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Abstract The estuary of the ElwhaRiver, onWashington’s
Olympic Peninsula, has been degraded and simplified
over the past century from sediment retention behind
two large dams, levee construction, and channelization.
With the removal of Elwha Dam and initiation of Glines
Canyon Dam’s removal in fall 2011, sediment deposits
will change the estuary and affect anadromous and
nearshore marine fishes. Juvenile Chinook salmon com-
monly use estuaries and the river’s population is part of

an Evolutionarily Significant Unit listed as Threatened
under the U.S. Endangered Species Act. This study
reports on monthly sampling in part of the river’s estu-
ary from March 2007 through September 2011 to char-
acterize the seasonal changes in relative abundance of
yearlings and sub-yearlings, and size distributions prior
to dam removal. Most (69 %) of the yearlings were
caught in April, when this life history type was released
from the hatchery, and to a lesser extent in May (28 %)
and June (3 %). Yearlings caught in the estuary were
smaller than those released from the hatchery (means:
153 mm±28 SD vs. 175 mm±5 SD), suggesting more
rapid departure by larger fish. Sub-yearlings were much
more abundant in the estuary, and were caught from
March through November, increasing in mean fork
length by 8.7 mm month-1. The hatchery-origin sub-
yearlings were not marked externally and so were not
distinguishable from natural origin fish. However, 39 %
of the sub-yearlings were caught prior to June, when
sub-yearlings were released from the hatchery, indicat-
ing substantial use of the estuary by natural-origin fish.
Thus, even in a reduced state after a century of dam
operation, the highly modified estuary was used over
many months by juvenile Chinook salmon. The infor-
mation on juvenile Chinook salmon prior to dam re-
moval provides a basis for comparison to patterns in the
future, when the anticipated increase in estuarine com-
plexity may further enhance habitat use by juvenile
Chinook salmon.

Keywords Chinook salmon . Dam removal . Estuary
restoration . Elwha River

Environ Biol Fish
DOI 10.1007/s10641-013-0173-z

T. P. Quinn (*) : J. Brown
School of Aquatic and Fishery Sciences,
University of Washington, Box 355020,
Seattle, WA 98195, USA
e-mail: tquinn@u.washington.edu

J. A. Shaffer
Coastal Watershed Institute, P. O. Box 2263,
Port Angeles, WA 98362, USA

J. Brown
Peninsula College, 1502 E. Lauridsen Blvd., Port Angeles,
WA 98362, USA

N. Harris
Huxley College of the Environment, Western Washington
University, 1502 E. Lauridson Boulevard,
Port Angeles, WA 98362, USA

C. Byrnes
Washington Department of Fish and Wildlife,
332 E. 5th Street, Port Angeles, WA 98362, USA

P. Crain
Olympic National Park, 600 Park Avenue,
Port Angeles, WA 98362, USA



Introduction

Salmon and trout populations have been affected by many
anthropogenic stressors including habitat degradation,
contaminants, over-fishing, and genetic changes, which,
along with impassable dams, have contributed to declines
in many Atlantic and Pacific river systems (Netboy 1968;
Nehlsen et al. 1991; NRC 1996: Lichatowich 1999;
Montgomery 2003). In recent years several dams have
been modified to allow passage such as Landsburg Dam
on the Cedar River, Washington (2003), and other dams
have been breached such as Condit Dam on the White
Salmon River, Washington (2011), Edwards Dam on the
Kennebec River, Maine (1999), and Great Works Dam on
the Penobscot River, Maine (2012). However, the largest
dam breaching project undertaken in the United States is
occurring on theOlympic Peninsula ofWashington, where
two dams on the Elwha River blocked migratory fishes
and altered sediment transport and other physical and
ecological processes since 1910–1913 (Duda et al. 2008).

To learn from any large project or activity, it is
important to understand the conditions prior to the
change for comparison to subsequent conditions, al-
though this is challenging when both physical and
biotic features of the system are likely to change. In
the case of the Elwha River, dam removal is releasing
sediment that had been trapped by the dams, and its
downstream transport will modify and expand the es-
tuary. Estuaries are the transition zone as juvenile
anadromous salmonids enter marine habitats (Thorpe
1994). In general, smaller individuals and life history
types with short freshwater residency rely more heavily
on estuaries for rearing than do fish that enter marine
waters at a larger size (Healey 1982a; Simenstad et al.
1982; Quinn 2005). For example, sub-yearling Chinook
salmon, Oncorhynchus tshawytscha, use estuarine and
nearshore habitats more extensively than do yearling
smolts (Healey 1980, 1991). The transition from fresh-
water to saltwater has important implications for salmon
growth and survival (Magnusson and Hilborn 2003;
Greene et al. 2005; Duffy and Beauchamp 2011).

The Elwha River flows north into the Strait of Juan
de Fuca from the Olympic Peninsula, Washington State,
USA (Fig. 1). The Elwha River estuary has been affect-
ed by three events (Shaffer et al. 2008). In 1912, the
Elwha Dam was completed at river kilometer (rkm) 7.8,
forming Lake Aldwell. The 32 m high dam blocked
access for migratory fish to 115 km of upriver habitat
(Duda et al. 2008) and greatly reduced the transport of

sediment and large woody debris to the lower reach,
estuary, and nearshore habitats. Completion of 64 m
high Glines Canyon Dam in 1927 at rkm 22 further
reduced sediment and wood transport (Curran et al.
2009). Estuarine habitat was also reduced by the con-
struction of a rock levee in the west estuary parallel to
the river in 1964, and by channelization (Shaffer et al.
2009; Draut et al. 2011).

The demolition of both dams started in the fall of 2011
and as of summer 2013, Elwha Dam has been completely
removed, and Glines Canyon Dam partially removed.
Sediment transport is underway as the river carves a
new course across the newly emerged lake bottoms
(Warrick et al. 2012). The present paper reports the
relative abundance of yearling and sub-yearling juvenile
Chinook salmon throughout the year in the Elwha
River’s west estuary from March 2007 through
September 2011 prior to dam removal. Sampling is on-
going and characterization of the baseline condition is
essential to detect future changes in the fish populations
such as the proportions of yearlings and sub-yearlings,
size distributions, and timing of estuary use. Accordingly,
we usedmonthly sampling at two sites in the west estuary
to document the presence of yearling and sub-yearling
juvenile Chinook salmon, and to determine size distribu-
tions as an indicator of growth within the river-estuary
system. The hatchery-produced Chinook salmon in this
system were not marked externally but we used informa-
tion on their release dates and mean sizes at release to
assess the extent of estuary use by naturally spawned and
hatchery origin fish. The expectation, based on general
knowledge of juvenile Chinook salmon ecology (Healey
1991; Quinn 2005), was that sub-yearlings would be
present in the estuary for a more protracted period than
yearlings (McCabe et al. 1983; Fisher and Pearcy 1990).
As noted by McHenry and Pess (2008), the Elwha River
has no real “reference” or “control” against which the
changes can be compared, so this is essentially the “be-
fore” in a “before-after” study design.

Materials and methods

Sampling took place within the west estuary of the
Elwha River because initial sampling in 2007 revealed
higher catch rates of juvenile Chinook salmon compared
to the east side, even though the west estuary was
smaller (Shaffer et al. 2009). Two sites were sampled;
both were tidally influenced and disconnected from the
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main channel during low tides, and longitudinally sep-
arated by 30 m of semi-permanent beach. The northern
site had a maximum depth of 2 m with a substrate of

sand, gravel and cobble, and aggregated woody debris.
The southern site was bordered by a rock levee forming
the western edge of the tide channel, and had a

Fig. 1 Map showing the location of the Elwha River, in western Washington State, USA (a), and orthophoto showing the configuration
of the estuary in 2011 (b). Sampling sites on the west side are indicated by X. From Quinn et al. (2013)
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maximum depth of 2 m with a fine silt substrate and
woody vegetation on the margins.

Sampling, conducted in mid to late morning on a
single day each month during the first monthly neap
tide, is ongoing but we report only sampling in years
when the dams were in place (March 2007 to September
2011). Fishes were collected using a beach seine 24.4 m
long×1.8 m wide with a cod end of 1.8 m3 and knotless
mesh of 5 mm. The seine, deployed using a rowboat and
retrieved by hand, enclosed a volume of 174 m3 when
fully submerged. Special care was taken to minimize
handling stress because Chinook salmon, steelhead trout
(O. mykiss) and bull trout (Salvelinus confluentus) are
listed as Threatened under the U.S. Endangered Species
Act. All fish were worked toward the submerged cod
end, identified to species, and released at the capture
site. Fork length (nearest mm) was recorded for approx-
imately 20 juvenile Chinook salmon and the rest were
counted.

We used length-frequency distributions to identify
age classes of the Chinook salmon (Fisher and Pearcy
1990). The proportion of each age class among the

measured fish on each sampling event was used to
estimate the numbers of sub-yearlings and yearlings
among those counted but not measured. The overall
proportion of yearlings and sub-yearlings for each
month, based on length-frequency distributions, was
applied for all years to compensate for small samples in
some month/year combinations that would not have
yielded reliable estimates.

Both yearling and sub-yearling Chinook salmon
were released from a hatchery operated by the
Washington Department of Fish and Wildlife but were
not externally marked. In 2007–2011 an average of 1.9
million sub-yearlings and 0.2 million yearlings were
released (Table 1). Smolts were assumed to be of
natural origin if they were caught prior to the release
from the hatchery each year (early April for yearlings
and early June for sub-yearlings). We also compared the
length-frequency distribution of juvenile salmon in our
sample to the mean length at release of hatchery fish,
estimated from the mean weight and a weight-length
relationship (W (g)=0.0000049·FL (mm)3.147 (David
Beauchamp, University of Washington, pers. comm.).

Fig. 1 (continued)
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Results

We caught 18,717 juvenile Chinook salmon in 127 sets
from March 2007 through September 2011. There was
an extreme outlier event in June 2010, when 13,224
fish were caught immediately after a release of sub-
yearlings from the hatchery. These fish were omitted
from analysis, leaving 5,493 fish, of which 1,322 were
measured for length. Based on length frequency distri-
butions (Fig. 2), juveniles >90 mm long in April and
May, and ≥120 mm long in June were considered to be
yearlings, and smaller fish were assumed to be sub-
yearlings. Yearlings were not caught prior to releases
from the hatchery, in April, when 69 % of the yearlings
were observed (Table 2). Yearling catches declined in
May (28 % of the total) and June (3 %), and none was
caught thereafter. Expansion based on estimated ages
of the subsample indicated that the yearlings com-
prised only 3 % (n=522) of the total catch in the estuary
although they represented 10.7 % (range 5.1 %–26.6 %
among years, Table 1) of the fish released from the
hatchery. Hatchery-produced yearlings averaged
175 mm at release in early-mid April. In contrast, the
mean length of yearlings caught in the estuary was
148.0 mm±28.6 SD in April and 127.8 mm±28.2 SD
in May. In both months the 95 % confidence interval
did not include the 175 mm mean value for hatchery
fish (April: SE=4.08, May: SE=12.62). One fish,
95 mm long, was caught in January and no others were
caught in December or February (Tables 2, 3). This
95 mm individual was listed as a yearling but it might
also be considered the last of the sub-yearlings.

Small numbers of sub-yearling Chinook salmonwere
caught in March (approximately three months prior to
the hatchery release of sub-yearlings), and catches in-
creased markedly in April, remained high through July–

August, and extended almost the entire year (Table 3).
Omitting the outlier catch of 13,224 from analyses,
39 % (n=2,013) of all sub-yearlings were caught before
the hatchery releases took place, indicating that those
juveniles were of natural origin. The remaining 61 % of
the juvenile salmon caught, after the hatchery releases,
included both natural and hatchery origin fish. The
mean FL in March was 46 mm±4.5 SD, and increased
steadily (8.7 mm month−1) through September
(Table 3). The hatchery origin sub-yearlings released
in June averaged 92 mm, exceeding the 95 % confi-
dence interval of the mean length of juvenile salmon
captured in the estuary in June (80.6 mm, SE=0.51),
July (83.72 mm, SE=0.60) and August (88.1 mm,
SE=1.06), two months after the hatchery release.

Analysis of inter-annual catch patterns was limited
because sampling occurred for just five years and the
June 2010 sample had to be excluded. Nevertheless,
we did not find the expected positive correlations
(using Pearson’s product moment) between numbers
of Chinook salmon released from the hatchery and
catch rates of yearlings (annual smolt release vs. catch
rates of yearlings in April: r=0.137; catch rates in May:
r=0.331). Indeed, the catch rates of sub-yearlings
tended to be lower in years when the hatchery released
more sub-yearlings (r=−0.804 in June, when the re-
leases took place). However, none of these correlations
was significant, as low statistical power resulted from
the limited period of record.

Discussion

Sampling in the Elwha River’s west estuary revealed
several patterns commonly seen in Chinook salmon in
larger estuarine systems. The hatchery-origin yearlings

Table 1 Numbers of juvenile Chinook salmon released from the
Washington Department of Fish and Wildlife hatchery facility
into the Elwha River, 2007–2011. Release dates (in parentheses)

correspond to the great majority of fish and do not include very
small numbers released on other dates

Year Sub-yearlings (date) Yearlings (date) % yearlings

2007 2,618,000 (11–14 June) 140,900 (18 April–26 May) 5.1

2008 1,868,000 (4 June) 276,950 (1–3 April) 12.9

2009 939,000 (2–4 June) 340,946 (25 March–1 April) 26.6

2010 3,047,730 (3 June) 201,017 (7 April) 6.2

2011 1,236,562 (7 June) 200,824 (13 April) 14.0

Mean 1,941,858 (early June) 232,127 (early April) 10.7
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were present in the estuary for only a short time after
release (primarily in April) and their mean size was
smaller than that of yearlings released from the hatch-
ery. The mean length of yearlings caught in the estuary
declined from April to May, further indicating that the

yearlings in the estuary were the small, slow-growing
members of the cohort. The hatchery fish were not
externally marked but it is likely that yearlings caught
in the estuary were largely of hatchery origin because
no yearlings were caught prior to the hatchery releases

Fig. 2 Length-frequency histograms of juvenile Chinook salmon sampled in the Elwha River estuary. Gray bars indicate fish classified
as sub-yearling and black bars indicate yearlings, all years combined
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in April. In addition, all 27 yearlings caught in April
2012 had coded wire tags, indicating hatchery origin.
Sub-yearlings were the dominant juvenile life history
type in the Elwha River during the immediate pre-dam
removal period but yearlings may become more abun-
dant as upriver habitat becomes accessible (Pess and
McHenry 2008).

In contrast, 39 % of the sub-yearlings were caught
prior to releases from the hatchery and presumably

represented natural reproduction in the lower Elwha
River. Some of the sub-yearlings caught later in the
season were also presumably of natural origin. The
hatchery released an average of 1.9 million sub-
yearlings annually during the study period (Table 1).
They probably contributed much less to the catches than
fish of natural origin per capita because it is unlikely that
natural production is this high, based on the numbers of
adults (Pess et al. 2008). Catch rates in June, other than
one day in 2010, which coincided with release from the
hatchery, were not correlated with the numbers of sub-
yearlings released from the hatchery. Indeed, the general
relationship was inverse, similar to the inverse relation-
ship between numbers of hatchery coho salmon smolts
released into the Elwha River and catches in the estuary
(Quinn et al. 2013). High densities of juvenile salmon
may reduce residence time in the estuary through social
interactions, resource depletion, or other processes. Sub-
yearlings were present from March to November and
steadily increased in mean length. These findings are
consistent with the use of the estuary for rearing as part
of a riverine system rather than serving merely as an
interface between river and marine habitats. However,
the extent to which the growth occurred in the river prior
to arrival in the estuary is not known, so the role of the
estuary for rearing and growth of fish is not clear. Upon
emergence from the gravel, Chinook salmon may move
downstream to sea that spring, as fry, or from early to late
summer after several months of growth in the river
(Healey 1980; Levings et al. 1986; Fisher and Pearcy
1990; Healey 1991; Quinn 2005). They also occupy
estuaries, and the relative growth in river and estuarine
environments can vary greatly among individuals within
populations (Reimers 1971; Healey 1980; Hering et al.
2010).

The sub-yearling Chinook salmon sampled in the
Elwha River estuary increased in mean length from
March to September and were larger than conspecifics
in the estuaries of the Skagit River, Washington
(Congleton et al. 1982), Campbell River, British
Columbia (Levings et al. 1986) and Situk River, Alaska
(Johnson et al. 1992) but smaller than those in the
Columbia River (McCabe et al. 1986). Early marine
survival of juvenile Chinook salmon is positively affected
by rapid early growth (Duffy and Beauchamp 2011),
consistent with the positive effect of size within a cohort
on marine survival in other salmon species (Healey
1982b; Holtby et al. 1990; Henderson and Cass 1991).
The presence of hatchery-produced sub-yearlings

Table 2 Mean monthly catch per seine haul (SD) of juvenile
Chinook salmon in the Elwha River estuary, 2007–2011. An
outlier sample (n=13,224) in June 2010 was removed because
the hatchery released smolts on that day

Month Sub-yearlings Yearlings

January 0.0 (0.0) 0.3 (0.6)

February 0.0 (0.0) 0.0 (0.0)

March 1.9 (3.8) 0.0 (0.0)

April 39.1 (21.6) 16.1 (8.9)

May 76.5 (54.4) 6.7 (4.7)

June 150.0 (54.7) 0.7 (0.5)

July 99.5 (38.1) 0.0 (0.0)

August 17.9 (17.5) 0.0 (0.0)

September 10.9 (16.8) 0.0 (0.0)

October 0.7 (1.2) 0.0 (0.0)

November 3.2 (5.1) 0.0 (0.0)

December 0.0 (0.0) 0.0 (0.0)

Table 3 Meanmonthly fork length (SD) of sub-yearling Chinook
salmon (identified from length-frequency distributions) caught in
the Elwha River estuary, March 2007–September 2011 (years
combined). Sample refers to the number of fish measured; values
in parentheses are the range of fish measured among years)

Month Sample Mean Length (SD)

January 1 95

February 0

March 15 (1–13) 45.7 (1.2)

April 182 (13–89) 54.5 (7.1)

May 252 (3–117) 66.0 (11.5)

June 356 (25–180) 80.6 (9.6)

July 306 (30–180) 83.7 (10.4)

August 95 (7–31) 88.1 (10.4)

September 37 (7–30) 98.6 (14.1)

October 4 (4) 99.0 (7.4)

November 18 (1–17) 98.0 (5.4)

December 0
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complicated our analyses and also complicates prediction
of future trends in total and natural production of juve-
niles in the Elwha River system. However, larger smolts
tend to migrate earlier (Durkin 1982; Beckman et al.
1998) and faster than smaller ones (Giorgi et al. 1997),
so competition between wild (likely smaller) and hatch-
ery produced fishmay not be as great as might be the case
if they used the river and estuary similarly. Research in
Puget Sound indicated that hatchery-produced Chinook
salmon were present over a less protracted period than
naturally produced conspecifics (Rice et al. 2011).

The period following dam removal is ongoing as this
paper is being prepared, and there will be many changes
in the physical and biotic aspects of the estuary as more
sediment and wood are deposited. Against the null hy-
pothesis of “no change from pre-dam conditions”, one
might pose two alternative hypotheses. First, the expan-
sion of the estuary that is being observed might result in
increased use of this habitat by sub-yearling Chinook
salmon. This might be inferred from continued sampling
if the population as a whole is present for a longer period
of time after dam removal or from marking studies to
directly measure duration of residence by individuals.
Alternatively, dam removal will allow Chinook salmon
to spawn farther upriver, and they may be able to achieve
more growth in the river itself than was possible in the
period prior to dam removal. Finally, increased sediment
in the estuary may affect fish behavior and use of the
estuary for rearing, further complicating assessment
(Korstrom and Birtwell 2006). Thus, changes in juvenile
Chinook salmon life histories following dam removal
may indicate ecological changes within the river and the
estuary, emphasizing the need for continued studies to
distinguish between the changes in these two habitats.
Such studies are complicated by many factors, including
the selectivity of beach seines and other sampling
methods that vary with species and substrate (Parsley
et al. 1989), and the rapid, dramatic changes in the
estuary, including the sampling sites. In addition, as has
been noted by several authors, salmonid populations are
subject to considerable natural variation, reducing the
power to detect change when abundance or catch is the
index (Lichatowich and Cramer 1979; Bisson et al.
2008; Dauwalter et al. 2009). Distribution, size, timing
and other life history features may be more sensitive to
change than catches.

Acknowledgments Funding for this work has been provided
by the North Olympic Peninsula Lead Entity (Selinda Barkhuis,

coordinator), Salmon Recovery Funding Board, and the Envi-
ronmental Protection Agency, with in-kind contributions from
Coastal Watershed Institute, the Washington Department of Fish
and Wildlife, Peninsula College, and Western Washington Uni-
versity. In- kind partners included Cathy Lear (Clallam County),
Dave Parks (Department of Natural Resources) and BrianWinter
(Olympic National Park). Undergraduate student internships
have been sponsored by Clallam County Marine Resources
Committee, Patagonia, and the Olympic Peninsula Chapter of
the Surfrider Foundation. Dwight Barry, Barb Blackie, Nancy
Bluestein Johnson, Jack Ganzhorn, and Brian Hauge supervised
Peninsula College, Western Washington University, and Univer-
sity of Washington students interns, including Daniel Brooks,
Jesse Charles, Chris DeSisto, Bryan Hara, Rosalind Huang,
Erica Hirsh, Keelan Hooper, Aja Lathrop, Ian Franco, Joseph
Gonze, Mario Laungayan, Romy Laungayan, Rebecca Lucas,
Haley McCartney, Tara Marrow, Shea McDonald, Tiffany
Nabors, Ross McDorman, Sean Oden, Rebecca Paradis, Charlie
Parks, Kendra Parks, Jacob Ray, Melanie Roed, Justin Rondeau,
David Samples, Willie Spring, Clinton Stipek, Trista Simmons,
Ben Warren, Karen Wilkie, Jon Wittouk, Eric Wood, Steve
Wyall, and Becca Yucha. Tyler Ritchie, Jenna Schilke, Norm
Baker, and Carrie Clendaniel supervised and volunteered for a
portion of the fieldwork. We thank the Lower Elwha Klallam
Tribe and property owners Malcom Dudley and Chuck Janda for
providing site access, Terry Johnson (WDFW) for the maps, and
George Pess (NOAA), Jeff Duda (USGS) and Michael McHenry
(LEKT) for comments on the paper. The sampling was supported
in part by the National Science Foundation under REUGrant No.
0452328 awarded jointly to Peninsula College and Western
Washington University. The analysis and reporting were funded
in part by the H. Mason Keeler Endowment to the University of
Washington and a grant from Washington Sea Grant, University
of Washington, pursuant to National Oceanic and Atmospheric
Administration Award No. NA10OAR4170075, Project R/
LME-7. The views expressed herein are those of the authors
and do not necessarily reflect the views of NOAA or any of its
sub-agencies. The work was approved by the University of
Washington’s Institutional Animal Care and Use Committee
(Protocol 2442–31), and permits from the Washington Depart-
ment of Fish and Wildlife (SCP 11–248), NOAA (16663), and
the US Fish and Wildlife Service (TE-78052A-0).

References

Beckman BR, Larsen DA, Lee-Pawlak B, Dickhoff WW (1998)
Relation of fish size and growth rate to migration of spring
chinook salmon smolts. North American Journal of
Fisheries Management 18:537–546

Bisson PA, Gregory SV, Nickelson TE, Hall JD (2008) The Alsea
Watershed study: a comparison with other multi-year inves-
tigations in the Pacific Northwest. In: Stednick J (ed)
Hydrological and biological responses to forest practices:
the Alsea Watershed study. Springer, New York, pp 259–290

Congleton JL, Davis SK, Foley SR (1982) Distribution, abun-
dance and outmigration timing of chum and Chinook salmon
fry in the Skagit salt marsh. In: Brannon EL, Salo EO (eds)

Environ Biol Fish



Proceedings of the Salmon and Trout Migratory Behavior
Symposium. School of Fisheries, Seattle, pp 153–163

Curran CA, Konrad CP, Higgins JL, Bryant MK (2009)
Estimates of sediment load prior to dam removal in the
Elwha River, Clallam County, Washington Scientific
Investigations Report. U. S. Geological Survey, p 1–28

Dauwalter DC, Rahel FJ, GerowKG (2009) Temporal variation in
trout populations: implications for monitoring and trend de-
tection. Transactions of the American Fisheries Society
138:38–51

Draut AE, Logan JB, Mastin MC (2011) Channel evolution on the
dammed Elwha River, Washington, USA. Geomorphology
127:71–87

Duda JJ, Freilich JE, Schreiner EG (2008) Baseline studies in the
Elwha River ecosystem prior to dam removal: introduction to
the special issue. Northwest Science 82(Special Issue):1–12

Duffy EJ, Beauchamp DA (2011) Rapid growth in the early
marine period improves the marine survival of Chinook
salmon (Oncorhynchus tshawytscha) in Puget Sound,
Washington. Canadian Journal of Fisheries and Aquatic
Sciences 68:232–240

Durkin JT (1982) Migration characteristics of coho salmon
(Oncorhynchus kisutch) smolts in the Columbia River and
its estuary. In: Kennedy VS (ed) Estuarine Comparisons.
Academic, New York, pp 365–376

Fisher JP, Pearcy WG (1990) Distribution and residence times of
juvenile fall and spring chinook salmon in Coos Bay,
Oregon. Fishery Bulletin 88:51–58

Giorgi AE, Hillman TW, Stevenson JR, Hays SG, Peven CM
(1997) Factors that influence the downstream migration
rates of juvenile salmon and steelhead through the hydro-
electric system in the mid-Columbia River basin. North
American Journal of Fisheries Management 17:268–282

Greene CM, Jensen DW, Pess GR, Steel EA, Beamer E (2005)
Effects of environmental conditions during stream, estuary,
and ocean residency on Chinook salmon return rates in the
Skagit River, Washington. Transactions of the American
Fisheries Society 134:1562–1581

Healey MC (1980) Utilization of the Nanaimo River estuary by
juvenile chinook salmon, Oncorhynchus tshawytscha.
Fishery Bulletin 77:653–668

Healey MC (1982a) Juvenile Pacific salmon in estuaries: the life
support system. In: Kennedy VS (ed) Estuarine Comparisons.
Academic Press, New York, pp 315–341

Healey MC (1982b) Timing and relative intensity of size-selective
mortality of juvenile chum salmon (Oncorhynchus keta)
during early sea life. Canadian Journal of Fisheries and
Aquatic Sciences 39:952–957

HealeyMC (1991) Life history of chinook salmon (Oncorhynchus
tshawytscha). In: Groot C, Margolis L (eds) Pacific Salmon
Life Histories. University of British Columbia Press,
Vancouver, pp 311–393

Henderson MA, Cass AJ (1991) Effect of smolt size on smolt-to-
adult survival for Chilko Lake sockeye salmon (Oncorhynchus
nerka). Canadian Journal of Fisheries and Aquatic Sciences
48:988–994

Hering DK, Bottom DL, Prentice EF, Jones KK, Fleming IA
(2010) Tidal movements and residency of subyearling
Chinook salmon (Oncorhynchus tshawytscha) in an Oregon
salt marsh channel. Canadian Journal of Fisheries and
Aquatic Sciences 67:524–533

Holtby LB, Anderson BC, Kadowaki RK (1990) Importance of
smolt size and early ocean growth to interannual variability
in marine survival of coho salmon (Oncorhynchus kisutch).
Canadian Journal of Fisheries and Aquatic Sciences 47:
2181–2194

Johnson SW, Thedinga JF, Koski KV (1992) Life history of
juvenile ocean-type chinook salmon (Oncorhynchus
tshawytscha) in the Situk River, Alaska. Canadian Journal
of Fisheries and Aquatic Sciences 49:2621–2629

Korstrom JS, Birtwell IK (2006) Effects of suspended sediment
on the escape behavior and cover-seeking response of ju-
venile Chinook salmon in freshwater. Transactions of the
American Fisheries Society 135:1006–1016

Levings CD, McAllister CD, Chang BD (1986) Differential use of
the Campbell River estuary, British Columbia, by wild and
hatchery-reared juvenile chinook salmon (Oncorhynchus
tshawytscha). Canadian Journal of Fisheries and Aquatic
Sciences 43:1386–1397

Lichatowich J (1999) Salmon Without Rivers. Island Press,
Washington, D. C

Lichatowich J, Cramer S (1979) Parameter selection and sample
sizes in studies of anadromous salmonids. Oregon
Department of Fish and Wildlife, Portland, OR

Magnusson A, Hilborn R (2003) Estuarine influence on survival
rates of coho (Oncorhynchus kisutch) and chinook salmon
(Oncorhynchus tshawytscha) from hatcheries on the U.S.
Pacific coast. Estuaries 26:1094–1103

McCabe GT, Muir WDJ, Emmett RL, Durkin JT (1983)
Interrelationships between juvenile salmonids and
nonsalmonid fish in the Columbia River estuary. Fishery
Bulletin 81:815–826

McCabe GT, Emmett RL, Muir WD, Blahm TH (1986)
Utilization of the Columbia River estuary by subyearling
chinook salmon. Northwest Science 60:113–124

McHenry ML, Pess GR (2008) An overview of monitoring
options for assessing the response of salmonids and their
aquatic ecosystems in the Elwha River following dam re-
moval. Northwest Science 82(Special Issue 1):29–47

Montgomery DR (2003) King of Fish: The Thousand-Year Run
of Salmon. Westview Press, Boulder

Nehlsen W, Williams JE, Lichatowich JA (1991) Pacific salmon
at the crossroads: stocks at risk from California, Oregon,
Idaho, and Washington. Fisheries 16(2):4–21

Netboy A (1968) The Atlantic Salmon. HoughtonMifflin Company,
Boston

NRC (1996) Upstream: Salmon and Society in the Pacific
Northwest. National Academy Press, Washington

Parsley MJ, Palmer DE, Burkhardt RW (1989) Variation in
capture efficiency of a beach seine for small fishes. North
American Journal of Fisheries Management 9:239–244

Pess GR, McHenry ML, Beechie TJ, Davies J (2008) Biological
impacts of the Elwha River dams and potential salmonid
responses to dam removal. Northwest Science 82(Special
Issue):72–90

Quinn TP (2005) The Behavior and Ecology of Pacific Salmon
and Trout. University of Washington Press, Seattle

Quinn TP, Harris N, Shaffer JA, Byrnes C, Crain P (2013) Juvenile
coho salmon, Oncorhynchus kisutch, in the Elwha River
estuary prior to dam removal: Seasonal occupancy, size dis-
tribution, and comparison to nearby Salt Creek. Transactions
of the American Fisheries Society 142:1058–1066

Environ Biol Fish



Reimers PE (1971) The length of residence of juvenile fall
chinook salmon in Sixes River. Oregon State University,
Oregon

Rice CA et al (2011) Abundance, stock origin, and length of
marked and unmarked juvenile Chinook salmon in the
surface waters of greater Puget Sound. Transactions of the
American Fisheries Society 140:170–189

Shaffer JA, Crain P, Winter B, McHenry ML, Lear C, Randle TJ
(2008) Nearshore restoration of the Elwha River through
removal of the Elwha and Glines Canyon dams: an over-
view. Northwest Science 82(1):48–58

Shaffer JA, Beirne M, Ritchie T, Paradis R, Barry D, Crain P
(2009) Fish habitat use response to anthropogenic induced

changes of physical processes in the Elwha estuary,
Washington, USA. Hydrobiologia 636:179–190

Simenstad CA, Fresh KL, Salo EO (1982) The role of Puget
Sound and Washington coastal estuaries in the life history
of Pacific salmon: an unappreciated function. In: Kennedy
VS (ed) Estuarine Comparisons. Academic, New York, pp
343–364

Thorpe JE (1994) Salmonid fishes and the estuary environment.
Estuaries 17(1A):76–93

Warrick JA, Duda JJ, Magirl CS, Curran CA (2012) River
turbidity and sediment loads during dam removal on the
Elwha River, Washington, USA. EOS, Transactions of the
American Geophysical Union 93:425–426

Environ Biol Fish


	Juvenile Chinook salmon, Oncorhynchus tshawytscha, use of the Elwha river estuary prior to dam removal
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	References


