and maturity data, 
and tag recovery (only N. America) data. Elipses indicate approximate seasonal area of distribution. Open-
shaft arrows indicate overall pattern of seasonal shift in high seas distribution of steelhead to the south and 
east in winter-spring (W/Sp) and to the north and west in summer-autumn (S/A). Solid-shaft and dotted-
shaft arrows indicate movements to and from the seasonal ocean distribution areas to home streams by 
steelhead of various maturity stages and maturation types.
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across broad fronts, moving to the north and west in spring through summer and to the south 
and east from autumn through winter. The open ocean distribution of maturing (winter run or 
ocean-maturing) and kelt (repeat-spawning) steelhead follows similar seasonal patterns but is 
less extensive than that of immature steelhead (Figure 9).

Only a few studies have attempted to develop quantitative estimates of stock proportions 
of steelhead in mixed-stock high seas samples. Dalton (1991) used a natural parasite tag 
(Nanophyetus salmincola), found in roughly 60% of U.S. Pacific Northwest (Washington to 
northern California) steelhead, to estimate proportions of this stock in summer (1986–1987) 
samples collected in the central North Pacific Ocean (170°W–165°E, 40°N–52°N). Estimates 
indicated that ~50% of steelhead distributed in this region were infected with N. salmincola, 
however, the origin of uninfected fish could not be determined. Margolis (1998) reviewed the 
use of N. salmincola for quantitative estimates of steelhead stock composition, and concluded 
that U.S. Pacific Northwest steelhead baselines may need to be re-established annually to ac-
count for annual variation in parasite prevalence (% of stock with the parasite) and intensity 
(numbers of parasites in each host).

A comprehensive genetic database for estimating stock proportions of steelhead and ap-
plication of this database to high seas mixture samples of steelhead is needed to validate 
the assumptions of existing seasonal migration models and advance scientific knowledge of 
stock-specific migrations. This might be accomplished by application of new genetic stock-
identification technologies to existing biological collections of steelhead scales collected dur-
ing high seas research vessel surveys.

Migration Behavior and Mechanism (Speed, Diel Patterns, Vertical Movement, 
Orientation)

Migration speed.—A synthesis of the results of 207 tagging studies indicates that salmonids 
(Pacific salmon, Atlantic Salmon Salmo salar, Brown Trout Salmo trutta, steelhead, and Cut-
throat Trout O. clarkii) at all life stages swim at an average speed of approximately one body 
length per second, likely the speed of minimal energy costs of transport (Drenner et al. 2012). 
Nevertheless, migration speeds and travel rates of steelhead in the ocean are highly variable 
depending on life stage and habitat (Table 13), even among individuals within a single popu-
lation. For example, acoustic-tagged steelhead smolts quickly exited (95% in ≤3 d) the mouth 
of the Columbia River and plume (McMichael et al. 2011). Acoustic-tagged steelhead smolts 
rapidly transited San Francisco Bay Estuary (2–4 d), using flows in the main channel (Chap-
man et al. 2015). Minimum migration speeds, body lengths (BL) per second, of acoustic-
tagged Cheakamus River steelhead smolts during their migration through Howe Sound to 
the Strait of Georgia or Johnstone Strait to Queen Charlotte Strait, British Columbia, varied 
from <1 BLs–1 to >4 BLs–1 (Melnychuk et al. 2007). Average movement rates of acoustic-
tagged native steelhead smolts were higher in the estuary, San Pablo Bay and San Francisco 
Bay, California, than in the coastal ocean (Sandstrom et al. 2013b). Wide variation in travel 
times of individual fish is exemplified by two acoustic-tagged steelhead smolts tracked from 
the Golden Gate Bridge in San Francisco to Pt. Reyes, California (a straight line distance of 
54 km); one fish traveled the distance in 16 d and the other in 145 d (Del Real et al. 2012). In 
general travel rates of steelhead smolts (Table 13) are similar to those reported for other spe-
cies of Pacific salmon (e.g., see summary by Brodeur et al. 2003), although acoustic telemetry 
data for Salish Sea (Puget Sound, Strait of Georgia, Johnstone Strait, Queen Charlotte Strait) 
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populations indicate that after ocean entry Coho and Chinook Salmon have much slower 
and more variable rates of migration than steelhead and sockeye salmon (Welch et al. 2011). 
Variation in migration speed of steelhead smolts likely reflects a complex balance between 
foraging and predator avoidance requirements (Melnychuk et al. 2010). In the only acoustic/
radio-tag tracking study of steelhead on the high seas, the average ground speed of three 
fish for 4, 19, and 144 h, respectively, was 1.2 km/h (Ogura and Arai 1993). During similar 
tracking studies on other species (Ogura 1990, 1991; Ogura and Ishida 1995), the speeds of 
Sockeye, Chum, and Pink Salmon were about twice those of steelhead, and speeds of Coho 
and Chinook Salmon were similar to steelhead. Direction of migration during high-seas steel-
head tracking was not consistent, and fish often seemed to be drifting (Ogura and Arai 1993).

Diel migration patterns.—Acoustic telemetry research indicates that steelhead smolts prefer 
diurnal (daytime) travel during their emigration to the ocean, e.g., downstream in California’s 
Sacramento River, through the San Francisco Bay estuary, and into the Pacific Ocean (Chap-
man et al. 2013). Acoustic-tagged steelhead smolts were first detected at arrays in the lower 
Columbia River estuary during daylight hours, although timing and arrival appeared to be 
most influenced by tide with most fish emigrating on ebb tides (McMichael et al. 2011). An 
earlier study, based on beach seine and purse seine catches in the Columbia River estuary, 
also indicated the greatest downstream movement of steelhead smolts during daylight hours 
(noon to early evening); however, there was no apparent relationship between tidal cycle and 
catch (Ledgerwood et al. 1991). In contrast, in-river migrations of acoustic-tagged Cheaka-
mus River, British Columbia, smolts occurred only at night, and early marine migrations of 
B.C. steelhead through Howe Sound and the Strait of Georgia or Johnstone Strait to Queen 
Charlotte Strait, B.C., did not show any consistent diel patterns (Melnychuk et al. 2007). Diel 
movements of acoustic-tagged Green River (Puget Sound) steelhead smolts were predomi-
nantly nocturnal (nighttime) in the river, transitioned from nocturnal to diurnal (daytime) in 
the upper estuary (perhaps in response to tidal currents), and were predominantly diurnal in 
the lower estuary and inland marine waters (Goetz et al. 2015). Variation in diel patterns of 
steelhead smolts may reflect differences in behavioral responses to predators, prey, and other 
environmental conditions.

Data on diel patterns of distribution of steelhead in the open ocean are rare. A unique 
open-ocean biotelemetry study of three immature steelhead, tracked for 4, 19, and 144 h, 
respectively, in the central North Pacific in July 1992 showed no significant diurnal patterns 
in swimming depths or direction of movement (Table 14) (Ogura and Arai 1993). Due to the 
relatively short tracking period, however, the fish might not have fully recovered from the 
effects of tagging. The only long-term (36-d) electronic data storage tag record of ambient 
sea temperature from a maturing steelhead, tagged in the open ocean (central Gulf of Alaska) 
on 9 July 1998 and recovered in a Copper River Delta (southcentral Alaska) salmon fishery 
on 14 August 1998, showed diel patterns of behavior (Walker et al. 2000b). Temperatures ex-
perienced by the fish were significantly higher at night (mean 12.2°C, SD 1.2°C) than during 
the day, and significantly more variable during the daytime (mean 11.9°C, SD 2.0°C), with 
fish exhibiting rapid movements between warmer and cooler waters (Figure 10). A compari-
son of the data storage tag record with concurrent field-based oceanographic temperature-
depth profiles indicated that the coolest daytime temperature (6.4°C) recorded on the data 
storage tag was at about 50-m depth. Although the temperature data indicated that the steel-
head was located primarily at the surface at night, it may have been actively swimming, as 
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indicated by similar data for other salmon species (Walker et al. 2000b) (Figure 10). In con-
trast, an acoustic tracking study of adult steelhead in inland marine waters showed steelhead 
were distributed at shallower mean depths and had faster travel rates during the day than at 
night (Table 14), and displacement at night resulted from drift (Ruggerone et al. 1990). This 
might reflect diurnal variation in navigation behavior or predator avoidance as adult fish ap-
proach their home stream. Records from two data storage tagged Sacramento steelhead kelts 
that exhibited different migratory strategies showed diurnal variation in swimming depths by 
habitat (Table 14; Teo et al. 2013). However, diurnal variation in swimming depths of two 
data storage tagged Ninilchik River, Alaska, steelhead kelts, recovered after 16 months at 
sea, was not significant (Table 14; Nielsen et al. 2011).

Vertical movements.—Data on the vertical movements of steelhead are sparse, but indicate 
that steelhead are surface oriented, and have a shallower vertical distribution than other spe-
cies of Pacific salmon (e.g., Walker et al. 2007). In general, high seas catch data indicate that 
all life stages of steelhead in the open ocean are distributed primarily in the hyponeuston, just 

Figure 10. Ambient temperatures recorded every 7.5 minutes (6909 data points) on a data storage tag 
externally attached to a male steelhead (age 2.3, 690 mm FL) tagged on 7/9/98 in the central Gulf of 
Alaska (49°58'N, 144°58'W) and recovered on 8/14/98 in Alaska (Copper R. delta, 60°13'N, 144°40'W). 
An initial 4-day recuperation period of fish after release is indicated by limited variation in temperature. 
Shaded bars indicate approximate hours of darkness. Initially, the fish is located in the central Gulf of 
Alaska gyre (maximum temperatures of 11–12°C), then the fish crosses the warmer surface waters of the 
Alaska Current (12–13°C maxima), then moves into cooler coastal waters (Walker et al. 2000b).  Origi-
nal data source: High Seas University of Washington, High Seas Salmon Research Project, University of 
Washington, Seattle.
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under the surface, and upper epipelagic layer, 0–20 m below the surface (Burgner et al. 1992). 
The surface orientation of feeding behavior during all marine life stages is supported by the 
presence of neustonic organisms and floating debris in the stomach contents of steelhead 
(see Feeding and Growth). Nevertheless, limited data from tagging experiments indicate that 
steelhead make frequent vertical movements. For example, estimated vertical movements 
from a single maturing data storage (temperature) tagged steelhead in the Gulf of Alaska in 
summer indicated that the fish made frequent dives during the day to waters 3–5°C cooler 
than the surface (40–60 m deep), and remained at on near the surface at night (Walker et 
al. 2000b) (Figure 10). Six adult steelhead tracked in a British Columbia fjord by ultrasonic 
telemetry (21.0–49.8 h/fish) spent most (average 72%) of the time in surface waters (top 1 m 
of the water column) with frequent 5-m dives to the halocline (9 min median time between 
dives) (Ruggerone et al. 1990). Two Ninilchik River (Cook Inlet) kelt steelhead tagged with 
temperature-depth recording data storage tags in 2002 and recovered in 2004 after 16 months 
also exhibited diving behavior at sea, but spent 97% of their time near the ocean surface (<6 
m depth during day and night, most frequently at depths of 3–4 m) (Nielsen et al. 2011).

Orientation.—Quinn (2005) provides a thorough historical review of competing hypotheses 
to explain salmon orientation on the high seas. The most compelling evidence suggests that 
mechanisms of orientation involve a magnetic sensory system that enables true navigation, 
genetic control, and learned behavior (imprinting) along migration routes. Experimental evi-
dence for Rainbow Trout shows behavioral and electrophysiological responses to magnetic 
field intensity, and has identified candidate (magnetite-based) receptor cells in the nose (lam-
ina propria of the olfactory epithelium) and sensory pathways to the brain associated with a 
learned response to magnetic fields (Walker et al. 1997). The hypothesis of magnetite-based 
receptors is supported at the molecular level by evidence from gene expression in the brains 
of Rainbow Trout exposed to a magnetic pulse known to disrupt magnetic orientation behav-
ior (Fitak et al. 2017). As indicated for other species (e.g., Putman et al. 2011, 2013), an in-
herited sense of direction may enable steelhead smolts to successfully navigate to open ocean 
feeding grounds for the first time.

Acoustic tagging experiments provide some evidence supporting genetic control of direc-
tion of movement of steelhead smolts in coastal marine waters. In a coastal fjord in British 
Columbia, acoustic-tagged steelhead smolts did not appear to use coastline cues for naviga-
tion during nearshore migration (Melnychuk et al. 2007, 2013). Intra-population variation in 
migration direction of individual acoustic-tagged steelhead smolts was documented in the 
Strait of Georgia (Melnychuk et al. 2010). Acoustic-tagged steelhead smolts off the mouth of 
the Columbia River in spring 2010 were rarely detected migrating northward, with the major-
ity migrating southward or directly offshore (McMichael et al. 2011). Acoustic-tagged hy-
brids (steelhead × Cutthroat) in Hood Canal (Puget Sound), Washington, exhibited behaviors 
(residence times and meandering of migration routes) intermediate to those of either species, 
indicating additive genetic control over early marine migration behavior (Moore et al. 2010b).

Evidence from high-seas tagging experiments has long indicated that open-ocean orienta-
tion of Pacific salmonids is not random, and involves sophisticated orientation or true naviga-
tion (e.g., Quinn 1991). As in loggerhead sea turtles (Light et al. 1993), steelhead and other 
salmonids may use inherited geomagnetic compass directions and angles of inclination and 
anomalies of the earth’s magnetic field to navigate during their extensive open-ocean migra-
tions. Although transplantation experiments with tagged steelhead have not been conducted 
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in the open ocean, tagging and transplantation experiments with Atlantic Salmon Salmo salar 
demonstrated stock-specific patterns of migration and orientation in the open ocean (Kallio-
Nyberg and Ikonen 1992; Hansen et al. 1993). Stock-specific patterns may result from natural 
selection of fish migrating by the shortest possible route to open-ocean feeding areas sufficient 
for growth and reproduction, and intra-stock variation in migration patterns may be related 
to biological and environmental factors (Kallio-Nyberg and Ikonen 1992). Experimental evi-
dence shows that juvenile steelhead reared in a natural magnetic field orient in the direction 
of their seasonal oceanic feeding grounds when exposed in the laboratory to magnetic fields 
occurring at the northern (southeast orientation) and southern (northwest orientation) limits 
of their known oceanic range (Putman et al. 2014b). In contrast, juvenile steelhead reared 
in a magnetic field disrupted by building materials commonly used in hatcheries (iron pipes 
and steel-rebar reinforced concrete) showed random orientation that could influence marine 
survival and homing ability (Putman et al. 2014b).

Direction of homeward migration of salmonids from offshore waters also seems to involve 
an inherited crude compass sense of direction (Hansen et al. 1993) or geomagnetic imprinting 
at out-migration or both. Tagging and tracking studies show that movements of individual adult 
Pacific salmonids returning from offshore to coastal waters are rapid and direct (e.g., Ogura 
and Ishida 1995). During out-migration, steelhead smolts may imprint on the magnetic field of 
their natal streams and later use this information to direct natal homing from the open ocean 
(Lohmann et al. 2008). An investigation of the geomagnetic imprinting hypothesis using com-
puter modeling indicates that salmon migrating from the open ocean can use simple behaviors 
incorporating the difference between local and imprinted fields to approach their home river 
in a narrow migration corridor along a magnetic field isoline, and that either magnetic field 
inclination angle or magnetic field intensity are sufficient to direct fish to the river mouth from 
a wide oceanic region (Bracis and Anderson 2012). The first empirical evidence of geomag-
netic imprinting in Pacific salmon suggests geomagnetic models can be used to forecast ocean 
migration routes (Putman et al. 2013). As shown for Fraser River, B.C., Sockeye and Pink 
Salmon, geomagnetic imprinting (drift of the magnetic field) accounts for more of the variation 
in long-distance homing migration routes than olfactory imprinting (ocean circulation) or sea 
surface temperature (Putman et al. 2014a). Nevertheless, future models of orientation and mi-
gration need to capture population-specific strategies and responses of fish to variable oceano-
graphic conditions at appropriate scales (Byron and Burke 2014; Hayes and Kocik 2014).

Homing and Straying

Little is known about homing and straying of steelhead during the ocean life history phase, 
and empirical studies are needed. However, the ability of wild adult steelhead to home to their 
natal streams using olfactory cues during the freshwater phase of their spawning migration is 
well established (Dittman and Quinn 1996), and is an important adaptation for maintaining 
natural spawning populations. In addition, wild adult steelhead can stray to nonnatal streams 
(e.g., Shapovalov and Taft 1954; see review by Keefer and Caudill 2014). Straying is a natural 
behavior that enables steelhead to avoid unfavorable environmental conditions and to colo-
nize new habitats (Quinn 1993; see reviews by Keefer and Caudill 2012, 2014). Keefer and 
Caudill (2014) estimated the mean donor stray rate for studies they reviewed (13.8%, com-
bined summer and winter steelhead), although there was considerable variability in research 
methods and life history traits of the populations in these studies. Summer-run steelhead, en-
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tering streams 6–10 months prior to spawning, may have reduced olfactory sensitivity (Keefer 
and Caudill 2014). Increases in straying of adult steelhead from adjacent streams have been 
observed after natural disasters such as volcanic eruptions (e.g., Leider 1989). Climate and 
ocean conditions likely affect homing and straying proportions in steelhead populations, how-
ever, this has not been investigated.

Straying of hatchery steelhead is a concern because of potential genetic and ecological 
effects on wild steelhead populations (Keefer and Caudill 2014). Documented straying be-
tween Coastal Oregon steelhead Distinct Population Segments, which were based in part on 
differences northward- or southward ocean migration patterns, suggests that some hatchery 
steelhead migrate past their release basin and enter an adjacent Distinct Population Segment 
basin or that ocean migration patterns are more variable than previously indicated (Schroeder 
et al. 2001). Straying sometimes may be overestimated because steelhead may enter nonnatal 
streams along their homeward migration route. Locally-adapted hatchery steelhead stray less 
than transplanted populations, however, straying of hatchery releases can potentially affect 
wild steelhead over a large geographic area (Schroeder et al. 2001). A genetic study indicated 
that local steelhead populations have higher reproductive success than strays from nonlocal 
populations (Narum et al. 2006). A numerical model of steelhead straying in the Snake River 
showed that even at low (~1%) stray rates large donor hatchery populations could numerically 
overwhelm small recipient native populations (Keefer and Caudill 2012).

Timing of Entry into Freshwater for Spawning

Timing of steelhead entry into freshwater for spawning is a highly diverse adaptive trait 
(Table 15). Steelhead enter rivers throughout the year at various stages of sexual maturity from 
completely immature to completely mature, however, the overall pattern is generally classi-
fied into two opposite categories—stream-maturing or ocean-maturing (Table 1; Burgner et 
al. 1992). Stream-maturing steelhead are immature at freshwater entry, typically entering riv-
ers in summer and fall (commonly called summer or summer-run steelhead), where they over-
winter and spawn the following spring. Ocean-maturing steelhead (commonly called winter-
run steelhead) are sexually mature at freshwater entry, typically entering rivers in winter and 
spring and spawning shortly thereafter. Genetic data do not support the hypothesis that ocean- 
and stream-maturing fish are separate monophyletic units (see review by Busby et al. 1996); 
that is, when both ocean- and stream-maturing steelhead occur in the same river system, they 
are genetically more similar to each other than to populations with similar run timing in adja-
cent systems. An investigation of steelhead returning to the Kalama River, Washington, found 
that stream-maturing and ocean-maturing steelhead can be differentiated by levels of stored 
(somatic) lipids (twice as high in stream-maturing fish) but not by marine trophic position and 
location, as indexed by stable isotopes of N and C (Lamperth et al. 2017). Perhaps this might 
be a useful technique to distinguish seasonal ecotypes of steelhead on the high seas.

In western Kamchatka, most steelhead are stream-maturing, commonly called the hiemal 
(fall) race (Table 1) because they enter rivers in September and October, as well as under the 
ice in November, and spawn in May–June (Table 15; Savvaitova et al. 1973, 1999, 2007; 
Maksimov 1976; Kuzishchin et al. 2008). However, small numbers of ocean-maturing (vernal 
race or spring-run) steelhead enter western Kamchatka rivers in early May, e.g., the Bolshaya 
River (Maksimov 1976), Utkholok River (Savvaitova et al. 1973), and the Kekhta River, and 
spawn immediately thereafter (Savvaitova et al. 2007). Kamchatka fishermen have also re-
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Table 15. Months of adult freshwater entry (shaded), spawning (s), and peak spawning (P) timing for se-
lected natural populations of steelhead. Run types of steelhead are indicated by (O) = ocean-maturing and 
(S) = stream-maturing. Months: March (3), April (4), May (5), June (6), July (7), August (8), September (9), 
October (10), November (11), December (12). Source: Updated from Busby et al. 1996 with addition of data 
on Kamchatka populations (Savvaitova et al. 1973, 1999, 2007; Maksimov 1976; Kuzishchin et al. 2008).

Region Month of adult freshwater entry  
 
   Stock (run)                     3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 

Western Kamchatka 
 Snatolvayam (S)    

 Kvachina (S)    

 Utkholok (S)    S S 

 Utkholok (O)     

 Kol (S)    S S 

 Utka (S)    S S S 

 Bolshaya (S)    S S  

 Bolshaya (O)    S S  

Southcentral Alaska    

  Karluk (S)    

  Anchor (S)    

Southeast Alaska                 

  Situk (S)          P P      

  Situk (O)      

  Sitkoh (O)    

  Karta (O)    

Puget Sound, Washington 
  Nooksack (O)    S S S P S 

  Samish (O)    S S P  S 

  Skagit (O)     S S P  S 

  Sauk (S)     S S   

  Cascade (S)       S S  S  S    

  Stillaguamish (O)     S S P  S  

  Deer (S)          S  S   

  SF Stillaguamish (S)         S  S  S  S    

  Snohomish (O)     S P S  S  

  NF Skykomish (S)             

  L. Washington (O)        

  Green (O)     S P P S  

  Puyallup (O)     S P P S  

  Nisqually (O)     S P P S  

  Deschutes (O)   S P S S    

  South Sound Inlets (O)    S P P  

  Tahuya  (O)    S S P  S  

  Skokomish (O)    S S P  S S  

  Dewatto (O)    S S P  S  

  Discovery Bay (O)    S S P  S  S  

  Dungeness(O)     S S  P  S 

  Morse (O)    S S P  S  S  

Olympic Peninsula, Washington 
 1 

7
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Table 15. Continued.

Region Month of adult freshwater entry  
 
   Stock (run)                     3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 

Olympic Peninsula, Washington

 

 

 

7

  Pysht (O)     S S P  S  S 

  Hoko (O)     S S P  S S  

  Quillayute (O)     S S P P S 

  Quillayute  (S)               

  Hoh  (O)     S S P P S  

  Hoh  (S)               

  Queets  (O)     S S P P  S  

  Queets (S)               

  Quinault  (O)     S S P P  S  

  Quinault  (S)               

  Moclips (O)    S S S P P  S  

  Copalis (O)     S S S S  S  

Southwest Washington          

  Humptulips (O)     S S P P S  

  Humptulips  (S)               

  Hoquiam  (O)     S S P P S 

  Wishkah  (O)     S S P P S  

  Wynoochee  (O)     S S P P S  

  Satsop (O)     S S P P S  

  Chehalis (O)     S S P P S  

  Skookumchuck  (O)     S S P P S  

  Willapa Bay (O)     S S P P  

  Columbia River Basin, Washington  
   Grays (O)      S S S  S  

  Elochoman (O)      S P P  S  

  Mill, WA (O)      S P P  S  

  Abernathy, WA (O)      S P P  S  

  Germany Ck, WA (O)      S P P  S  

Columbia River Basin (CRB)          

 FW entry (S)                 

Lower Columbia River          

 Cowlitz, WA (O)      S S S  S  

 Toutle, WA (O)      S P P  S  

 Coweeman, WA (O)      S S S  S  

 Kalama, WA (O)      S P P  S  

 Kalama, WA (S)      S S S  S  

  Lewis, WA (S)         S S  S  S  

  Willamette, OR (O)           S P S  

  Clackamas, OR (O)           S P P 

  Washougal, WA (S)         S  S S S 

  Wind, WA (S)         S  S  S   

  White Salmon, WA (S)         S S S  

Middle Columbia River 
  Klickitat, WA (S)         S S  S   

  Fifteenmile, OR (O)          S S    

  Deschutes, OR (S)         S  S S S 

  John Day, OR (S)          S S S 

 1 
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Table 15. Continued.

Region Month of adult freshwater entry  
 
   Stock (run)                     3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7

   Rock, OR (S)             S  S  S   

  Walla Walla, WA (S)           S S  S  

   Touchet, WA (S)             S P  P    

   Yakima, WA (S)            S S P S   

Upper Columbia River 
   Wenatchee, WA (S)            S S P  S S 

   Entiat, WA (S)             S S P  S  S 

   Methow, WA (S)             S S S S S  

   Okanogan, WA (S)            S S S S S 

Snake River Basin                  

   A-run FW entry (S)                 

   B-run FW entry (S)                 

   Tucannon, WA (S)           S P  P    

   Asotin, WA (S)             S P  P    

   Grande Ronde, OR (S)           S S  S    

Oregon Coast                  

   Yaquina (O)          S S S S S     

   Rogue (S)           P  P  S  S     

Klamath Mountains Province 
   Smith, CA (O)           S P S S    

   Smith, CA (S)          S  P  S       

   Klamath, CA (O)           S S S P S S  

   Klamath, CA (S)          S  P  S       

   Trinity, CA (O)         S P P P P S    

   Trinity, CA (S)          S P S      

Northern California 
   Redwood (O)          S P S S     

   Redwood (S)                  

   Mad (O)           S P P S    

   Mad (S)                  

   Jacoby (O)          S S P P S    

   Freshwater (O)          S S P P S    

   Eel (O)         S S P P S S    

   Eel (S)          S  P  S  S      

   Pudding (O)          S P P S      

   Casper (O)            S P S    

  Gualala (O)          S P S     

California Central Valley 
       Sacramento Basin 
         Early run (O)          S S P      

         Late run (O)          S P P S     S    

       American (O)    S P P S S S 

        Feather (O)         S S P P S S S S  

  Mokelumne (O)     S S P S S S  

Central California Coast 
   Russian (O)          S P P P S S   

   San Gregorio (O)          S S P S     
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ported that small numbers of ocean-maturing steelhead enter the Opala River in spring (Sav-
vaitova et al. 2007). Although precise migration dates for ocean-maturing Kamchatka steel-
head are not known, the open-ocean migration model proposed by Kovalenko et al. (2005) 
does not preclude the possibility of an early (May–June) run of ocean-maturing steelhead to 
western Kamchatka (see Seasonal Migration Model of Major Stocks).

Busby et al. (1996) compiled data on timing of freshwater entry of natural popula-
tions of steelhead in Alaska and along the U.S. West Coast (Table 15). Ocean-maturing 
steelhead have the broadest geographic distribution, occurring in nearly all coastal rivers 
of Washington, Oregon, and California, south to Malibu Creek. Stream-maturing steel-
head are less common. However, in the Columbia River Basin all inland steelhead are 
stream maturing. There is a high degree of overlap in timing of freshwater entry among 
populations with the same ocean- or stream-maturing run type and, among all popula-
tions, in spawn timing regardless of run type. Nevertheless, California populations spawn 
earlier (December) than populations farther to the north, e.g., most Washington steel-
head begin spawning in February or March. In the Columbia River, inland populations 
spawn later than lower river populations. In southeast Alaska, the dominant run type 
is ocean-maturing (March to early June entry timing) in all river systems except riv-
ers with headwaters in Canada (called transboundary rivers). Stream-maturing steelhead 
have been documented as a relatively minor component of total returns to 36 streams in 
southeast Alaska (Alaska Department of Fish and Game, unpublished data). In contrast, 
stream-maturing steelhead (August–October entry timing) are the dominant run type in 
southcentral Alaska. In both southeast and southcentral Alaska, steelhead spawn in spring 
(mid April–early June).

Factors Affecting Ocean Distribution and Migration Timing

Sea temperature.—The preponderance of evidence from field research indicates that sea tem-
perature is the primary physical factor influencing the distribution of steelhead in the open 

Table 15. Continued.

Region Month of adult freshwater entry  
 
   Stock (run)                     3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7

Central California Coast 
  Russian (O)         S P P P S S   

  San Gregorio (O)     S S P S  

  Waddell (O)     S P P P S S 

  Scott (O)     S P P P S S  

South Central California Coast 
  San Lorenzo (O)     S S P S  

  Carmel (O)      S P P S   

Southern California 
  Santa Ynez (O)     S S P P S S S 

  Ventura (O)      S P P S S S 

  Santa Clara (O)     S S P P S S S 

   Malibu (O)   S P P  S  
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ocean. In general, steelhead in the open ocean are distributed between the 15°C isotherm 
(southern boundary) and 5°C isotherm (northern boundary), and shifts in distribution are 
associated with seasonal changes in sea surface temperature (SST) (Sutherland 1973). For 
example, in the central North Pacific Ocean and Gulf of Alaska (170°E–145°W), the distribu-
tion of steelhead (all age/maturity groups combined), as indicated by Japanese research vessel 
catch data (1981–1989), shifts northward with respect to SSTs from late spring to summer 
(Burgner et al. 1992; peak CPUEs at 7.0–7.9°C in May, 8.0–8.9°C in June, 9.0–9.9°C in 
July). As a result, the main body of feeding-migrating steelhead in this region is located well 
north of the subarctic boundary (vertical 34.0 isohaline, Favorite et al. 1976) and south of the 
Aleutian Islands.

Similarly, the northwestward extent of distribution of steelhead in the western North Pa-
cific Ocean (Figure 7) appears to be related to seasonal warming of sea surface temperatures 
(SST) (Kovalenko et al. 2003, 2005). In the vicinity of the Kuril Islands during 1996–2002, 
no steelhead were caught in surface gillnet surveys during May and most of June at SSTs 
< 5.4°C. During late June and early July, steelhead were distributed south of 46°N at SSTs 
of 5.5–7.8°C. As temperatures near the Kuril Islands increased in July and August (up to 
7–10°C), steelhead occurred throughout the area to as far north as 50°30’N, and began enter-
ing the southern Okhotsk Sea by the end of July. The majority of steelhead in this region were 
caught at SSTs of 7–11.0°C.

Field-based evidence from high seas research vessel surveys (1956–1996) suggests that 
steelhead respond behaviorally to upper and lower temperature thresholds that limit latitu-
dinal distribution across most of the width of the North Pacific (Welch et al. 1998). Lower 
thermal limits of steelhead, however, are not well defined due to the lack of winter data. 
The upper thermal limits of distribution of steelhead (all age and maturity groups combined) 
from winter to early summer were at sea surface temperatures (SSTs) of about 11°C, and in-
creased to 12–15.5°C by August. Thermal limits of steelhead distribution were largely stable 
over four decades (1956–1996), however, upper thermal limits showed statistically significant 
fine-scale differences between oceanic regions (<2°C) and between decades (<0.5°C). In win-
ter and spring, the latitudinal ranges of upper and lower SST limits and freshwater spawning 
distribution of North American steelhead were roughly matched, suggesting that thermal re-
quirements of steelhead at ocean entry might drive freshwater distribution (Welch et al. 1998).

Climate-driven change in oceanographic conditions in open-ocean feeding areas and 
along migratory routes of Asian and North American salmon can result in predictable changes 
in the thermal habitats of steelhead (Welch et al. 1998; Abdul-Aziz et al. 2011). Estimated 
thermal habitats of steelhead in the North Pacific Ocean and adjacent seas in the 1980s, based 
on published reference sea surface temperatures of steelhead habitat (6–12.5°C in spring–fall 
and 5–11°C in winter), were 10.2 million km2 (2.5 million km2 in the Gulf of Alaska) in July 
and 8.3 million km2 (4.0 million km2 in the Gulf of Alaska) in December (Abdul-Aziz et al. 
2011). Warming of ocean temperatures associated with greenhouse gas emissions may reduce 
thermal habitats of steelhead in the North Pacific Ocean, possibly resulting in a northward 
shift in steelhead distribution. As temperatures warm in the Bering Sea, conditions may be 
more favorable for steelhead in eastern Kamchatka and western Alaska streams that currently 
host only resident Rainbow Trout (Abdul-Aziz et al. 2011).

Due to bioenergetic constraints, older age-maturity groups of steelhead may have lower 
thermal preferences in the open ocean than juvenile (ocean age 0) steelhead. For example, 
bioenergetic model simulations using field-based (1991–2008) input data indicated that op-
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timal temperatures for growth in the open ocean were 14°C for juvenile steelhead and 12°C 
for older (ocean age-1) steelhead (Atcheson et al. 2012a). Off the coasts of Oregon and Wash-
ington, the mean sea surface temperature was 13.4°C (SD 1.4) in the area of highest abun-
dance of juvenile steelhead (37.2–46.3 km offshore) in May–July (Pearcy et al. 1990). During 
summer trawl surveys in the southward-flowing California Current from central California 
to southern Oregon, all juvenile steelhead were caught at SSTs less than 14.3°C (Hayes et 
al. 2016). Hayes et al. (2016) speculated that the half-pounder life history strategy (Table 1), 
which is relatively common in steelhead of the Klamath region of Northern California, may 
result from the consistently cool (< 14°C) summer SSTs that persist until fall, when warm 
( > 14°C) SSTs effectively block migratory pathways to the open ocean, forcing steelhead 
juveniles to return to cooler natal rivers for overwintering. In the central Gulf of Alaska dur-
ing June–July 1993–2000, research gillnet sampling found juvenile steelhead distributed at 
all latitudes sampled from 49°N to 56°N (8–13°C SST), and juveniles were most frequent 
in catches at 52°N (10°C SST)(Myers et al. 2001). The observed distribution of juvenile 
steelhead at less than optimal temperatures for growth suggests that when temperatures are 
within the range of thermal tolerance other factors may play an important role in open-ocean 
distribution of steelhead.

The extent of offshore distribution of North American steelhead during their second year 
at sea may be influenced by sea surface temperatures (SSTs) experienced during the first year 
in the Gulf of Alaska (GOA). For example, first-year ocean growth of ocean age-1 steelhead 
distributed in the Central Subarctic North Pacific (CNP) during 1991–2009 was positively 
correlated with GOA SSTs lagged to year of ocean growth, while growth of steelhead that re-
mained in the GOA was not significantly related to GOA SSTs (Atcheson 2010). In addition, 
in most years ocean age-1 steelhead distributed in the CNP had larger initial (except 1997) 
and final (except 2001) body weights (estimated from scale growth increments) during their 
first year at sea than steelhead remaining in the GOA (Atcheson et al. 2012a). This suggests 
that growth of large juveniles entering the GOA was positively influenced by warm GOA 
SSTs, and larger fish migrated farther westward (to the CNP or beyond) than smaller fish.

Salinity.—Little is known about the effects of salinity on distribution of steelhead in the North 
Pacific Ocean. Off the coasts of Oregon and Washington, low mean surface salinity (28.6‰) 
in the area of highest abundance of juvenile steelhead (37.2–46.3 km offshore in May–July) 
indicated the influence of freshwater, frequently the Columbia River plume (Pearcy et al. 
1990). In the western North Pacific Ocean, research vessel observations indicate that the 
southern range of Pacific salmon in winter and spring is limited by the upper salinity (halo) 
limit (Azumaya et al. 2007). While halo limits in the western North Pacific Ocean appear to 
be species specific, steelhead were not included in analyses by Azumaya et al. (2007). The 
upper halo limit of Pacific salmon often corresponds to the location of salinity fronts in the 
North Pacific (Azumaya et al. 2007). The Subarctic Boundary (34.0‰ at 0 m) (Favorite et 
al. 1976) generally defines the southern limit of salmonid distribution in the Central North 
Pacific Ocean, and can be considered the upper halo limit of steelhead in the western North 
Pacific Ocean in winter and spring until more precise information is available.

Current.—The ocean range of steelhead encompasses the five major current systems in the 
Subarctic Pacific. These current systems include the Okhotsk-Kuril system in the Sea of Ok-
hotsk; the Subarctic Current System, which originates in the Sea of Okhotsk and extends 
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eastward across the Pacific Ocean; the California Current System, located off the U.S. West 
Coast; the Alaska Current system, which sometimes originates as far south as the mouth of the 
Columbia River, flows around the perimeter of the Gulf of Alaska and extends westward along 
the Aleutian-Commander Island Arc and northward into the Bering Sea; and the cyclonically 
(counterclockwise) flowing Bering Current system (Favorite et al. 1976; McKinnell et al. 
2010). While these major current systems likely play an important role in ocean distribution 
and migration timing, steelhead have never been the focus of research on this topic. The two 
major gyres in the subarctic North Pacific, the Western Subarctic Gyre and the Gulf of Alaska 
Gyre likely provide the most productive feeding habitats for steelhead. In the California Cur-
rent, the recovery of coded-wire tagged juvenile steelhead far to the south of ocean entry loca-
tions may be related to advection of surface waters during the upwelling season (Pearcy et al. 
1990). In the central Gulf of Alaska gyre, persistent mesoscale (200–300 km) and small (<200 
km) eddies may influence primary productivity and the associated distribution of juvenile 
steelhead trout and their prey (primarily small fish and squid) (Onishi et al. 2000; Myers et al. 
2001). Spin up (increased circulation) of the gyre will produce more upwelling and increased 
production (W. Pearcy, Oregon State University, personal communication).

The effects of tidal currents on the distribution and migration timing of steelhead in riv-
er estuaries and inland coastal waters have been investigated to a limited extent by acoustic 
tagging and tracking studies. In British Columbia inland coastal waters, acoustic-tagged 
adult steelhead drifted with the tidal currents at night, however, during the day tidal stage 
and direction of flow did not significantly affect travel rates or orientation (Ruggerone et 
al. 1990). There were no apparent effects of currents on direction of migration of acoustic-
tagged steelhead smolts through the Strait of Georgia, British Columbia (Melnychuk et al. 
2010). However, Furey et al. (2015) proposed that observed counterclockwise movements 
of acoustic-tagged steelhead smolts during outmigration through the Strait of Georgia may 
be due to counterclockwise tidal and wind-driven surface currents in the region. During 
high tides and on ebbing (outgoing) flows smolts (e.g., McMichael et al. 2011; Clements et 
al. 2012) and kelts (Nielsen et al. 2011) moved downstream and entered the ocean. Adult 
steelhead typically enter rivers from the ocean on high tides and flooding (incoming) flows.

Food availability.—Food availability is likely the primary biological factor affecting distribu-
tion of steelhead in the ocean. However, most of the preferred prey consumed by steelhead 
in the ocean make extensive diel vertical migrations or are distributed in the neuston, and are 
difficult to sample using conventional plankton nets or fishing gear. Because of the difficulty 
of synoptic sampling of steelhead and their preferred prey at sea (e.g., Pearcy et al. 1988), 
the effects of food availability on steelhead distribution are largely speculative. The potential 
effects of food availability on steelhead growth, survival, and carrying capacity are discussed 
below (see Feeding and Growth and Survival).

Interspecific interaction.—Community structure analysis of ocean catch data indicates that 
juvenile Pacific salmon species tend to co-occur in the ocean (e.g., Brodeur et al. 2004). In 
the Gulf of Alaska, high overlap in diets of steelhead and other species of Pacific salmon ex-
cept Chum Salmon (Pearcy et al. 1988), indicates the potential for interspecific interactions 
if prey resources, especially the gonatid squid Berryteuthis anonychus, are limited. While 
there is no direct evidence on the effects of interspecific interactions on ocean distribution, 
juvenile (ocean age-0) steelhead are distributed farther offshore than juveniles of other spe-
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cies of Pacific salmon (e.g., Pearcy and Masuda 1982, 1987; Hartt and Dell 1986; Pearcy et al. 
1990). The unique behavioral strategies of juvenile steelhead, e.g., rapid offshore migration 
to the open ocean and distribution at or near the ocean surface, may have evolved to reduce 
interspecific interactions with more abundant Pacific salmon species. Similarly, the largely 
dissimilar ocean distribution patterns and ecology of steelhead and Cutthroat Trout (Pearcy et 
al. 1990) likely evolved to reduce interspecific interactions. The potential growth and survival 
effects of interactions of steelhead with other species of Pacific salmon, as well as ecological 
interactions with other species of prey, competitors, and predators, are discussed below (see 
Feeding and Growth and Survival).

Feeding and Growth

Food Habits and Feeding Ecology

Information on feeding ecology, that is, what organisms are consumed (food habits), how 
food is obtained (foraging habits), and where food is located (habitat), is key to understand-
ing the productivity of steelhead. Steelhead are facultative predators able to consume a wide 
variety of prey and forage in diverse (freshwater, estuarine, coastal marine, and open ocean) 
habitats. In freshwater habitats, steelhead smolts typically consume small invertebrate or fish 
prey species that often differ between rivers (e.g., McCabe et al. 1983), depending on prey 
availability. For example, in the Columbia River, benthic, tube dwelling gammarid amphi-
pods (Corophium species) are the dominant prey of steelhead smolts passing the lowermost 
dam (Bonneville) before entering the estuary (Muir and Emmett 1988). In contrast, steelhead 
smolts in the Utkholok River in western Kamchatka feed mainly on Chum Salmon parr (Sav-
vaitova et al. 1973).

Generally, steelhead smolts migrate rapidly through river estuaries (see above, Timing of 
Entry into Seawater), and frequently have empty or only partially full stomachs (e.g., Sasaki 
1966; Dawley et al. 1986; Daly et al. 2014). Stomach contents commonly include prey ob-
tained in freshwater habitats, also suggesting rapid movement. For example, common inverte-
brate prey found in the stomachs of steelhead smolts in estuaries include the largely freshwa-
ter (salinity <0.1‰) gammarid amphipod Corophium salmonis, larval and adult insects (e.g., 
hymenoptera), and the freshwater benthic Asiatic clam Corbicula manilensis (Sasaki 1966; 
Loch 1982; McCabe et al. 1983; Bottom et al. 1984; Dawley et al. 1986; Bottom and Jones 
1990). Juvenile steelhead consume increasing amounts of food as they enter the ocean and 
migrate offshore (Daly et al. 2014).

In coastal and inland marine habitats, juvenile (ocean age-0) steelhead feed primarily on 
small fish and zooplankton. Most prey are heavily pigmented and relatively large, revealing 
the highly visual foraging behavior of juvenile steelhead (Brodeur 1989). In inland waters of 
Puget Sound, Washington, juvenile steelhead diets are dominated by fish, e.g., Northern An-
chovy Engraulis mordax, juvenile Chinook Salmon, and smelt (Fresh et al. 1981). In coastal 
marine habitats off Oregon, the dominant prey of juvenile steelhead varies interannually be-
tween euphausiids, which may be abundant during years of strong upwelling (Brodeur 1986; 
Pearcy et al. 1990), and larval and juvenile fish (Brodeur 1990b; Miller and Brodeur 2007). 
In some years, Dungeness crab (Cancer magister) megalopae are also a dominant prey of 
juvenile steelhead in coastal waters off Oregon and Washington (Daly et al. 2014). Some prey 
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(insects, barnacle larvae, Cancer spp. megalops larvae, and some fish taxa, e.g., rockfishes, 
hexagrammids, and anchovy), are commonly associated with the neustonic (surface) layer 
(Brodeur et al. 1987; Shenker 1988), indicating the surface-foraging behavior of steelhead 
(Brodeur 1989; Pearcy et al. 1990). There is no apparent relationship between juvenile steel-
head size and the size of fish prey in their diets (Pearcy et al. 1990), although the maximum 
girth of whole fish and squid prey is probably limited by gape width (space between the open 
jaws) of individual steelhead. That O. mykiss is a highly facultative species is demonstrated 
by anadromy in a population of introduced Rainbow Trout that is now well established in the 
Atlantic Patagonian shelf habitats, where young steelhead feed primarily on amphipods (Pas-
cual et al. 2001; Ciancio et al. 2008, 2010).

In open-ocean habitats beyond the continental shelf, juvenile (ocean age-0) steelhead in 
the Gulf of Alaska (GOA) feed primarily on larval and juvenile fish and small gonatid squid 
(e.g., Myers et al. 2001; Atcheson et al. 2012a, 2012b; Figure 11). The prey of juvenile steel-
head includes significantly higher proportions of fish and amphipods than the prey of older 
age groups (ocean age-1, -2, and -3) of steelhead. Interannual variation in the dominant prey 

Figure 11. Prey composition (percent volume) of summer diets of steelhead, showing mean diets for ocean 
age-0 fish in the Gulf of Alaska, 1994–2002 (top), ocean age-1, -2, and -3 fish in the Gulf of Alaska, 
1993–2002 (middle), and ocean age-1, -2, and -3 fish in the Central North Pacific, 1991–2009 (bottom). 
Numbers above the columns are sample sizes. Source: Atcheson et al. 2012b.
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of juvenile steelhead (Figure 11) is likely related to changes in prey abundance or distribution 
with respect to environmental conditions.

Immature, maturing, and adult steelhead are capable of consuming a large variety of 
prey species in coastal and open ocean marine habitats (e.g., Light 1985; Pearcy et al. 1988; 
Kovalenko et al. 2005; Atcheson et al. 2012a, 2012b). Thus, Pearcy et al. (1988) categorized 
steelhead as opportunistic foragers, lacking specialized diets in the open ocean. Food habits 
data, however, indicate that steelhead in the open ocean specialize to at least to some degree 
on relatively few species of highly visable micronekton, including cephalopods (especially 
Berryteuthis anonychus), small mesopelagic fish (Myctophids), juveniles of epipelagic fish, 
crustaceans (adult euphausiids, pelagic decapods, amphipods), pelagic mollusks (pteropods), 
and pelagic polychaetes (Taylor and LeBrasseur 1957; LeBrasseur 1966; Manzer 1968; Light 
1985; Pearcy et al. 1988; Brodeur 1990a; Tadokoro et al. 1996; Kaeriyama et al. 2004; Kova-
lenko et al. 2005; Atcheson et al. 2012a, 2012b; Qin and Kaeriyama 2016). The stomachs of 
individual steelhead in open-ocean habitats typically contain only a few species (Burgner et 
al. 1992). All steelhead caught in the same net haul may have empty stomachs or a high abun-
dance of one prey species, leading Burgner et al. (1992) to speculate that individuals either 
selectively consume evenly-distributed prey or feed opportunistically on patchily-distributed 
prey (Burgner et al. 1992). Gelatinous zooplankton, which often comprise the majority of 
the plankton biomass in the North Pacific Ocean, are not found in steelhead diets (Brodeur 
1990a) (Figure 11). Thus, foraging behavior of steelhead in the ocean appears to involve both 
opportunistic and selective strategies.

Food habits data show considerable spatiotemporal variation in the dominant prey (epipe-
lagic and mesopelagic fish or squid) in diets of immature, maturing, and adult steelhead in the 
North Pacific Ocean (e.g., Light 1985; Pearcy et al. 1988; Kaeriyama et al. 2004; Kovalenko et 
al. 2005; Atcheson et al. 2012b; Qin and Kaeriyama 2016). Peak feeding occurs in late spring 
or early summer (Light 1985), and fish distributed the farthest offshore, particularly south of 
the Subarctic Boundary, tend to have fuller stomachs and fewer empty stomachs (Light 1985; 
Pearcy et al. 1988). In pelagic habitats near or over the continental shelf (average depth of about 
200 m), steelhead diets are often dominated by fish (especially Atka Mackerel Pleurogram-
mus monopterygius, Threespine Sticklebacks Gasterosteus aculeatus, and Northern Lampfish 
Stenobrachius leucopsarus), while gonatid squids often dominate diets in pelagic habitats over 
the deep western, central, and eastern North Pacific basins (average depth of about 4,000 m). 
In the central North Pacific and Gulf of Alaska (GOA), gonatid squid (Berryteuthis anonychus) 
are the most important prey consumed by steelhead, contributing to high stomach fullness and 
prey energy density (Atcheson et al. 2012b). In the eastern North Pacific and GOA, there is a 
strong latitudinal trend in summer diets of steelhead with an abrupt change near the Subarctic 
Boundary; the major prey are pelagic fish and polychaetes north of the boundary and gonatid 
squids south of the boundary (Pearcy et al. 1988; Kaeriyama et al. 2004). These two distinct 
feeding zones are associated with the July latitudinal sea surface temperature minimum (Aydin 
et al. 2000). In a two-year study of steelhead diets in the western North Pacific, the dominant 
prey were squid in the first year and fish in the second year (Light 1985). Longer time series of 
food habits data show significant interannual variation in primary prey (Figure 11), as well as 
stomach fullness, average prey energy density, and percentage of steelhead with empty stom-
achs, and higher interannual variation in regions farther offshore in the CNP than in the GOA 
(Atcheson et al. 2012b). Interannual variability in steelhead diets probably reflects changes in 
prey availability, although differences in sample time and location may contribute to observed 
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differences in steelhead diets (Burgner et al. 1992). As facultative predators, steelhead can 
switch their prey. When prey abundance is low, steelhead may feed nonselectively on prey of 
various sizes and species, while selection of a single species of large prey and high diet overlap 
with other species may occur at high prey densities.

Taylor and LeBrasseur (1957) were the first to speculate that steelhead in the open ocean 
feed at the surface, based on the presence of bird feathers in steelhead stomach contents. 
Many subsequent food habit studies have supported surface-foraging behavior, for example, 
showing that steelhead consume plastic and other floating debris, as well as pelagic inverte-
brate species such as pteropods and polychaetes that swarm in large numbers at the surface 
(e.g., Atcheson et al. 2012b). Although surface-feeding behavior of steelhead has not been 
directly observed in the open ocean, high seas catch data suggest that steelhead remain in the 
near-surface (upper 20 m) layer (Burgner et al. 1992). In the Great Lakes, where O. mykiss is 
an introduced species, steelhead feed very close to the surface under scum lines of insects and 
debris concentrated by thermal fronts (Haynes et al. 1986; Aultman and Haynes 1993; Höök 
et al. 2004). Thermal fronts in the North Pacific Ocean are well known as productive feeding 
habitats for pelagic fishes, but steelhead feeding behavior along thermal fronts in the open 
ocean has not been investigated.

In the open ocean, immature, maturing, and adult steelhead (ocean age-1 and older) are 
active pelagic predators (Kovalenko et al. 2003), and probably feed continuously over a 24-h 
period. Diel variations in feeding habits of Pacific salmon in the Gulf of Alaska indicate a 
dietary shift from squids, fishes, and amphipods during the day to bioluminescent organ-
isms that migrate vertically to the surface at night, e.g., euphausiids and myctophids, forming 
dense aggregations readily exploited by steelhead at very low light levels (Pearcy et al. 1984). 
Comparisons of stomach contents and midwater trawl catches also indicate that steelhead 
forage at the surface at night (Pearcy et al. 1988). In general, this hypothesis is supported by 
limited information from data storage tags. For example, a data storage tag record (tempera-
ture) from one maturing steelhead in the open ocean (Gulf of Alaska) indicated that at night 
the fish was located primarily at the surface but made periodic dives to 40–60 m below the 
surface throughout full 24-h periods (Walker et al. 2000a, 2000b) (Figure 10). Data storage 
tag records (temperature and depth) from two steelhead kelts (16 months at sea) showed that 
the fish spent 97% of time (both day and night) near the ocean surface (Nielsen et al. 2011).

The food habits of steelhead in stream, estuary, and ocean habitats reveal an ontogenetic 
(developmental) shift similar to patterns in other salmonids (Keeley and Grant 2001), i.e., 
young, small steelhead feed primarily on small fish and invertebrates and older, larger (>40 
cm FL) steelhead feed primarily on larger (2–10 cm) actively swimming micronekton (e.g., 
squid, fish, and euphausiids; Figure 11). This ontogenetic shift is a key feature of steelhead 
feeding ecology, independent of their native habitats, as demonstrated by exotic steelhead 
in Patagonia, where young steelhead in coastal marine habitats feed primarily on macrozoo-
plankton (amphipods) and older steelhead in offshore habitats feed primarily on euphausiids, 
fish, and squid (Ciancio et al. 2008, 2010).

Scientific data on the food habits of adult and kelt steelhead in coastal and inland marine 
waters are scarce, although anecdotal evidence from saltwater anglers indicates that they feed 
primarily on small pelagic fish (e.g., herring, anchovy, sandlance, and smelt) in these habitats. 
There is limited evidence that adult steelhead do not feed in river estuaries (e.g., Sasaki 1966). 
Steelhead adults and kelts are known to feed in freshwater, however, published scientific data 
are scarce. In the Snake River, a relatively high percentage (38%) of emigrating steelhead 
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kelts, particularly those in good condition, had food or fecal matter in the gastrointestinal 
tract (Penney and Moffitt 2014b). An experimental steelhead kelt reconditioning project (i.e., 
freshwater culture of postspawning fish during the period when they reinitiate feeding and 
gonad development) indicated more aggressive feeding and better health and survival when 
kelts were fed a natural marine diet (euphausiids, fish, squid) rather than pelletized feed (D. 
Hatch, Columbia River Inter-Tribal Fish Commission, personal communication).

Age, Body Size, and Growth of Juvenile, Immature, and Maturing Fish in the Ocean

As in most ectotherms (animals dependent on external sources of body heat), growth of 
steelhead is regulated by food availability and metabolic rate, which is strongly influenced 
by water temperature. Accelerated growth under artificial rearing conditions enables release 
of most hatchery steelhead smolts after only one year of freshwater rearing. Nevertheless, 
experimental evidence indicates that rearing hatchery steelhead for an additional year before 
release results in larger smolts and improves out-migration survival and travel times (Tatara 
et al. 2017). Wild juvenile steelhead have been documented to rear in freshwater for 0–7 years 
(typically, 2 years) before smoltification and ocean entry (Table 9). Steelhead populations 
rearing in freshwater habitats with sub-optimal conditions for growth, e.g., high elevations or 
latitudes (Alaska, British Columbia), low-productivity streams, or interior headwater streams 
(Columbia and Fraser River basins) tend to smolt at age 3 or older (Withler 1966; Narver 
1969; Sanders 1985; Burgner et al. 1992; Harding and Coyle 2011). Smoltification of juvenile 
steelhead is less related to age than to body size (e.g., Conte and Wagner 1965; Fessler and 
Wagner 1969) (see above, Timing of Entry into Seawater, for additional discussion).

The freshwater age composition of steelhead in the open ocean is uncertain because most 
studies have used scales rather than otoliths for age determination (Burgner et al. 1992). 
Juvenile steelhead can experience high scale loss, and replacement (regenerated) scales usu-
ally cannot be used to accurately determine freshwater age; see Davis and Light (1985) for 
steelhead scale and otolith age determination techniques. In addition, accurate determination 
of freshwater age of steelhead in mixed-stock samples of unmarked hatchery and wild steel-
head is difficult. The major difficulties are that scales of freshwater age-1 hatchery steelhead 
are similar in size to the scales of freshwater age-2 or older wild fish and may have growth 
checks (bands of closely spaced or broken circuli) that can be misinterpreted as freshwater an-
nuli (Figure 12) (Davis and Light 1985; Bernard and Myers 1996). Estimated proportions of 
freshwater age-1 steelhead in high seas samples collected during the 1980s (Figure 13) were 
lower than expected given the high abundance of North American hatchery steelhead (Table 
2); however, they were substantially higher than in the 1950s and 1960s when hatcheries were 
less widespread and less successful (Burgner et al. 1992).

The results of experiments in which two steelhead populations, one from Northern Cali-
fornia Central Valley (Upper Sacramento River basin) and one from Coastal Central Cali-
fornia (Scott Creek) were reared in a common laboratory environment, showed population-
specific differences in size thresholds for smolting, and indicated that the condition of fish 
soon after emergence may significantly affect whether steelhead adopt a freshwater resident 
or smolt life history strategy (Beakes et al. 2010). The approximate size threshold for marine 
survival of steelhead smolts is 15 cm (Ward and Slaney 1988; Bond et al. 2008; Hayes et al. 
2011). At the southern extent of their North American range (Southern California Distinct 
Population Segment region; Table 3) both resident and anadromous O. mykiss in Topanga 
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Figure 12. Examples of the freshwater and early marine portions of steelhead scales. Left panel: scale from 
a freshwater age-1 male hatchery steelhead (510 mm fork length). Right panel: scale from a freshwater 
age-2 female wild steelhead (690 mm fork length). Both fish were sampled at Priest Rapids Dam, Columbia 
River, Washington, on September 18, 1990. The arrows indicate the transition between freshwater and 
marine growth. Source: Bernard and Myers 1995.

Figure 13. Trends in freshwater age composition of high-seas steelhead samples, 1956–1985 (N = 3,475 
fish). Source: Figure 7, Burgner et al. 1992.
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Creek, Los Angeles County, California, grow throughout the year, even when summer water 
temperatures are high (daily maximum >23°C), and smolts reach a large size (>17 cm) at age 
2 associated with high (>10%) marine survival in northern populations (Bell et al. 2011).

Few studies have reported growth rates of juvenile steelhead in coastal marine waters. Juve-
nile steelhead distributed in the California Current region (off the Oregon and Washington coast) 
in May and June, 1981–1985, had mean back-calculated fork lengths (FL) at ocean entry of 19.9 
cm (SD = 29 mm FL, n = 84 fish) and the estimated average growth rate was 1 mm/d (Pearcy et 
al. 1990). The range of lengths of juvenile steelhead in purse seine catches was broad, perhaps 
due to variable size and age at ocean entry or variable growth rates among stocks in mixed-stock 
ocean samples (Pearcy et al. 1990). As indicated by genetic stock identification, juvenile steel-
head distributed in the California Current region (off California and Oregon) in June and August 
2000 included only stocks from rivers located south of Cape Blanco, i.e., the Rogue River and 
nearby Oregon coastal streams (53%), Sacramento and San Joaquin rivers (14%), northern Cali-
fornia coastal rivers (10%), and central and southern California coastal rivers (3%), although the 
stock origins of approximately 19% of the fish were unknown due to incomplete genetic baseline 
data (Brodeur et al. 2004). In the Oregon-Washington coastal region in 2006, estimated mean size 
of juveniles at ocean entrance was larger for hatchery fish (22.4 cm FL, SD = 24.6 mm, n = 16) 
than wild fish (21.1 cm FL, SD = 46.3 mm, n = 5 fish), while marine growth rates were similar 
(0.33 mm/d hatchery, 0.30 mm/d wild)(Daly et al. 2014). Variation in early marine growth rate 
of steelhead smolts migrating through the Columbia River estuary can be partially explained by 
population-specific variation in body size and timing at ocean entry (Weitkamp et al. 2015).

Burgner et al. (1992) analyzed long-term (1955–1985) field data on body size and growth 
of juvenile (ocean age 0), immature, and maturing steelhead in the open ocean. Despite sig-
nificant statistical differences in body size of steelhead caught by various types of fishing gear 
(purse seines, gillnets, and longlines), data were pooled over all gear types and years to obtain 
a full range of body sizes for growth analyses. Juvenile steelhead were poorly represented in 
these data because of selectivity of fishing gear for larger fish. Statistical differences between 
sexes in ocean age-specific body sizes of steelhead were not considered to be biologically 
significant. Mean monthly fork lengths indicated rapid and continuous growth of steelhead, 
especially during the first two years at sea (Figure 14). The body length-weight relationship 
of steelhead in these samples (Figure 15) was similar to relationships for both ocean- and 
stream-maturing steelhead derived using back-calculation procedures from adult steelhead 
scales (e.g., Hooton et al. 1987; Pearcy et al. 1990).

Information on ocean growth rates of maturing and kelt steelhead is sparse. The estimated 
growth rate of a maturing steelhead (445 mm FL) tagged and released near the mouth of the 
Columbia River and recovered 79 d later in the Columbia River was 0.63 mm/d (Pearcy et al. 
1990). Body lengths of repeat-spawning steelhead in Forks Creek, Washington, were shorter 
than those of first-time spawners of the same age, reflecting reduced growth associated with 
spawning (Quinn et al. 2011).

Age at Maturity and Repeat Spawning

Steelhead typically spend 1–3 years in the ocean before returning to spawn for the first 
time (e.g., Savvaitova et al. 1973; Okazaki 1984a; Burgner et al. 1992; Busby et al. 1996). At-
tempts to determine the maturity composition of steelhead at sea have been largely unsuccess-
ful because most ocean sampling is done in April–September, well before most ocean-matur-
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Figure 14. Mean monthly lengths of ocean-caught steelhead by ocean age group, 1955–1985 (N = 9,824 
fish). Apparent decreases in mean length between age groups likely reflects migration of larger, maturing 
individuals to freshwater (Source: Burgner et al. 1992).

Figure 15. Length-weight relationship for ocean-caught steelhead (N = 6,955 fish). Source: Burgner et al. 
1992.
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ing (winter-run) steelhead have begun to mature, and because stream-maturing (summer-run) 
steelhead are sexually immature at river entry. Ocean age 2 is the modal age at maturity 
for most populations of Asian and North American steelhead (Table 16). Some precocious 
male steelhead may mature in freshwater and spawn prior to their first ocean migration (e.g., 
Shapovalov and Taft 1954; Seamons et al. 2004; McMillan et al. 2012). Steelhead age at ma-
turity appears to be at least partially heritable and partially related to saltwater environment 
(Tipping 1991).

There is evidence indicating an inverse relationship between growth or size at age and age 
at maturity (Quinn et al. 2011). Age at maturity of steelhead may reflect variation in marine 
processes controlling trade-offs between egg size and fecundity. For example, the length of 
hatchery steelhead in Forks Creek, Washington, is positively correlated with egg size and 
fecundity, but younger (age 1.2) females have smaller eggs for their size than older (1.3) fish, 
suggesting an effect of growth rate at sea. As determined by scale measurements of Forks 
Creek steelhead, however, smolt size and size after the first year of ocean growth were not 
related to egg size or egg number after adjustment for length.

Steelhead display a relatively high potential for iteroparous reproduction (Narum et al. 
2008a); that is, an individual fish can spawn more than once during its lifetime. The major-
ity of kelts (repeat-spawning steelhead) are female (e.g., Busby et al. 1996; Lohr and Bryant 
1999; Savvaitova et al. 2003; Wertheimer and Evans 2005; Keefer et al. 2008). Spawning 
events can be identified from scale patterns, which reveal that some kelts spawn in consecu-
tive years while others skip a year between spawning events (e.g., Davis and Light 1985; 
Keefer et al. 2008). Elevated levels of maturation-indicating hormone (estradiol) and protein 
(vitellogenin) in the blood of female post-spawning summer-run steelhead kelts, held captive 
and reconditioned in the Yakima River, Washington, indicated that the decision to re-mature 
(consecutive spawning) or not (presumed skip spawning) occurs relatively soon (June-Au-
gust) after spawning in spring (Pierce et al. 2017). The frequency of repeat spawning is highly 
variable within and among populations (Busby et al. 1996; Table 17). Most coastal popula-
tions of North American steelhead have higher levels of iteroparity than inland populations 
(Busby et al. 1996). Repeat spawning is relatively common in California and Oregon steel-
head populations, although more than two spawning events is unusual. The largest number 
of spawning events reported by Busby et al. (1996) was five, from the Siuslaw River, Oregon 
(Bali 1959). Kamchatka (stream-maturing) steelhead can rarely exhibit up to seven spawning 
events (Berejikian and Myers 1996). In Alaska, kelts return to spawn from mid-May through 
June, and 65–80% of kelts are female (Harding and Coyle 2011). Ocean-maturing (winter-
run) stocks in Southeast Alaska appear to have a greater proportion of kelts than summer-run 
stocks (Lohr and Bryant 1999). While Busby et al. (1996) reported that repeat-spawning of 
North American steelhead was highest in southern populations, she did not report data for 
southeast Alaska ocean-maturing populations, which may have a higher percentage of re-
peat spawners—typically 20–30% of a run and ranging from 10% to 50%, than other North 
American steelhead (Lohr and Bryant 1999; Harding and Coyle 2011). Long-term (30-year) 
observations indicate that percentages of repeat spawners in steelhead populations undergo 
periodic changes; for example, when population size is low the number of repeat spawners is 
high (Savvaitova et al. 2003). In the Columbia River Basin, annual repeat migration estimates 
of summer-run steelhead kelts are related to river distance traveled (higher for kelts traveling 
a shorter distance to the ocean)—likely due to the negative effect of dam passage (Keefer et 
al. 2008). In the Snake River Basin of Washington, Oregon, and Idaho, summer-run steelhead 
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kelts exhibited extensive energy (lipid) depletion between upstream migration (September) 
and kelt emigration (June), and this lipid depletion probably limits post-spawning survival 
(Penney and Moffitt 2014a, 2014b, 2015). While repeat-spawning is clearly a bet-hedging 
evolutionary strategy (Wilbur and Rudolf 2006) against reproductive failure, little is known 
about how ocean conditions affect the frequency of repeat-spawning steelhead.

Feeding Rate and Growth

Bioenergetics model simulations using field-based input data indicate that steelhead 
growth in the open ocean is highly variable depending on prey quality, consumption rates, 
total consumption, and thermal experience (Atcheson et al. 2012a). Juvenile (ocean age 0) 
steelhead in the Gulf of Alaska consume relatively high-energy diets (annual average 4,967 
J/g) at relatively moderate feeding rates (48.5%) (Atcheson et al. 2012a), compared with low-
energy (2,800 J/g) and high-energy (5,000 J/g) diets of other species of ocean age-0 (10–100 
g) salmon feeding at high rates (50–100% Cmax) in epipelagic coastal and shelf waters (Beau-
champ et al. 2007). Higher feeding rates can sometimes compensate for low-energy diets. 
Growth is higher in years when thermal experience is close to optimal, and optimal tem-
perature is higher for juvenile (ocean age-0) steelhead than for older, larger fish. Significant 
declines in growth occur when thermal experience deviates substantially from the optimum. 
In the open ocean steelhead appear to have a narrow temperature window in which to achieve 
optimal growth (Atcheson et al. 2012a). Vertical migrations do not appear to significantly 
alter temperature effects on growth. For example, thirty-day bioenergetic simulations of steel-
head growth using field-based temperatures from a data storage tagged steelhead in the GOA 
found that final body weights of steelhead modeled with constant actual SST at the release 
site (10.9°C) versus daily range of data storage tag temperatures (6.4°C–15.6°C) were 1.5% 
less (Walker et al. 2000a).

Trophic Interactions

There are fundamental differences between steelhead and other species of Pacific salmon 
in trophic strategies during the first ocean year. Community structure analyses of diets and 
trophic relationships among dominant marine nekton within the northern California Current 
ecosystem indicate that during the coastal marine phase juvenile (ocean age-0) steelhead form 
a trophic cluster in some years (2002) with other juvenile salmon species that consume fish 
as their primary prey, e.g., Chinook, Coho, and Chum Salmon, but not in other years (2000) 
(Miller and Brodeur 2007). Juvenile steelhead diets also overlapped with diets of other pelag-
ic fishes such as Jack Mackerel Trachurus symmetricus, Pacific Herring Clupea pallasii, and 
smelt due to consumption of adult euphausiids (Miller and Brodeur 2007; Miller et al 2010). 
These dietary overlaps indicate the potential for interspecific trophic interactions during the 
coastal marine juvenile phase (Miller et al. 2010). However, while Chinook, Coho, and Chum 
Salmon spend most or all of their first ocean summer foraging in productive coastal and con-
tinental shelf habitats, ocean age-0 steelhead leave predator- and prey-dense marine coastal 
and shelf habitats for less productive epipelagic waters over the deep ocean basin (Burgner et 
al. 1992; Atcheson et al. 2012b).

Species-specific differences in stomach anatomy suggest divergence in Pacific salmon 
species that serves to reduce interspecific trophic interactions in the open ocean (Welch 
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1997). For example, steelhead have a long, thin, tubular stomach, consistent with their 
ocean diet of large, high energy prey (fish and squid), while Chum Salmon have a large 
stomach that can hold 3.5 times more food volume than Pink Salmon, the most abundant 
species (Welch 1997). Nevertheless, stable isotope analyses indicate that steelhead and 
other species of Pacific salmon feed at similar trophic levels in the Central Subarctic North 
Pacific (CNP) and Gulf of Alaska (GOA) (Kaeriyama et al. 2004; Atcheson et al. 2012b; 
Qin and Kaeriyama 2016; Figure 16). Thus, there is potential for trophic interactions among 
these species that may affect growth and survival. While open-ocean GOA habitats are less 
productive than coastal habitats, by consuming high-energy prey (fish and squid) juvenile 
(ocean age 0) steelhead are able to gain final body weights not achieved by other species 
of Pacific salmon until the second ocean year (Atcheson et al. 2012a). These interspecific 
differences in size-at-age might increase the potential for competitive interactions between 
juvenile (ocean age-0) steelhead and older age groups of other more abundant salmon spe-
cies, particularly maturing Pink Salmon. Trophic interactions between steelhead and older 
age groups of salmon distributed in the same open-ocean habitats might be avoided at least 
in part by spatial (vertical) partitioning of foraging habitats, as steelhead appear to feed at 
or closer to the surface than other species of Pacific salmon. However, hatchery salmonids 
may be conditioned or domesticated to feed at the surface by hatchery feeding practices 
(Reinhardt 2001), increasing the potential for trophic interactions between hatchery steel-
head and salmon at sea.

Density-dependence

In marine habitats, intraspecific density-dependent effects on growth and survival would 
most likely occur at juvenile and immature stages when abundance and densities are high-
est. The greatest potential for interactions is likely between large-scale releases of hatchery 
steelhead and depleted populations of natural (wild) steelhead in inland and coastal marine 
habitats along the west coast of North America. In both the Columbia River estuary and 
coastal ocean off Oregon and Washington, natural-origin steelhead smolts had higher feeding 
intensities, fewer empty stomachs, better condition, and slightly higher growth than hatch-
ery fish (Daly et al. 2014). For hatchery and wild steelhead adults returning to Forks Creek, 
Washington, stable isotope analysis indicates that wild steelhead feed at a somewhat higher 
trophic level with more reliance on nearshore sources of carbon than hatchery fish (Quinn et 
al. 2012). Differences in isotopic patterns between wild and hatchery Forks Creek steelhead 
appeared to be related to differences in ecological processes (foraging behavior or feeding 
location) rather than a size or growth effect. Intraspecific density-dependent effects on growth 
of steelhead in the open ocean may be unlikely given that steelhead are solitary predators and 
their abundance in open ocean habitats is low.

The availability of micronekton (squid and fish) and crustacean resources to salmonids in 
the Central Subarctic North Pacific Ocean (CNP) may be limited during years of high Pink 
Salmon abundance (Tadokoro et al. 1996). Tadokoro et al. (1996) speculated, however, that 
steelhead might not be affected by food limitations because there was little overlap in distri-
bution with Pink Salmon along a 180°-longitude survey transect in the CNP (June–July 1991–
1992). Atcheson et al. (2012b) found that indicators of good steelhead diets (high propor-
tions of squid and high prey energy density) along the same CNP survey transect (June–July 
1991–2009) were negatively correlated with the abundance of wild populations of eastern Ka-
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mchatka Pink Salmon. While steelhead and Pink Salmon distribution may not directly overlap 
in time and space, large runs of adult Pink Salmon may deplete prey resources throughout a 
broad oceanic region. In the Gulf of Alaska, however, there was no evidence for competition 
between steelhead and North American Pink Salmon (Atcheson et al. 2012b). North Ameri-
can Pink Salmon are typically 20–30% less abundant than eastern Kamchatka Pink Salmon 
(Ruggerone et al. 2010a, 2010b).

Figure 16. Mean levels of carbon (δ13C) and nitrogen (δ15N) stable isotopes of steelhead and the four most 
abundant prey of steelhead in the Central North Pacific (CNP) in 2007 and 2008 (top), and relationship be-
tween δ13C and δ15N of steelhead in the CNP (this study) and published (Kaeriyama et al., 2004) values for 
six species of Pacific salmon in the Gulf of Alaska (GOA) (bottom). Sample sizes are shown in the legends. 
Error bars are standard deviations. Source: Atcheson et al. 2012b.
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When adult steelhead returns are low, density-dependent processes (growth and sur-
vival of juveniles) can deplete marine-derived nutrients from freshwater habitats (Moore et 
al. 2011). Iteroparous steelhead export (as kelts and smolts) the majority of the amount of 
marine-derived nutrients that they import (as adults), importing only 1.6 times more than 
exporting, compared to semelparous species, e.g. Chinook (8.3 times) and Coho (10.4 times) 
(Moore et al. 2011).

Other Causes of Ocean Growth Variation

Climate-driven changes in ocean conditions can affect diets and growth of steelhead mi-
grating in the North Pacific Ocean. For example, during the 1997–1999 ENSO event there 
was a large decrease in squid in the summer diets of steelhead in the Gulf of Alaska (GOA) 
(Kaeriyama et al. 2004; Atcheson et at. 2012b; Qin and Kaeriyama 2016). The decrease in 
dietary squid was even larger in the Central Subarctic North Pacific (CNP) than in the GOA 
during 1997 and 1999, and steelhead diets in the CNP in 1997 contained the highest propor-
tion of marine debris, including potentially toxic plastic, observed over a 19-year time series 
(Atcheson et al. 2012b).

In the 1990s and 2000s, summer sea surface temperatures (SSTs) did not reach optimal 
temperatures for open-ocean steelhead growth except during the 1997 El Niño event (Atcheson 
et al. 2012a). Ward et al. (1989) observed higher smolt-to-adult survival of smaller size classes 
of Keogh River, British Columbia, steelhead smolts during the 1982–1983 El Niño event com-
pared with other (non-El Niño) years. Modeled growth potential of steelhead under future SST 
scenarios showed reduced growth as temperatures warm beyond the optimum growth tempera-
ture for a given feeding rate and body mass of steelhead (Figure 17; Atcheson et al. 2012a). 
Daily growth curves show that the combined reduction in physiological maximum feeding 
rate and increasing metabolic costs prevent any potential increases in steelhead feeding rate or 
energetic prey quality from sustaining historical growth rates for temperatures beyond 14°C 
for ocean age-0 steelhead and 12.2–12.5°C for ocean age-1 steelhead. The resulting growth de-
cline might become a strong selective force in shifting the geographic distribution of steelhead 
in the ocean and perhaps in freshwater (Atcheson et al. 2012a).

Survival

Trends in Abundance

No quantitative data on trends in abundance of western Kamchatka steelhead are avail-
able. Kamchatka steelhead were included in, “The Red Book of Russia” of 1983 (Pavlov et 
al. 1999), a state document that lists rare and endangered wild species, because abundance 
levels were thought to be low—apparently due to illegal freshwater fishing activities (poach-
ing). Incidental catches by Asian high seas driftnet fisheries targeting more abundant species 
of Pacific salmon and squid likely also had a significant impact on Kamchatka steelhead 
abundance up to the early 1990s when the high seas driftnet fisheries were terminated. In 
the 2000s, most populations of Kamchatka steelhead appeared to be relatively healthy and 
increasing in abundance (P. W. Soverel, Kamchatka Steelhead Project, Wild Salmon Center, 
personal communication).
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Figure 17. Temperature-dependent daily growth responses for steelhead of two different body masses 
(smolt and ocean age 1) using field-based prey energy density and estimated consumption rates for the 
Gulf of Alaska (GOA) in 1997 (top panel: 4,420 J/g diet, 55% C

max 
) and 1999 (bottom panel: 5,582 J/g, 

46% C
max 

). The rectangle enclosing the GOA mean sea surface temperature (SST) line (12.2°C) includes the 
minimum–maximum range of GOA monthly mean SSTs during 1997 (9.4–14.2°C) and 1999 (7.4–12.6°C).  
Source: Atcheson et al. 2012a.

In North America, the abundance of wild steelhead has been declining in most major pro-
duction regions since the late 1800s. Although estimates of historical peak run sizes are not 
available for many U.S. West Coast steelhead Distinct Population Segments (Table 3), abun-
dance may have been highest in the Central Valley of California (Sacramento-San Joaquin 
and Klamath-Trinity River basins), where run size may have approached 1–2 million adults 
annually in the late 1800s, and declined to <40,000 adults in the 2000s (McEwan 2001). In the 
inland waters of Puget Sound, Washington, estimated total abundance of winter-run steelhead 
during the year of peak commercial catch (1895) was 622,000 fish (range 485,000–930,000 
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fish) (Gayeski et al. 2011). Historical abundance of wild steelhead was also high in the Colum-
bia River, where estimated catches during the 5-year peak fishing period (1892–1896) aver-
aged 382,000 steelhead per year, and then rapidly declined due to overfishing and degradation 
of freshwater habitats (Chapman 1986). During the 1980s and 1990s, trends in abundance 
of adult hatchery and wild steelhead populations along the Pacific Coast of North America 
were often similar, indicating that the climate-driven (Aleutian Low, El Niño/La Niña events) 
changes in the ocean environment (e.g., sea level height, sea temperature, coastal upwelling, 
strength of the California Current, circulation in the Subarctic Gyre, nutrient and zooplank-
ton concentrations, predator distribution and abundance) played a major role in determining 
abundance trends (Cooper and Johnson 1992; Fisher and Pearcy 1994). In general, abundance 
was low during the early 1980s, peaked during 1985–1988 run years, and declined into the 
1990s. A comparison of adult abundance trends for 20 Washington State populations of wild 
steelhead between the 1980s (1980-1989) and 2000s (2000-2009) showed that all populations 
had declined except for two Lower Columbia River populations (mean percent change: Puget 
Sound = –53%, n = 7 populations; Strait of Juan de Fuca = –34%, n = 3; Washington Coast = 
–22%, n = 5; Lower Columbia River = –13%, n = 5) (Kendall et al. 2017).

More information is needed on steelhead stock status and trends throughout Alaska (Mar-
ston 2010, 2012). During the 2000s, adult escapements of wild steelhead populations in Alaska 
were considered stable and higher than in the late 1990s, although some populations had not 
increased from depressed levels in the late 1980s and early 1990s. During the mid 2000s, adult 
steelhead abundance trends (long-term median counts, 1992–2011 in index populations) were at 
an all time high in southeast Alaska and below average in southcentral Alaska. During the late 
2000s and early 2010s, these geographic trends were somewhat reversed, with southeast popu-
lations at or below the long-term median and southcentral populations at or above the long-term 
median (late 2000s) or mixed (early 2010s). Primary threats to steelhead in Alaska are habitat 
degradation (roads, hydroelectric projects, timber harvest management, mining projects) and 
undocumented harvest in commercial and subsistence fisheries (Marston 2010, 2012).

In British Columbia (B.C.), landscape approaches that estimate maximum fry, parr, smolt 
or adult capacity in freshwater habitats (e.g., Tautz et al. 1992; Riley et al. 1998), and es-
timates derived from adult stock and recruitment relationships (Lill 2002), combined with 
estimates of current abundance fry or adult abundance, have been used to assess status of 
steelhead stocks. A provincial review of the status of 580 steelhead stocks in 2000 listed 29% 
of stocks as an “extreme conservation concern” (i.e., there is probability that the stock could 
be extirpated), 23% as a “conservation concern,” that is, the stock is over-fished, and 48% as 
”healthy“ (BCMWLAP 2002). Decreases in abundance of southern B.C. stocks in the 2000s 
were largely attributed to environmental change, rather than over-fishing (BCMWLAP 2002).

During the 2000s, the abundance of steelhead was low in the southern third of B.C., 
relatively high along the west coast of Vancouver Island, and even higher in the northern two 
thirds of B.C. (Bison 2008). However, there was evidence of a downward trend or shift in 
abundance of major runs in northern B.C. (e.g., Dean, Skeena, and Nass) during or starting in 
the mid 2000s. These broad trends were generally considered to reflect latitudinal variation 
in marine survival. In the early 2010s, survival of some southern B.C. (Georgia Basin) stocks 
improved, particularly coastal summer- and winter-run steelhead stocks on Vancouver Island 
and southern mainland areas (Pollard and Beere 2012). However, Keogh River and interior 
summer-run Fraser stocks continued to experience record low abundances, perhaps related 
to low freshwater productivity and low nearshore ocean survival (Pollard and Beere 2012).
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Along the U.S. West Coast during the 2000s, total adult run sizes of wild steelhead in 
coastal Distinct Population Segments (Table 3) in Washington State (Puget Sound, Olym-
pic Peninsula, Southwest Washington, and Lower Columbia River) declined, while inland 
Distinct Population Segments (Middle and Upper Columbia River) increased (Scott and Gill 
2008; Anderson 2010; Ford 2011; Marshall and Leland 2012). Gayeski et al. (2011) estimated 
that the current abundance of Puget Sound winter steelhead is likely only 1–4% of what it was 
in the late 1800s (mode of 622,000 fish), and concluded that without an extraordinary decline 
in productivity in freshwater and/or the ocean, loss of freshwater habitat alone could not ac-
count for this reduction in abundance. Smolt-to-adult returns of wild Snake River steelhead 
increased between 1977 and 1987, and then decreased beginning in the late 1980s to low 
levels seen previously only in 1973, 1977, and 1981 (Williams et al. 2001). A standardized 
quantitative status and risk assessment for wild steelhead in the Lower Columbia River (12 
stocks), Middle Columbia River (28 stocks), and Upper Columbia River and Snake River 
(7 stocks) Distinct Population Segments (Table 3) showed long-term (1965–2000) declining 
trends throughout the Columbia River Basin (McClure et al. 2003). Under the assumption 
that hatchery-reared spawners were straying to natural spawning grounds and reproducing, 
thus masking trends in natural populations, natural reproduction and survival of Columbia 
River Basin steelhead was extremely low. The long-term outlook was poor, with an estimated 
probability of >25% that steelhead Distinct Population Segments would be only one-tenth 
of current levels in 50 years. Nevertheless, in the 2000s, abundance of hatchery and wild 
Idaho steelhead (inland populations of the Snake River Basin Distinct Population Segment) 
increased—reversing the 30-year decline, and the 2009–2010 run was the largest on record at 
312,430 steelhead (42,100 wild steelhead) (Byrne 2010). During the 1960s, prior to construc-
tion of four major dams and reservoirs on the lower Snake River, however, most steelhead 
returning to Idaho were wild, and runs averaged about 70,000 fish.

In Oregon, the abundance of the Columbia River Distinct Population Segments (Mid-
Columbia, Lower Columbia, Upper Willamette DPSs) during the 2000s was low or continued 
to decline, however, abundance increased in the late 2000s and early 2010s (Goodson 2010, 
2012). There were no apparent declining trends in abundance of the Oregon Coast or Klamath 
Mountains Province Distinct Population Segments during the 2000s.

In California, monitoring has been inadequate to detect trends in abundance, but the abun-
dance status of most wild steelhead stocks during the 2000s was considered to be low and 
stable (Jackson 2010; Nelson 2012). However, if present trends in climate change, reduced 
supply of fresh water, habitat degradation, and adverse effects of hatchery production continue 
most California steelhead could be extinct or extirpated within the next 100 years (Katz et al. 
2012). The abundance of populations in most watersheds in the Southern California Distinct 
Population Segment (U.S. Endangered Species Act-listed as endangered, Table 3), however, 
likely continued to decline in the 2000s (http://www.swr.noaa.gov/recovery/Steelhead_SCS.
htm). Wild populations of Southern California Distinct Population Segment steelhead were 
considered extirpated in over half of the 46 watersheds where they spawned historically, and 
estimated total annual runs declined from 55,000 to less than 500 adult steelhead. Run sizes 
in the four largest watersheds (Santa Maria, Santa Ynez, Ventura, and Santa Clara Rivers) in 
the northern portion of the Distinct Population Segment declined by 90% or more. Since the 
original U.S. Endangered Species Act (ESA) listing, steelhead were documented in only three 
watersheds in the southern California range extension (from Malibu to the USA–Mexico 
border).
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Ocean Mortalities of Juvenile, Immature and Maturing Fish

Survival and abundance of steelhead is determined by the cumulative effects of mortality 
factors across all life stages and habitats (e.g., Bisbal and McConnaha 1998). Until recently, 
however, life stage specific estimates of ocean mortalities of wild steelhead were seldom 
available. Estimates of smolt-to-adult return survival, which include components of down-
stream mortality of smolts and upstream mortality of adults, are often used as a proxy for 
marine survival. A synopsis of estimates of smolt-to-adult return survival of British Columbia 
and U.S. steelhead (mostly hatchery) populations showed a broad range of values (0–18%) 
(Bley and Moring 1988). Extensive hatchery programs can obscure trends in abundance of 
wild populations. Availability and quality of freshwater habitat are frequently considered 
primary factors in observed declines in steelhead abundance (Kope and Wainwright 1998). 
Some of the most detailed studies of life stage specific survival have focused on Columbia 
River steelhead populations. The survival of steelhead smolts (hatchery and wild) migrating 
downstream through the Snake River and Columbia River, estimated using data from passive 
integrated transponder (PIT)-tagged fish, was higher in the 1990s than in the 1970s (Muir et 
al. 2001). Nevertheless, there was no improvement in adult steelhead return rates, indicating 
the importance of ocean survival and probable effects of poor ocean conditions.

To evaluate whether declines in abundance of Snake River and Columbia River steelhead 
might be related to ocean conditions, McClure et al. (2003) compared long-term population 
growth rates during two periods: (1) 1980–2000, when hydropower conditions were stable and 
ocean conditions were generally regarded as poor, and (2) a longer period (1965–2000) with 
both favorable and poor ocean conditions. The results showed no significant decline in popula-
tion growth rates between the two periods for Columbia River steelhead Distinct Population 
Segments, however, estimated population growth rates for the Snake River Distinct Population 
Segment were significantly lower during the longer period, perhaps due to unstable hydro-
power conditions, i.e., dam construction on the Snake River during the 1960s and 1970s.

Smolt-to-adult returns (SARs) of wild Snake River steelhead, estimated using counts of 
smolts and adults at the uppermost dam and published estimates of wild smolt abundance, 
averaged 7.3% in the 1960s, 3.5% during the 1970s and 1980s and 2.3% during 1990–2005 
(Petrosky and Schaller 2010). Estimated survival during the first ocean year showed a sim-
ilar declining trend, averaging 21.1% in the 1960s, 11.0% during 1970–1984, and 2.7% 
during 1990–2005. Low SARs and first-year ocean survival rates were statistically related 
to both in-river conditions (warmer water temperature, slower river velocity) during smolt 
out-migration and early ocean conditions (warmer nearshore sea surface temperature and 
reduced upwelling in the spring), indicating that freshwater and ocean survival rates are 
not independent. PIT-tag estimates of SARs for wild Snake River steelhead during the late 
2000s and early 2010s continued well below the Northwest Power and Conservation Council 
(NPCC) SAR objectives of a 4% average and 2% minimum for recovery of this ESA-listed 
population (Tuomikoski et al. 2012).

Estimates of SARs and spatial covariation in SARs for 33 populations of steelhead from 
Oregon, Washington, and B.C. showed annual values ranging from <0.1% to 35% (mean 4%), 
large variation and declining trends over time for most populations, greater similarity among 
geographically proximate populations than among distant populations, and an estimated spa-
tial scale of synchrony in SARs at 248 km (Kendall et al. 2017). The relatively small spatial 
scale of synchrony in estimated SARs suggested that factors important to survival occur early 
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in the marine life of steelhead, before populations intermix on the high seas (Kendall et al. 
2017). However, because steelhead abundance data (smolt and adult) are usually collected in 
fresh water, SAR estimates may conflate potential effects of freshwater and ocean conditions 
at multiple life stages. 

Acoustic telemetry studies have revealed that early marine survival of hatchery steel-
head is often lower than that of wild fish (Goetz et al. 2015; Moore et al. 2015). An investiga-
tion in Hood Canal (Puget Sound), Washington, indicated that poor hatchery practices (high 
rearing density and associated issues with rearing fish in large rectangular raceways) reduced 
early marine survival of hatchery steelhead smolts (Moore et al. 2012). An investigation of 
possible causes of low SARs (~0.5%) of Seymour River (North Vancouver, B.C.) hatchery 
steelhead, which compared the migration and survival of numerous different experimental 
groups within each study year (2006–2009), showed no significant effects of race (summer- 
vs. winter-run fish), time of day (night vs. day), and date of release (groups released 10 days 
apart) on survival (Balfrey et al. 2011). However, there was a significant improvement in 
early marine survival (from 2% to 32%) for groups of hatchery fish released directly into 
the ocean compared to conventional (freshwater) release groups (Balfrey et al. 2011). Mark-
recapture models of acoustic-tagged hatchery and wild steelhead smolts in Puget Sound 
indicated substantial variation in survival probabilities by hatchery/wild rearing type, as 
well as by year (2006–2009), release date, population, and migration segment (Moore et 
al. 2015). Another investigation tracked acoustic-tagged hatchery steelhead smolts during 
outmigration in coastal British Columbia, and found that survival after release was lowest in 
the river and first marine inlet located along the monitored migratory route, while survival of 
a second group of smolts released beyond the first marine inlet increased by a factor of two 
(Healy et al. 2017). 

The results of acoustic telemetry investigations indicate substantial spatial and temporal 
variation in marine survival of steelhead (also see above—Timing of entry into seawater).  
In British Columbia, Keogh River (northeast Vancouver Island) steelhead smolts migrating 
from the river mouth through Queen Charlotte Strait (~23–34 km) experienced relatively low 
early marine mortality (≤45%), suggesting that this might not be the most critical stage for 
determining steelhead recruitment (Welch et al. 2004). In contrast, Cheakamus River (B.C. 
Mainland) steelhead smolts experienced high daily (5–10%) and total (65–73%) mortality as 
they migrated downstream and through Howe Sound and the Strait of Georgia (406–422 km) 
(Melnychuk et al. 2007). Total marine survival of Cheakamus steelhead was about 5–10%, 
therefore, estimated mortality during the remaining 1–3 years of ocean life was 17–22% 
(Melnychuk et al. 2007). In Puget Sound, Washington, hatchery and wild steelhead smolts 
had high daily (3%) and total (72%) mortality rates as they migrated from river mouths to the 
Strait of Juan de Fuca (~160–210 km), and daily mortality rates in the open ocean would have 
had to decrease substantially (0.43–0.28%) to achieve 2–5% SARs (Moore et al. 2010a). In 
two coastal Oregon streams, reach-specific estimates of survival of acoustic-tagged steelhead 
varied among years, generally decreased as smolts moved from freshwater and through the 
estuary to the ocean, and were lowest in the estuary-ocean transition reach at the river mouth 
(Nehalem River: 59% in 2001, 77% in 2002, 64% in 2009; Alsea River: 39% in 2007, 58% 
in 2009)(Romer et al. 2012). Reach-specific survivals of acoustic-tagged Central California 
Coast native steelhead smolts were 70% in the initial 30-km reach (Napa River), highest in 
the estuary (San Pablo Bay, 89%; San Francisco Bay, 96%), and lowest in the coastal ocean 
(60%)(Sandstrom et al. 2013b). A reciprocal acoustic tagging experiment tracked steelhead 
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smolts from two Puget Sound populations (Nisqually River, Duwamish-Green River) re-
leased into both natal and non-natal rivers, and found that a short (64 km) difference between 
release sites (river mouths) in the initial marine migration route accounted for most of the 
difference in early marine survival through Puget Sound (6% for the longer route; 17% for the 
shorter route) (Moore and Berejikian 2017). While there are many potential sources of bias in 
survival estimates derived from acoustic telemetry data (see review by Klimley et al. 2013; 
see below—Predation), the results suggest that levels of mortality sufficient to affect SARs 
can occur during both early and later marine life-history stages.

Critical Period

The first summer in the ocean is considered the most critical period for ocean survival of 
Pacific salmon (e.g., Hartt 1980; Hartt and Dell 1986; Beamish and Mahnken 2001; Farley et 
al. 2007). In general, mortality appears to be highest when juveniles are distributed in river 
estuary, inland marine, and open-coast continental shelf regions. The critical size and critical 
period hypothesis identified two distinct critical periods of early ocean mortality of Pacific 
salmon (Beamish and Mahnken 2001). The first period occurs immediately after ocean entry 
when predation mortality is likely high, and the second occurs during late fall and winter 
when size-selective mortality is likely high. Size-selective mortality of steelhead during all 
marine life stages may be driven by overall growth rates established during early freshwater 
life stages (Thompson and Beauchamp 2014).  

As discussed in the previous section, evidence from survival studies suggests that ocean 
mortality of steelhead sufficient to affect the number of adult returns can occur during both 
early and later marine life history phases. For example, the post-ocean entry growth of juve-
nile Columbia River steelhead distributed on the continental shelf off Oregon and Washington 
in May was positively correlated with adult returns (Jacobson et al. 2012). Estimated survival 
during the initial marine period in inland waters (~1 month) for acoustic-tagged southern Brit-
ish Columbia steelhead and Sockeye Salmon populations was large (approximately one in six 
juveniles surviving to exit the Salish Sea) compared to smolt-to-adult survival determined by 
other methods (approximately one in 25–100 migrants) (Welch et al. 2011). 

Winter may be the most critical period for density-dependent salmonid growth in the 
open ocean, even though growth is slower in winter than in summer (Aydin 2000). Explor-
atory ECOSIM models indicate that regime-scale (1976–1977) changes in salmon biomass 
are related more to shifting of winter trophic pathways between plankton and salmon rather 
than a shift in plankton themselves (Aydin et al. 2003). Russian research vessel surveys in 
the western subarctic North Pacific (winter–spring 1986–1992 and 2009–2011, and summer 
2004–2014) discovered intensive winter foraging of other salmonid species (Pink, Chum, 
and Coho Salmon) that was not significantly different than in other seasons (Naydenko et al. 
2016). Research on steelhead and salmon during their first winter in the North Pacific Ocean 
would provide useful information for further testing the critical period hypothesis with re-
spect to the second critical phase (Myers et al. 2016).

Diseases and Parasites

The importance of pathogens to ocean survival of steelhead is difficult to determine, par-
ticularly in population time series data, because the effects of pathogens often occur at a lo-
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cal scale while larger-scale factors, e.g., climate and ocean conditions, also influence overall 
population dynamics (Fujiwara et al. 2011). A practical limitation is the difficulty of assess-
ing fish health at sea. Marine ectoparasites, however, can often be observed with the naked 
eye. For example, the salmon louse Lepeophtheirus salmonis is a copepod ectoparasite that 
feeds on the skin of salmonids. Salmon lice frequently occur in clusters near the anal fin and 
cause lesions that can become infected by bacterial or fungal diseases, and may cause osmo-
regulatory failure in severe cases (Wooten et al. 1982; Nagasawa 1987). Annual (1991–1997) 
monitoring of the population size of salmon lice on six species of Oncorhynchus, caught by 
surface longline in offshore waters of the North Pacific Ocean and Bering Sea, indicated that 
steelhead, Pink Salmon, and Chinook Salmon consistently had the highest prevalence, mean 
intensity, and abundance of infection (Nagasawa 2001). Due to low abundance of steelhead, 
however, the species consistently hosted only a small percentage of the total L. salmonis 
population (Nagasawa 2001). Salmon lice are probably transmitted from adult to juvenile 
salmonids during periods of overlapping distribution in coastal marine waters (Ho and Naga-
sawa 2001; Beamish et al. 2007). For steelhead, adult-to-juvenile transmission of salmon lice 
might also occur in the open ocean, because juvenile steelhead migrate offshore during their 
first summer at sea, where their distribution overlaps with adult (kelt) steelhead. The natural 
ocean mortality of steelhead caused by salmon lice has not been investigated.

Health status of steelhead before entering the ocean likely affects disease resistance and 
subsequent ocean survival. Specific measures of external condition (e.g., body injuries, des-
caling, external signs of disease, fin damage, and ectoparasite infestations) are significantly 
correlated with both the presence of selected pathogens, detected by histopathology and poly-
merase chain reaction analyses, and out-migration survival of ocean age-0 steelhead (Hostet-
ter et al. 2011). Adverse responses to anthropogenic factors during out-migration may vary 
among salmonid species, making them more or less susceptible to pathogens. For example, 
before and after measures of stress (increased plasma cortisol and glucose concentrations 
and decreased plasma chloride concentrations) indicated that steelhead were less stressed by 
barge transport around dams than Chinook Salmon (Congleton et al. 2000). In polluted rivers 
and estuaries, immunosuppressive organochlorine compounds are accumulated by juvenile 
salmonids (Arkoosh et al. 1998), which might increase susceptibility of steelhead to marine 
pathogens (Macdonald et al. 2003).

Romer et al. (2012) examined steelhead smolts for parasite loads in two coastal Oregon 
Rivers (Nehalem River and Alsea River). They found that parasite loads, especially a trema-
tode parasite (Nanophyetus salmincola) associated with early ocean mortality of Coho Salm-
on (Jacobson et al. 2008), differed significantly between rivers. Survival of infected smolts 
could not be evaluated because of lethal sampling, however, estimated estuarine survivals of 
acoustic-tagged fish released during the same study were not significantly different between 
rivers (Romer et al. 2012).

Pathogens may frequently be present without any symptoms of disease. Disease chal-
lenge experiments indicate that Oncorhynchus spp., including steelhead, are highly resistant 
to infectious salmon anemia virus compared to Atlantic Salmon (Rolland and Winton 2003). 
Given a sufficient number of markers, molecular genetic technologies can be used to produce 
genetic maps for steelhead to identify quantitative/qualitative trait loci affecting phenotypic 
variation in disease resistance (Rexroad and Vallejo 2009). Early marine survival of hatchery 
steelhead may be enhanced vaccinating fish against common fish diseases (vibriosis, furun-
culosis) (Balfry et al. 2011). Once released into the natural environment, however, survival of 
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hatchery-reared fish is seldom as high as that of wild conspecifics (Thorpe 2004). Hatcheries 
can be successful in rearing pathogen-free steelhead, but hatchery fish can rapidly acquire a 
diverse profile of infectious agents once released into the natural environment (Halpenny and 
Gross 2008). Pathogens, e.g., Myxobolus cerebralis—the causal agent of whirling disease, 
may be spread from enzootic freshwater regions by infected adult hatchery steelhead that 
stray on their return migration routes (Zielinski et al. 2010).

Predation

As steelhead smolts pass through river estuaries to the ocean, avian predation can be 
high (e.g., Roby et al. 2003; Ryan et al. 2003). For example, Caspian terns (Hydroprogne 
caspia) and double-crested cormorants (Phalacrocorax auritus) were estimated to consume 
more than 50,000 juvenile salmon and steelhead trout, as indicated by PIT tags found at a 
single colony on a man-made island (East Sand Island) in the Columbia River estuary (Col-
lis et al. 2001). Juvenile steelhead appear to be more susceptible than other salmonid species 
(except subyearling Chinook Salmon; Sebring et al. 2013) to avian predation in the Columbia 
River estuary, perhaps because they are larger and migrate closer to the surface than other 
species (Collis et al. 2001; Antolos et al. 2005; McMichael et al. 2011; Harnish et al. 2012). 
Those at higher risk of avian (Caspian tern) predation had low gill NA+, K+ ATPase activity 
level and early migration timing that increased the predator–prey overlap period (estimated 
mortality of ~250,000 steelhead in April; ~500,000 in May; ~250,000 in June), and predation 
risk was not related to steelhead length, rearing type (hatchery or wild), or year (Kennedy et 
al. 2007). Estimated minimum predation rates of PIT-tagged juvenile salmonids by Caspian 
terns and double-crested cormorants nesting on East Sand Island were highest (16.0%) for 
Snake River steelhead (Evans et al. 2012). Poor external body condition and fork length (up 
to 202 mm), as well as river conditions and rearing environment (decrease water discharge, 
water clarity), were related to increased predation of Snake River steelhead smolts by Caspian 
terns and double-crested cormorants in the Columbia River estuary (Hostetter et al. 2012). 
Survival models for Columbia River and Snake River steelhead indicate that explanatory 
variables for smolt condition (body injuries, fin damage, and disease) are important predictors 
of adult survival (Evans et al. 2014). Seabird predation by common murres (Uria aalge) and 
sooty shearwaters (Puffinis griseus) is also a direct cause of mortality of juvenile steelhead in 
coastal marine waters off the mouth of the Columbia River (Jacobson et al. 2012). Multi-year 
studies have shown that avian predation rates are highly variable among years. For example, 
in two small coastal California estuaries (short shallow sandbar channels at the river mouths) 
estimated ranges of median avian predation rates of steelhead smolts, primarily by western 
gulls (Larus occidentalis), were 0.08–0.67 (7 years) in Scott Creek and 0.11–0.82 (4 years) in 
Waddell Creek (Osterback et al. 2013).

In coastal marine areas outmigrating juvenile steelhead may concentrate at river plume 
frontal regions (De Robertis et al. 2005). The sharp boundary between turbid and clear water 
in plume fronts may provide both quick protection from predators and productive feeding for 
juvenile steelhead, as they are surface-feeding visual predators. Nevertheless, simulations of 
within-season variation in the size and location of the Columbia River plume compared with 
smolt-to-adult return rates (SARs) of barged steelhead indicate that the plume environment 
provides only a narrow window of survival benefit at ocean entry, assisting rapid offshore 
movements away from coastal predators (Burla et al. 2010). The Columbia River plume did 



867Ocean Ecology of Steelhead

not provide any survival benefit to steelhead in years when large-scale ocean conditions were 
poor, i.e., warm phase of the Pacific Decadal Oscillation (PDO) (Burla et al. 2010). 

The decline in many steelhead populations in the Pacific Northwest coincides with the in-
crease in abundance of pinniped populations, e.g., California sea lion Zalophus californicus, 
Steller sea lion Eumetopias jubatus, and Pacific harbor seal Phoca vitulina, after the passage 
of the Marine Mammal Protection Act in 1972 (Naughton et al. 2011). Pinniped predation on 
migrating smolt and adult steelhead can be exacerbated by human activities and development. 
For example, in Puget Sound, a floating bridge (Hood Canal Bridge) forms a partial barrier 
that delays steelhead smolt migration, and higher mortality of acoustic-tagged smolts at the 
bridge than at other monitored locations is likely due to the attraction of pinniped predators 
to dense aggregations of smolts (Moore et al. 2013). California sea lions consumed as much 
as 65% of total annual adult steelhead returns at the Ballard Locks in Seattle, Washington, 
a man-made barrier to fish migration (Scordino and Pfeifer 1993). In the Columbia River at 
Bonneville dam, 44% of adult steelhead examined over a 7-years period sustained pinniped-
caused injuries that likely occurred in the nearshore ocean or estuary, however, radio tag stud-
ies showed fish with and without injuries had similar survival to tributaries (Naughton et al. 
2011). Pinnipeds are frequently observed feeding on steelhead caught by recreational hook 
and line fishing or commercial net fishing. In general, efforts to reduce pinniped predation 
such as harassment and non-lethal or lethal removal of predators have had only limited or 
short-term effectiveness.

Acoustic tags used to track juvenile steelhead outmigrations have revealed movement 
patterns suggestive of tags inside predator (unidentified marine mammal or fish) stomachs or 
stationary tags assumed to have been consumed and defecated by predators (e.g., Moore et al. 
2013; Melnychuk et al. 2013). The ultrasound frequency pulses (pings) emitted by acoustic 
tags can be detected by marine mammal predators (e.g., Cunningham et al. 2014), and labora-
tory experiments have shown that marine mammals can learn to use the pings from acoustic 
tags to enhance foraging success, called a dinner-bell effect (Stansbury et al. 2015). This 
complicates the use of acoustic tags to estimate survivorship of migrating steelhead smolts. 
Acoustic receivers mounted on Pacific harbor seals and Global Positioning System (GPS) 
loggers were used to infer seal predation on steelhead smolts with delayed (no pinging for 
10 days) or continuously pinging acoustic tags migrating through Puget Sound, Washington 
(Berijikian et al. 2016). The investigators found no statistical evidence for a dinner-bell effect, 
but concluded that a more robust experiment with larger sample sizes was needed (Berijikian 
et al. 2016). An acoustic tag has been developed to detect and signal when a tagged fish has 
been consumed by a predator (Schultz et al. 2017). If this and other acoustic tagging tech-
nologies can be perfected in concert with remote sensing capabilities, they may be useful for 
investigating predator-prey interactions in the open ocean.

Ecological Interactions

The complex ecological interactions of steelhead and their predators, prey, competitors 
in the open ocean have been investigated to a limited extent by exploratory quantitative food 
web and ecosystem models (Figure 18) (Aydin et al. 2003). Open ocean diets of steelhead 
in the Eastern Subarctic Pacific Gyre region (ESA; north of 40°N and east of 170°W, ex-
cluding the continental shelf) were most similar to those of Coho and Chinook Salmon and 
Northern right whale dolphins Lissodelphis borealis, with major shared prey being pelagic 
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and mesopelagic fish (particularly myctophids or lanternfish) and micronektonic (gonatid) 
squid. In the western subarctic gyre (WSA; north of 40°N and west of 170°W, excluding the 
continental shelf) steelhead diets were most similar to those of Coho and Chinook Salmon, 
Pacific pomfret Brama japonica, boreal clubhook squid Onychoteuthis borealijaponica, 
Northern fulmar Fulmarus glacialis, and Leach’s Storm-Petrel Oceanodroma leucorhoa, 
with micronektonic squid being the major shared prey (Aydin et al. 2003). Predatory zoo-
plankton such as euphausiids, pteropods, and amphipods function as both prey and competi-
tors of steelhead.

Relatively little is known about the ecological interactions between hatchery and wild 
steelhead in the marine environment. Recreational catches of adult Washington State steel-
head have long indicated a negative influence of increased hatchery smolt abundance on wild 
fish, i.e., a smaller proportion of wild smolts survive as hatchery release numbers increase 

Figure 18. A combined quantitative food web of the Eastern and Western Pacific Subarctic Gyres con-
structed from data assembled at the March 2001 BASS/MODEL workshop and presented at the PICES Tenth 
Annual Meeting. Species in both the Western and Eastern Gyres are shown. The area of each compartment 
is proportional to log of average biomass density (t/km2), and the width of each connecting flow is propor-
tional to the square root of the averaged yearly flow volume (t/km2/year).
Source: Figure E1, Aydin et al. 2003.
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(Peterman 1978). In the 1980s, increased releases of hatchery steelhead during years of 
low ocean productivity might have increased competition and decreased survival of both 
hatchery and wild steelhead (Cooper and Johnson 1992). Distribution and diets of hatchery 
and wild steelhead in the open ocean do not appear to differ (K. Myers, unpublished data), 
suggesting that feeding competition is likely to occur if prey resources are limited. The po-
tential for density-dependent growth effects due to hatchery and wild steelhead interactions 
in the ocean has not been evaluated, and is an important topic for future research. How-
ever, Atcheson (2010) found that the second year of ocean growth of steelhead migrating 
far offshore in the central subarctic North Pacific was significantly less in odd-year cycles 
when adult returns of wild Asian Pink Salmon were high. In addition, large-scale releases of 
hatchery salmon, particularly Pink and Chum Salmon, around the Pacific Rim increase the 
potential for feeding competition among all species of salmonids in the open ocean (Rug-
gerone et al. 2010a, 2010b).

Climate Effects

Since the 1980s, numerous studies have addressed the effects of climate and ocean condi-
tions on the abundance and survival of Pacific salmon (e.g., Rogers 1984; Francis and Sibley 
1991; Mantua et al. 1997; Hare et al. 1999, Mueter et al. 2002; Francis and Mantua 2003; and 
many others—see Beamish et al. 2010). Few climate-effect studies, however, have focused on 
steelhead. Cooper and Johnson (1992) identified climate-related low productivity in the Gulf 
of Alaska as one of several possible causes of low steelhead returns along the Pacific Coast 
of North America in the early 1990s. Fisher and Pearcy (1994) hypothesized that three major 
interrelated processes, including El Niño events (1982–1983, 1991–1993), coastal conditions, 
and large-scale fluctuations of ocean climate, were the probable cause of similar trends in 
the abundance of steelhead from northern California to British Columbia during the 1980s 
and 1990s. Analysis of coded-wire-tagged (CWT) recovery data indicated that ocean condi-
tions, rather than disease, genetic changes, or location or length of hatchery operation, were 
responsible for declines in survival rates of CWT hatchery steelhead in the Pacific Northwest 
in the 1970s–1990s (Coronado-Hernandez 1995). Coronado-Hernandez (1995) speculated 
that density-dependent mortality might also be an important factor, but this hypothesis was 
confounded by ocean changes, and was not tested in her study.

Welch et al. (2000) hypothesized that overall recruitment trends in British Columbia 
(B.C.) steelhead are primarily influenced by changes in marine (not freshwater) survival as-
sociated with climate shifts. Recruitment trends of steelhead migrating to the ocean in 1963–
1990 were consistent across all regions of B.C., increasing after the 1977 regime shift. An 
abrupt shift in 1990 to different regional patterns, decreasing in southern regions (Smith and 
Ward 2000) and increasing in northern regions, might have been related to decreased ocean 
productivity in southern coastal B.C. (Welch et al. 2000).

The warm (positive) phase of the Pacific Decadal Oscillation (PDO; Mantua et al. 1997) 
was negatively associated with Snake River steelhead ocean-adult survival during 1964–2006 
(survival from downstream smolt passage of the lowermost dam, Bonneville, in the Columbia 
River to upstream adult passage of the lowermost dam, Lower Granite, in the Snake River) 
and smolt-to-adult returns (SAR) (Petrosky and Schaller 2010; Haeseker et al. 2012), while 
the effects of April–June upwelling on ocean-adult mortality rates and SARs were generally 
weak or inconsistent (Haeseker et al. 2012).
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The decrease in ocean productivity associated with global climate change will likely in-
crease marine mortality of steelhead (Beamish et al. 1997). Whitney and Freeland (1999) 
outlined the steps of the plausible mechanism linking observed changes in climate and ocean 
conditions and productivity of some fish stocks in the northeastern Pacific, which is the pri-
mary rearing area for North American stocks of steelhead: (1) “increased frequency of El 
Niños or warm events leads to a persistent warming of surface waters in Alaskan Gyre;” (2) 
“increased buoyancy of waters in winter limits the depth of mixing and the resupply of nutri-
ents to the euphotic zone;” (3) “reduced macronutrient supply leads to broader areas of nitrate 
depletion in summer, which decreases new production over substantial areas;” (4) “reduced 
levels of new production and/or a shift to smaller phytoplankton would affect the structure of 
the zooplankton community;” and (5) “changes to zooplankton communities would affect the 
productivity of fish populations which mature in the open ocean.”

During 2003–2008, the eastern North Pacific experienced increased climatic and envi-
ronmental variability (McKinnell et al. 2010). For example, “within a span of three years, 
the annual average ocean surface temperature in the Gulf of Alaska went from one of the 
warmest in the last 100 years (2005) to one of the coldest (2008). In contrast, the surface 
layer of the Western Subarctic Gyre was warmer in 2008 than most of the last century” 
(McKinnell et al. 2010). The results of field-based bioenergetic models suggested that 
cool summer temperatures in the open ocean, i.e., temperatures below the optimum for 
growth of ocean age-0 (14°C) and ocean age-1 (12°C) steelhead, are unfavorable to sur-
vival (Atcheson et al. 2012a). The bioenergetic effects of increased variability and east-west 
trends in sea surface temperatures with respect to optimum growth temperatures have not 
been evaluated for steelhead.

Forecasted changes by the middle of the 21st century under an equilibrium climate 
change scenario with doubled atmospheric CO2 concentrations indicated a substantial reduc-
tion in open ocean thermal habitat of steelhead (Welch et al. 1998). Forecasted reductions in 
potential open-ocean thermal habit of steelhead in summer under a medium (A1B) Intergov-
ernmental Panel of Climate Change (IPCC) scenario emissions scenario included a northward 
shift and east–west contraction in the southern (warmest) thermal boundary, particularly in 
the Subarctic North Pacific, Okhotsk Sea, and Gulf of Alaska by the 2040s and substantial 
reductions in these regions by the 2080s (Figure 19) (Abdul-Aziz et al. 2011). In the 1980s, 
estimated potential thermal habitat of steelhead during winter covered a relatively narrow 
east–west band, including most of the Gulf of Alaska and Subarctic North Pacific and part 
of the Bering Sea; however, the Okhotsk Sea and Arctic Ocean did not provide any potential 
thermal habitat suitable for steelhead during winter (Figure 20). Forecasted changes in poten-
tial winter thermal habitat by the 2040s and 2080s, included a northward shift of the northern 
(coldest) boundary in most of the Bering Sea and Okhotsk Sea; however, these habitat gains 
were almost completely offset by almost equal losses due to the northward shift of the south-
ern (warmest) boundary. Thus, the total area of potential winter habitat in future periods was 
similar to the past or reduced only slightly (1–2%), which was less than the 7% coefficient of 
variation in 1980s potential habitat.

Ocean Carrying Capacity

As defined by the U.S. Global Ocean Ecosystem Dynamics (GLOBEC) research program, 
“carrying capacity is a measure of the biomass of a population that can be supported by the eco-
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Figure 19. Reference summer (July) thermal habitat ranges in 1980s, 2040s, and 2080s for steelhead under 
an IPCC A1B (medium) greenhouse gas emissions scenario. Source: Abdul-Aziz et al. 2011.

Figure 20. Reference winter (December) thermal habitat ranges in 1980s, 2040s, and 2080s for steelhead 
under an IPCC A1B (medium) greenhouse gas emissions scenario.  Source: Abdul-Aziz et al. 2011.
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system. The carrying capacity changes over time with the abundance of predators and supply of 
food. The food supply is a function of the productivity of the prey populations and competition 
for that food from other predators. Changes in the biotic environment affect the distributions 
and productivity of all populations involved” (Hargreaves 1996). In addition, “changes in the 
abiotic environment can affect the distributions and productivity of populations at all trophic 
levels” (Hollowed 1996). Thus, the carrying capacity of steelhead in the North Pacific Ocean 
is dynamic and limited by a complex biological community of interacting organisms and the 
physical environment. Field-based evidence indicates that abundance of Asian Pink Salmon, 
availability of micronectonic (gonatid) squid prey, and climate are important potential drivers of 
carrying capacity or productivity of steelhead in the open ocean (Atcheson et al. 2012b).

In mass-balance food web and ecosystem models, carrying capacity of salmonids in the 
open ocean is considered to be set by the energy available for somatic growth, because abun-
dance appears to be determined largely by coastal ocean processes at juvenile life stages 
(Aydin et al. 2003). Pacific salmonids, including steelhead, and squid tend to have the highest 
trophic uncertainty in marine pelagic food-web models, because of high uncertainty in preda-
tion mortality of middle trophic levels (Aydin et al. 2003). Exploratory manipulations of Eco-
path with Ecosim models (Christensen et al. 2000) for the Eastern Subarctic Pacific Gyre re-
gion (ESA) and Western Subarctic Pacific Gyre region (WSA) theoretically showed increased 
production of steelhead from: (1) a general 20% increase in longterm (year-30) biomass for 
all species, including steelhead, as a result of the 20% increase in long-term primary produc-
tion in both the ESA and WSA; (2) complete removal of neon flying squid Ommastrephes 
bartramii, which reduces predation pressure on forage fish and increases ability of steelhead 
to obtain food, resulted in substantial (>100%) increase in long term steelhead biomass in the 
ESA but not in the WSA (baseline biomass of neon flying squid is an order of magnitude high-
er in the ESA than in the WSA); (3) removal of boreal clubhook squid increased (~25%) long 
term steelhead biomass in the WSA (likely by reducing predation pressure on micronektonic 
squid) but not in the ESA (increases biomass of micronektonic squid, which outcompete other 
forage species consumed by steelhead); (4) removal of all salmonids (or only Pink Salmon, 
which are the most abundant species) showed that salmonids are not an important group in the 
ESA (low biomass relative to the rest of the species), however, Pink Salmon are an important 
competitor controlling the system in the WSA; and (5) removal of sharks resulted in a clas-
sic trophic cascade (Paine 1980) in both the ESA and WSA (all shark prey species, including 
salmonids and squid, increased and their prey decreased) (Aydin et al. 2003). The sensitivity 
of the WSA to Pink Salmon biomass fluctuations has important implications for the influence 
of coastal mechanisms, including hatchery salmon production, on open ocean gyre dynamics 
(Aydin et al. 2003).

Linked nutrient-phytoplankton–zooplankton (NPZ/NEMURO), food web (Ecopath/Eco-
sim), and bioenergetics models have been used to explore relationships between seasonal 
zooplankton dynamics and annual food web productive potential for salmon in the Alaskan 
subarctic gyre ecosystem (Aydin et al. 2005). The results demonstrated the importance of 
lipid-rich forage species, especially the gonatid squid Berryteuthis anonychus, that connect 
zooplankton to upper trophic level production in the subarctic North Pacific. Thus, bioener-
getic models need to account for seasonal and ontogenetic prey switching of salmonids from 
zooplankton to squid and the lower energetic cost of foraging in spring, when zooplankton are 
concentrated by shallowing of pelagic mixed-layer depth. While carrying capacity of salmo-
nids is often assumed to be limited by density-dependent interactions in freshwater, density-
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dependent interactions in the ocean also may limit salmonid abundance. For example, den-
sity-dependent coastal processes that have a relatively minor effect on salmonid growth can 
delay seasonal timing of ontogenetic diet shifts, e.g., from zooplankton to larger squid prey, 
and thus magnify the effect on overall salmonid growth rates (Aydin et al. 2005). Scientific 
understanding of ocean carrying capacity effects on survival of salmonids, including steel-
head, will continue to advance with the development of fully coupled planktonic ecosystem 
and fisheries food web models for the North Pacific pelagic ecosystem (Kearney et al. 2012).

Fishing Effects

Burgner et al. (1992) reviewed historical harvests of steelhead in Asian high seas drift-
net fisheries. Because of their low abundance compared to other species of Pacific salmon, 
steelhead were never a target species of Asian high seas driftnet fisheries. Reported incidental 
catches of steelhead by the Japanese landbased salmon driftnet fishery (concentrated in the 
western North Pacific Ocean between 42°N and 46°N, 165°E and 175°E) were relatively low 
(see Myers et al. 1993 review of the fishery), ranging from 29,000 steelhead in 1983 to 3,000 
steelhead in 1989. Incidental catches of steelhead by the Japanese mothership salmon driftnet 
fishery and the large-scale Asian high seas driftnet fisheries for flying squid Ommastrephes 
bartrami were also relatively low, as fishery times and areas generally did not overlap the spa-
tiotemporal distribution of steelhead on the high seas (Burgner et al. 1992). However, direct 
biological information on steelhead in squid driftnet catches was limited to a few fish sampled 
by observers in 1990 (Myers and Bernard 1993). Large-scale removals of flying squid and 
other competitors and predators by these fisheries may have benefitted steelhead growth and 
survival. Nevertheless, Cooper and Johnson (1992) identified interceptions by the high seas 
squid driftnet fisheries as one of several possible causes of low steelhead returns along the 
Pacific Coast of North America in the early 1990s. Illegal catches by the Asian high seas drift-
net fisheries operating in high seas areas closed to salmon fishing during the 1980s and early 
1990s (Pella et al. 1993) may have had a significant impact on steelhead in both Kamchatka 
and North America. The last year of operation of the Japanese high seas salmon driftnet fish-
eries was in 1991, and the Asian high seas driftnet fisheries for squid were terminated at the 
end of 1992. The effect of termination of the high seas driftnet fisheries on the abundance and 
biological characteristics of steelhead in North America and Asia has never been evaluated.

The combination of comparatively low adult steelhead returns and highly abundant re-
turns of other Pacific salmon species can increase the difficulty of managing coastal marine 
and estuarine commercial salmon fisheries to maintain or restore steelhead abundance and 
biodiversity. For example, in the late 1980s and early 1990s many believed that the decline 
in wild summer-run steelhead escapements in the Skeena River in west-central British Co-
lumbia was due to incidental harvests by marine commercial net fisheries targeting Sockeye 
and Pink Salmon in Alaska and Canada (Wood 2001). A management policy to reduce steel-
head harvest in coastal marine net fisheries by 50% was considered somewhat successful in 
Canada but not in Alaska because of fishery management difficulties under the Canada–USA 
treaty (Wood 2001). Nevertheless, changes in time and location of Skeena River salmon fish-
ery openings have not been sufficient to reduce steelhead bycatch (Walters et al. 2008). As 
a result, Canadian fishery managers have implemented experimental methods for avoiding 
steelhead interception by commercial net fisheries for salmon, e.g., weed lines, which lower 
gillnets to about 1 m below the surface, short-duration gillnet sets, on-board fish resuscita-
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tion, and live release of captured steelhead; however, the use of these methods has not been 
adequately monitored or enforced (Walters et al. 2008). The major difficulty in addressing 
whether recruitment overfishing caused the decline is the lack of long-term data on abundance 
trends of adult steelhead in the Skeena River (Walters et al. 2008). During the 2010s, inciden-
tal harvests of small, early-run steelhead stocks by commercial salmon fisheries continue to 
be a conservation concern for Skeena River steelhead (Pollard and Beere 2012). In general, 
incidental marine and estuarine harvests of steelhead by nontarget commercial fisheries and 
illegal harvests in most regions of North America are considered to be low, but total illegal 
and incidental harvest numbers are not known.

Other Causes of Ocean Mortalities

Small initial body size at ocean emigration may be an important cause of ocean mortal-
ity of steelhead. For example, studies using scale back-calculation procedures indicate smolt 
(ocean age-0)-to-adult survival of Keogh River, B.C., steelhead was positively correlated 
with smolt size (Ward and Slaney 1988; Ward et al. 1989). Starting in 1990, however, Ke-
ogh River steelhead experienced a sharp drop in smolt-to-adult survival from an average of 
15–16% to 4% and marine survival of Keogh River steelhead was no longer strongly related 
to smolt size (Welch et al. 2000). Further analysis indicated that a sustained period of post-
smolt growth (first summer-fall at sea) contributed to marine survival patterns of Keogh River 
steelhead during 1977–1999, and adult return rates were negatively correlated with SSTs in 
assumed postsmolt ocean rearing habitats (Friedland et al. 2014). During the 1990s–2000s, 
sea surface temperatures (SSTs) in the Gulf of Alaska during most years were cool relative to 
the estimated threshold for optimum growth of postsmolt (ocean age-0) steelhead (Atcheson 
et al. 2012a). Cool SSTs and associated growth reductions might increase size-selective mor-
tality of steelhead, particularly during the first summer-fall in the ocean, as bioenergetic mod-
els indicate that the optimal temperature for steelhead growth decreases with increasing body 
size (Atcheson et al. 2012a).

The delayed-mortality hypothesis is that stress experienced by salmonid smolts during 
out-migration causes delayed or latent mortality in the ocean (see Budy et al. 2002 for a review 
of evidence supporting the hypothesis)). For example, freshwater and marine mortality rates 
and overall smolt-to-adult returns (SARs) of Snake River steelhead and wild spring/summer 
Chinook Salmon, estimated by detecting Passive Integrated Transponder (PIT)-tagged smolts 
and adult returns as they migrated through the Snake and Columbia River hydrosystem (a 
series of eight dams and reservoirs), were positively correlated (Haeseker et al. 2012). These 
results supported the delayed-mortality hypothesis that the cumulative stress of shared envi-
ronmental factors (river flow spilled over dams and water transit time) during out-migration 
influenced both freshwater and marine mortality of both species (Haeseker et al. 2012).

An emerging issue related to ocean mortality is the consumption of plastic marine debris 
(pellets, foam, and sheets) by steelhead in international waters (Myers et al. 2013). Types and 
forms of plastic debris found in steelhead stomachs include plastic fragments, foam, sheets, 
monofilament, pellets, oil, tar, and rubber. Potential mechanisms of mortality due to ingestion 
of marine plastic debris may be direct, such as lethal mechanical injury or toxicity, or delayed, 
such as heritable alterations in gene expression (epigenetic) affecting early marine survival of 
progeny. Research that directly addresses this potentially important anthropogenic source of 
ocean mortality of steelhead is needed.
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Concluding Remarks

Summary

While much has been learned about the marine life history and ecology of steelhead over 
the past 60 years, there are still many important gaps in our knowledge. Abundance data for 
naturally spawning (wild) populations of steelhead are insufficient throughout most of their 
range. Harvest data are incomplete for most major production regions. The general biology 
and marine life history of steelhead is complex because there are thousands of stocks (dis-
crete, reproductively isolated populations) that include diverse phenotypic adaptations. This 
natural diversity is key to survival of the species in a constantly changing environment.

Stock-specific models of seasonal ocean distribution and migration patterns of steelhead 
remain highly speculative due to the lack of comprehensive genetic baselines and quantita-
tive estimates of stock proportions in ocean mixture samples. Almost nothing is known about 
late autumn and winter distribution and migration patterns of steelhead in the open ocean (see 
review by Myers et al. 2016). Sea temperature and food availability are considered to be the 
primary factors influencing the distribution of steelhead in the open ocean. However, little is 
known about the effects of salinity, currents, interspecific interactions, and many other abiotic 
and biotic factors on distribution and migration timing.

Steelhead growth in the open ocean is continuous throughout the year, but highly vari-
able depending on prey quality, consumption rates, total consumption, and thermal experience. 
Steelhead have a narrow temperature window in which to achieve optimal growth. Steelhead 
are surface-oriented feeders, and diel vertical migrations do not appear to significantly alter 
sea surface temperature effects on bioenergetics and growth. Stable isotope analyses indicate 
that steelhead and other species of Pacific salmon feed at similar trophic levels. Thus, there is 
potential for interspecific trophic and density-dependent interactions that may affect steelhead 
growth and survival. Ecosystem models indicate that winter is the most critical period for 
density-dependent salmonid growth in the open ocean, even though growth is slower in winter 
than in summer, due to shifting pathways of energy transfer between upper and lower trophic 
levels. Nevertheless, by consuming high-energy prey (fish and squid), juvenile (ocean age 0) 
steelhead gain final body weights not achieved by other species of Pacific salmon until the 
second ocean year. Large body size of steelhead in the first ocean summer, however, can also 
be attributed large body size at ocean emigration, compared to most species of Pacific salmon.

The factors affecting ocean survival of steelhead are largely a mystery, and information on 
trends in overall abundance are lacking. No quantitative data on trends in abundance of western 
Kamchatka steelhead are available. In North America, abundance of wild steelhead has been 
declining in most major production regions since the late 1800s. Many wild populations of 
steelhead, particularly U.S. West Coast populations, are considered threatened, endangered, or 
extinct. While human activities in freshwater (habitat, hydrosystem, hatchery, and harvest) are 
generally considered to be the primary causes of these declines, there is increasing awareness 
of the importance of climate and ocean effects on steelhead productivity. Life stage specific 
estimates of ocean mortalities of wild steelhead, however, are seldom available, and extensive 
hatchery programs can obscure trends in abundance of wild populations. Nevertheless, evi-
dence from survival studies suggests that ocean mortality of steelhead sufficient to affect the 
number of adult returns can occur during both early and later marine life history phases.
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The carrying capacity of steelhead in the North Pacific Ocean is dynamic and limited by a 
complex biological community of interacting organisms and the physical environment. Field-
based evidence indicates that abundance of Asian Pink Salmon, availability of micronectonic 
(gonatid) squid prey, and climate are important potential drivers of carrying capacity or pro-
ductivity of steelhead in the open ocean. Projected reductions in summer thermal habitats 
of steelhead due to greenhouse gas emissions by the 2080s are substantial and need further 
investigation. More information is needed on the distribution and biomass of gonatid squid, 
which are a major steelhead prey. Ecosystem models indicate that Pink Salmon, the most 
abundant species of Pacific salmon, are an important competitor controlling the system in the 
western North Pacific but not in the eastern North Pacific. This has important implications 
for the influence of coastal mechanisms, including hatchery salmon production, on carrying 
capacity of steelhead in the open ocean.  

Future Research

The continuation of coastal and open ocean (high seas) field research and monitoring 
of steelhead and the factors that might affect their growth and survival is needed to im-
prove our understanding of both long- and short-term fluctuations in steelhead abundance 
and biomass. In particular, we need stock-specific information on the distribution, growth, 
and feeding ecology of steelhead during winter months (to test the critical period hypoth-
esis) and the availability and relative abundance and biomass of the major prey species 
of steelhead during all seasons. This effort will require development of comprehensive 
genetic baselines and applications for stock identification of steelhead in high seas mixture 
samples of steelhead. Multispecies models of trophic and ecological interactions would be 
improved by collection of time-series data on biomass or relative biomass trends and diet 
data (prey identified to the lowest taxonomic group possible, and number and volume of 
each prey item) for as many pelagic species as possible (Aydin et al. 2003). In particular, 
data for competitors and predators of steelhead such as flying squid, pomfret, and sharks, 
and collection of seasonal data, particularly during transition periods, are needed for de-
velopment of integrative models to examine the effects of shifting fronts and currents and 
linkages (energy transfer) between coastal, marginal sea, and open ocean (gyre) habitats 
(Aydin et al. 2003). Future tagging research on the marine behavior and ocean survival of 
steelhead could incorporate important potential drivers such as ocean conditions, tagging 
and handling effects, physiology, predation, disease, pollutants, and hatchery/wild interac-
tions (e.g., Drenner et al. 2012).

Pelagic trawls have become the fishing gear of choice for ocean surveys of Pacific salmon 
species. However, steelhead are seldom captured using surface trawl configuration and deploy-
ment techniques successful at catching other species of Pacific salmon. New pelagic trawling 
methods effective at sampling steelhead need to be developed. Techniques for quantitatively 
reliable sampling of steelhead prey, particularly gonatid squid and neustonic species, need to 
be developed. While shipboard research is expensive, costs of ocean research and monitoring 
can be reduced through greater use of remote sensing technologies, satellite and archival tags, 
mobile acoustic telemetry technologies, existing government and private vessel infrastructure 
and platforms of opportunity, increased collaboration and data sharing among the scientific 
community, and cost sharing among governments, universities, and foundations (e.g., Hayes 
et al. 2013; Hayes and Kocik 2014).
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A basic tenant of conservation biology is the need to maintain species and population 
diversity. For example, diversity in O. mykiss life history can reduce fluctuations in popula-
tion abundances and biomass and mediate the effects of environmental change (Moore et 
al. 2014). Freshwater maturing forms of O. mykiss can moderate the effects of poor ocean 
productivity on population structure and genetics (Christie et al. 2011; see review by Sloat 
et al. 2014). Molecular ecology is a rapidly advancing field, and sequencing of the O. mykiss 
genome, which is the first published genome of a salmonid, has been completed (Berthelot 
et al. 2014). Investigations of the O. mykiss genome and development of future genetic tools 
will increase the ability to identify the genes and molecular pathways related to diversity in 
steelhead. In addition, the application of new genetic stock identification methods for steel-
head, e.g., assembly of a TaqMan-based panel of single-nucleotide polymorphism markers 
for population genetics analysis (Hansen et al. 2011), to historical high seas collections of 
steelhead biological samples (scales) might be a cost-effective approach to gaining a long-
term perspective on stock-specific distribution, migration patterns, growth, and survival of 
steelhead in open ocean habitats.
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