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Executive Summary

Background 
This report summarizes decades of research 
studies, water-quality monitoring data, and 
previous synthesis reports describing temperature 
and dissolved oxygen conditions in the Lake 
Washington Ship Canal (LWSC) and effects 
on anadromous salmon including Endangered 
Species Act (ESA) -listed Chinook. The information 
presented in this report is intended to serve as a 
resource for entities involved in salmon recovery. 
The purpose of this report is to:

• Bring together distributed information and data 
in a single resource.

• Support a common understanding of the 
problem.

• Inform decision-making to identify specific 
management goals and priorities. 

• Ultimately, help guide recruitment of innovative 
solutions.

The LWSC is located in the Lake Washington/
Cedar/Sammamish Watershed (WRIA 8) and the 
City of Seattle, King County, Washington. WRIA 8 
drains into Puget Sound through the Ballard Locks 
and LWSC. For this report, the LWSC refers to the 
system extending from Shilshole Bay in Puget 
Sound to Lake Washington and includes the Hiram 
M. Chittenden Locks (“Ballard Locks”), Salmon Bay, 
the Ship Canal navigation channels (Fremont Cut 
and Montlake Cut), Lake Union, Portage Bay, and 

Union Bay. The LWSC supports multiple fisheries, 
including fisheries reserved in the Treaty of Point 
Elliott by the Muckleshoot Indian Tribe upstream of 
the Ballard Locks and the Suquamish Indian Tribe in 
marine areas downstream of the Locks. The United 
States Army Corps of Engineers (USACE) maintains 
the LWSC and operation of the Ballard Locks to 
ensure adequate flows are provided to operate the 
Locks for navigation, fish passage, water quality 
protection, and to reduce risk of winter flood 
damage. 

Thermal and dissolved oxygen conditions at the 
Ballard Locks and LWSC are key constraints to 
salmon recovery in WRIA 8. Anadromous salmon 
must pass through the LWSC twice in their life, 
first as juveniles migrating out to sea and again as 
adults returning to spawn. Temperature is among 
the most important environmental influences 
on salmon biology. Salmon require cold, well 
oxygenated water for health and survival. Existing 
temperature and dissolved oxygen conditions in the 
LWSC during critical periods of salmon migration 
can block or delay passage; reduce growth and 
increase susceptibility to predators, parasites 
and infectious diseases; affect reproduction; and 
sometimes result in direct mortality. 

Salmon are vital to the culture and economy of the 
WRIA 8 watershed. Improving and ensuring healthy 
and safe passage through the Ballard Locks and 

Synthesis of Best Available Science: Temperature and Dissolved Oxygen Conditions in the Lake Washington Ship Canal and Impacts on Salmon
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LWSC is central to salmon recovery and supports 
local, state, and federal investment of more than 
$130 million in habitat restoration. Recovering 
sustainable and harvestable salmon populations 
is imperative to increase numbers of ESA-listed 
Chinook salmon—the primary food source of 
endangered Southern Resident Orca and to meet 
federal trust responsibilities to protect tribal treaty 
rights to conduct subsistence and commercial 
fishing activities. 

Temperature and dissolved oxygen conditions 
and their effects on salmon in the LWSC have 
been analyzed and debated among salmon 
recovery entities for over 20 years. This document 
summarizes long-term data on temperature and 
dissolved oxygen conditions; describes adult 
and juvenile salmon migration, residence, and 
behavioral patterns in the system; and provides 
a brief overview of previous management 
recommendations and identified study needs.

Summary of Findings
• High temperatures and low dissolved oxygen 

conditions in LWSC and Ballard Locks are critical 
limiting factors for juvenile and adult salmon in 
WRIA 8.

• The Ballard Locks block cooler oxygenated 
marine saltwater from entering the LWSC except 
during locks openings. As a result, migrating 
salmon experience abrupt changes in salinity, 
temperature, and dissolved oxygen as they travel 
though the Locks.

• High temperatures in the LWSC are associated 
with solar energy heating the surface of Lake 
Washington to a depth greater than most of the 
Ship Canal. Thus, migrating salmon have limited 
access to deeper, cooler waters to escape high 
temperatures. 

• Adult and juvenile salmon migration, holding, and 
residence patterns in the LWSC generally occur 
over timeframes of hours to days. Exceptions 
include extended Chinook and coho adults  

holding immediately upstream of Ballard Locks 
and juvenile residence (1 – 2 days up to 2 weeks) 
in Lake Union. Both areas have critical water 
quality issues. Sockeye salmon typically enter the 
LWSC several months prior to spawning and tend 
to migrate through rapidly with limited holding, 
compared to Chinook.

• Between 2009–2019, average daily surface 
temperatures in the LWSC during critical 
periods for salmon migration (May–September) 
consistently (87–92% of monitoring days, on 
average) exceeded the 15°C sub-lethal stress 
threshold for Pacific salmon and often (12–24% of 
monitoring days, on average) exceeded the 22°C 
migration barrier and lethal threshold. Most adult 
Chinook enter the LWSC during the warmest 
periods in late July–August.

• Potential cold-water refuge varies with location 
in the LWSC. Between 2009–2019, average daily 
bottom temperatures were at least 2°C cooler 
compared to surface temperatures 13-92% of 
monitored days, on average, during critical 
periods for salmon migration (May–September), 
depending on location. Areas of the LWSC with 
deep cooler water include Lake Union and the 
saltwater wedge immediately upstream of the 
Locks. 

• Lake Union has a maximum depth of about 
16 m providing the most consistent potential 
for thermal refuge. However, anoxic conditions 
below the 11 m depth, particularly during late 
summer, exclude salmon access, creating a 
temperature – dissolved oxygen squeeze. 

• The saltwater drain area just upstream of the 
locks provides a cool-water refuge for returning 
adult salmon (24% of monitored days May – 
September, 2009-2019), which may hold in this 
area for weeks (average 19 days and as long as 
55 days). However, the area of cool, oxygenated 
water is small and frequent uplockages (lockages 
moving boats from Puget Sound into the Ship 
Canal) or false lockages (lockages specifically for 
water quality) are needed needed to maintain this 
refuge during the summer. 
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• Adult Chinook exhibit fallback or recycling 
behaviors at the Ballard Locks and return 
downstream to Puget Sound one or more times, 
likely in attempts to balance physiological needs 
during the abrupt transition from saltwater to 
freshwater. Concentrations of salmon in the area 
also appear to attract predation by pinnipeds 
further limiting the available refuge.

• As temperatures continue to warm with climate 
change, detrimental effects of temperature and 
dissolved oxygen conditions in the LWSC will 
continue to increase and further limit successful 
migration of salmon life stages.

• Limiting factors for salmon in the LWSC have 
been investigated, analyzed, and debated for 
over 20 years. To date, primary management 
actions include locks operational adjustments 
(e.g. false lockings, saltwater drain closures, 
lowering the saltwater barrier), to improve 
temperature conditions primarily for adult 
Chinook and sockeye. A number of management 
recommendations have yet to be investigated 
and empirical evidence isolating direct and 
indirect effects of current and anticipated future 
conditions is limited.

Summary of Findings, Continued:
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1. Introduction

1.1  Problem Statement
Anadromous salmon in the Lake Washington/
Cedar/Sammamish Watershed (WRIA 8) must pass 
through the Ballard Locks and Lake Washington 
Ship Canal twice, first as a juvenile migrating 
out to sea and again as an adult returning to 
spawn. These salmon encounter lethal or sub-
lethal temperatures and dissolved oxygen 
conditions, and abrupt transitions in conditions, 
that can influence behavior and reduce chances 
of survival. Water temperature and dissolved 
oxygen are primary factors for both juvenile and 
adult salmon survival. Salmon need cold, well-
oxygenated water for optimum health. Water 
quality conditions in the Lake Washington Ship 
Canal during key migration periods can block or 
delay passage, lead to increased susceptibility to 
predators, parasites and infectious diseases, affect 
reproduction, and sometimes directly result in fish 
kills (Fresh et al. 1999, Newell and Quinn 2005, 
SPU and USACE 2008). Salmon are in decline in the 
urbanized Puget Sound region and Chinook salmon 
(Oncorhynchus tshawytscha) as well as Steelhead 
trout (Oncorhynchus mykiss) have been listed as 
threatened under the Endangered Species Act since 
1999 and 2007, respectively. As a State Lead Entity 
for Chinook salmon recovery (RCW 77.85.050) 
WRIA 8, with its partners, is seeking lasting 
solutions to temperature and dissolved oxygen 
impairments in the Lake Washington Ship Canal. 

1.2  Purpose of this Report
The information presented in this report is 
intended to serve as a resource for entities 
involved in salmon management and recovery. 
The purpose of this report is to help build a 
common understanding based on current science 
by summarizing best available science on the 
following topics:

• Temperature and dissolved oxygen conditions in 
the Lake Washington Ship Canal during critical 
periods and locations for salmon migration and 
use. 

• Variation in temperature and dissolved oxygen 
conditions across time and space, and

• Responses of adult and juvenile salmon to current 
conditions and projected future conditions.

This report will be used to help inform a 
collaborative process to address direct and indirect 
impacts of high temperature and low dissolved 
oxygen on salmon in the Lake Washington 
Ship Canal. Ultimately, the aim is to develop 
an integrated approach to adaptively manage 
the LWSC and identify sustainable and long-
term solutions that improve conditions for all 
anadromous salmon in WRIA 8. Information in 
this report will be used to engage partners around 
a process to identify temperature and dissolved 
oxygen objectives likely to achieve clear and 
measurable benefits for salmon. Objectives will be 
based on the S.M.A.R.T. principle, meaning they 

Synthesis of Best Available Science: Temperature and Dissolved Oxygen Conditions in the Lake Washington Ship Canal and Impacts on Salmon
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will be specific, measurable, achievable, relevant, 
and time-bound. Agreement on a set of S.M.A.R.T 
objectives will enable targeted recruitment of 
innovative strategies and solutions.

1.3  Report Organization 
This report is organized into the following chapters: 

1.  Executive Summary: Summary of primary 
report findings and recommendations. 

2.  Introduction: Introduction to the purpose and 
structure of this report.

3.  Area Overview: Ecological and management 
context for the LWSC and Lake Washington, 
Cedar, Sammamish Watershed.

4. Temperature and Dissolved Oxygen 
Conditions: Description of water temperature 
and dissolved oxygen monitoring data from 
2009-2019 and projected future conditions in 
relation to critical salmon stress thresholds. 

5. Adult Salmon Migration, Residence, and 
Behavioral Patterns in the Lake Washington 
Ship Canal: Synthesis of important survival 
factors and past studies of adult migration and 
habitat use. 

6. Juvenile Salmon Migration, Residence, and 
Behavioral Patterns in the Lake Washington 
Ship Canal: Synthesis of critical factors affecting 
juvenile salmon survival and past studies of 
juvenile migration and habitat use.
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2. Area Overview

2.1. The Lake Washington/Cedar/Sammamish Watershed (WRIA 8)

The 692-square-mile Lake Washington/Cedar/
Sammamish Watershed (WRIA 8) is located in 
lowland western Washington. The Watershed 
includes two major river systems, the Cedar and 
Sammamish rivers, and three major lakes, Lake 
Washington, Lake Sammamish, and Lake Union. 
WRIA 8 is home to several species of anadromous 
salmon including natural and hatchery origin 
Chinook (Oncorhynchus tshawytscha), sockeye (O. 
nerka), coho (O. kisutch), and steelhead trout (O. 
mykiss). Aside from a few small coastal streams 
that drain directly to Puget Sound, the major 
waterbodies in WRIA 8 drain into Puget Sound 
through the Ballard Locks and LWSC.

Since 2000, 28 local government partners in 
WRIA 8 and representatives from businesses, 
community groups, residents, and state and 
federal agencies have worked through an interlocal 
agreement toward science-based recovery and 
restoration of spawning, rearing, and migratory 
habitat for Chinook and other salmon species. The 
National Marine Fisheries Service (NMFS) listed 
Puget Sound Chinook salmon as Threatened in 
March 1999 under the Endangered Species Act 
(ESA) (64 FR-14308). WRIA 8 is home to two ESA 
threatened Chinook salmon populations: the Cedar 
population (Cedar River and tributaries) and the 
Sammamish population (Sammamish River, North 
Creek, Little Bear Creek, Bear/Cottage Lake Creek, 
Issaquah Creek, and other larger tributaries to 

the Sammamish River and Lake Washington). In 
November of 1999, Puget Sound coho salmon were 
considered a species of concern, with a potential 
for future listing, and Puget Sound steelhead were 
listed Threatened under ESA in 2007 (50 CFR Part 
223). Until declining sockeye returns in the late 
2000s, Lake Washington contained the largest 
sockeye run in the lower 48 states. However 
sockeye populations have declined dramatically. 
2018-2020 had the lowest sockeye returns on 
record, averaging less than 5,000 spawners on 
the Cedar River relative to the need for a forecast 
of 350,000 at the Ballard Locks to open sockeye 
fishing. Puget Sound steelhead is federally listed 
as Threatened under the ESA and considered 
functionally extirpated in the WRIA 8 watershed 
following sharp declines since the 1980s. 

Prior to construction of the Ballard Locks and 
LWSC (Figure 1), the WRIA 8 watershed drained 
south to the Black and Duwamish rivers. A ridge 
separated Union Bay from Lake Union and a small 
stream drained Lake Union into a tidally influenced 
Salmon Bay (Figure 2). Shilshole Bay included 
shallow estuarine water, mudflats, and wetland 
habitat. Tidal influence extended to what is now 
the Fremont Cut.

Major alterations occurred in the late 1800s 
with heavy logging of old growth forests which 
degraded forest cover, hydrology, and instream 

Synthesis of Best Available Science: Temperature and Dissolved Oxygen Conditions in the Lake Washington Ship Canal and Impacts on Salmon
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habitat. At the turn of the 20th century, Seattle 
built the Landsburg Diversion Dam and began 
using the Cedar River as its main source of water. 
The Cedar River, which flowed into the Black River, 
was partially diverted into Lake Washington in 
1912 to help alleviate flooding issues. In 1916, Lake 
Washington was lowered 9 feet, eliminating the 
Black River and terminating the chum and pick 
salmon spawning in the Black and Cedar Rivers. 

Figure 1:  Historical photos of the LWSC. Source: MOHAI. 

The Cedar River was diverted into Lake Washington  
and the outlet became the newly constructed 
Lake Washington Ship Canal and Ballard Locks 
(Figure 3). Over time, urbanization, shoreline and 
watershed development have continued to alter 
habitat conditions. Today, with 28 cities and an 
estimated 1.5 million people, WRIA 8 is the most 
populated basin in Washington State with 55% of 
its land area inside Urban Growth Area boundaries. 

Top left: Western Mill, South end of Lake Union, from Thomas Street, Seattle, ca. 1885 [image: 1983.10.6380]. 
Top right: Lake Washington shoreline before the lake level was lowered ca. 1910 [image: 1983.10.PA7.14]. 
Bottom left: The first concrete was poured for the Lock chambers in 1913 ca. 1913-1916 [image: 1983.10.9778].
Bottom right: A temporary dam built to hold back waters of Lake Union’s Portage Bay while digging the 
Montlake Cut is broken while onlookers watch ca. 1916 [image: 1983.10.10325].
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Figure 2: Map illustrating the pre-LWSC shoreline of Salmon Bay, Lake Union, and Portage Bay surrounded 
primarily by upland forest and grassland. Excerpted from Plate 1 in Chrzastowski (1983) 
https://pubs.er.usgs.gov/publication/ofr811182 

https://pubs.er.usgs.gov/publication/ofr811182
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Figure 3: Schematic sections comparing historical and present day bottom configuration and elevations along 
route of the LWSC. All water elevations are in feet or below (-) mean lower water. Excerpt from Chrzastowski 
(1983).
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Schematic sections comparing historical and present day bottom configuration and elevations along route of the Lake Wshi gton Ship 
Canal.  All water elevations are in feet above or below (-) mean lower low water (MLLW).

The land, water, and resources of the Salish Sea 
are ancestral territories of the Coastal Salish 
people. Through a network of family ties, the 
WRIA 8 watershed and nearshore areas included 
multiple Coast Salish Tribes. In the Stevens 
Treaties, including the Treaty of Point Elliott, the 
signatory tribes and bands reserved the right to 
fish, hunt and gather. These treaties, affirmed by 
the Boldt Decision (United States v. Washington, 
384 F.Supp, 312 (W.D. Wash. 1974), set the stage 
for a unique government-to-government co-
management relationship 

between Northwest Treaty Tribes and the 
Washington State Department of Fish and 
Wildlife. The Muckleshoot Indian Tribe and 
Suquamish Indian Tribe each hold adjudicated 
treaty rights, which include the right to co-manage 
and harvest fish and other resources that arise 
from WRIA 8 at their respective usual and 
accustomed places (see U.S. v. Washington, 384 F. 
Supp. 312, 365-367 (W.D. Wash. 1974), 459 F.Supp. 
1020, 1049 (W.D. Wash. 1978).

https://en.wikipedia.org/wiki/United_States_v._Washington
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2.2.  Lake Washington Ship Canal 
The LWSC connects Shilshole Bay in Puget Sound 
to Lake Washington. Moving upstream, the 
LWSC includes the Hiram M. Chittenden Locks 
(“Ballard Locks”), Salmon Bay, Fremont Cut, Lake 
Union, Portage Bay, Montlake Cut, and Union Bay 
(Figure 4). The length from the Ballard Locks to 

Figure 4: Areal extent and bathymetric profile of the Lake Washington Ship Canal including U.S. Army Corps of 
Engineer and King County water quality monitoring stations. 

WATER QUALITY MONITORING STATION LABELS:

• GWLW (Gas Works–Lake Washington)
• UBLW (University Bridge–Lake Washington)
• A522/0540 (King County numbered stations)  

• LLLW (Large Locks–Lake Washington)
• BBLW (Ballard Bridge–Lake Washington)
• FBLW (Fremont Bridge–Lake Washington)

Lake Washington is approximately 10.8 km. Most of 
the LWSC has a mean depth of approximately 9-11 m, 
with the exception of Lake Union (mean depth 10.5 m 
and maximum depth 16 m) and localized pockets 
immediately upstream of the Ballard Locks in Salmon 
Bay (maximum depth 14-16 m) (Figure 4).  
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The LWSC is an engineered system. Between 1910 
– 1920 the Army Corps of Engineers constructed 
the Ballard Locks and excavated the Ship Canal 
to facilitate commercial navigation between 
Puget Sound and Lake Washington (Figure 1). 
The State of Washington and King County cost-
shared the construction and excavation of the 
upstream navigation channel from the Locks to 
Lake Washington with the Federal government. 
The project included construction of the dam, two 
locks, and associated structures at the entrance to 
Salmon Bay, including a rudimentary fish ladder. 
Hydrologic changes lowered the elevation of Lake 
Washington by 9 feet, dried up Lake shoreline 
wetlands, and disconnected Lake Washington from 
its outlet at the Black River (Figure 3). 

The LWSC is a center for shipping, navigation, 
industry, and recreation. Today, the banks along 
the Ship Canal are 96% armored with continuous 
overwater structures such as docks and piers 
(Weitkamp et al. 2000). Bank armoring, bulkheads, 
and docks along most of this shoreline severely 
limit habitat and cover for migrating juvenile 
salmon. Undeveloped shorelines are primarily 
limited to Gas Works Park, a protected cove west of 
the U.S. Navy pier at the south end of Lake Union, 
the area south of SR-520 in Union Bay and Portage 
Bay, and the north side of Union Bay including 4 
miles of shoreline in the Union Bay Natural Area. 
With 45,000 vessels passing through each year, the 
Ballard Locks are the busiest locks in the country 
in terms of vessel traffic. The Locks and fish ladder 
are beloved destinations for watershed residents 
and iconic Seattle visitor attractions with more 
than 1.25 million site visitors each year, including 
150,000 tourists, school children, and cruise 
passengers (McDowell Group Inc. 2017). 

Although the focus of this synthesis is on 
temperature and dissolved oxygen conditions in 
the LWSC, commercial and industrial activities 
have also left a legacy of sediment contamination 
and the LWSC continues to receive contaminant 
inputs from stormwater and combined sewer 
overflows (CSOs) (King County 2017). The extent 
to which these contaminant sources affect salmon 
in the LWSC is beyond the scope of this report. 

However, potential legacy sediment contamination 
and proximity to stormwater outfalls and CSOs 
should be kept in mind when considering actions 
intended to improve temperature and dissolved 
oxygen conditions in the LWSC. An investigation 
of the extent that stormwater and/or CSO inputs 
modify local temperature conditions (positively or 
negatively), particularly during summer may be of 
some utility.

Salmon in the LWSC have limited access to 
deeper, cooler water to escape high temperatures. 
The LWSC is dominated by warm surface water 
from Lake Washington. During periods of high 
surface water temperature in late spring-summer, 
the thermocline depth in Lake Washington is 
approximately 10 m. Since the Montlake Cut 
(located between Union Bay and Portage Bay) is 
just ~ 10 m deep (Figure 4), cooler Lake Washington 
water below the thermocline is blocked from 
entering the LWSC (USACE 2015).1 Similarly, saline 
water that flows upstream from the Locks into the 
bottom of Lake Union during summer becomes 
trapped, blocked from entering Lake Washington. 
The deeper (and saltier) water in Lake Union is 
colder, but because density stratification limits 
deep water oxygenation, these colder deeper 
waters are typically anoxic (lacking oxygen) 
during much of the summer and into the fall and 
thus provide a limited cool water refuge for adult 
salmon as they migrate upstream.

Density stratification occurs in Lake Union but 
only occurs weakly and rarely in Salmon Bay and 
Portage Bay (USACE 2015). Areas of Salmon Bay 
are deeper than 10 m but thermal stratification 
is limited by constant mixing from operation of 
the Ballard Locks and inflow from the Fremont 
Cut (King County 2017). Density stratification is 
also rare at the Ballard Locks. However, deeper 
areas just upstream of the Locks maintain cooler 
temperatures due to inputs of cooler, oxygenated 
saltwater during locks operations. Stratification 

1  This barrier to movement of deeper water from 
Lake Washington is intentional. This same barrier (a sill 
near the University Bridge) prevents saline water from 
moving into Lake Washington once the deeper waters of 
Lake Union are filled with saline water.
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can also occur within the large lock chamber when 
there is no lockage activity for several hours. There 
is little spatial variation in temperature from the 
Montlake Cut downstream to Salmon Bay (King 
County 2017). 

2.3 The Ballard Locks and Fish Ladder
Migrating salmon experience abrupt changes in 
salinity, temperature, and dissolved oxygen as they 
travel through the Ballard Locks (Goetz and Quinn 
2019). The Ballard Locks includes a large locking 
chamber (measuring 24.4 m wide and 251.5 m 
long), a small locking chamber (8.5 m wide and 
45.7 m long), a 71.6 m long concrete gravity dam 
with six gated spillways, a saltwater drain, guide 
walls, and the fish ladder (Figure 5). The structure 
and operation of the Ballard Locks is a key factor 
regulating physical, biological, and chemical 
conditions for migrating salmon in the LWSC. The 
Locks and associated structures physically separate 
the freshwater LWSC from saltwater in the Puget 
Sound creating a truncated brackish mixing zone 
with abrupt changes in salinity, temperature, and 
dissolved oxygen over extremely short temporal 
and spatial scales (Goetz and Quinn 2019). This 
results in unusual circulation patterns and a very 
small estuarine zone. 

Estuaries are important places for salmon. 
Adults use estuaries to acclimate to freshwater, 
hold during maturation, or wait for favorable 
environmental conditions in spawning areas. 
Juveniles depend on estuary habitats for prey 
resources, conversion from fresh to saltwater 
osmoregulation and as cover from predators 
(Simenstad et al. 1982). In the LWSC, estuarine 
habitats such as saltwater marshes, shallow 
intertidal mudflats, overhanging natural 
vegetation, and freely moving brackish transitional 
zones are essentially nonexistent (Taylor 
Associates 2010). Adult and juvenile salmon can 
pass through the Locks using multiple alternative 
routes: the large lock chamber and associated 
filling culverts, small lock chamber and associated 
filling culverts, the fish ladder, the spillway, and the 
smolt (Figure 5). 

Lockings influence water quality for salmonids by 
bringing cool, oxygenated saline water from Puget 
Sound into the LWSC. When uplocking occurs, cool 
saltwater is released into the Locks forebay. The 
Locks and associated structures are operated to 
maintain salinity levels below Washington State 
water quality standards at the University Bridge 
(WAC Chapter 173 – 201A-602: salinity shall not 
exceed one part per thousand at any point or depth 
along a line that transects the Ship Canal at the 
University Bridge around river mile 6.1). The State 
standard is intended to protect Lake Washington 
from becoming temporarily or permanently 
meromictic (i.e., complete lake mixing no longer 
occurs due to a layer of dense saline water on the 
bottom of the lake) (USACE 2012). 

Saltwater intrusion increases during the spring 
and summer low-flow season when freshwater 
flows are lower and vessel traffic is the highest. A 
saltwater barrier, smolt flume flows, and saltwater 
return system (“saltwater drain”), influence levels 
of saltwater intrusion. The saltwater barrier can 
be raised to limit saltwater from spilling out of the 
large lock chamber into the freshwater side of the 
Locks. Increased discharge volume from operation 
of the smolt flumes also influences salinity. The 
saltwater drain is located in a deeper area directly 
upstream of the locks and siphons saline water to 
downstream areas. 



13Synthesis of Best Available Science: Temperature and Dissolved Oxygen Conditions in the Lake Washington Ship Canal and Impacts on Salmon

Figure 5: Physical features of the Ballard Locks (from Seattle Public Utilities, 2008).

Relatively cooler, saline attraction water flows from 
the saltwater drain through a diffuser well into 
lower pools of the ladder (Figure 6). The auxiliary 
water system (AWS) can supply up to 160 cfs from 
the saltwater drain. Meanwhile, warm surface 
water from the forebay enters the top of the fish 
ladder by gravity flow from the Locks’ forebay at 
about 23 cubic feet per second (cfs). The limited 
extent of saltwater diffusion in the lower fish 
ladder creates an abrupt shift in thermal, salinity, 
and dissolved oxygen conditions for adult salmon 
as they travel up the ladder and may contribute to 
migration delays both below and within the ladder.

Saltwater intrusion into the LWSC occurs as a 
result of lock operations. The saltwater drain 
and siphon do not have the capacity to remove 
all saltwater introduced by lockages. Saltwater 
flowing upstream out of the locks travels 

essentially as a jet (when the saltwater barrier 
is lowered) that can quickly reach Lake Union, 
especially during summer when flows are lower 
and vessel lockages are most frequent (Seckel and 
Rattray 1953). Saltwater influxes into Lake Union 
(4-6 km upstream) commonly occur in the summer, 
are generally brackish (0-2 ppt.), and typically flush 
out by late fall with increased freshwater inflow 
from Lake Washington (King County 2018). Saline 
water at the bottom of Lake Union is typically 
impeded from travelling further upstream by 
the relatively narrow and shallow area at the 
University Bridge (9.1-10.7 m deep) (USACE 2015). 
In rare circumstances where the deep saltwater 
layer surpasses the depth of the University Bridge, 
saltwater continues to travel into Portage Bay and 
into Lake Washington (Seckel and Rattray 1953, 
King County 2018, King County 2020). 
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When the saline layer at the bottom of Lake Union 
is significant, dense saltwater remains below less-
dense freshwater. The density gradient results in 
strong stratification and prevents wind and flow 
driven mixing and subsequent turnover. Once the 
saltwater wedge reaches Lake Union it has become 
warmed from surrounding waters. The warm-
dense saltwater can displace cooler hypolimnetic 
freshwater below the thermocline (USCOE 2015). 
Initial oxygen depletion in Lake Union bottom 
waters typically begins before the first salinity 
intrusion, but once saltwater reaches Lake Union 
during summer, stratification and anoxic bottom 
waters persist until the salt water is flushed out 
in the fall (Tomlinson 1977). Depending on the 
strength of density stratification and the strength 
of flushing prolonged hypoxic/anoxic periods can 
occur (USACE 2015, King County 2018). These 
changes to thermal, dissolved oxygen, and turnover 
conditions as well as related changes in pH due to 
the anaerobic respiration in bottom sediments also 
potentially influence lake sediment invertebrate 
communities as well as sediment and water column 
contamination (USACE 2012, USACE 2015, King 
County 2018).

Several studies have tested effects of Locks 
operations on salinity, temperature, and dissolved 
oxygen conditions in the LWSC for the benefit 
of salmon, particularly adults migrating in late 
summer. Timko et al. (2000) found highly variable 
temperature, dissolved oxygen, and salinity at 
depths below 10 m. Variation in these parameters 
depended on operations of the saltwater barrier, 
smolt flume, saltwater drain and increased 
nighttime lockages. However, Chinook locations 
and residence times were consistent across locks 
operations with the highest concentrations of 
Chinook holding near the saltwater drain. 

In 2013-2014, USACE conducted experimental 
False Locking Studies to test effects of variation 
in lockings (including adjustments in frequency, 
timing, and duration), saltwater barrier, and 
saltwater drain operations on water quality 
conditions near the Ballard Locks. False lockings 
are additional up-lockings independent of boat 

traffic passing from Puget Sound to the Ship 
Canal. During this study, temperature decreases 
were measured in the LWSC up to about 1.2 km 
upstream of the locks, with minimal impact 1.6 
km upstream suggesting the cooling influence 
of Puget Sound water may be limited to the area 
downstream of the Ballard Bridge (USACE 2013). 
Localized decreases in temperature (2-4°C in 2013 
and 1-3°C in 2014) were observed at near-bottom 
depths in Salmon Bay just upstream of the Locks. 
Temperature decreases remained 1 to 3 hours 
before returning to background temperatures 
(USACE 2015, King County 2018). 

During the False Locking study, the greatest and 
longest periods of cooling were observed when 
locking operations were maximized for duration/
frequency and the saltwater drain was off for 
extended periods. In 2013, the saltwater drain 
malfunctioned and was off during two periods 
resulting in greater salinity concentrations that 
reached farther up the LWSC than would occur 
during false lockings alone. The influx of saline 
water concurrent with the saltwater drain 
malfunction also resulted in rapid and more 
prolonged anoxic conditions and warmer bottom 
waters in Lake Union than would have occurred 
otherwise.

In 2014, saltwater drain shut-off was intentionally 
included in False Locking study experimental 
design. Shutting the saltwater drain off for 12 or 
24 hours/day with frequent lockings at 2 hour 
intervals provided greater and longer lasting 
cooling at depth. During these experimental 
operations, significant near-bottom cooling (2-4°C) 
was observed ~730 m upstream and moderate 
cooling (1.5°C) was observed ~1220 m upstream, all 
the way to the Ballard Bridge (USACE 2015). These 
cooling effects were observed for a 5 day testing 
period. Once the saltwater drain was reopened, 
temperatures returned back to pre-drain-shutdown 
conditions within approximately 1 day. Turning 
off the saltwater drain flow to the fish ladder also 
substantially decreased and delayed fish passage 
through the ladder. This effect was more evident 
the longer the drain was shut-off and when the 
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shutoff occurred during peak daylight hours. Given 
that saltwater drain failures may go undetected 
for days, study findings suggested the need for 
tools and procedures to quickly detect and remedy 
saltwater drain failures. Locks staff now regularly 
check the drain to make sure it is functioning 
properly. 

Freshwater from the LWSC flows into Shilshole 
Bay via the spillways, smolt flumes, fish ladder, 
and during lockages. This freshwater—which is 
less dense than saltwater—floats on top of the 
water column forming a freshwater lens. The lens 
typically extends to a 2.1 m depth. The freshwater 
lens is limited to areas immediately west of the 
Locks and does not often extend beyond the 
railroad bridge located in the inner bay (Simenstad 
et al. 1999). The size and depth of the freshwater 
lens is influenced by freshwater flowing over the 
Locks, location of freshwater (e.g. locks, spillways), 
season, and tidal elevation. Salinity immediately 
below the Locks ranges between 10 and 29 ppt. 

During summer, Lake water levels and available 
inflow limit both the amount of freshwater flowing 
over the spillway and the size and depth of the 
freshwater lens. Tidal conditions can influence the 
freshwater lens with high tides resulting in a much 
deeper, less saline freshwater lens than at low to 
moderate tides.

Figure 6: Diagram of the fish ladder in profile (from Government Printing Office Pamphlet 1996-792-501: Lake 
Washington Ship Canal Fish Ladder). 

Most weirs are one foot higher than the previous and the last three are adjustable to the level of Salmon Bay. 
Saltwater is mixed with fresh water in the lower weirs only by the diffuser well indicated by dark blue. The fish 
ladder makes several right-angle turns not reflected in the diagram.

The current fish ladder was completed in 1976 
(Figure 6). The ladder is 2.4 m wide, with three 
adjustable weirs at the upstream end, 18 fixed 
weirs, and two slots at the downstream entrance 
(Seattle Public Utilities 2008). The adjustable weirs 
are set manually based on water depth in the Ship 
Canal and the downstream slots can be adjusted 
to facilitate fish passage at different tidal heights. 
The ladder is designed to operate with about 23 
cfs freshwater flow from the Locks forebay and a 
maximum of 160 cfs flow from the saltwater drain 
(183 cfs total flow). During low-flow conditions in 
July through September, the fish ladder can use 50 
to 60% of the total water quantity passing through 
the Locks. 
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3. Temperature and Dissolved Oxygen Conditions

High water temperatures and low dissolved 
oxygen conditions can contribute to direct salmon 
mortality and indirect mortality from stress 
experienced during residence and migration (SPU 
& USACE 2008, USACE 2012). Temperature and 
dissolved oxygen are primary factors in juvenile 
and adult salmon health, development, migration, 
and survival. Water temperature influences the 
metabolic rates, physiology, and life-history traits 
of salmonids and dissolved oxygen is necessary 
for respiration and metabolism (Poole and Berman 
2001, Quinn 2018). Water temperature and 
dissolved oxygen influence salmonid geographic 
distribution, spawning times, egg development and 
survival, growth rates, competitive interactions, 
life-stage transitions, susceptibility to disease and 
pathogens, and overall behavior (Quinn 2018). Low 
dissolved oxygen can also enhance the toxicity 
of various chemicals possibly due to increased 
ventilation and therefore more water and toxicant 
passing through fish’s gills (Lloyd 1961, EPA 1986).

This chapter describes temperature and dissolved 
oxygen conditions in the LWSC relative to 
critical salmon stress and mortality thresholds. 
Interannual data on temperature (2009 – 2019) 
and dissolved oxygen (2016 – 2019) were derived 
from five USACE long-term monitoring stations 
(Figure 4). Since 1992, the USACE has collected 
hourly temperature and salinity from the Locks to 
the University Bridge. At each station, temperature 
and salinity sensors are located at multiple depths. 

In 2013, dissolved oxygen sensors were added to 
the bottom depth at all locations. Although depths 
and locations of the USACE stations have varied 
somewhat overtime, these changes do not affect 
data trends shown here. Lake Union median daily 
temperatures and dissolved oxygen data 2009-
2019 were provided by the King County Water and 
Land Resources Division water quality monitoring 
program (Figure 4).2 Data on adult salmon 
migration timing through the Ballard Locks are 
based on daily index counts conducted by the WA 
Department of Fish and Wildlife (WDFW) and the 
Muckleshoot Indian Tribe from June 12 to October 
2 annually. Data on juvenile migration timing are 
based on Washington Department of Fish and 
Wildlife’s juvenile screw trap data for Bear Creek 
and the Cedar River and a PIT (passive integrated 
transponder) tag reader located at the Ballard 
Locks.

Temperature thresholds used in this report 
include “sub-lethal impacts” and “migration 
barrier or lethal” for daily average temperatures 
above 15°C and 22°C, respectively. These 
thresholds are based on daily average values 
shown to alter salmon behaviors or cause biological 
impairment (e.g. WA Ecology 2002, Fresh et al. 
1999, Timko et al. 2002). We use daily average 
temperature, rather than a more prolonged 
exposure metric (e.g., WA State standards and 
2  Daily medians based on routine monthly to twice monthly 
profiling data interpolated to daily values.

Synthesis of Best Available Science: Temperature and Dissolved Oxygen Conditions in the Lake Washington Ship Canal and Impacts on Salmon
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criteria focused on 7-day average of daily maximum 
temperatures3) To align with patterns of salmon 
behavior in the LWSC (discussed in sections 5 & 6: 
Adult and Juvenile Salmon Migration, Residence, 
and Behavioral Patterns). Data suggest adult and 
juvenile salmon migration, holding, and residence 
patterns in the LWSC occur over timeframes of 
hours to days. Exceptions include more prolonged 
adult holding around the Ballard Locks and juvenile 
residence in Lake Union. 

According to Ecology (2002), average daily 
temperatures above 15-16°C are associated with 
serious infection rates and temperatures above 
15.6 – 17°C are associated with reduction in 
reproductive success. Whereas, temperatures 
below 13 – 14°C are protective of adult holding and 
rearing. Fresh et al. (1999) and Timko et al. (2002) 
found daily average values of  22°C a “migration 
barrier” beyond which salmon will not migrate 
up through the LWSC. Ecology (2002) suggests 
daily maximum temperatures exceeding 21 – 22°C 
block salmon migration while daily maximum 
temperatures exceeding 22.5 – 23°C are likely 
lethal. 

3  Application of Washington State Department of Ecology 
(Ecology) water quality standards to the LWSC is complex. 
Aquatic Life Temperature Criteria in Freshwater (WAC 
173-201A-200) is 16°C (60.8°F) 7-day average daily (DAD) 
maximum temperature for “core summer salmonid 
habitat” which includes “salmonid spawning or emergence 
or adult holding and important rearing habitats used 
June 15-September 15”. Although, Surface Water Quality 
Standards (WAC 173-201A-602, WAC 173-201A-200) 
identify the LWSC as “core summer salmonid habitat.” 
LWSC is also identified as a “lake” part of Lake Union and 
Lake Washington and the freshwater temperature criteria 
do not directly apply to lakes. Temperature criteria for 
lakes focus on limiting human caused impacts in order 
to maintain near “natural conditions” (WAC 173-201A-
200(1)(c)(v) and WAC 173-201A-200(1)(d)(ii)). It is difficult 
to interpret “natural conditions” in a highly modified 
and engineered LWSC. Ultimately, the State’s approach 
to water quality impairments in the LWSC has been to 
optimize the system to provide the greatest volume 
of habitat. Rather than use a precise determination of 
“natural conditions” from which to base numeric criteria, 
the goal is to provide the best possible improvement to 
temperature and dissolved oxygen for migrating salmon.

Other studies have shown warm temperatures 
(16–22°C) can cause significant sub-lethal effects 
including increased susceptibility to disease, 
metabolic stress, developmental issues, and 
blockages to migration (McCullough 1999, Hicks 
2000, McCullough et al. 2001, WSDOE 2002, 
Richter and Kolmes 2005, EPA 2007, Farrell et 
 al. 2008). Temperatures between 14–20°C can 
result in decreased energy reserves which impact 
Chinook salmon migration, reproduction, and 
immune responses (Richter and Kolmes 2005, 
McCullough et al. 2001, McCullough et al. 2009). 
Extended exposure to these lethal and sub-lethal 
temperatures can result in direct pre-spawn 
mortality or indirect effects including increased 
stress, increased disease susceptibility, altered 
spawn timing, and decreased reproductive success 
(Hicks 2000, Ecology 2002, Quinn 2018, Crossin et 
al. 2008, Keefer et al. 2009, Eliason et al. 2011).

In this report, we identify thermal refuge as areas 
with temperatures >2°C cooler than surrounding 
waters (Torgersen et al. 2012). Differences in 
temperature across depths have the potential to 
provide thermal refuge for salmon that are holding 
and rearing. Thermal refugia, specifically cold-
water refuge, provide areas of maintained cooler 
temperatures which are beneficial for cold-water 
species such as salmonids (Torgersen et al. 2012). 
These areas provide physiological and ecological 
benefits for salmonids and can be utilized across 
various temporal and spatial scales. 

Tables 1 and 2 report temperature exceedances 
above designated “sub lethal impacts” and 
“migration barrier or lethal” temperature 
thresholds and Table 3 reports potential “thermal 
refuge” for all USACE monitoring stations in 
the LWSC between 2009 – 2019. Temperature 
exceedances are calculated as the percentage 
of monitored days migration from May to 
September exceeding a threshold (days exceeding 
a threshold divided by days monitored) for each 
year, monitoring station, and depth. Potential 
thermal refuge was calculated as the percentage 
of monitored days from May through September 
when temperatures at a deeper depth were at least 
2°C cooler than a shallower depth. We focus on 
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May-September as the critical period for adult and 
juvenile salmon migration in the LWSC. However, 
it is important to note individual species- and 
life-history (adult vs. juvenile) specific migration 
windows are more narrow than the broader May-
September time period.  For example, most adult 
Chinook enter the LWSC during the warmest 
periods in late July – August, and may be delayed 
in the area for several weeks or more. Dissolved 
oxygen thresholds used in this report include 
less than 6 mg/L as stressful for salmonids with 
potential slight production impairments. Levels 

Table 1: Percentage of monitored days during critical periods (May through September) where average temperatures 
exceeded the sub-lethal threshold (> 15°C).

Location
Depth 

(m) 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

2009-
2019 

Average

Large 
Locks

5.5 89% 76% 72% 79% 96% 90% 93% 99% 84% 91% 93% 87.5%

8.5 93% 76% 71% 79% 92% 84% 88% 96% 85% 90% 93% 86.1%

13.1 88% 73% 70% 76% 83% 84% 88% 94% 81% 88% 87% 82.9%

Ballard 
Bridge

3.4 100% 74% 76% 84% 88% 90% 94% 99% 86% 93% 95% 89.1%

6.4 95% 74% 71% 77% 91% 86% 92% 98% 85% 91% 93% 86.8%

9.8 92% 71% 68% 76% 87% 81% 87% 92% 81% 86% 85% 82.4%

Fremont 
Bridge

5.5 85% 74% 75% 82% 100% 87% 90% 96% 86% 92% 86.7%

9.4 68% 67% 60% 72% 95% 72.3%

12.2 19% 24% 18% 59% 76% 50% 22% 47% 46% 27% 38.9%

Gas Works 
Park

1.0 100% 77% 77% 89% 100% 92% 92% 100% 96% 94% 96% 92.0%

7.6 100% 76% 76% 85% 99% 90% 94% 100% 86% 93% 95% 90.4%

11.0 4% 9% 0% 45% 31% 33% 8% 36% 30% 1% 16% 19.4%

University 
Bridge

2.4 100% 77% 77% 88% 99% 92% 95% 100% 99% 92% 95% 92.2%

6.4 100% 74% 71% 76% 93% 82% 89% 99% 97% 90% 92% 87.5%

10.7 67% 72% 63% 75% 85% 74% 78% 82% 86% 76% 81% 76.2%

less than 4.25 mg/L are critical and result in severe 
impairments. Dissolved oxygen levels less than 
2 mg/L are lethal and result in acute salmonid 
mortality (SPU and USACE 2008, Davis 1975, 
Chapman 1986). Studies also have shown levels 
below 5 mg/L result in avoidance or delay among 
migrating Pacific salmon (Fujioka 1970, Hallock 
et al. 1970, Alabaster 1989). Telemetry studies 
in the LWSC suggest salmon may prefer cooler 
temperatures compared to higher dissolved oxygen 
down to almost 3 mg/L (D. Beauchamp per comm. 
in SPU & USACE 2008). 
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Table 2: Percentage of monitored days during critical periods (May through September) where average temperatures 
exceeded the migration barrier and lethal threshold (> 22°C).

Location Depth (m) 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2009-2019 
Avg.

Large 
Locks

5.5 5% 0% 0% 0% 9% 24% 36% 12% 8% 22% 20% 12.3%
8.5 6% 0% 0% 0% 0% 5% 22% 10% 23% 19% 15% 9.1%
13.1 0% 0% 0% 0% 0% 0% 2% 0% 0% 1% 0% 0.2%

Ballard 
Bridge

3.4 10% 0% 0% 3% 0% 27% 38% 15% 32% 25% 20% 15.5%
6.4 4% 0% 0% 0% 4% 20% 34% 11% 31% 24% 22% 13.7%
9.8 0% 0% 0% 0% 0% 0% 20% 6% 17% 11% 3% 5.1%

Fremont 
Bridge

5.5 9% 0% 0% 4% 17% 17% 33% 5% 32% 22% 13.8%

9.4 0% 0% 0% 0% 0% 0.0%

12.2 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0.0%

Gas Works 
Park

1.0 13% 2% 1% 11% 42% 25% 42% 23% 48% 28% 33% 24.3%
7.6 11% 1% 0% 8% 24% 30% 43% 21% 37% 28% 25% 20.7%

11.0 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0.0%

University 
Bridge

2.4 5% 4% 1% 10% 38% 32% 39% 19% 42% 28% 27% 22.3%
6.4 6% 0% 0% 1% 2% 20% 33% 17% 35% 22% 19% 14.0%
10.7 0% 0% 0% 0% 0% 0% 2% 0% 3% 3% 1% 0.7%

Table 3: Percentage of monitored days during critical periods (May through September) where temperatures at a deeper 
monitored depth were at least 2°C cooler than a shallower monitored depths (providing potential thermal refuge).

Location Depth (m) 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
2009-
2019 
Avg.

Large 
Locks

5.5 & 8.5 0% 0% 0% 24% 1% 0% 0% 0% 0% 0% 0% 2.3%
8.5 & 13.1 50% 1% 6% 29% 43% 41% 0% 19% 5% 23% 33% 22.7%
5.5 & 13.1 24% 1% 7% 28% 58% 50% 7% 20% 1% 25% 39% 23.6%

Ballard 
Bridge

3.4 & 6.4 9% 3% 1% 1% 6% 0% 0% 0% 0% 0% 0% 1.7%
6.4 & 9.8 1% 0% 0% 0% 0% 7% 11% 0% 0% 1% 2% 1.9%
3.4 & 9.8 31% 16% 6% 1% 12% 25% 23% 9% 7% 7% 7% 13.2%

Fremont 
Bridge

5.5 & 9.4 53% 37% 41% 22% 62% 43.1%

9.4 & 12.2 60% 28% 52% 31% 70% 48.4%

5.5 & 12.2 81% 70% 81% 69% 95% 58% 90% 87% 82% 87% 79.9%

Gas 
Works 
Park

1.0 & 7.6 53% 48% 58% 42% 64% 74% 56% 48% 52% 59% 66% 56.3%
7.6 & 11.0 83% 50% 65% 44% 86% 50% 91% 92% 84% 88% 87% 74.6%
1.0 & 1.0 100% 89% 92% 91% 100% 79% 84% 94% 88% 100% 92% 91.7%

University 
Bridge

2.4 & 6.4 2% 8% 3% 5% 22% 23% 9% 10% 5% 9% 5% 9.2%
6.4 & 10.7 37% 21% 21% 7% 35% 46% 42% 21% 43% 42% 41% 32.4%
2.4 & 10.7 24% 42% 46% 37% 67% 73% 56% 52% 59% 55% 60% 51.9%
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3.1  Ballard Locks to the Ballard Bridge 
Salmon Bay is divided by the Ballard Locks 
(Figure 4). The freshwater section of the LWSC 
upstream of the Locks extends to the Fremont Cut 
and is spanned by the Ballard Bridge. The tidewater 
section below the locks extends from Salmon Bay 
to Shilshole Bay. Historically, all of Salmon Bay was 
tidally influenced (Figure 2). As with most of the 
Puget Sound, water levels varied up to nearly 6 m 
during extreme high and low tides (Chrzastowski 
1983, SPU & USACE 2008). At low tides, the 
upstream section was practically dry. Creation of 
the Locks raised and stabilized the water levels 
upstream of the Locks and converted the area into 
a predominantly freshwater environment. 

Temperatures at the Ballard Locks (aka the Large 
Locks (LLW) monitoring station, (Figure 4) and 
Ballard Bridge are similar across depths with the 
exception of the lowest depth at the Ballard Locks, 
which exhibits cooler temperatures throughout 
the critical months (May-September) months, 
(Figure 7). The Fremont Cut is just 9 – 10 m deep 
limiting transport of cooler-deeper waters from 
Lake Union. Areas in Salmon Bay reach depths 
below 10 m but thermal stratification is rare due 
to perturbation by Ballard Locks operations and 
inflow from the Fremont Cut (King County 2017). 
Additionally, when the saltwater drain sump is 
full or the saltwater barrier down, saltwater flows 
along bottom of the LWSC towards Lake Union 
preventing deeper Lake Union water from entering 
the Fremont Cut during summer. 

Summer temperatures regularly exceed the “sub-
lethal” threshold across all depths at the Ballard 
Locks and Ballard Bridge (Figure 7, Table 1). 
Exceedances of the “migration barrier and lethal” 
threshold are less common but occur, particularly 
at shallow depths (Figure 4 & Table 1). Relatively 
cool temperatures observed at depth at Ballard 
Locks monitoring station (LLLW at 13.1 m) result 
primarily from locks openings and are influenced 
by the frequency, timing, and duration of lockages 
and saltwater drain operations. This difference 
in temperature may provide thermal refuge for 

salmon holding and rearing. Thermal refuge (at 
least 2°C cooler) occurred at the shallowest depth 
on average, 23.6% and 13.2% of monitored days 
during critical periods for salmon migration (May 
through September) at the Large Locks and Ballard 
Bridge, respectively (Table 3). Use of these cooler 
areas by juvenile and adult salmon, is described in 
section 5.5: Holding Around the Ballard Locks, and 
section 6.4 Migration and Distribution in the Lake 
Washington Ship Canal. 

In addition to thermal conditions, potential 
refuge depends on available dissolved oxygen. 
Dissolved oxygen concentrations at the Ballard 
Locks typically remain above stressful and critical 
thresholds throughout the year (Figure 7: LLLW). 
Goetz and Quinn (2019) measured dissolved 
oxygen levels 5.7 to 7.1 mg/L even at lower depths 
(13-10 m), around the Ballard Locks. In some 
years late summer low dissolved oxygen levels 
(<5 mg/L) periodically occur near bottom depths, 
but generally increase with lockings which bring 
in oxygenated waters from Salmon Bay (Goetz and 
Quinn 2019). During critical summer periods, areas 
around the Ballard Locks have some of the highest 
dissolved oxygen levels in the LWSC., In contrast 
to the Ballard Locks, dissolved oxygen at the 
Ballard Bridge frequently surpasses stressful and 
critical thresholds (Figure 7: BBLW) during summer 
months. 

3.2  Lake Union 
Lake Union covers just less than 2.6 square km, 
with an average depth of 10.1 m, and maximum 
depths 15 – 16 m (Figure 4). Lake Union stratifies 
during summer months and mixes during winter, 
becoming isothermal (Figure 8: FBLW & GWLW). 
By mid-June, a moderate thermocline develops 
and surface temperatures are around 5°C warmer 
than bottom temperatures (King County 2018, 
Figures 8 and 9). At around the same time, saline 
water from the Locks flow to the Lake bottom 
strengthening the stratification due temperature 
and density differences between the fresh and salt 
water. From May thru September, Lake Union is 
stratified with differences in temperature between 
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surface and bottom depths reaching 5-10°C 
(Figures 8 and 9). Lake Union September bottom 
salinity (> 11 m depth) ranges from 0.1 to 5.5 ppt. 
During the periods when the Lake is stratified (e.g., 
May through September), average temperatures 
differences between shallower and deeper depths 
can exceed 8 – 10°C (Fremont Bridge) and 10 – 
12 °C (Gas Works Park) (Figures 8 and 9). 

Turnover in Lake Union generally occurs late 
September thru October when temperature and 
salinity are similar at surface and bottom depths 
(Figures 8 and 9). Turnover timing varies depending 
on the strength and direction of wind (generally 
events greater than 10 m/s), rainfall and related 
increases in freshwater discharge, as well as the 
presence of density gradients in the Lake (e.g., high 
density saline layers) (King County 2017, 2018). 
Typically, from spring to late fall, the combination 
of cooler and more saline bottom water inhibits 
mixing and turnover. Once turnover in Lake Union 
has occurred, the Lake remains thermally mixed 
throughout winter and the high salinity water is 
flushed out to Puget Sound.

Dissolved oxygen levels vary across seasons in 
Lake Union. Dissolved oxygen in surface waters 
peaks around 12 mg/L in spring and hypoxia/anoxia 
occurs every summer in bottom waters below 
the thermocline (depth >10 m) (Figure 8: FBLW & 
GWLW, Figure 9, King County 2018). With the onset 
of thermal stratification around May, dissolved 
oxygen declines below the thermocline reaching 
0.5 mg/L by June or July (Figure 6, King County 
2018). Throughout the period of stratification (May 
thru September) the hypolimnion remains anoxic. 
In August and September, dissolved oxygen levels 
below the thermocline are generally <5 mg/L. 
Once Lake Union begins to turnover (September 
to November) dissolved oxygen increases and 
becomes constant throughout the water column 
(Figures 8 and 9). Dense stands of aquatic plants 
can also affect temperature and dissolved oxygen 
levels. For example, Eurasian water milfoil forms 
dense mats that can depress dissolved oxygen 
concentrations during nighttime respiration, and at 
the sediment-water interface as they decompose 

(Frodge et al. 1995, Unmuth et al. 2000). Plant 
senescence in late fall will consume oxygen as 
plant organic matter decomposes.

Summer temperatures in Lake Union near the 
Fremont Bridge and Gas Works Park regularly 
surpass the threshold for sub-lethal impacts, 
except at deepest monitored depths (Figure 8 & 
Table 1). Exceedances at depth (Fremont Bridge 
12.2 m; Gas Works Park 11.0 m) are less frequent 
and generally occur in late summer. While Lake 
Union is cooler at depth, hypoxic/anoxic dissolved 
oxygen conditions likely limit any potential thermal 
refuge (Figures 8 and 9).

Exceedances of the migration barrier and lethal 
threshold at the Fremont Bridge and Gas Works 
Park occur in shallow monitored depths (Table 2). 
Mid-level and deep (9.4 m & 12.2 m) temperatures 
at Fremont Bridge do not exceed migration barrier 
and lethal threshold exceedances. In contrast, mid-
level depths at Gas Works Park (7.6 m) exceed the 
migration barrier and lethal threshold on average 
21% of monitored periods. 

Although temperature differences in Lake Union 
suggest the potential for a substantial thermal 
refuge at depth (80% - 92% of measured days 
on average), hypoxic/anoxic dissolved oxygen 
conditions limit the use of these areas (Figures 
8 and 9). The limited availability of suitable 
temperature and dissolved oxygen conditions at 
depth during summer months in Lake Union are 
characterized as a temperature and dissolved 
oxygen “squeeze” (Figure 9). The depth at which 
low dissolved oxygen occurs becomes shallower 
during summer and suitable holding areas are 
pushed higher in the water column and “squeezed” 
up against areas of warmer water temperatures. 
Summer conditions in Lake Union subsequently 
results in a narrow area, if any at all, where suitable 
dissolved oxygen and temperature conditions 
occur.
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Figure 7: Temperature and dissolved oxygen trends at the large locks (LLLW) and Ballard Bridge (BBLW). 
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Top Panel: Adult Chinook, coho, and sockeye salmon timing (2009 – 2019) estimated at the Ballard locks. Points indicating the 25th, 50th and 75th percent 
passage timing are shown for adult salmon. Monitoring of adult passage at the locks ends on October 2nd; however, coho migration can continue through 
November. Juvenile outmigration is the timing for juvenile salmon detected at the Ballard Locks. Data provided by Washington Department of Fish and Wildlife. 
Middle Panel: Inter-annual (2009 – 2019) daily average temperature across three station depths (average across all years indicated by haloed lines). Plots 
include temperature thresholds for sub-lethal impacts (15°C) as well as migration barrier and lethal (22°C) based on Ecology (2002) and observations from Fresh 
et al. unpub. data (1999) and Timko et al. (2002). Temperature data provided by the U.S. Army Corps of Engineers. 
Lower Panel:  Inter-annual (2016 – 2019) daily average dissolved oxygen measured at the lowest station depth (average across all years indicated by haloed 
line). Plots include thresholds for lethal (<2 mg/L), critical (<4.25 mg/L), and stressful (<6 mg/L) dissolved oxygen levels based on Davis (1975) and (Chapman 
1986). Data provided by the U.S. Army Corps of Engineers. 
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3.3  University Bridge – Lake WA
Temperatures at the University Bridge are similar 
across shallow and mid-depths (Figure 10), with 
cooler temperatures at the deepest depth during 
summer months (Figure  10: UBLW-2.4 m and 
UBLW-6.4 m), likely due to temperatures being 
influenced by waters from Lake Union. Temperature 
gradients are most pronounced in July and August. 
Similar to downstream of the Fremont Cut (i.e., 
Ballard Bridge and Ballard Locks), temperatures at 
the University Bridge are influenced by the shallow 
Montlake Cut. Since depths of the Montlake 
Cut and Portage Bay are only 10 – 11 m, there is 
minimal transport of cooler-deeper waters from 
Lake Washington into the Ship Canal.

During critical periods for salmon migration (May 
– September) summer temperatures near the 
University Bridge consistently exceed the sub-
lethal threshold at all depths (Figure 10 & Table 1). 
Exceedances of the migration barrier and lethal 
threshold are less frequent and occur at shallow 
and mid-level depths (Table 2). Relatively cooler 
water at depth may provide potential thermal 
refuge. The percentage of monitored days during 

critical periods (May through September) where 
the deepest depth was ≤2°C of the shallowest 
depths is on average 52% at the University Bridge 
(Table 3) likely due to the cooler bottom waters 
from Lake Union. 

As previously discussed, the potential for refuge 
is also dependent on dissolved oxygen levels. 
Dissolved oxygen at the University Bridge 
fluctuates as much as 6 mg/L in a given day 
(Figure 10: UBLW). These fluctuations likely result 
from influxes of both upstream waters from Lake 
Washington, with relatively higher dissolved 
oxygen, as well as downstream waters from Lake 
Union, with lower dissolved oxygen (USACE 2015). 
Downstream waters of Lake Union are likely 
transported upstream through seiching (sloshing 
back and forth resulting in oscillating and unequal 
water elevations). This can happen both in Lake 
Union and Lake Washington, sometimes drawing 
LWSC to the east. Fluctuations in dissolved oxygen 
can reach stressful and critical levels (Figure 10), 
which may limit the availability of deeper areas for 
refuge and holding.
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Figure 9. Temperature and dissolved oxygen isopleths for Lake Union. 
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Figure 10.  Temperature and dissolved oxygen isopleths for Lake Union. 
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Figure 10. Temperature and dissolved oxygen trends at the University Bridge (UBLW). 

Top Panel:  Adult Chinook, coho, and sockeye salmon timing (2009 – 2019) estimated at the Ballard Locks. 
Points indicating the 25th, 50th and 75th percent passage timing are shown for adult salmon. Monitoring of 
adult passage at the locks ends on October 2nd; however, coho migration can continue through November. 
Juvenile outmigration is the timing for juvenile salmon detected at the Ballard Locks. Data provided by 
Washington Department of Fish and Wildlife. 
Middle Panel:  Inter-annual (2009 – 2019) daily average temperature across three station depths (average 
across all years indicated by haloed lines). Plots include temperature thresholds for sub-lethal impacts (15°C) 
as well as migration barrier and lethal (22°C) based on Ecology (2002) and observations from Fresh et al. unpub. 
data (1999) and Timko et al. (2002). Temperature data provided by the U.S. Army Corps of Engineers. 
Lower Panel:  Inter-annual (2016 – 2019) daily average dissolved oxygen measured at the lowest station 
depth (average across all years indicated by haloed line). Plots include thresholds for lethal (<2 mg/L), critical 
(<4.25 mg/L), and stressful (<6 mg/L) dissolved oxygen levels based on Davis (1975) and (Chapman 1986). Data 
provided by the U.S. Army Corps of Engineers.
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3.4  Long-Term Temperate Trends
Since the LWSC is dominated by surface water from 
Lake Washington, lake temperature trends are a 
primary driver of conditions in the LWSC. Several 
studies document increased Lake Washington 
temperatures over time (Quinn et al. 2002, 
Arhonditsis et al. 2004, Winder and Schindler 
2004a & b, Goetz and Quinn 2019). Arhonditsis et 
al. (2004) show a warming trend of 0.026°C per 
year from 1964-1998. Increased Lake Washington 
temperatures and the duration of warmer periods 
are associated with longer summer stratification 
(Winder and Schindler 2004 a&b). Goetz and Quinn 
(2019) show a strong trend of increasing number 

of days, by year, when surface water temperatures 
exceed a 20°C critical threshold for salmon from 
1960 – 2020 (Figure 11). 

Additionally, the onset and last day of critically 
warm temperatures (based on a≥ 20°C threshold) 
in Lake Washington surface waters have extended 
over time (F. Goetz pers. comm.). Temperature 
decreases in the fall occur later in the year (SPU 
& USACE 2008), and the last date of exceedance 
across multiple temperature thresholds (15°C, 
18°C, 19°C, 20°C) has extended over the past 5 
decades (Figure 12).

Figure 11: Number of days, by year, between the first and last days when the epilimnetic (surface) temperatures 
exceeded 20°C in Lake Washington.

Data provided by C. DeGasperi, King County Department of Natural Resources and Parks. Adapted from Goetz and 
Quinn (2019). 
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Increased surface water temperatures in Lake 
Washington have resulted in increased water 
temperatures throughout the LWSC (Weitkamp 
et al. 2000, USACE 2012, King County 2017). The 
duration of > 20°C temperatures in Lake Union 
and the LWSC has increased from an average of 31 
days/year in the 1970s to around 80 days/year in 
the late 1990s (Weitkamp et al. 2000). Continued 
extension of high temperature periods was not 
observed from 2009 through 2013 (King County 
2017); however, the number of days/year where 

temperatures exceeded 20°C remained around 80 
days. Data from King County monitoring sites in the 
LWSC show statistically significant temperature 
increases over the past three plus decades 
(1986-2019 ), particularly during summer (June-
September): at the Locks (Station 0512) (0.059°C/
year) and the Montlake Cut (Station 0540) 
(0.055°C/year) (Figure 13). The upward trend at the 
southwest Lake Union station (A522) was 0.024°C/
year, although the trend was not statistically 
significant (Figure 13).  

Figure 12. Estimated last date in summer/early fall when near surface water temperatures in Lake Washington 
fell below 15°C, 18°C, 19°C, and 20°C. 

Data from Madison Park from 1960 to 2008. Data from D.E. Schindler and figures provided by F.A. Goetz. 
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Figure 13: Trends in Lake Union/Ship Canal summer (June-September) surface water temperatures, 1986-2019. 
Data from King County water quality monitoring stations (Figure 4). 

Detrimental impacts of ongoing and future 
climate change are likely to impact salmonids in 
WRIA 8 primarily through continued increases 
in water temperatures (SPU & USACE 2008). 
The LWSC is projected to experience greater and 
more prolonged periods of salmon thermal stress 
compared to other watersheds in the Puget Sound 
(Mantua et al. 2010) due to increases in already 
unfavorable summer water temperatures (Mote 
et al. 2003, Edmunds et al. 2003, Snover et al. 
2005, Palmer 2007). Mantua et al. (2010) predict 
summertime water temperatures greater than 21°C 
at the University Bridge station will start earlier in 
the year and last up to 10 weeks (from mid-June 

to early-September) in the 2080’s and exceed 15 
weeks by 2100. 

Climate warming will amplify existing challenges 
facing juvenile and adult salmon migrating through 
the LWSC (Mantua et al. 2010). Delayed adult 
migration and passage through the LWSC during 
summer may be the biggest climate change risks to 
salmon in the LWSC. Increased water temperatures 
may also cause returning adults to avoid the fish 
ladder and increase passage through the large 
lock (DeVries 2007, SPU & USACE 2008). Altered 
temperature regimes in Lake Washington can 
impact juvenile salmon food resource availability 
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and feeding patterns through changes in the timing 
and abundance of plankton peaks (Winder and 
Schindler 2004a, 2004b; SPU & USACE 2008). 
Elevated water temperatures due to climate 
change can increase risk to juvenile salmonids from 
fish predators including smallmouth bass, northern 
pikeminnow, yellow perch, rock bass, and lake-
dwelling cutthroat trout (Arhonditsis et al. 2004, 
Tabor et al. 2004b, Tabor et al. 2010). Warmer 
water temperatures in spring (as well as prolonged 
warm periods) likely confer a competitive 
advantage to warmwater predators, which become 
more active and effective at preying on salmon 
when temperatures are above 20°C (SPU & USACE 
2008). These predators can consume a significant 
number of juvenile Chinook, sockeye, coho, and 
steelhead (considered functionally extinct) as they 
out-migrate through the LWSC (Tabor et al. 2004b, 
Tabor et al. 2010). 

Climate change models also suggest somewhat 
higher winter precipitation and drier summers 
and more intense rain events in the future (Lee 
et al. 2018, Mauger and Won 2019). These shifts 
have potential implications for the availability of 
water for summer lock operations, prevention of 
saltwater intrusion into Lake Washington, and 
increased stormwater and CSO inputs to the LWSC 
in winter and fewer inputs in summer. The spatial 
extent of the effects of stormwater and CSO inputs 
are not currently well understood, although their 
influence is likely much less than the effects of 
Ballard Locks operations and heat exchange at the 
water surface. The potential influence of shifts in 
precipitation on stormwater and CSO inputs may 
warrant further attention.
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4. Adult Salmon Migration, Residence, and Behavioral Patterns 

4.1  Behavioral and Biological Responses 
to Temperature and Dissolved Oxygen
Abrupt transitions through temperature, salinity, 
and dissolved oxygen gradients between 
estuarine and freshwater habitats can be stressful 
for salmon. This stress is exacerbated where 
channelization, locks, and dams modify tidal 
regimes, hydrology, temperature and salinity 
gradients, and suitable holding habitats (Hallock 
et al. 1970, Potter 1988, Russell et al. 1998, 
Holbrook et al. 2009). Pacific salmon adapted 
various behaviors to reduce exposure to warm 
temperatures in estuarine and freshwater 
habitats. Behaviors include adjustments in 
vertical distribution (Olson and Quinn 1993), 
holding in estuaries and delayed upriver migration 
(Wendler 1959, Vernon et al. 1964, Stauffer 1970, 
Kristinsson et al. 2015), use of cool tributaries, 
tributary mouths and/or deep pools (Berman and 
Quinn 1991, Goniea et al. 2006, Strange 2010, 
Moore et al. 2012), and accessing cooler water 
below the thermocline in lakes (Newell and Quinn 
2005, Mathes et al. 2010). During periods of high 
temperatures, adult Chinook delay migration until 
temperatures decline, travel through migration 
corridors at greater depths, and seek out cool 
water refuges (Berman and Quinn 1991, Strange 
2013, Keefer and Caudill 2016). This section 
describes Chinook distribution and behavioral 
patterns in the LWSC in the context of temperature 
and dissolved oxygen. 

4.2  Migration Timing
The low-flow season (July through September) is a 
critical time for balancing competing water needs 
in the LWSC. This period overlaps with juvenile and 
adult salmon passage at the Locks and the primary 
recreational boating season. Steelhead, prior to their 
functional extinction from the watershed in the 
late 1990s, were first to arrive at the LWSC passing 
through the Ballard Locks between January and May 
(SPU & USACE 2008, USACE 2012). Peak steelhead 
migration generally occurred January to March. 
Sockeye arrive next and typically migrate though 
the Ballard Locks late May through October with a 
peak in migration June to August (median around 
early July). Chinook typically enter the Ballard Locks 
from June through October with peaks in migration 
primarily mid-July through end of September 
(median around mid-August) (NMFS 2008, SPU & 
USACE 2008, USACE 2012). Coho are typically last 
to arrive and migrate through the Ballard Locks 
September through November. Peak migration 
for Coho tends to occur late August through early 
October (median around late-September).

Peak adult Chinook migration through the LWSC 
aligns with the warmest period of the year (July 
through September). During their upstream 
migration from the Puget Sound, the warmest 
temperatures Chinook salmon experience from 
Shilshole Bay to spawning reaches in WRIA 8 
occur in the LWSC (Goetz and Quinn 2019). Goetz 
and Quinn (2019), released tagged adult Chinook 
(temperature loggers & passive integrated 

Synthesis of Best Available Science: Temperature and Dissolved Oxygen Conditions in the Lake Washington Ship Canal and Impacts on Salmon
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responders [PIT] tags) below the Ballard Locks 
in August and September and observed Chinook 
holding in areas just upstream of the Locks in 
Salmon Bay. These fish consistently experienced 
water temperatures ranging from minima of 9–12°C 
to maxima of 20–22°C (Goetz and Quinn 2019). 
All tagged Chinook experienced one or more 12-
24 hour periods in temperatures exceeding 18°C 
with 85% experiencing one or more 12-24 hour 
periods in temperatures exceeding 20°C (Goetz and 
Quinn 2019). Temperatures at and above 20°C are 
associated with adult migration delay, stress, and 
potential mortality (Goniea et al. 2006, Keefer et 
al. 2009). In an attempt to avoid the temperature 
extremes, Chinook hold in deeper waters directly 
upstream of the Ballard Locks.

The duration of Chinook holding at the Ballard 
Locks tends to align with timing of entry into the 
LWSC. Chinook that arrive earlier spend longer 
periods near the locks compared to Chinook that 
arrive later (USACE 2012). The timing and duration 
holding may have significant impacts on Chinook 
with total thermal exposure (accumulated degree-
days) higher in early arriving fish compared to fish 
arriving later in the migration window (Goetz and 
Quinn 2019). Chinook arriving earlier experience 
both relatively warmer water conditions as well as 
longer exposure periods. Greater thermal exposure 
and larger cumulative temperature loads, due to 
delayed migration and holding, can result in higher 
energetic costs, lower survival, and greater mortality 
(Naughton et al. 2005, Caudill et al. 2007, Issak 
et al. 2018, Crozier et al. 2020). The duration of 
holding around the Ballard Locks may also influence 
subsequent travel time through the rest of the 
Ship Canal. Early arriving Chinook tend to travel 
faster compared to later arriving Chinook (Fresh et 
al. 1999) but they spend a relatively longer overall 
migration time transiting from the Puget Sound to 
spawning reaches due to extended holding around 
the locks (Goetz and Quinn 2019). 

Sockeye salmon typically enter the LWSC several 
months prior to spawning (Hodgson and Quinn 
2002). Sockeye tend to migrate rapidly through 
the LWSC and reside for extended periods in Lake 
Washington (on average 85 days; ranging from 60 to 

132 days), generally below the thermocline (Newell 
and Quinn 2005). Sockeye hold in deeper depths 
where temperatures are around 9 – 11°C. When the 
upstream migration of sockeye through the LWSC 
and Lake Washington overlaps with thermally 
stressful periods, substantial pre-spawn mortality 
has occurred (SPU &USACE 2008). Elevated 
temperatures can significantly increase sockeye 
susceptibility to disease vectors and prespawn 
mortality (Gilhousen 1990). Disease vectors in Lake 
Washington include numerous viruses, bacteria, 
and animal parasites which become more infective 
at elevated temperatures. Observations from 
Newell et al. (2007) showed reductions in the 
proportions of tagged sockeye recovered across 
spawning grounds in the Lake Washington basin 
with later Lake Washington entry times. Later 
Lake Washington entry times result in sockeye 
experiencing LWSC surface temperatures between 
21°C – 23°C, which are known to be detrimental to 
health, reproductive success, and survival.

4.3  Puget Sound to Ballard Locks and 
Salmon Bay
Tagging observations from Goetz and Quinn (2019) 
highlight variation in Chinook thermal experiences 
during migration from the Puget Sound to their 
spawning tributaries in WRIA 8. Generally, Chinook 
experience cooler temperatures below the Ballard 
Locks in Salmon and Shilshole Bays, warmer 
temperatures above the Locks and throughout the 
LWSC, and then cooler temperatures in deeper 
waters of Lake Washington and in spawning reaches 
(Figure 14) (Goetz and Quinn 2019). Observations 
also indicate an inverse relationship between time 
spent around the Ballard Locks and time spent in 
Lake Washington.

Chinook and other salmon occupy thermal refuges 
and adjust vertical positioning to minimize exposure 
to the warmest temperatures and low dissolved 
oxygen concentrations in the LWSC (Goetz and 
Quinn 2019). Telemetry studies in the LWSC suggest 
that salmon prefer cooler temperatures compared 
to higher dissolved oxygen down to almost 3 mg/L 
(D. Beauchamp per comm. in SPU & USACE 2008). 
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148

 
 

 
Figure 4.3: Thermal signature (hourly temperature by location) for typical patterns of Chinook 
salmon (2005, top panel) and sockeye salmon (2003, bottom panel) migrating from the upper 
estuary to final capture location in Cedar River (both): Gray line at left – Upper Estuary and 
Ship Canal: Black line - Lake Washington; Gray line at right  – Cedar River. 
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Vertical placement near or below clines (e.g., 
thermo-halocline) may provide advantages for 
thermo-osmoregulation while transitioning between 
saltwater and freshwaters areas (Westerberg 
1982) and orient salmon within shear zones where 
detection of olfactory clues for homing are optimal 
(Quinn et al. 1989, Goetz and Quinn 2019).

Upon reaching Salmon Bay downstream of the 
Ballard Locks, Goetz and Quinn (2019) observed a 
majority of tagged Chinook continuously moving 
upstream (51%) whereas 21% returned back to the 
Puget Sound once (known as fallback), 16% returned 
to the Puget Sound twice, and 13% returned 3 or 
more times (multiple returns known as recycling). 
Among the Chinook that passed through the Ballard 
Locks into the LWSC, 62% continued to move 
upstream and the remaining Chinook moved back 

down below the locks either once (21%), twice (9%), 
or 3 or more times (8%) (Goetz and Quinn 2019). 
These observations support previous work by Fresh 
et al. (1999) suggesting 30% of tagged Chinook 
returned to the Puget Sound at least once. 

Fallback and recycling is likely a response to abrupt 
changes in salinity and temperature as adult salmon 
try to balance physiological needs during the abrupt 
transition from saltwater to freshwater. Due to 
minimal mixing of fresh- and saltwater, temperature 
gradients downstream and upstream of the Ballard 
Locks can be as high as 8.8°C (NMFS 2008). Fallback 
and recycling times vary 1-37 days and these 
behaviors increase when temperatures upstream of 
the Ballard Locks exceed 20°C (DeVries and Shelly 
2017a). In comparison to Chinook, sockeye appear to 
fallback and recycle less frequently (USACE 2008). 

Figure 14: Thermal signature (hourly 
temperature by location) for a typical Chinook 
salmon migrating through the Lake Washington 
Ship Canal to the Cedar River or Issaquah Creek. 

Top Panel: Thermal signature for typical Chinook 
salmon migrating through the Lake Washington 
Ship Canal, Lake Washington, and Cedar River. 
Gray line at left – “Upper estuary” (area of 
Salmon Bay immediate upstream of Locks) and 
Ship Canal, black line - Lake Washington, and 
gray line at right - Cedar River. 

Bottom Panel: Thermal signature for a typical 
Chinook salmon migrating through the Lake 
Washington Ship Canal, Lake Washington, 
Sammamish River, Lake Sammamish, and 
Issaquah Creek. Gray line at left – “Upper 
Estuary” (area of Salmon Bay immediate 
upstream of Locks) and Ship Canal, black line 
- Lake Washington, and gray lines at right - 
tributaries. In both panels, the Upper Estuary 
refers to areas directly upstream of the Ballard 
Locks as well as areas in Salmon Bay. Figures 
from Goetz and Quinn 2019.
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4.4  Entering through the Locks vs. Fish 
Ladder
Adult salmon migrating through the Ballard Locks 
can travel through the large locks, small locks, or 
the fish ladder. Migration patterns through the 
Ballard Locks vary among years. In 1997-2005, 72% 
of counted Chinook and the vast majority of coho 
(85%) and sockeye (82-91%) used the fish ladder 
(WDFW, Muckleshoot Indian Tribe, and USACE 
unpub. data). In contrast, in 2005-2006 only 17% 
Chinook used the fish ladder (Goetz and Quinn 
2019). Use and passage of salmon through the fish 
ladder tend to occur during daylight hours with 
increases in ladder use coinciding with flooding 
tides (USACE 2000, USACE 2012).

Migration through the large lock instead of the 
fish ladder may be due to cooler temperatures in 
the locks (Goetz and Quinn 2019). Temperatures 
at the downstream end of the fish ladder result 
from a combination of warm surface water and 
cooler water pumped into the lower fish ladder 
from the saltwater drain located just upstream 
of the Locks. At the downstream end, just 23 of 
183 cfs coming from the ladder is surface water as 
long as the saltwater drain is functioning properly. 
The upstream end of the ladder is 100% LWSC 
surface water resulting in a dramatic and abrupt 
change in temperature from an average 15.1°C 
downstream of the fish ladder to an average of 
21.6°C at the upstream end. This temperature 
difference can result in a 2-hour change of 6.5°C 
with likely significant physiological impacts on 
Chinook migrating through the fish ladder. Chinook 
that migrate through the large locks tend to remain 
at near bottom depths (10 – 14 m) in cold saline 
waters (Goetz et al. 2019).

4.5  Holding Around the Ballard Locks
Chinook migrating through the Ballard Locks tend 
to hold in Salmon Bay just above the Locks for 
extended periods. Fresh et al. (1999) observed 
adult Chinook spending on average 17-19 days in 
the vicinity of the locks (ranging from 2 to 46 days). 
Similarly, Timko et al. (2002) observed Chinook 

spending an average of 19 days near the locks (up to 
55 days) prior to migration. Chinook tend to remain 
near bottom at depths around 10 – 14 m (Goetz and 
Quinn 2019) while holding above the Locks.

As summer progresses, the amount of time Chinook 
spend in the vicinity of the locks decreases with an 
average holding time of around 35 days in late-July, 
20 days in early- to mid-August, 15 days in late-
August, and 5-10 days in early- to mid-September 
(Fresh et al. 1999). Goetz and Quinn (2019) observed 
that Chinook arriving during the warmest periods 
in early August remained longer near the locks 
compared those arriving in September, when water 
temperatures began to cool. Variation in holding 
time may result from temperature avoidance and 
physiological readiness or spawning readiness as 
later fish are more ready to spawn and subsequently 
spend less time around the Locks (USACE 2008). 

Adult Chinook hold upstream of the Locks in an area 
around 200 feet wide and including areas in front 
of the saltwater drain intake and upstream of the 
small and large locks (Fresh et al. 1999, 2000, Timko 
et al. 2002). The upstream end of the large lock and 
the saltwater drain intake are the deepest areas in 
the vicinity and provide cool saline water refuges. 
Neither sex nor size of adult Chinook appear to be 
related to residence time around the Ballard Locks 
(Fresh et al. 1999). 

The timing of upstream migration timing after 
holding upstream of the Ballard Locks also appears 
dependent on temperature conditions in the LWSC. 
Fresh et al. (1999) and Timko et al. (2002) observed 
salmon did not migrate through the LWSC until 
temperatures were below 22°C. This suggests a 
threshold for migration in the LWSC is likely around 
22°C. It’s not until temperatures decrease below 
21.5°C that adult salmon re-start their upstream 
migration (USACE 2012). Most Chinook tend 
to migrate when temperatures are at or below 
19°C (Fresh et al. 1999, Timko et al. 2002). As the 
total number of experienced degree days above 
19°C increases, the residence time at and around 
the Ballard Locks also increases (Figure 15). This 
temperature-migration pattern does not seem 
to hold in late summer (e.g., past August) when 
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upstream passage timing is not associated with 
average water temperature (DeVries and Shelly 
2017a).

Restricted salmon passage, extended adult 
holding, and lack of cover at the Ballard Locks 
in combination with high local abundance of 
harbor seals (Phoca vitulina) and California 
sea lions (Zalophus californianus) result in 
significant pinniped predation. Pinnipeds station 
themselves upstream and downstream of the 
Locks, in the lock chambers, and in the fish 
ladder. Well documented evidence suggests 
pinniped predation can coincide with dramatic 
declines in WRIA 8 salmonid populations (Fraker 
1994, NMFS 1995). Between 1986 and 1992, 
the National Marine Fisheries Service (NMFS) 
and Washington Department of Fish and 
Wildife (WDFW) estimated California sea lions 
consumed 42-65% of the wild winter steelhead 
run migrating through the Ballard Locks. By 1994, 

the winter steelhead population had dropped to 
seventy spawners (down from 2,500 spawners 
in the mid-1980s). Today the steelhead run is 
considered functionally extinct. Although other 
factors such as freshwater and ocean survival 
likely contributed to steelhead declines, NMFS 
and WDFW determined that sea lion predation 
was a significant factor affecting the number of 
adult spawners that survived and returned to 
WRIA 8 (Jeffries and Scordino 1997, Young et al. 
2000). Currently, many salmon continue to be 
killed and consumed or wounded by pinnipeds). 
Wounded Chinook maybe more susceptible to 
pre-spawn mortality or infection, especially given 
high water temperatures in the LWSC. Salmon 
managers have tried various methods to reduce 
pinniped predation including seal bombs and 
acoustic deterrent devices with limited success. 
Tests of a newly developed acoustic startle 
device are ongoing. 
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High water temperatures and extended Chinook 
holding at the Locks may be risk factors for 
salmon prespawn mortality (Fresh et al. 1999, 
Newell and Quinn 2005) and disease. Enroute 
mortality has been observed at the Locks for 
migrating adult sockeye salmon primarily during 
years with high summer temperatures (SPU and 
USACE 2008). During record high temperatures 
in 1998, Fresh et al. (1999) observed prespawned 
Chinook mortality in the Ship Canal and the 
Sammamish Slough. Newell and Quinn (2007) 
recovered a lower proportion of tagged sockeye 
during a higher temperature year than a low 
temperature year and over the course of both 
seasons, suggesting prespawn mortality was 
occurring due to higher temperatures. Salmon 
holding for extended periods can also become 
stressed and crowded resulting in increased 
susceptibility to disease outbreak (SPU and 
USACE 2008). 

4.6  Ballard Locks to Lake Washington
After holding near the Ballard Locks and in 
Salmon Bay, Chinook tend to move relatively 
quickly (mean of 0.6 day) through the 10.8 km 
from the Locks to Lake Washington (Goetz and 
Quinn 2019). When migrating through the LWSC, 
Chinook generally used depths <5 m (Goetz and 
Quinn 2019) and after travelling through the Ship 
Canal, residence in Lake Washington averaged 
7.9 days. These observations align with previous 
findings from Fresh et al. (1999) showing Chinook 
travel through the Ship Canal relatively quickly 
(average of 0.67 day). Sockeye appear to move 
quickly through the Locks and migrate through 
the LWSC in 1-2 days (USACE 2012). 

Chinook salmon that arrive at the Ballard 
Locks earlier in summer tend to spend longer 
migrating to spawning tributaries compared to 
Chinook arriving late (Goetz and Quinn 2019). 
Additionally, Chinook migrating to Sammamish/
Issaquah basin tend to migrate through the 
LWSC faster than Chinook migrating to the Cedar 
River (Fresh et al. 1999). Males appear to migrate 
over three times as fast as females through 

the LWSC and continue to migrate faster than 
females through Lake Washington (Fresh et al. 
1999).

4.7  Lake Washington to Spawning 
Tributaries
The Cedar and Sammamish Chinook spawning 
populations vary in their Lake Washington 
residence time. Cedar River Chinook spend on 
average 20.2 days in Lake Washington prior to 
ascending the Cedar River to spawn (Figure 16) 
(Goetz and Quinn 2019). Sammamish Chinook 
spend an average of 7.9 days in Lake Washington 
before continuing to migrate upstream. 
Sammamish Chinook then spend an average of 
7.5 days in the Sammamish River and, for salmon 
headed to Issaquah Creek, < 4.8 days in Lake 
Sammamish (Figure 16) (Goetz and Quinn 2019). 
Although the Cedar and Sammamish populations 
spend different amounts of time residing in 
Lake Washington, their arrival timing among 
spawning tributaries is similar. It is common for 
salmon sub-populations to arrive at river basins 
at similar times; however, these populations may 
spawn at different times depending on water 
temperature and the geomorphic attributes of 
their natal habitats (Lisi et al. 2013). 
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Figure 16: Adult and juvenile Chinook average migration and residence patterns throughout the Lake Washington 
Ship Canal. 
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Lower Panel: Bathymetric profile transect route from the Ballard Locks to Lake Washington. Data provided by  
E. Warner, Muckleshoot Indian Tribe.
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4.8  Vertical Distribution throughout 
Lake Washington Ship Canal
As mentioned above, salmon adjust their vertical 
positioning to minimize exposure to warm 
temperatures and low dissolved oxygen levels. 
In the LWSC, Chinook remain below the thermo-
halocline using the mid- to lower-half of the 
water column (Fresh et al. 1999). With Chinook 
occupying deeper areas for extended periods, 
the benefits of cooler temperatures seem to 
outweigh the drawbacks of lower dissolved 
oxygen concentrations (Goetz and Quinn 2019). 
Chinook primarily use deeper areas during the 
day and early evening and then rise in the water 

Figure 17: Mean fish depth (with standard deviation) and mean bottom depth near receivers by receiver location. 
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column to shallower depths during the night 
(Goetz and Quinn 2019). Quantities of cool saline 
waters tend to increase in the LWSC during the 
day with greater locking operations (bringing in 
cool saline pulses of water).

As Chinook migrate up through the LWSC, their 
vertical positioning is strongly influenced by the 
bathymetric (channel depth) profile along the 
LWSC migration route. Chinook commonly use 
depths of 10 – 14 m around the Ballard Locks, 
depths <5 m when migrating through the Ship 
Canal, and depths of 5 – 15 m in Lake Washington 
(Figure 17) (Goetz and Quinn 2019). 

Large Locks depth data in 2006 was limited after August 31st. Additional receivers were deployed in 2006 in the 
Ship Canal, Central Lake Washington, and Lake Sammamish. Figures adapted from Goetz 2016.
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5. Juvenile Salmon Migration, Residence, and Behavioral Patterns 

5.1  Behavioral and Biological Responses 
to Temperature 
High water temperature can significantly impact 
juvenile salmon including acute lethal effects 
or reductions in fitness resulting from reduced 
growth or changes in readiness for smoltification 
(Hicks 2002, SPU & USACE 2008). Exposure to 
high water temperatures above 20°C can cause 
desmoltification which results in juvenile salmon 
remaining in freshwater and reverting back to 
freshwater forms rather than emigrating out to 
nearshore and marine areas (Adams et al. 1975, 
Chapman et al. 1994). DeVries et al. (2005, 2017) 
suggests desmoltification and related freshwater 
residency in the Lake Washington basin may 
be associated with elevated temperatures in 
the LWSC. It has been hypothesized that as 
the outmigration season progresses and water 
temperatures increase, juvenile Chinook have a 
higher likelihood of residing in Lake Washington 
(Taylor Associates 2010). Freshwater residency 
may also occur during periods of high prey 
abundance in Lake Washington which fluctuates 
with temperature and nutrient cycles and results in 
juveniles remaining to utilize these resources.

  

5.2  Tributaries to Lake Washington
Chinook fry outmigrants from the Cedar River enter 
Lake Washington between January and March after 
very little rearing, while parr enter from mid-May 
to early-June, after rearing in rivers and creeks 
for 2-6 months (Paron and Nelson 2001, Seiler 
et al. 2005, Koehler et al. 2006, Sergeant and 
Beauchamp 2006, Volkardt et al. 2006). Chinook 
outmigrants from Sammamish River tributaries 
enter Lake Washington later after migrating though 
Lake Sammamish and the Sammamish River. 
While not measured directly, observations suggest 
Chinook fry rear in Lake Washington for around 2 – 
5 months prior to migrating into the LWSC and out 
to the Puget Sound (DeVries et al. 2005, Seiler et 
al. 2005). 

In the Lake, Chinook fry congregate close to 
nearshore areas with higher fry abundances 
found in the southern end of Lake Washington 
near the mouth of the Cedar River (Tabor et al. 
2004a) (Sammamish outmigrants more commonly 
enter Lake Washington as parr). Throughout Lake 
Washington, Chinook fry tend to use shallow 
nearshore areas around 1-6 m deep (Celedonia et 
al. 2008a, 2008b, Celedonia et al. 2009). Larger 
Chinook parr (either fry in the Lake growing into 
parr or juveniles entering the Lake as parr) tend to 
move into deeper off-shore areas by late-spring and 
early-summer (Tabor et al. 2004a). Some juvenile 
Chinook, particularly fry, may use Lake Washington 
for extended rearing (Goetz 1999, NMFS 2008). A 
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majority of juvenile Chinook leave Lake Washington 
by summer. However, a very small percentage 
remain in the Lake and rear for a year or more 
before migrating to Puget Sound (DeVries et al. 
2005, SPU & USACE 2008). Additionally, if warmer 
waters cause earlier emergence from redds during 
winter, these juveniles may be more likely to out-
migrate earlier. 

Juvenile sockeye enter Lake Washington at very 
small sizes (~38 mm) between mid-January and 
mid-May and spend around a year rearing in the 
Lake (Seiler et al. 2005). However, some sockeye 
migrate out to Puget Sound in their first year 
of life without rearing in Lake Washington for 
extended periods (SPU & USACE 2008). While in 
Lake Washington, juvenile sockeye tend to travel 
in schools among limnetic areas and display diel 
vertical migration with juveniles remaining in deep 
water (>40m) during daytime and then ascending 
to feed at dusk (Eggers 1978). During summer when 
Lake Washington is stratified, juvenile sockeye 
spend a majority of time in deep cool waters due 
to high surface water temperatures (SPU & USACE 
2008). Similar to Chinook, some sockeye may 
remain in Lake Washington for two years or more 
before migrating to sea.

Juvenile coho rear in rivers and streams for over a 
year and enter Lake Washington the following April 
to June. Juvenile coho are thought to spend minimal 
time migrating through Lake Washington and the 
LWSC on their way out to the Puget Sound (SPU & 
USACE 2008). 

Juvenile Chinook, sockeye, and coho migrate out 
of Lake Washington starting in April and continue 
until early July (SPU & USACE 2008). Peaks in 
outmigration generally occur in mid-May for 
juvenile sockeye and early to mid-June for juvenile 
Chinook and coho (USACE 2012). Lake Washington 
water clarity (turbidity) and artificial light can 
influence juvenile salmon migration and habitat use 
patterns (Tabor et al. 2004, Celedonia et al. 2011 
Tabor et al. 2017). 

The specific timing of juvenile salmon entering 
the LWSC is not fully known. However, entry prior 

to mid-May is likely minimal (DeVries et al. 2005, 
Celedonia et al. 2011). There is limited information 
on the timing and size of naturally produced 
juvenile salmon entering the LWSC since most 
tagging and observational studies focused on the 
LWSC have utilized hatchery produced juveniles 
(Celedonia et al. 2011). Entry into the LWSC may 
be delayed or inhibited at the Montlake Cut due 
to a lack of habitat as well as dramatic changes in 
depth between shallower shoreline areas in Lake 
Washington and the relatively deeper depths in the 
Montlake Cut (Tabor et al. 2006, Celedonia 2008a, 
2008b). Warming temperatures may prevent some 
smolts outmigrating in June and July from entering 
the LWSC at all.

5.4 Migration and Distribution in the 
Lake Washington Ship Canal
Juvenile salmon outmigration monitoring, 
conducted by WDFW, indicates that juvenile 
Chinook PIT tagged in the Cedar River from 2010 – 
2018 take 17 – 30 days to reach the Ballard Locks. 
Detections at the Locks range from late-May 
through mid-September (WDFW 2019). Juvenile 
Chinook tagged in Bear Creek from 2010 – 2018 
appear to take 12 – 26 days to reach the Ballard 
Locks with detections at the Locks ranging from 
early-May though late-July. Juvenile Chinook tagged 
in Issaquah Creek from 2014 – 2018 take 21 – 34 
days to reach the Ballard Locks with detections at 
the Locks primarily occurring in mid- to late-June. 

Juvenile Chinook generally pass through the LWSC 
in May and June spending 2-4 weeks migrating 
through and holding in select areas across the 
LWSC (DeVries et al. 2005). There is considerable 
variability in juvenile Chinook migration patterns 
with travel and residence times often skewed 
towards longer periods (SPU & USACE 2008, 
Celedonia et al. 2011). Juvenile coho and sockeye 
tend to pass through the LWSC from mid-May 
to late-June and generally spend only a few days 
migrating through the LWSC before entering 
saltwater (Johnson et al. 2004, SPU & USACE 
2008). 



41Synthesis of Best Available Science: Temperature and Dissolved Oxygen Conditions in the Lake Washington Ship Canal and Impacts on Salmon

The LWSC can be grouped into three categories 
including migration corridors, short-term holding 
areas, and long-term holding areas based on 
patterns of juvenile Chinook movement and 
migration (Table 4, Figure 18, Celedonia et al. 
2008b, 2011). Juvenile Chinook spend relatively 
little time and move quickly through migration 
corridors. In short-term holding areas, juveniles 
display lower swimming velocities and mill around 
for 24 hours or less. Juveniles utilizing long-term 
holding areas display longer residence and mill 
around for 24 hours or more (Table 4, Figure 18). 

Migratory corridors and short-term holding 
areas include the Montlake Cut, Portage Bay, and 
Fremont Cut (Table 4, Figure 18, Celedonia et al. 
2008b, 2011). Areas with long-term or short-term 
to long-term holding include Lake Union as well as 
Salmon Bay. Within Lake Union, juvenile salmon 
can often spend days to weeks milling around prior 
to migration into the Fremont Cut (Celedonia et 
al. 2008b, 2011). Additionally, seasonal and inter-
annual shifts in spatial distribution and migratory 
patterns appear to be related to diel period, water 
temperatures, and water clarity (Celedonia et al. 
2011). 

Juvenile Chinook pass through Portage Bay in less 
than 24 hours with many fish travelling quickly 
through the area (Celedonia et al. 2011). While 
traveling through Portage Bay, Chinook are often at 
depths greater than 2-3 m (Celedonia et al. 2008b). 
The University Bridge can strongly influence 
migration behavior with juveniles milling around 
the eastern edge of the bridge and in adjacent 
areas prior to passing under the bridge (Celedonia 
et al. 2011). The University Bridge may present 
an impediment and/or hindrance to Chinook 
migration, possibly due to light and shadow edge 
effects resulting in juveniles being hesitant to enter 
shadowed areas. Milling around the University 
Bridge and delayed migration may result in 
increased predation, especially from smallmouth 
bass (Tabor et al. 2010, Celedonia et al. 2011). These 
patterns are not observed below the I-5 bridge, 
likely because it’s much higher than the University 
Bridge and has no in-water structures. In areas 

around the University Bridge, juvenile Chinook 
appear to be surface oriented and primarily found 
in the upper 0-6 m of the water column. 

After the University Bridge, juvenile Chinook 
spend one day to two weeks in Lake Union with 
25-50% of juveniles using southern areas of the 
Lake (Celedonia et al. 2011). Across the LWSC, Lake 
Union is where juveniles spend most of their time 
holding and milling round as opposed to actively 
migrating (SPU & USACE 2008, Celedonia et al. 
2011). Observation from Celedonia et al. (2011) 
indicate between 27-41% of juvenile Chinook stay 
in Lake Union over 8 days and another 10-17% stay 
4-8 days. Juvenile Chinook using the southern part 
of Lake Union often remain for more than 24 hours. 
Throughout Lake Union, juvenile Chinook rarely 
utilize areas directly under overwater structures 
but are often near the edges of structures and 
in adjacent areas (20-25 m from structures) 
(Celedonia et al. 2011). As water temperatures 
rise in Lake Union, juveniles tend to shift towards 
deeper waters at depths of 12-14 m. In the northern 
part of Lake Union, juvenile Chinook spend time 
holding around Gas Works Park at depths around 
12-14 m (Celedonia et al. 2011). Holding in habitats 
other than open offshore areas and depths around 
12-14 m is rarely observed.

Once juvenile Chinook exit Lake Union, they move 
through the Fremont Cut in less than 24 hours 
(Celedonia et al. 2011). After the Fremont Cut, 
juvenile Chinook can spend hours to a few weeks 
in Salmon Bay and areas near the Ballard Locks 
(Footen 2001, Simenstad et al. 2003, DeVries et 
al. 2005, Celedonia et al. 2011). Juvenile Chinook 
holding around the Ballard Locks tend to select for 
depths greater than 6 m. Extended residence of 
juvenile Chinook around the Ballard Locks is likely 
due to physiological limitations while transitioning 
across dramatic and abrupt temperature, salinity, 
and dissolved oxygen gradients. 

During outmigration through the LWSC, Celedonia 
et al. (2011) found juvenile Chinook display little 
evidence of shoreline orientation. Extensive 
shoreline development and modification may 
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hinder shoreline orientation and migration 
patterns. The vast majority of the LWSC shoreline 
(approximately 75%) has artificial structures 
and the riparian zone is largely developed and 
urbanized (Toft et al. 2003, Taylor Associates 
2010). Juvenile Chinook also  avoid areas directly 
beneath overwater structures and under dense 
macrophytes (Celedonia et al. 2011). When 
shorelines are used, juvenile salmon tend to 
frequent areas within 20-25 m of structure edges 
(Celedonia et al. 2011). 

Celedonia et al. (2011) hypothesized that minimal 
use of areas directly adjacent to structural edges 
may be predator avoidance. For example, Fresh et 
al. (2001) found high abundances of smallmouth 
bass beneath and near overwater structures in 
the LWSC. Aside from pinnipeds at the Locks, 
predominant predators in the Ship Canal include 
northern pikeminnow, small- and largemouth 
bass, cutthroat trout, yellow perch, rock bass, and 
piscivorous birds. Recent observations suggest 
yellow perch and smallmouth bass may be some 
of the most significant predators on juvenile 
salmonids in the Lake Washington Ship Canal (R. 
Tabor pers. comm.). Juvenile salmon size may be 
associated with predation rates as larger juveniles 
have relatively fewer predators compared to 
smaller juveniles (SPU & USACE 2008). 

Migration and travel times through the LWSC 
decrease as the spring-summer season progresses 
(Celedonia et al. 2011) except for residence and 
holding times around the Ballard Locks. Whereas 
juvenile Chinook residence times decrease in Lake 
Union as the spring-summer season progresses, 
residence at the Ballard Locks tends to increase 
(Celedonia et al. 2011, USACE 2012). Juvenile 
salmon migrating later and at larger sizes may be 
able to migrate relatively quicker due to greater 
swimming speeds (SPU & USACE 2008). 

Juvenile Chinook survival appears to decrease 
later in the spring-summer around late-June and 
early-July (DeVries et al. 2005, DeVries and Hendrix 
2005). Decreased survival may be due to increasing 
water temperatures and related increases in warm-

water fish predation. Water temperature can also 
drive the vertical positioning of juveniles in the 
LWSC (DeVries et al. 2005, Celedonia et al. 2011). 
When temperatures are less than 18°C juvenile 
Chinook tend to use the upper 0 – 3 m of the water 
column and when temperatures exceed 18 – 20°C 
juveniles distribute at depths greater than 3m. 
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Table 4: Movement patterns, habitat use, and other behavioral characteristics of Chinook salmon smolts in areas of the Lake Washington Ship Canal.  
Table from Celedonia et al. (2011).

Area

Primary 
Chinook 
salmon 
migratory 
function

Time 
spent in 
area

Spatial 
Distribution

Bottom 
depth 
selection

Factors 
contributing to 
variability in 
horizontal spatial 
distribution

Vertical 
distribution 
(position in water 
column)

Use of 
structure 
edgesg

Attraction 
to artificial 
lighting at 
night

Predation 
threath

Montlake 
Cut

Migratory 
corridor, short-
term holding

< 24 
hoursa,b Not studied Not studied Not studied Not studied n/a Not studied Not 

studied

Portage 
Bay

Migratory 
corridor, short-
term holding

< 24 
hoursc,d

Broad; usually 
> 2 m bottom 
depth

> 4-6 m Unknown; possibly 
water clarity

Primary 0-6 m; 
notable 6-9 m; 
minimal >9 m

Yes Yes Moderate 
to high

Lake 
Union

Long-term 
holding

1-2 days 
up to 2 
weeksc,d,e,f

Broad usually 
> 2 m bottom 
depth

> 4-6 m Water clarity, 
water temperature Unknown Yes Yes Moderate 

to high

Fremont 
Cut

Migratory 
corridor, short-
term holding

< 24 hoursd Not studied Not studied Not studied Not studied n/a Not studied Not 
studied

Salmon 
Bay/
Ballard 
Locks

Short- to long-
term holding

A few 
hours up to 
1 week or 
mored,e,f

Varies; exit 
route and 
temperature 
driven

Varies: exit 
route and 
temperature 
driven

Water 
temperature, diel 
period

Highly variable, 
from extreme 
surface (0-3 m) 
to extreme deep 
water (> 12 m), to 
even distribution 
throughout

Yes Yes Low to 
moderate

a. Celedonia et al. (2008a)
b. Celedonia et al. (2009)
c. Celedonia et al. (2008b)
d. Celedonia et al. (2011)
e. Acoustic tag batter life was approximately two weeks. Therefore, maximum time 
spent may be underestimated

f. DeVries et al. (2005)
g. Structure edge was generally within 20 m of the structure edge at bottom depths 
h. Based on spatial and temporal overlap with potential predator habitat and other 
evidence of possible predation
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Figure 18: Juvenile salmon migration and holding patterns throughout the Lake Washington Ship Canal. Details from: Celedonia et al. 2008a 2008b, 
2009, 2011, SPU & USACE 2008, Footen 2001, Simenstad et al. 2003, and DeVries et al. 2005.
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5.5  Exiting the Lake Washington Ship 
Canal
As juvenile salmon out-migrate through the Ballard 
Locks, they cross dramatic and abrupt salinity, 
oxygen, and temperature gradients (SPU & USACE 
2008). Gradients upstream and downstream of 
the Ballard Locks present a substantial barrier to 
successful, quick, and minimally harmful juvenile 
salmon outmigration (Celedonia et al. 2011). The 
dramatic shifts likely result in direct and indirect 
mortality during migration and after passage 
through the Ballard Locks (USACE 2012).

Juvenile salmon tend to exit the Ballard Locks 
between mid-May and late-July (DeVries et al. 
2002, 2003, 2005, 2007, 2008). There are several 
potential pathways for juvenile salmon to exit 
the Ballard Locks including the spillways, smolt 
flumes, saltwater drain, filling culverts, large locks, 
small locks, and fish ladder. However, the primary 
utilized routes seem to include the large locks, 
small locks, spillways, and smolt flumes (BioSonics 
2001, Celedonia et al. 2011). Distribution around 
the Ballard Locks as well exiting patterns appear 
to be related to diel period, temperature regimes, 
and lunar phase (DeVries et al. 2004, DeVries 
and Shelly 2017b, Celedonia et al. 2011). There 
is a strong relationship between lunar phase 
and passage of juveniles through the locks, with 
substantial migration occurring a few days prior 
to when the moon is at apogee (farthest from the 
earth) (DeVries et al. 2004, DeVries and Shelly 
2017b). However, this relationship appears to be 
influenced by temperature as migration shifts to 
later dates of the apogee during periods of cooler 
temperature and shifts towards earlier dates during 
periods of warmer temperatures (DeVries and 
Shelly 2017b). This may suggest that temperature 
has an overriding influence on the lunar effect 
and can significantly influence juvenile salmon 
outmigration. Furthermore, the proportion of 
juvenile Chinook that do not exit the Ballard Locks 
increases with warmer temperatures (Celedonia et 
al. 2011). 

Prior to passage through the Ballard Locks, most 
juvenile salmon are found around the entrances 
to the smolt flumes, near the entrance to the 
large locks, and around the spillway (Johnson 
et al. 2004). A small portion of juveniles recycle 
(exhibit multiple returns) through the locks, with 
the time between exit and re-entry decreasing as 
the outmigration season progresses (DeVries et 
al. 2003, 2005, 2010). Recycling behavior is not 
volitional. Field observations suggest smolts going 
over the smolt slides and rapidly transitioning from 
warm freshwater to cool saltwater may seek areas 
of lower salinity just downstream of the large lock. 

When using the smolt flumes, juvenile Chinook 
generally use surface waters rather than deeper 
depths prior to entry (BioSonics 2001). A large 
fraction of juvenile Chinook pass through the smolt 
flumes when the spillway gates are open (BioSonics 
2001, DeVries et al. 2005). The proportion of 
juveniles using the flumes is influenced by the 
flume and spillway flow rates (DeVries and Shelly 
2017b). When the flumes are kept open for 24 
hours, the vast majority of passage through the 
flumes occurs during the daytime (BioSonics 2001, 
DeVries et al. 2005). When temperatures are below 
18-19°C, juvenile Chinook primarily use the spillway 
and flumes, as compared to other outmigration 
pathways (BioSonics 2001, USACE 2012) and 
passage through the flumes is orders of magnitude 
greater than passage through the large locks 
(Johnson et al. 2003, 2004, DeVries and Hendrix 
2005, SPU & USACE 2008). 

The number of fish using the flumes tends to 
decrease later in the season suggesting warmer 
temperatures likely influence migration pathway 
and outmigration behavior (Johnson et al. 2004, 
DeVries and Hendrix 2005, Celedonia et al. 2011). 
As temperatures increase from 18°C to over 20°C, 
a greater proportion of juvenile Chinook shift from 
using the smolt flumes and spillway to exiting 
through the small locks, large lock, or not exiting 
at all (Figure 19). Celedonia et al. (2011) observed 
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use of smolt flumes decreases from 52 – 89% of 
outmigrants at temperatures less than 18°C to  
0 – 17% at temperatures greater than 20°C. During 
warmer temperature periods, juvenile salmon 
hold around the large locks for prolonged periods 
prior to outmigration. When using the large locks, 
juvenile Chinook tend to use surface waters when 

Figure 19: Proportion of tagged fish using different exit pathways at the Ballard Locks at three temperature 
regimes. June-July, 2007-2008. Temperature regimes were established using predominate surface water 
temperature at 1-2 m depth. Figure from Celedonia et al. 2011.
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temperatures are below 18.5°C and then distribute 
throughout the water column when temperatures 
are 19.5°C and higher (SPU & US ACE 2008). Juvenile 
salmon likely use cooler waters at depth in the 
locks chambers to avoid warmer surface water 
temperatures (DeVries et al. 2007, 2008, 2010, 2017).
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6. Previous Management Recommendations and Identified Study Needs

Limiting factors for salmon in the Lake Washington 
Ship Canal have been investigated, analyzed, and 
debated for over 20 years. This chapter summarizes 
previously proposed management actions and 
study needs.

6.1  Lake Washington General 
Investigation Synthesis Report (2008)
In 1997, USACE initiated the Lake Washington Basin 
Ecosystem restoration General Investigation Study 
(LWGI) with King County and the City of Seattle 
as local sponsors. The purpose of this study was 
to inform planning ecosystem improvements for 
salmon and other wildlife and efficient water use 
at the Locks to ensure adequate fish passage. 
The LWGI Synthesis Report (SPU & USACE 2008) 
identified a set of objectives, management actions, 
and studies to improve adult and juvenile salmon 
survival, life history diversity, and productivity. 
An extensive set of recommended management 
actions and proposed studies accompanied each 
objective described in the report (LWSC focused 
recommendations are included in Tables 5 and 
6). The Synthesis report’s proposed management 
objectives were:

Objectives to increase adult survival (Table 5):  

1) Increase pathways for adult salmon between
Shilshole Bay and the Ship Canal;

2) Decrease water temperatures and salinity
gradients between Shilshole Bay and the Ship
Canal; and

3) Increase the area of estuarine conditions around
the Ballard Locks.

Objectives to increase juvenile salmon survival 
(Table 6):

1) Improve habitat conditions in the Ship Canal and
Lake Union;

2) Improve passage through the Locks; and

3) Decrease water temperature and salinity
gradients between Salmon Bay and the LWSC.
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Table 5: Summary of Lake Washington General Investigation Synthesis Report adult salmon objectives and 
management and research recommendations.

Objectives Management actions Proposed studies

1)  Increase volitional 
pathways between 
Shilshole Bay and the 
Ship Canal 

Investigate the creation of a new, safe 
upstream/downstream pathway for 
adult salmon by combining a permanent 
resolution to entrapment within the 
diffuser well with modifications to the 
saltwater drain.

• Investigate salinity, dissolved oxygen, and 
temperature down-and upstream of the 
Locks to determine what factors drive salmon 
movement in the Locks.

• Develop a temperature model for the Ship Canal 
and Lake Union that includes effects of lock 
operations.

• Investigate increased large lock lockages as an 
alternate pathway to the fish ladder.

•  Investigate adult salmon in lock filling 
conduits.

Investigate building a separate channel 
for fish passage around the Locks 
or removing the dam at the Locks 
and replacing it with a fish-passable 
structure.

2)  Decrease water 
temperature and salinity 
gradients between 
Shilshole Bay and the 
Ship Canal

 

 

 

 

Continue limiting the hours of Locks 
operations to the peak times of passage, 
typically between 6 am and 11 pm.

• Determine what is causing sockeye die-offs in 
the Ship Canal. The leading hypothesis is that 
mortality is related to high water temperatures 
and temperature-related causes.

• Investigate cumulative temperature stress 
on adult salmon through the Locks and Ship 
Canal. Investigate the effects of high water 
temperatures for adults on egg survival.

Continue efficient water use and 
adaptive water management at the 
Locks.

Continue the use of the real-time 
saltwater monitoring system to operate 
the saltwater drain efficiently.

Investigate flexibility in water 
allocation, including options for getting 
cooler water into the Ship Canal.

Conduct regular night-time large lock 
lockages to maintain temperature, 
dissolved oxygen, and salinity upstream 
of the Locks for adult salmon.

Consider investigating active cooling of 
a passage corridor or refuge habitat in 
the Ship Canal.

(continued)
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Objectives Management actions Proposed studies

3)  Increase area of 
estuarine conditions 
around Locks to 
improve adult fish 
habitat

Investigate building a separate channel 
for fish passage around the Locks 
or removing the dam at the Locks 
and replacing it with a fish-passable 
structure. [Same as above]

• Investigate adult salmon use of Salmon Bay and 
the area downstream of the Locks.

• Consider lowering the target lake elevation to 
19.5 feet to increase water availability for smolt 
passage and saltwater drain operation.

• Consider relaxing the state-set salinity standard 
for the Ship Canal.

• Consider estuary habitat enlargement. 
• Consider installing a new locks facility at the 

Fremont Cut.
•  Consider investigating the recreation of the 

Black River between Lake Washington and 
Duwamish River.

•  Consider creating an area with estuarine 
characteristics upstream of the Locks.

• Consider investigating deepening of the channel 
between the Locks and Lake Union.

Table 6: Summary of Lake Washington General Investigation Synthesis Report juvenile salmon objectives and 
management and research recommendations.

Objectives Management actions Proposed studies

1)  Improve habitat 
conditions in the Ship 
Canal and Lake Union

Implement habitat improvement 
projects to support juvenile salmon 
survival and boost salmon prey resources 
while reducing favorable habitat for 
predators.

• Investigate survival and predation rates in the 
Ship Canal and Lake Union.

• Further investigate the habitat preferences of 
smolts. 

• Study the effect of water temperature on 
migration depth and predation pressure in the 
Ship Canal.

•  Evaluate the effectiveness of habitat 
restoration in Lake Union and Ship Canal on 
juvenile salmon survival.

• Consider relaxing the state-set salinity 
standard for the Ship Canal.

• Study the apparent decline of entrance into the 
Montlake Cut later in the outmigration season.

•  Investigate factors that influence Chinook 
smolt use of Lake Union, and the consequences 
of this holding. 

• Investigate the impact of poor water quality on 
juvenile salmon.

Table 5, continued:  Summary of Lake Washington General Investigation Synthesis Report adult salmon 
objectives and management and research recommendations.

(continued)
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Table 6, continued: Summary of Lake Washington General Investigation Synthesis Report juvenile salmon objectives and 
management and research recommendations.
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Objectives Management actions Proposed studies

2)  Improve passage 
through the Locks 

 

 

Strobe lights: Continue to use and 
improve use of strobe lights at the 
large lock filling culverts to reduce 
entrainment of juvenile outmigrants.

• Plot daily emigration curves for each 
anadromous salmon species to improve 
understanding of populations subject to 
survival risk.

• Count the proportion of juveniles that pass 
through the small and large lock chambers.

• Assess the survival of smolts passing over the 
spillway and through the flumes. 

• Assess the use of the saltwater drain and 
effects of drain operation on smolt distribution.

• Assess the survival of smolts downstream of 
the Locks. 

• Investigate ways to reduce smolt entrainment 
rates into the large lock filling culverts when 
temperatures are greater than 70°F (20°C),

• Evaluate the hydrodynamics in the Ship Canal 
when smolt flumes are turned off for the night.

Saltwater drain: Implement minimal 
use of saltwater drain at temperatures 
above 66°F (18.9°C) to reduce potential 
entrainment of juvenile outmigrants.
Lock chambers
Smolt flumes spillway

3)  Decrease water 
temperature and 
salinity gradients 
between Salmon Bay 
and the LWSC 

 

 

Continue shoreline and riparian 
restoration, including overwater 
structure removal.

• Investigate salinity, dissolved oxygen, and 
temperature downstream of the Locks in 
relation to juvenile salmon movements. 

• Implement monitoring of rehabilitation 
activities in Salmon Bay.

Investigate enlarging connections 
between Salmon Bay and freshwater 
tributaries to enlarge the estuary.
Investigate increasing lockages to 
decrease temperature and salinity 
gradients.
Increase the area of cool, high-dissolved 
oxygen water upstream of the Locks to 
allow more space for adults in delay on a 
trial basis.
Continue to spill from the smolt flumes to 
decrease salinity below the Locks, when 
water is available.

The LWGI Synthesis report also noted there could 
be some cases where recommended actions might 
conflict with other management needs at the 

Locks. The report recommended all projects be 
evaluated for benefits and consequences (positive 
and negative).
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   Management actions

6.2 Salmon Bay Estuary Synthesis (2010)
In 2010, WRIA 8 commissioned an analysis of 
potential restoration projects in the Salmon Bay 
estuary (the estuarine area downstream of the 
Locks) including an assessment of daylighting 
Wolfe Creek, a historical tributary to the Salmon 
Bay estuary. The Salmon Bay Estuary Synthesis 
Report identified specific recommendations for 
future research and restoration actions to improve 
growth and survival of juvenile Chinook (Taylor 
and Associates 2010). While the report concluded 
that freshwater flow contributions from Wolfe 
Creek and habitat restoration efforts at three 
other proposed restoration sites would have 
minimal measurable benefits to juvenile Chinook, 
the report did provide several management and 
research recommendations (summarized in TABLE 
6). The report concluded that restoration actions 

to improve the estuarine functions of Salmon 
Bay estuary should be prioritized and sequenced 
within an overall estuary and nearshore action plan 
and design habitat to consider fish life-histories. 
The report also concluded that for adult Chinook 
salmon, projects to lower water temperature 
above the Locks and to minimize the delay of fish 
passage could improve adult survival. Stormwater 
and other water quality issues within the estuary 
could also influence survival. For juvenile Chinook 
salmon, the report recommended that restoration 
(in an ecosystem-scale context) should focus 
on improving fine scale habitat for growth and 
development, including shoreline softening, 
riparian plantings, and removal of overwater 
structures.

Table 7: Summary of Salmon Bay Estuary Synthesis Report management and research recommendations. 

• Increase riparian vegetation along the entire shoreline.
• Remove bulkhead and riprap to soften the shoreline.
• Implement a large scale effort to remove significant  

amount of overwater structures.
• Significantly increase freshwater input to the Salmon 

Bay estuary.

• Create multiple tidal marshes, large 
intertidal flats, and numerous habitat 
benches throughout the Salmon Bay estuary.

• Encourage volunteers, and other groups, to be involved 
in restoration design and implementation.

• Include effectiveness monitoring.

   Research recommendations

• Diet analysis and fine scale habitat use throughout the 
migration period and at multiple sites within Salmon Bay, 
including mid-channel areas.

• The effects of rapid transition through the Locks, i.e., 
immediate or delayed mortality effects, or other effects of 
salinity and temperature transition on Chinook.

• The effects on water quality from 
stormwater and combined sewer overflow 
outfalls in Salmon Bay.



52Synthesis of Best Available Science: Temperature and Dissolved Oxygen Conditions in the Lake Washington Ship Canal and Impacts on Salmon

6.3  Lake Washington Ship Canal Water 
Quality Science Panel (2012)
In 2010-2011, the U.S. Army Corps of Engineers, 
Seattle District (USACE) convened the Lake 
Washington Ship Canal (LWSC) Water Quality 
Science Panel (Panel) to fulfill regulatory 
requirements that emerged from a 2007 US 
Fish and Wildlife Service Biological Opinion 
(BiOp), Incidental Take Statement, Reasonable 
and Prudent Measure. USACE was required to 
minimize the incidental take associated with the 
degraded water quality in the LWSC, and convene 
an expert panel to assess salinity, temperature, 
and dissolved oxygen issues. The Panel produced 
a report summarizing its review and evaluation 
of water quality criteria. The panel recommended 
actions that reflected its best thinking on potential 
solutions for improving water quality related to 
salmon passage through the LWSC (USACE 2012).

The Panel ranked each recommended 
action according to their assessment of its 
probable benefit and feasibility. Several Panel 
recommendations have since been tested and/or 
implemented. For example, the USACE conducted 
false locking experiments in 2013-2014 to test 
effects of modified locking operations on salinity, 
temperature, and dissolved oxygen conditions near 
the Locks for the benefit primarily of adult salmon 
in late summer (R-1). The juvenile salmon (smolt) 
flumes were redesigned in 2016 (R-8, in-part). In 
2019-2020, USACE is replacing and upgrading the 
Stoney Gate valves and control device to allow 
better control of hydraulic conditions in the lock 
fill conduits and facilitate safe passage of salmon 
through the lock fill conduits (R-2). 

The false locking experiments determined that 
a combination of closing the saltwater drain and 
increasing up-locking with the saltwater barrier in 
the down position could decrease temperatures 
in the immediate vicinity of the locks by 1 to 3ºC 
(USACE 2015). However, bottom water oxygen 
concentrations, particularly between the Locks and 
the University Bridge were lowered in association 

with increases in salinity.4 The combination of a 
malfunction of the saltwater drain before the 2014 
experiments and the additional salinity introduced 
into the system caused the bottom waters of Lake 
Union to remain brackish and anoxic through the 
winter of 2014-2015. Although the temporary 
salinity criteria established by Ecology for the false 
locking experiment were not exceeded (a water 
column daily average of 1 ppt and a daily maximum 
at any depth of 3.0 ppt), dilute brackish water did 
enter Lake Washington. Regardless, the USACE had 
incorporated the active management of locking, 
the saltwater drain, and the saltwater barrier 
during summer in conjunction with smolt flume 
operations to improve temperature conditions for 
migrating adult salmon in the vicinity of the Locks. 
The USACE did not follow the recommendation 
to evaluate the impacts of false lockings on adult 
salmon stress, migration delay, and reproductive 
potential. The USACE is pursuing one of the Panel’s 
recommendations for next steps; to develop 
hydrodynamic and water quality models to 
evaluate the potential benefits and consequences 
of many of the Panel’s recommendations.

4  Closing the saltwater drain also appeared to 
reduced use of the fish ladder due to the loss of attraction 
water provided by the saltwater drain.
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Table 8: Recommendations from the LWSC Water Quality Science Panel.

Recommendations 
Action/

Investigation

Feasibility

Probable 
benefit

R-1. False Lockings X

R-2. Improve Hydraulic Control Systems and Physical Components of the Lock Fill 
System

X

R-3. Enhance Vertical Mixing

R-4. Pump Cool Oxygenated Water from Below Locks

R-5. Pump Cool Oxygenated Water from Lake Washington

R-6. Deepening the LWSC between the Locks and Gas Works

R-7. Maintain or Enhance Water Supply for Operations

R-8. Improving Fish Passage Structures in-part

R-9. Data Repository

7.4 Summary 

With respect to dissolved oxygen and temperature, 
the primary management action taken to date 
is the incorporation of more active management 
of the locks (false lockings, saltwater drain 
closures, lowering the saltwater barrier), to 
improve temperature conditions primarily for 
adult Chinook. A number of other management 
recommendations to improve temperature and 
oxygen conditions in the Ship Canal have yet to 
be investigated. Although there is evidence that 
elevated temperatures (not necessarily just in 

the Ship Canal) affect outmigration timing of 
juvenile Chinook (Lisi, P., personal communication), 
management proposals have focused on improving 
salinity, temperature, and oxygen conditions in 
Shilshole Bay below the Locks for juvenile salmon. 

It is unclear to what extent proposed studies to 
clarify the effects of elevated temperature and 
lowered dissolved oxygen on salmon health and 
survival have been implemented.
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