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Introduction 
This report summarizes recent literature on temperature and dissolved oxygen (DO) tolerances for 
various freshwater life stages of certain coldwater fish species in the Pacific Northwest. Specifically, the 
objective of this literature review was to identify a suite of thermal and dissolved oxygen metrics that 
could be used to determine protective thresholds for those coldwater fish species. The data collected 
from this literature review may be considered in the future for Clean Water Act purposes such as in 
developing or evaluating water quality criteria to protect coldwater fish species. This document does not 
constitute or represent any criteria recommendation or formal guidance from EPA; this document is 
meant to be used as a reference tool for current dissolved oxygen and temperature research for these 
common coldwater fish species.  

Methods 
Literature was found using keyword searches in the Web of Science database. Each species was searched 
by common name, latin name, stressor (temperature or dissolved oxygen), and migration (where 
applicable). For example, the search for Bull Trout thermal data was completed by inputting “Bull Trout 
OR Salvelinus confluentus AND temperature” into the Web of Science search engine. To check for 
completeness, each search string was entered into Google Scholar to identify any additional reports or 
articles.  

Inclusions and exclusions were defined to further refine the keyword searches. The list below represents 
all filters considered and applied in this literature review.   

• Geographically, no restrictions were applied. Despite the target area in the Pacific Northwest, it 
was determined that data associated with all occurrences of these fish species could provide 
relevant information. 

• Publication types included published, peer-reviewed academic journals as well as government 
reports from federal, state, or international agencies.  

• Publication year varied depending on the stressor and fish species. Cutoff dates were chosen to 
provide boundaries to an otherwise large volume of literature.  

o Dissolved Oxygen: DO studies for all species were limited to 1986 through 2020. These 
dates were chosen based on the publication of EPA’s Quality Criteria for Water (“Gold 
Book”) in 1986.  

o Bull Trout, Mountain Whitefish, and Steelhead Trout Temperature: Temperature studies 
were limited to 2003 through 2020. The start date was chosen based on the publication 
of the EPA Region 10 Guidance for Pacific Northwest State and Tribal Temperature 
Water Quality Standards in 2003. 

o Chinook Salmon and Sockeye Salmon Temperature: Temperature studies for chinook 
salmon and sockeye salmon were restricted to migration-related studies from 2015 
through 2020. The start date was chosen based on the publication of NOAA1 and 

 
1 NMFS, Endangered Species Act Biological Opinion on the Environmental Protection Agency’s Proposed Approval 
of Certain Oregon Water Quality Standards Including Temperature and Intergravel Dissolved Oxygen, WCR-2013-
76 (November 3, 2015). 

https://www.webofknowledge.com/
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USFWS2 2015 Biological Opinions on EPA’s Action on Oregon’s Water Quality Standards 
for Temperature. 

• At this time, the literature review does not include temperature studies for coho salmon, chum 
salmon, pink salmon, rainbow trout, or cutthroat trout. 

Additional inclusion and exclusion criteria were applied during assessment of literature results: 

• The literature review was restricted to freshwater studies. Studies that discussed species in 
marine or brackish waters were excluded. 

• Literature with secondary data was included in the literature assembled. If secondary data was 
published after the 1986, 2003, and 2015 cutoffs, then the original source for that data was 
found and reviewed when possible. In general, if the secondary data came from a source that 
predated the 1986, 2003, or 2015 cutoff, the data were not included.  

Journal abstracts and report summaries were assessed for relevance to the literature review. Sources 
that were deemed potentially relevant during the abstract level screening were then assessed in full 
text. If the relevance of the full-text references was confirmed, data were extracted and entered into a 
data extraction spreadsheet with the fields shown in Table 1 below.  

Table 1. Fields Included in the Data Extraction Spreadsheet 
Extraction Category Extraction Field 

Study Metadata • DOI 
• Author 
• Year  
• Article title 

Fish Species 

 

• Species name (scientific name) 
• Common name 
• Population: population where the fish were found 
• Life stage 

Study Design • Study type: laboratory (lab), in situ, model, review, other 
• Secondary source (yes or no) 
• Lab Controlled: Inclusion of laboratory control 
• Laboratory control response  
• Field monitoring scheme  
• Sample size: number of fish studied 
• Treatment 
• Experiment location 
• Notes: Any additional relevant information from the study  

Stressors For both Temperature (°C) and Dissolved Oxygen (mg/L): 

 
2 FWS, Formal Consultation on the U.S. Environmental Protection Agency’s Proposed Action to Approve Revised 
Oregon Water Quality Standards for Temperature and Intergravel Dissolved Oxygen, 01EOFWO0-2014-F-0087 (July 
6, 2015). 
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Extraction Category Extraction Field 

 • Mean value  
• Median value 
• Minimum value 
• Maximum value 
• Optimum value (Temperature only)  
• Standard deviation  
• Standard error  

Confounding Variables 

 

• For laboratory studies: 
o Feeding history  
o Experiment temperature (°C) 
o Rate of change  

Exposure • Frequency of exposure 
• Duration of exposure 
• Time period  

Outcome • Effect  
• Effect type 

 

Results 
Results from the literature review are summarized for each coldwater fish species below. Thresholds are 
reported separately for temperature and dissolved oxygen. Additionally, as information was available, it 
was further divided and presented by study design, with laboratory and review studies presented in the 
same table and other studies (e.g., in situ or model studies) presented together in a second table. 
Additional details beyond those included in the following result tables (i.e., sample location, time period, 
population details, and expanded notes on effects) for each study can be found in the accompanying 
data extraction spreadsheet. 

Laboratory studies using control treatment groups are considered the gold standard for determining the 
effect of temperature or dissolved oxygen thresholds because controls serve as a benchmark, 
accounting for other potentially confounding variables. The treatment group effects are compared to 
control groups to evaluate the magnitude of the effect. Whether a study used a control group in the 
study design is listed in the tables under the Study Design Considerations column. Detailed notes on the 
control strategy can be found in the accompanying data extraction spreadsheet. In addition, other 
factors that can interact with the effect (e.g., feeding history, rate of change of dissolved oxygen or 
temperature levels, and acclimation temperatures) are presented in the Study Design Considerations 
column when the information was available.  

Other study types, such as observational (in-situ) and model studies, are included in the result tables 
because this information can provide context and multiple lines of evidence that further support the 



6 
 

development of temperature and dissolved oxygen thresholds for various coldwater species and their 
respective life stages. 
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Salvelinus confluentus (Bull Trout) 
Temperature: Juveniles were present in waters ranging from 4-16°C (Allen et al., 2010; Mochnacz et al., 2009). Juvenile growth was highest at 
12.3°C for bull trout and bull trout growth declined sharply at temperatures above 16°C (McMahon et al., 2007). As water temperature 
increased from 7 to 15°C, juvenile bull trout were less likely to conceal in substrate, the probability of swimming increased, and the probability of 
resting declined slightly (Thurow et al., 2020). There was a minor but significant influence on swim speed as juvenile and adult fish held at 11°C 
had a lower swim speed than fish held at 15°C (Mesa et al., 2004).  

Migration: In one study, 82% of juvenile bull trout emigrated during the spring. Of these, 93.7% of the juvenile bull trout left Shitike Creek when 
7-day average of daily maximum (7 DADM) water temperatures were below 15°C. The highest water temperature recorded during the spring 
migration was 18.4°C, which occurred in late May. However, over 98% of the juveniles were captured prior to the water temperature reaching 
18.4°C. In this same study, the fall emigration began in early October and peaked in November. Ninety-four percent (N=32) left when 7 DADM 
water temperatures dropped below 7.5°C at the end of October. Temperatures during the fall emigration period ranged from a high of 13.6°C in 
early October to a low of 1.5°C in early December (Burchell & Brun, 2005). In another study, models for winter and spring indicated that 
migration timing was negatively related to changes in minimum temperature. Summer and fall migration timing were positively related to 
changes in minimum temperature (Homel & Budy, 2008). 

Adults were present in waters ranging from 5.4-25°C (Burchell & Brun, 2005; Howell et al., 2010, 2016, 2017; Brun & Dodson, 2002; Gutowsky et 
al., 2017; Dunham et al., 2003; Sinnatamby et al., 2018; Paragamian & Walters, 2011; Eckman et al., 2016; Benjamin et al., 2016; Al-Chokhachy 
et al., 2016; Hall et al., 2018; Rieman et al., 2006; D'Angelo & Muhlfeld, 2013; Maret & Schultz, 2013; Sadikaj et al., 2014). Multiple baseline 
models estimated 97.9% of August foraging, migrating, and overwintering habitat at water temperatures less than 14˚C and 95% of foraging, 
migrating, and overwintering habitat was predicted between 10˚C and 14˚C (Jones et al., 2013). The upper thermal threshold of preferred 
habitat conditions during the month of August was 14˚C (97.9% of predictions) and peak thermal preferences during the month of August for 
foraging, migrating, and overwintering decreased significantly below 10˚C (3.6%), and ceased to exist above 16˚C (Jones et al., 2013). 

Dissolved Oxygen: Eggs were found at DO concentrations of 9 and 10 mg/L (Fairless et al., 1994). For alevins there was no mortality at DO levels 
ranging from 3-13 mg/L (Giles & Van der Zweep, 1996), however there was reduced growth at 3 and 5 mg/L (Giles & Van der Zweep, 1996). 
Adults were found present in waters with DO concentrations ranging from 9.3-11 mg/L (Maret & Schultz, 2013; Fairless et al., 1994). 
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Temperature  
Laboratory and Review Studies 
Table 2. Salvelinus confluentus (Bull Trout) Temperature Data from Laboratory and Review Studies 

Life Stage Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

Age 0 In sympatry (bull trout grown in same tank 
with brook trout), only temperature 
showed a significant effect on survival (P = 
0.005), survival decreasing significantly (P 
< 0.05) at 16°C and 20°C 

16 & 
20°C 

Sample size: 50 fish per tank, 36 tanks 
Acclimation temperature: Fish were held in test tanks for 2 
weeks at 8°C  
Rate of change: 1°C/d  
Feeding history: Fed a specially formulated pelleted diet daily 
from 0900 to 1700 hours with an automated belt feeder placed 
near the head of the test tank to simulate daytime drift.  
Control: N 

Lab McMahon 
et al., 2007 

Age 0 Growth was highest at 12.3°C for bull 
trout. Bull trout growth declined sharply at 
temperatures above 
16°C 

16°C Sample size: 50 fish per tank, 36 tanks 
Acclimation temperature: Fish were held in test tanks for 2 
weeks at 8°C  
Rate of change: 1°C/d  
Feeding history: Fed a specially formulated pelleted diet daily 
from 0900 to 1700 hours with an automated belt feeder placed 
near the head of the test tank to simulate daytime drift.  
Control: N 

Lab McMahon 
et al., 2007 

Juvenile As water temperature increased from 7 to 
15°C, bull trout were less likely to conceal 
in substrate, the probability of swimming 
increased, and the probability of resting 
declined slightly.  

7-15°C Sample size: 224 individual observations total across all trials, 81 
fish. 
Acclimation temperature: <10°C 
Rate of change: 1˚C approximately each hour  
Feeding history: Prior to trials, Fish were fed 2.5–3.0 mm 
pelleted hatchery feed twice daily at 2.6% of their body weight. 
After trials began in September, fish were fed once each day, 
typically between 11 a.m. and 3 p.m.  
Control: Y 

Lab Thurow et 
al., 2020 

Juvenile At temperatures ranging from 7–9°C, the 
authors observed that on average, 30–40% 
of bull trout concealed under a 12 h 
light/12 h dark regime. 

7-9°C Sample size: 224 individual observations total across all trials, 81 
fish. 
Acclimation temperature: <10°C 
Rate of change: 1˚C approximately each hour  
Feeding history: Prior to trials, Fish were fed 2.5–3.0 mm 
pelleted hatchery feed twice daily at 2.6% of their body weight. 
After trials began in September, fish were fed once each day, 

Lab Thurow et 
al., 2020 
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Life Stage Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

typically between 11 a.m. and 3 p.m.  
Control: Y 

Juvenile Bull trout challenged with R. 
salmoninarum (bacteria that causes 
bacterial kidney disease) and held at 15°C 
showed 10x higher mortality at the same 
doses than did fish at 9°C. 
 
 

9°C vs 
15°C 

Sample size: Either 10 fish per aquarium, or 30 fish per 
aquarium, depending on the trial 
Acclimation temperature: 9 or 15°C 
Rate of change: Not listed 
Feeding history: Fish were fed BioDiet Grower, administered 
twice daily during trials at 3.1% (15°C tests) or 1.8% (9°C 
tests) body weight/d. 
Control: N 

Lab Jones et al., 
2007 

Juvenile 
and adult 

There was a minor but significant influence 
on swim speed as fish held at 11°C had a 
lower swim speed than fish held at 15°C. 

11°C 
vs 
15°C 

Sample size: 16 fish 
Acclimation temperature: 9-11°C 
Rate of change: 2°C/day 
Feeding history: Fed two earthworms or several salmon eggs 
two to three times each week 
Control: N 

Lab Mesa et al., 
2004 

Adult 
(inferred) 

One-day consumption by laboratory-held 
bull trout during the first day of feeding 
experiments after fasting exceeded 
bioenergetically sustainable rates by 12- to 
87-fold at low temperatures (3°C) and by 
~1.3-fold at 20°C. 

3°C; 
20°C 

Sample size: 68 fish 
Acclimation temperature: Not listed 
Rate of change: Not listed 
Feeding history:  fed rainbow trout fry and subyearling Coho 
salmon ad libitum (individual prey weighing 0.2–1.4 g) for four 
consecutive days.  
Control: N 

Lab Furey et al., 
2016 

Adult 
(inferred) 

The degree of bingefeeding (C/Cmax) was 
negatively related to temperature (i.e., as 
temperature increased, bingefeeding 
decreased) 

3-20°C Sample size: 68 fish 
Acclimation temperature: Not listed 
Rate of change: Not listed 
Feeding history:  fed rainbow trout fry and subyearling Coho 
salmon ad libitum (individual prey weighing 0.2–1.4 g) for four 
consecutive days.  
Control: N 

Lab Furey et al., 
2016 

Adult 
(inferred) 

For laboratory-held bull trout, short-term 
feeding (regardless of Cmax) was most 
limited at high temperatures, with mass-
specific consumption at 20 °C being 20–
40% less than maximum values 

20°C Sample size: 68 fish 
Acclimation temperature: Not listed 
Rate of change: Not listed 
Feeding history:  fed rainbow trout fry and subyearling Coho 
salmon ad libitum (individual prey weighing 0.2–1.4 g) for four 

Lab Furey et al., 
2016 
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Life Stage Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

consecutive days.  
Control: N 

Adult 
(inferred) 

Mass-specific daily consumption increased 
with temperature, reaching a peak at 16°C 
and declining and becoming more variable 
at 20°C 

16 & 
20 °C 

Sample size: 36 fish 
Acclimation temperature: 7°C 
Rate of change: 2°C/day 
Feeding history: During holding, fish were fed live hatchery-
reared juvenile Coho Salmon, Rainbow Trout, or Chinook 
Salmon, fed in proportion to their size at about 3% of their body 
mass three times per week. Prior to the start of the experiment, 
the fish were starved for 3 days (4 days for 3°C temp). During 
the experiment the fish were offered live juvenile salmonids at 
about 30% of their body mass per day, ensuring prey was always 
present during the day. At end of experiment fish were left 3 
days without food. 
Control: Y 

Lab Mesa et al., 
2013 

 
 

In Situ, Model, and Other Publication Types 
Table 3. Salvelinus confluentus (Bull Trout) Temperature Data from In Situ, Model, and Other Publication Types 

Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study Type Reference 

Juvenile Presence  4 - 16˚C Sample size: 1536 fish In-situ Allen et al., 
2010 

Juvenile 82% of juvenile bull trout emigrated during the 
spring. Of these, 93.7% of the juvenile bull trout 
left Shitike Creek when 7-day average of daily 
maximum (7 DADM) water temperatures were 
below 15°C. The highest water temperature 
recorded during the spring migration was 18.4°C, 
which occurred in late May. However, over 98% of 
the juveniles were captured prior to the water 
temperature reaching 18.4°C. 

<15°C Sample size: 192 fish In-situ Burchell & 
Brun, 2005 

Juvenile 18% of juveniles emigrated from Shitike Creek 
during the fall period in 2005. Fall emigration 

<7.5°C Sample size: 192 fish In-situ Burchell & 
Brun, 2005 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study Type Reference 

began in early October and peaked in November. 
Ninety-four percent (N=32) left when 7 DADM 
water temperatures dropped below 7.5°C at the 
end of October. Temperatures during the fall 
emigration period ranged from a high of 13.6°C in 
early October to a low of 1.5°C in early December. 

Juvenile & adult Presence 6.0 - 13.3°C Sample size: ~18 fish In-situ Mochnacz et 
al., 2009 

Juvenile & 
subadult 

The models for winter and spring indicated that 
migration timing was negatively related to changes 
in minimum temperature. Summer and fall 
migration timing were positively related to 
changes in minimum temperature. 

1 - 15.25˚C Sample size: 1636 fish In-
situ/model 

Homel & 
Budy, 2008 

Adult & subadult Large numbers of fish were captured during mid-
May to late June, when temperatures had 
increased to 8–10˚C. 

8 – 10˚C Sample size: Not listed In-situ Howell et al., 
2016 

Adult Seven-day average maximum water temperatures 
recorded in the Warm Springs R. ranged from 14.1 
– 17.1°C throughout the migration period. The 
seven-day average maximum water temperatures 
during the peak in late May was 17.1°C, which was 
also the maximum temperature during the 
immigration 
period. 

14.1 – 17.1°C Sample size: 41 fish In-situ Burchell & 
Brun, 2005 

Adult Peak migration occurred in late June when water 
temperatures reached a seven-day average 
maximum water temperatures temperature 
of 21.2°C. Water temperatures at the Shitike Creek 
weir during adult bull trout immigration ranged 
from 17.0° – 25.4°C. Fifty-one percent of the adult 
bull trout passed through the weir before water 
temperatures reached 22°C. Forty-seven percent 
passed through the weir when water temperatures 
were between 22° – 25.4°C. The remaining 2% 
passed through in early September when water 
temperatures were below 20°C. 

Peak = 21.2°C 
 
full range = 17.0 – 
25.4°C 

Sample size: 238 fish In-situ Burchell & 
Brun, 2005 



12 
 

Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study Type Reference 

Adult During 1999-2002 water temperatures ranged 
from 11.8-15.4°C near the mouths during adult 
migration; 11.4-14.6°C during pre-spawning 
holding; and 6.5-8.4°C during adult spawning and 
juvenile rearing. 

Adult migration = 11.8 
- 15.4°C 
 
Pre-spawning = 11.4 - 
14.6°C 
 
Adult spawning = 6.5 - 
8.4°C 

Sample size: 31 fish In-situ Brun & 
Dodson, 
2002 

Adult Thermal selection (average range) 11 - 15˚C Sample size: 151 fish In-situ Gutowsky et 
al., 2017 

Adult Presence  16.5˚C (large size fish), 
17˚C (medium size), 
15.1˚C (small size)  

Sample size: 151 fish In-situ Gutowsky et 
al., 2017 

Adult The annual maximum 7-day average daily 
maximum temperatures of tagged fish were 16–
18˚C and potentially as high as 21˚C. 

16 – 18˚C; potentially 
(not sure exactly what 
this means) up to 21˚C 

Sample size: 8 fish In-situ Howell et al., 
2010 

Adult Maximum 7-day average daily maximum ambient 
water temperatures within the range of tagged fish 
during summer (peaked in late July - mid August) 
were 18–25˚C in areas used only be migratory fish. 

18–25˚C Sample size: 8 fish In-situ Howell et al., 
2010 

Adult/spawning Tagged fish appeared to spawn at 7-day average 
daily maximum temperatures of 7–14˚C 

7–14˚C Sample size: 8 fish In-situ Howell et al., 
2010 

Adult/spawning Maximum 7-day average daily maximum 
temperatures of tagged fish and ambient 
temperatures at the onset of the spawning period 
in late August were 11–18˚ C. 

11–18˚C Sample size: 8 fish In-situ Howell et al., 
2010 

Adult/spawning Ambient 7-day average daily maximum 
temperatures peaked in late July through mid-
August at 14–18˚ C upstream of that point in 
habitat used for spawning and juvenile rearing. 

14–18˚C Sample size: 8 fish In-situ Howell et al., 
2010 

Adult Baseline model estimated 97.9% of August 
foraging, migrating, and overwintering habitat at 
water temperatures less than 14˚C.  

<14˚C Sample size: 201 sites Model Jones at al., 
2013 

Adult 95% of foraging, migrating, and overwintering 
habitat was predicted at >10˚C and <14˚C.  

10-14˚C Sample size: 201 sites Model Jones at al., 
2013 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study Type Reference 

Adult The upper thermal threshold of preferred habitat 
conditions during the month of August was 14˚C 
(97.9% of predictions).  

14˚C Sample size: 201 sites Model Jones at al., 
2013 

Adult Peak thermal preferences during the month of 
August for foraging, migrating, and overwintering 
decreased significantly below 10˚C (3.6%), and 
ceased to exist above 16˚C. 

10-16˚C Sample size: 201 sites Model Jones at al., 
2013 

Adult (inferred) Bull Trout residency in the lake increased when 
outlet water temperatures were >16°C, and thus 
the lake may provide thermal refuge when river 
temperatures are above optima for this coldwater 
char 

>16°C Sample size: 21 fish In-situ Furey & 
Hinch, 2017 

Adult (inferred) The degree of bingefeeding (C/Cmax) was 
negatively related to temperature 

2 - 12°C Sample size: 49 fish In-situ Furey et al., 
2016 

Spawning and 
Early Rearing 

Maximum daily temperature with bull trout 
occurrence in the Washington dataset ranged from 
14.1°C in the Twisp River to 17.5°C in Ahtanum 
Creek. 

14.1 - 17.5°C Sample size: 5 streams, 
190 sites 

In-situ Dunham et 
al., 2003 

Spawning and 
Early Rearing 

Although bull trout may be present at potentially 
lethal temperatures, the probability of occurrence 
is relatively low (e.g., <0.50) at maximum daily 
temperatures above approximately 14–16°C. 

14 – 16°C Sample size: 175 streams 
and 643 sites 

Model Dunham et 
al., 2003 

Spawning and 
Early Rearing 

The probability of occurrence does not become 
high (e.g.> .0.75) until the maximum daily 
temperature declines to approximately 11–12°C. 

11 - 12°C Sample size: 175 streams 
and 643 sites 

Model Dunham et 
al., 2003 

Spawning and 
Juvenile Rearing 

Baseline model estimated 95.8% of August 
spawning and rearing habitat at water 
temperatures less than 13°C and 94% of the 
habitat at >8°C and <13°C. The upper thermal 
threshold of preferred habitat conditions during 
the month of August was 13°C (95.8% of 
predictions). 

<13°C Sample size: 201 sites Model Jones et al., 
2013 

Spawning In the Warm Springs R. bull trout spawning began 
in early September. Peak spawning occurred 
during early to mid-October. Spawning 

Spawning commenced 
at 8.3°C and peaked at 
7.2°C 

Sample size: Fifty-six redds 
were counted in the two 
reaches of the Warm 

In-situ Burchell & 
Brun, 2005 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study Type Reference 

commenced when 7-day average of daily 
maximum water temperatures were 8.3°C and 
spawning peaked at 7.2°C water. 

Springs River. Twenty-
seven redds were 
observed in Shitike Creek. 

Spawning Spawning in Shitike Creek was first observed in 
early September when the 7-day average water 
temperature was 7.9°C. Peak spawning occurred in 
mid to late September when water temperatures 
dropped to 7.3°C. Seven-day average water 
temperatures during the spawning period 
(September – October) ranged from a high of 7.9°C 
to a low of 6.3°C in late October. 

Spawning commenced 
at 7.9°C and peaked at 
7.3°C 
 

Sample size: Fifty-six redds 
were counted in the two 
reaches of the Warm 
Springs River. Twenty-
seven redds were 
observed in Shitike Creek. 

In-situ Burchell & 
Brun, 2005 

Spawning Water temperatures in redd pits averaged 6.26 °C 
and ranged from 2.0 to 10.0 °C. Mean, annual 
water temperatures in redd pits ranged from 4.5 
to 7.7 °C 

2 - 10°C Sample size: 337 fish In-situ Guzevich & 
Thurow, 
2017 

Spawning The peak in upstream movement of spawning bull 
trout coincided with the latter half of the peak and 
subsequent decline in daily water temperatures, 
when temperatures ranged between 5.5 and <7°C 

5.5 - 7°C Sample size: Not listed In-situ Sinnatamby 
et al., 2018 

Spawning Lower Kananaskis Lake bull trout spawning 
migrations occurred at cooler temperatures (mean 
= 5.4°C) than those observed in other populations 
but at the warmest temperatures available to 
them in Smith-Dorrien Creek. In years with warmer 
environmental temperatures, upstream migrations 
occurred earlier, consistent with the hypothesis 
that bull trout spawning migrations may be 
initiated when temperatures approach optimal 
temperatures for growth for the species. 

5.4°C Sample size: Not listed In-situ Sinnatamby 
et al., 2018 

Adult/Spawning 
(inferred) 

The temperature of the Kootenai River ranged 
from 7.1°C to 15.0°C and averaged 11.4°C during 
migrations of six bull trout that made 19 spawning 
migrations to a known spawning tributary from 
1999 through 2006. 

7.1 - 15°C Sample size: 6 In-situ Paragamian 
& Walters, 
2011 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study Type Reference 

Spawning & 
rearing   

Bull trout population trends to be generally stable 
below 10°C but significantly decreasing, rare (i.e., 
trend not estimable owing to extremely low 
abundance), or extirpated at 58% of the sites with 
temperatures exceeding 10°C. Bull trout 
abundance was highest and populations were 
stable where mean August temperatures were 
below 10°C 

10°C Sample size: 33 sites Model Al-
Chokhachy 
et al., 2016 

Spawning & 
rearing   

Range of mean August temperatures predicted 8.6 - 14.6°C Sample size: 20 sites Model Al-
Chokhachy 
et al., 2016 

Spawning Streambed temperatures tracked stream water 
diurnal temperature cycles to a depth of at least 
25 cm, averaging 6.1–8.1°C in different study 
reaches during the spawning period. 

6.1 – 8.1°C Sample size: 4 sites (40, 
35, 8, and 42 redds) 

In-situ Bean et al., 
2015 

Spawning Bull trout spawning occurred in the Quartz Lake 
drainage when water temperatures were between 
5 and 9°C, but there were periods prior to the 
initiation of spawning when water temperature 
temporarily decreased below 9°C for several days. 

5 - 9°C Sample size: 57 fish In-
situ/model 

Tennant et 
al., 2016 

Not listed Free-swimming bull trout would achieve 80–100% 
growth potential by occupying depths where mean 
daily temperature was between approximately 
11.5 and 18.5°C. 

11.5 - 18.5°C Sample size: 3 In-situ Gutowsky et 
al., 2017 

Not listed Presence  6.1 - 18.9°C Sample size: 3 In-situ Eckman et 
al., 2016 

Not listed Maximum annual August mean temperatures and 
maximum weekly maximum temperatures at the 
downstream limits of bull trout distribution in 
streams without brook trout reached 11.5 and 
16.5°C, respectively. 

11.5 & 16.5°C Sample size: Not listed In-situ Howell, 2017 

Not listed Water temperatures measured in bull trout 
reaches in 2014 and 2015 were similar to NorWeST 
(2015) modelled predictions for 2011 in those 

10.0 & 9.7°C Sample size: Not listed In-situ Howell, 2017 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study Type Reference 

same reaches (August means [SE]: 10.0°C [0.2] and 
9.7°C [1.3], respectively). 

Not listed Means (SE) of August mean and maximum weekly 
maximum temperatures were 10.2(.3) and 13.9(.5) 
respectively in streams with only bull trout 
(Allopatric bull trout distribution zone) 

10.2 & 13.9°C Sample size: Not listed In-situ Howell, 2017 

Not listed For magnitude, the average (±SE) maximum 
temperature was less at sites where Bull Trout 
were present (14.86 ± 0.76°C) than at sites where 
Bull Trout were absent (17.63 ± 0.51°C). 

14.86°C Sample size: 87 sites In-
situ/Model 

Benjamin et 
al., 2016 

Not listed Estimated thermal tolerance limits based on 
average daily mean and average daily maximum 
temperatures showed similar patterns for Bull 
Trout, Brook Trout, and Brown Trout. The 1-day 
average daily maximum tolerance limit was 21.3°C 
for Bull Trout 

21.3°C Sample size: 87 sites In-
situ/Model 

Benjamin et 
al., 2016 

Not listed Average daily mean tolerance limits were lower for 
Bull Trout (16.9°C) than for brook or brown trout 

16.9°C Sample size: 87 sites In-
situ/Model 

Benjamin et 
al., 2016 

Not listed With respect to cooler temperatures, results 
indicated that under field conditions, Bull Trout 
can tolerate mean temperatures of 14°C and 
maximum temperatures of 17.5°C for up to 30 
days. 

17.5°C Sample size: 87 sites In-
situ/Model 

Benjamin et 
al., 2016 

Not listed On average, study streams that contained Bull 
Trout had mean temperatures less than 11°C and 
maximum temperatures less than 15°C 

<15°C Sample size: 87 sites In-
situ/Model 

Benjamin et 
al., 2016 

Not listed In the upper Klamath River basin, Bull Trout can 
tolerate maximum temperatures exceeding 16, 18, 
and 20°C for approximately 63, 15, and 3 days, 
respectively. 

16, 18, & 20°C Sample size: 87 sites In-
situ/Model 

Benjamin et 
al., 2016 

Not listed Presence  11.1 - 20.4°C Sample size: 13 sites Model Al-
Chokhachy 
et al., 2016 

Not listed Temperatures generally exceeded 10°C beginning 
in May and exceeded 16°C throughout the estuary 

10 & 16°C Sample size: Not listed In-situ Hall et al., 
2018 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study Type Reference 

from July through August. Observations of the 
authors indicate that this overlaps with the peak 
abundance of juvenile Chinook and coho salmon in 
the Snohomish River estuary that typically occurs 
from May through July. 

Not listed Presence 0 – 15°C  Sample size: 12 study 
streams, 213 samples total 

In-
situ/model 

Rieman et 
al., 2006 

Not listed One model suggested a range of thermal suitability 
of 9.7–13.3°C, and a second model suggested a 
thermal suitability range of 10.8–14.5°C 

9.7 – 13.3°C 
& 10.8 – 14.5°C 

Sample size: Not listed Model Al-
Chokhachy 
et al., 2013 

Not listed 8 of 10 (80%) bull trout detections occurred in 
reaches where the estimated August mean 
temperature was < 10°C 

<10°C Sample size: 79 streams In-
situ/model 

D'Angelo & 
Muhlfeld, 
2013 

Not listed Results suggest that climate change may be 
rendering 8–16% of thermally suitable (for bull 
trout) natal stream lengths unsuitably warm each 
decade. Mean summer stream temperatures 
increased by 0.38°C (0.27°C/decade) and 
maximum weekly maximum stream temperature 
increased by 0.48°C (0.34°C/decade) 

Mean summer stream 
temperatures 
increased by 0.38°C 
(0.27°C/decade) 
 
Maximum weekly 
maximum stream 
temperature 
increased by 0.48°C 
(0.34°C/decade) 

Sample size: Not listed Model Isaak et al., 
2010 

Not listed Presence 6.0 - 16.2°C Sample size: 67 fish In-situ Maret & 
Schultz, 2013 

Not listed Every 1°C increase in water temperature increased 
movement odds by a factor of 1.27 

1°C increases Sample size: 57 fish In-situ Taylor et al., 
2013 

Not listed Presence 4.2 - 18.0°C Sample size: Not listed In-situ Sadikaj et al., 
2014 
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Dissolved Oxygen 
Laboratory and Review Studies 
Table 4. Salvelinus confluentus (Bull Trout) Dissolved Oxygen Data from Laboratory and Review Studies 

Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Alevins post-
hatch 

Chronic exposure to DO ranging from 3 to 13.5 mg/L did not 
cause significant mortality in developing eggs 

3-13.5 Sample size: 246 
Experiment temperature: 
2°C 
Rate of change: NA 
Feeding history: fed 
Artemia nauplii 
Control: Y, fish kept at 
13.5 mg/L 

Lab Giles & Van der 
Zweep, 1996 

Alevins post-
hatch 

Reduced growth/weight at 5 mg/L and 3 mg/L 5 & 3 Sample size: 246 
Experiment temperature: 
2°C 
Rate of change: NA 
Feeding history: fed 
Artemia nauplii 
Control: Y, fish kept at 
13.5 mg/L 

Lab Giles & Van der 
Zweep, 1996 

 

In Situ, Model, and Other Publication Types 
Table 5. Salvelinus confluentus (Bull Trout) Dissolved Oxygen Data from In Situ, Model, and Other Publication Types 

Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Eggs/spawning Presence of spawning/eggs  Intergravel 
mean DO =9 
 
Instream mean 
DO = 10 

Sample size: 46 redds 
Temperature: average 
of 3.8°C  
 

In- situ Fairless et al., 
1994 

Eggs/spawning Measured DO in embryos in different sediment types. DO was 
consistently higher than 8 mg/L and didn't affect survival 

>8 Sample Size: 2,000 
Temperature: not 
listed 

In-situ Bowerman et 
al., 2014 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Eggs/spawning Presence of spawning/eggs  Intergravel 
mean DO =9 
 
Instream mean 
DO = 10 

Sample size: 46 redds 
Temperature: average 
of 3.8°C  
 

In- situ Fairless et al., 
1994 

Adult Presence 9.3-11 Sample Size: 15 
Temperature: not 
listed 

In-situ Maret & 
Schultz, 2013 

Adult Presence 11 Sample size: NA 
Temperature: average 
of 3.8°C 

In-situ Fairless et al., 
1994 

 

Prosopium williamsoni (Mountain Whitefish) 
Temperature: Egg and fry survival was significantly lower at 8.4°C (75%) than at 5.7°C and 6.4°C (>96%), and overall survival at 10.1°C was 11.7%, 
significantly lower than at 5.7°, 6.4°, and 8.4°C (Brinkman et al., 2013). The upper ultimate incipient lethal temperature (UUILT) was 23.6°C after 
7 days and decreased to 22.6°C after 33 days; and the mean critical thermal maximum (CTM) was 26.7°C for fry acclimated to 13.4°C (Brinkman 
et al., 2013). Increased lethality was observed at temperatures greater than 23°C (MacCoy, 2006). Temperature for maximum juvenile growth 
calculated from a derivative of the fitted curve was 13.8°C (Brinkman et al., 2013).  

Adults were found in waters with temperatures ranging from 0 – 13.3°C (Boyer et al., 2017; Kiffney et al., 2018). Migrant Moutain whitefish 
began prespawning migration as daily average water temperatures declined to 12°C, and evening spawning in aggregates of 4-10 fish began at 
average daily temperature of 5°C (Pierce et al., 2012). Mortality for all species in both rivers started to occur when daily maximum water 
temperature reached 21.7-22°C (Boyd, 2010), and in another study mortality occurred for adults and juveniles following several days in which 
the maximum daily temperature was >26°C (MacCoy, 2006). 

Dissolved Oxygen: Eggs reared in low DO (3, 5, 7, & 9 mg/L) exhibited delayed hatching time compared to eggs at 13 mg/L, however these 
conditions did not result in mortality (Giles & Van der Zweep, 1996).  
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Temperature  
Laboratory and Review Studies 
Table 6. Prosopium williamsoni (Mountain Whitefish) Temperature Data from Laboratory and Review Studies 

Life 
Stage 

Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Eggs, 
fry 

Hatch rates, fry, and overall survival (which is the combination of egg hatch and fry 
survival posthatch) were high at low temperatures and declined as temperature 
increased. Overall survival was significantly lower at 8.4°C (75%) than at 5.7°C and 
6.4°C (>96%). Overall survival at 10.1°C was 11.7%, significantly lower than at 5.7°, 
6.4°, and 8.4° C. 

8.4°C vs 
5.7° & 
6.4°C 

Sample size: 20 eggs, 
20 fry 
Acclimation 
temperature: 4.5°C 
for eggs; 10°C for fry 
Rate of change: 12hr 
period for eggs; 
1°C/day for fry 
Feeding history: Fed 
daily 
Control: N 

Lab Brinkman et 
al., 2013 

Eggs, 
fry 

Mean hatch significantly reduced at 10.1°C compared to 5.4°, 6.7°, and 8.4°C. 10.1°C vs 
5.4°, 6.7°, 
& 8.4°C 

Sample size: 20 eggs, 
20 fry 
Acclimation 
temperature: 4.5°C 
for eggs; 10°C for fry 
Rate of change: 12hr 
period for eggs; 
1°C/day for fry 
Feeding history: Fed 
daily 
Control: N 

Lab Brinkman et 
al., 2013 

Eggs, 
fry 

The upper ultimate incipient lethal temperature (UUILT) was 23.6°C after 7 days and 
decreased to 22.6°C after 33 days. The mean critical thermal maximum (CTM) was 
26.7°C for fry acclimated to 13.4°C. 

23.3°C & 
26.7°C 

Sample size: 20 eggs, 
20 fry 
Acclimation 
temperature: 4.5°C 
for eggs; 10°C for fry 
Rate of change: 12hr 
period for eggs; 
1°C/day for fry 
Feeding history: Fed 

Lab Brinkman et 
al., 2013 
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Life 
Stage 

Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

daily 
Control: N 

Fry Fry survival posthatch was >= 83% at 5.7°, 6.4°, and 8.4°C, but was significantly 
reduced at 10.1°C (31%) 

10.1°C vs 
5.4°, 6.7°, 
& 8.4°C 

Sample size: 20 eggs, 
20 fry 
Acclimation 
temperature: 4.5°C 
for eggs; 10°C for fry 
Rate of change: 12hr 
period for eggs; 
1°C/day for fry 
Feeding history: Fed 
daily 
Control: N 

Lab Brinkman et 
al., 2013 

Fry Fry survival was high (93-100%) and not significantly affected by temperatures <= 
19.1°C, but was significantly reduced at 22.2°C and 25.2°C. At 22.2°C, fry survival 
was >96% for the first 15 days, but decreased to 71% after 33 days. Mortality was 
rapid and complete at 25.2°C with about half of mortality occurring during the 
ramping of the temperature to the target temperature. 

22.2°C Sample size: 20 eggs, 
20 fry 
Acclimation 
temperature: 4.5°C 
for eggs; 10°C for fry 
Rate of change: 12hr 
period for eggs; 
1°C/day for fry 
Feeding history: Fed 
daily 
Control: N 

Lab Brinkman et 
al., 2013 

Fry Fry starting weight was about 0.03g on day 0. Fry ending weight at day 33 ranged 
from 0.30g at 11.8°C and 16.5°C to 0.08g at 5.7°C and 22.2°C. Temperature for 
maximum growth calculated from a derivative of the fitted curve was 13.8°C. 

11.8°C & 
16.5°C 
 
vs 
 
5.7°C & 
22.2°C 

Sample size: 20 eggs, 
20 fry 
Acclimation 
temperature: 4.5°C 
for eggs; 10°C for fry 
Rate of change: 12hr 
period for eggs; 
1°C/day for fry 
Feeding history: Fed 
daily 
Control: N 

Lab Brinkman et 
al., 2013 
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In Situ, Model, and Other Publication Types 
Table 7. Prosopium williamsoni (Mountain Whitefish) Temperature Data from In Situ, Model, and Other Publication Types 

Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Juveniles, 
adults 

Did not detect differences in mean daily water temperature or mean daily 
water temperature change between spawning sites and availability sites 
within the same reach. Timing of spawning movements was not correlated 
with water temperature. 

Range from 
0° – 13.3°C 

Sample size: Not 
listed 

In-situ Boyer et al., 
2017 

Subadult, 
adult 

Reach-scale abundance peaked between 7 and 10 km from Landsburg Dam 
and these reaches were characterized by deep, cool (10.6 - 11.6°C) 
conditions. Annual movement through the ladder/fishway was negatively 
correlated with water temperature. 

10.6 - 
11.6°C 

Sample size: 1624 
fish over 10 years 

In-situ Kiffney et al., 
2018 

Juveniles, 
adults 

Mean annual temperature was positively correlated with mean length at age 
0 and age 2. 

Range from 
9.7 – 18.4°C 

Sample size: 1783 
fish 

In-situ Meyer et al., 
2009 

Juveniles, 
adults 

Increased lethality was observed at temperatures greater than 23°C >23°C Sample size: Not 
listed 

In-situ MacCoy, 
2006 

Juveniles, 
adults 

In July 2002, a large kill of mountain whitefish occurred in the Snake River 
near Waters Ferry, Idaho, following several days during which the max daily 
temp >26°C 

>26°C Sample size: Not 
listed 

In-situ MacCoy, 
2006 

Age-1 and 
older 

Mean mountain whitefish densities were significantly higher inside channel 
refugia during period 3 (i.e., median sampling date 7/27) than in the main 
river in late July and early August. 

Up to 23°C  Sample size: 3360 
fish 

In-situ Stevens & 
Dupont, 2011 

Adult 
migration  

Migrant Moutain whitefish began prespawning migration as daily average 
water temperatures declined to 12°C 

12°C Sample size: 49 fish In-situ Pierce et al., 
2012 

Adult 
migration  

As daily average temperatures decreased from 12°C to 6°C, migrations 
attenuated to staging in large schools 

6 - 12°C Sample size: 49 fish In-situ Pierce et al., 
2012 

Adult 
spawning 

Evening spawning in aggregates of 4-10 fish began at average daily 
temperature of 5°C. 

5°C Sample size: 49 fish In-situ Pierce et al., 
2012 

Not listed Water temperature had no effect on 1/cortisol, but mean daily water 
temperature did have a significant negative effect on log(lactate). 

7.5 – 12.2°C Sample size: 31 fish In-situ Taylor et al., 
2012 

Not listed Cortisol levels in whitefish were higher (p < 0.05) compared to suckers in 
spring and also in the summer when water temperatures exceeded upper 
temperature preference for whitefish. 

23.1°C Sample size: Not 
listed 

In-situ Quinn et al., 
2010 

Not listed Mortality for all species in both rivers started to occur when daily maximum 
water temperature reached 21.7-22°C 

21.7 - 22°C Sample size: 310 
fish 

In-situ Boyd et al., 
2010 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Not listed Mortality of mountain whitefish angled in the hot (i.e., ≥ 23°C, 28% mortality) 
and warm treatments (i.e., 20 -22.9°C, 20% mortality) was greater than in the 
cool treatment (i.e., < 20°C, 0% mortality) 

≥ 23°C vs 20 
-22.9°C vs < 
20°C 

Sample size: 310 
fish 

In-situ Boyd et al., 
2010 

 

Dissolved Oxygen 
Laboratory and Review Studies 
Table 8. Prosopium williamsoni (Mountain Whitefish) Dissolved Oxygen Data from Laboratory and Review Studies 

Life 
Stage 

DO Consideration (Effect) DO Value (mg/L) Study Design 
Considerations 

Study 
Type 

Reference 

Eggs Low DO caused delays in hatching time with 
lower DO levels causing greater delays. 

Delay at 3 mg/L =64d; delay at 5 mg/L= 
47d; delay at 7mg/L=28d; delay at 
9mg/L=15d 

Sample size: 3560 
Experiment 
temperature: 2°C 
Rate of change: NA 
Feeding history: fed 
Artemia nauplii 
Control: Y, eggs at 
13.5 mg/L 

Lab Giles & Van der 
Zweep, 1996 

Eggs Chronic exposure to DO ranging from 3 to 13.5 
mg/L did not cause significant mortality in 
developing eggs 

3 - 13.5 Sample size: 3560 
Experiment 
temperature: 2°C 
Rate of change: NA 
Feeding history: fed 
Artemia nauplii 
Control: Y, eggs at 
13.5 mg/L 

Lab Giles & Van der 
Zweep, 1996 

 

In Situ, Model, and Other Publication Types 
None available 

Oncorhynchus tshawytscha (Chinook Salmon) 
For temperature effects on Chinook Salmon, the main focus in this literature review is migration studies from the years of 2015-2020. 
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Temperature: Mean day to death was 12.858 days for fish held in tanks at 16°C and 13.884 for fish held in tanks at 20°C (Foott et al., 2004). 
Survival declined as temperature increased above 15°C (Crozier et al., 2020).  

Migration: Most juvenile salmonids were observed moving into the refuge when main-stem temperatures exceeded 22–23°C (Sutton et al., 
2007). Daily movements declined as stream flows dropped below 0.94 m/s3 (33 f/s3) and mean stream temperatures dropped below 16°C 
(Winkowski & Zimmerman, 2018). Increased temperature initially produced more risk of predation followed by significant egg mortality. These 
two effects resulted in a continuous decrease in the number of out-migrants (Dudley, 2019). And finally, streams that had high temperatures 
(>16°C) and little snow melt temperature depression (<4°C) experienced a significantly shorter growing season with a large reduction in Chinook 
salmon weight. Streams that are cooler (<12°C) generally experienced increased mid-summer weight over a range of reductions in growing 
season duration (Beer & Anderson, 2013). 

Dissolved Oxygen: Growth defects were found in eggs at 4 mg/L (Geist et al., 2011). Eggs in 4 and 6 mg/L took longer to develop than the control 
(100% air saturation) and had 50% less hatching success than in high DO conditions (Geist et al., 2011; Del Rio et al., 2019). For juveniles, 
hypoxia-reared (5.5 mg/L) fish were smaller at hatch, but were able to reach similar sizes later (Del Rio et al., 2019). Growth was reduced in 
juveniles reared in DO concentrations of 3, 4, 6, and 7 (but not 8 or 9) mg/L (Carter, 2005 (citing USEPA, 1986)). Alevins in the middle stages of 
development, but not in the late stages, showed significant preference for water with higher DO levels (Fast, 1987). Juvenile mortality occurred 
at DO concentrations of 1.9 (Birtwell, 1989) and 3 mg/L (Ahearn et al., 2006), and respiratory distress was seen at a DO concentration of 4.9 
mg/L (Birtwell, 1989). 

Temperature  
Laboratory and Review Studies 
Table 9. Oncorhynchus tshawytscha (Chinook Salmon) Temperature Data from Laboratory and Review Studies 

Life 
Stage 

Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

Juvenile Mean day to death was 12.858 days for the 16°C fish and 13.884 for the 20°C 
fish. This difference was statistically significant 

16°C vs 
20°C 

Sample size: 400 in 
experimental group, 450 in 
control group 
Acclimation temperature: 
Not listed 
Rate of change: Not listed 
Feeding history: "fed a 
commercial salmon diet 
twice a day" 
Control: Y 

Lab Foott et al., 
2004 
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In Situ, Model, and Other Publication Types 
Table 10. Oncorhynchus tshawytscha (Chinook Salmon) Temperature Data from In Situ, Model, and Other Publication Types 

Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Juvenile Chinook densities were associated with duration of 
temperature exceeding 18°C, residual pool length, and residual 
pool depth; higher densities were observed in reaches with less 
time above 18°C, and shorter and deeper pools. 

18°C Sample size: 358 fish  In-situ Winkowski & 
Zimmerman, 
2018 

Juvenile Most juvenile salmonids were observed moving into the refuge 
when main-stem temperatures exceeded 22 – 23°C. 

>22 – 23°C Sample size: Not 
listed 

In-situ Sutton et al., 
2007 

Juvenile Streams that currently have high temperatures (> 16°C) and 
little snow melt temperature depression (< 4°C) will experience 
a significantly shorter growing season with a large reduction in 
Chinook salmon weight. Streams that are currently cooler (< 
12°C) will generally experience increased mid-summer weight 
over a range of reductions in growing season duration. 

>16°C vs <12°C Sample size: 115 
stream sites 

Model Beer & 
Anderson, 
2013 

Juvenile Daily movements of juvenile Chinook were more frequent on 
days when stream temperatures were warmer and stream 
flows were higher. Daily movements declined as stream flows 
dropped below 0.94 m/s3 (33 f/s3) and mean stream 
temperatures dropped below 16°C. 

<16°C Sample size: 358 fish 
 

In-situ Winkowski & 
Zimmerman, 
2018 

Juvenile For wild fish, average temperature was a significant predictor of 
size at emigration 

10.3 - 14°C Sample size: 15,022 
fish 
 

In-situ Takata et al., 
2017 

Juvenile Cumulative mortality for the 16°C fish exposed to C. shasta (deadly parasite) 
was 82.4% and 89.9% for the 20°C group exposed to C. shasta. There was no 
mortality for the control groups (not exposed to C. shasta). 

16°C vs 
20°C 

Sample size: 400 in 
experimental group, 450 in 
control group 
Acclimation temperature: 
Not listed 
Rate of change: Not listed 
Feeding history: "fed a 
commercial salmon diet 
twice a day" 
Control: Y 

Lab Foott et al., 
2004 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Juvenile Seasonally, water temperature peaks were proximate with parr 
emigration peaks. Sedentary behavior coincided with water 
temperatures near 0°C and ice presence. Peaks in winter 
emigration closely coincided with increasing water 
temperatures, especially for Catherine Creek parr 

Optimum = 2 - 4°C Sample size: 444 fish 
in Catherine Creek; 
307 fish in Grande 
Ronde River 

In-situ Favrot & 
Jonasson, 
2020 

Juvenile & 
Adult 

At higher temperatures, there were fewer juveniles and the 
predation risk, while increasing, remained low so they stayed 
longer (i.e., delayed age at out-migration) 

8 – 16°C Sample size: 5318 
simulated spawners, 
or 1285 simulated 
spawners 
 

Model Dudley, 2019 

Juvenile & 
Adult 

Increased temperature initially produced more risk of predation 
followed by significant egg mortality. These two effects resulted 
in a continuous decrease in the number of out-migrants. 

8 - 16°C Sample size: 5318 
simulated spawners, 
or 1285 simulated 
spawners 

Model Dudley, 2019 

Juvenile & 
Adult 

When considering the effect of temperature, turbidity 
and flow on the number of out-migrants, temperature was the 
dominant mechanism. This effect was similar in both 
population levels (i.e., 5318 simulated spawners and 1285 
simulated spawners) 

8 - 16°C Sample size: 5318 
simulated spawners, 
or 1285 simulated 
spawners 

Model Dudley, 2019 

Juvenile& 
Adult 

Higher temperatures resulted in juveniles spending a longer 
time in the system and achieving a larger out-migrant length. 

8 - 16°C Sample size: 5318 
simulated spawners, 
or 1285 simulated 
spawners 

Model Dudley, 2019 

Adult Run timing was latest in 2014, a year in which fall water 
temperatures throughout the Stanislaus River were, on 
average, 3°C higher. 

Optimum = 15°C Sample size: 38,206 
fish 
 

In-situ  Peterson et al., 
2017 

Adult Variation in daily water temperature at Ripon gauging station 
(2-d lag) appeared in 3 of the 11 top models, and in all 3 years 
(2003, 2010, and 2013) had a consistent negative association 
with daily counts of upstream passages at the weir. 

Optimum = 15°C Sample size: 38,206 
fish 
 

In-situ  Peterson et al., 
2017 

Adult Predicted responses of daily proportions of Chinook salmon 
passage at the weir were highest when temperatures at Ripon 
gauging station were around 15°C. 

Optimum = 15°C Sample size: 38,206 
fish 

In-situ  Peterson et al., 
2017 

Adult Snake River spring and summer Chinook salmon body 
temperatures indicated that most fish stayed within narrow 

12 - 22°C Sample size: 512 fish 
 

In-situ  Keefer et al., 
2018 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

within-day water temperature ranges within each study reach. 
Departures from apparent ambient river temperatures were 
mostly positive (i.e., the salmon was warm relative to the river), 
and these departures often occurred when fish were inside 
dam fishways or in dam forebays. 

Adult Individual body temperatures of spring Chinook salmon ranged 
from ~9±16°C, on average, with relatively little among-reach 
difference in the overall distributions of means. Individual 
maxima were mostly 1±3°C higher than individual means and 
almost no spring Chinook salmon had maxima > 18°C. 

Body temperatures 
ranged from 9 - 16°C 

Sample size: 512 fish 
 

In-situ  Keefer et al., 
2018 

Adult Among summer Chinook salmon, individual reach specific 
means ranged from ~14±21°C and individual maxima ranged 
from ~15±22°C; maxima were slightly higher in lower Snake 
River reaches than in lower Columbia River reaches. 

Means from 14 - 21°C Sample size: 512 fish 
 

In-situ  Keefer et al., 
2018 

Adult Most fall Chinook salmon had means of ~16±21°C and maxima 
of ~17±22°C. The fall run also experienced seasonal cooling as 
fish moved upstream and a small number of late-migrating fish 
had very low mean and maximum values. 

Means from 16 - 21°C Sample size: 512 fish 
 

In-situ  Keefer et al., 
2018 

Adult Over the full study reach, mean body temperatures of 
individual Snake River Chinook salmon were 12.3°C (spring run), 
16.0°C (summer run), and 18.6°C (fall run), with values 
generally tracking seasonal changes in river temperatures. 

Mean body 
temperatures included: 
12.3°C (spring run), 
16.0°C (summer run), 
and 18.6°C (fall run) 

Sample size: 512 fish 
 

In-situ  Keefer et al., 
2018 

Adult Columbia River water temperature on the date that Chinook 
salmon were tagged was generally a good indicator of the 
mean full-reach temperature 
of each fish. Mean salmon temperatures were ~0±3°C warmer 
(spring and summer fish) or 1±2°C cooler (fall fish) than 
temperature on the date each fish was tagged. 

12 - 22°C Sample size: 512 fish 
 

In-situ  Keefer et al., 
2018 

Adult Survival through the hydrosystem was lowest in the 
anomalously warm year of 2015 for both Chinook and sockeye, 
at 93% of average for spring Chinook, 70% for summer Chinook 
and 8% for sockeye. 

Not listed Sample size: 15,080 
fish 
 

In-situ/ 
model 

Crozier et al., 
2020 

Adult Survival declined as temperature increased above 15°C. The 
temperature effect was not always unidirectional—the first 

>15°C Sample size: 15,080 
fish 

In-situ/ 
model 

Crozier et al., 
2020 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Chinook migrants to arrive each year had slightly lower survival, 
despite experiencing some of the coolest temperatures. These 
fish also travelled the slowest, which could account for their 
higher mortality. Larger cumulative temperature loads prior to 
entering a reach also lowered survival in the model. 

Adult In all model fits for arrival day, higher temperatures led to 
earlier arrival times. For Chinook, April mean temperature was 
the best predictor of arrival distribution for spring-run. Arrival 
was 3.06 d earlier per degree difference in temperature. 

Not listed Sample size: 15,080 
fish 

In-situ/ 
model 

Crozier et al., 
2020 

Adult The use of cold-water tributaries influenced the amount of 
available energy during migration and the fraction of fish 
having sufficient energy reserves to spawn. If a simulated fish 
used at least one cold-water tributary during migration, then 
July 28th was the migration date from Bonneville Dam when at 
least one fish had sufficient energy reserves to spawn (i.e., >4 
kJ/g). In contrast, if a simulated fish that did not use a tributary 
during upriver migration, then August 6th was the first date of 
migration from Bonneville Dam when at least one fish had 
sufficient energy reserves to spawn. 

15.9 – 22.4°C Sample size: 100,000 
(simulated) 
 

Model Plumb, 2018 

Adult There was a linear decline in the median energy remaining at 
spawning, and the fraction of simulated fish having sufficient 
energy reserves as average temperatures increased from base 
temperatures. For example, the median energy remaining at 
spawning declined by 0.43 kJ/g for every 1°C increase in 
average seasonal river temperature over base temperatures. 

15.9 – 22.4°C Sample size: 100,000 
(simulated) 
 

Model Plumb, 2018 

Adult Chinook salmon that arrived and were tagged earlier in the 
summer tended to spend longer in transit prior to entering a 
tributary for spawning than did those arriving later. 

10 – 22.6°C Sample size: 368 fish 
 

In-situ  Goetz & 
Quinn, 2019 

Adult The total thermal exposure from tagging to spawning stream 
ascent was higher in the early arriving fish than those arriving in 
the last week—a consequence of the warmer water 
experienced by and longer exposure of the earlier fish. 

10 – 22.6°C Sample size: 368 fish In-situ Goetz & 
Quinn, 2019 

Adult Salmon migration histories in the three impounded reaches 
were characterized by low within-individual variation in 

Max of 20.8°C Sample size: 396 fish In-situ Keefer et al., 
2019 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

temperature exposure, despite frequent and extensive vertical 
movements 

Adult Mean Chinook Salmon prespawning mortality (PSM) rate across 
all reaches and years was 38%  

Max of 22.3°C Sample size: Not 
listed 

In-situ Bowerman et 
al., 2018 

Adult Overall, prespawning mortality was lowest in the upper 
McKenzie and Clackamas reaches, which also had relatively cool 
water temperatures and low percentage of hatchery-origin 
spawners (PHOS). The highest prespawning mortality estimates 
were in the Middle Fork Willamette and lower North Santiam 
reaches, both of which had some of the highest 7DADM 
temperatures and generally high PHOS. 

Max of 22.3°C Sample size: Not 
listed 

In-situ Bowerman et 
al., 2018 

Adult In 2012, warm water temperatures (>20°C) in the Okanogan 
River resulted in a thermal barrier that delayed migration but 
did not affect spawning distribution within the river compared 
with 2011, when no significant thermal barrier was detected. 

>20°C Sample size: 517 fish In-situ Mann & Snow, 
2018 

Adult Maximum swim speed of about 1 body length/s occurred at 
16.3°C. Speed was less above and below this optimum 
temperature. 

16.3°C Sample size: 5,000 
fish 

In-situ Salinger & 
Anderson, 
2006 

Adult Some spring Chinook salmon (O. tshawytscha) experienced 
temperature difference between the top and bottom of ladders 
at dams (∆T) ≥ 0.5°C. Many summer and fall Chinook salmon 
experienced ∆T ≥ 1.0°C, and some individuals encountered ΔT > 
4.0°C 

6 – 23.9°C Sample size: 5,183 
fish 

In-situ 
& 
model 

Caudill et al., 
2013 

Adult As temperature difference between the top and bottom of 
ladders at dams (∆T) increased, migrants were consistently 
more likely to move down fish ladders and exit into dam 
tailraces, resulting in upstream passage delays that ranged from 
hours to days. Gradients in fishway water temperatures present 
a migration obstacle to many anadromous migrants 

6 – 23.9°C Sample size: 5,183 
fish 

In-situ 
& 
model 

Caudill et al., 
2013 

Adult Fish body temperatures equilibrated to ladder temperatures 
and often exceeded 20°C, indicating potential negative 
physiological and fitness effects. 

Body temperatures 
>20°C 

Sample size: 5,183 
fish 

In-situ 
& 
model 

Caudill et al., 
2013 

Adult Higher rates of temperature difference between the top and 
bottom of ladders at dams (>1.0°C) were associated with 
slower fish passage times. 

6 – 23.9°C Sample size: 5,183 
fish 

In-situ 
& 
model 

Caudill et al., 
2013 
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Considerations 

Study 
Type 

Reference 

Adult Behavioral thermoregulation (moving to areas with cooler or 
warmer water temperature) was evident for ~30% of salmon in 
one of three reservoirs. 

18 – 21.6°C Sample size: 21 fish 
 

In-situ Keefer & 
Caudill, 2016 

Adult Mean daily water temperature during the peak of the run was 
18°C and decreased slowly afterwards 

18°C Sample size: Not 
listed 

In-situ Jones & 
Petreman, 
2015 

Adult The strong effect of water temperatures on straying we 
detected occurred at temperatures (minimum = 11.5°C, 
maximum=13.8°C). The strong effect of temperature in local 
subbasins suggests that the ‘‘decision’’ to stray may be 
influenced during both the period in the mainstem river 
corridor and during the breeding season. 

11.5 - 13.8°C Sample size: 154,620 
fish 

In-situ Westerly et al., 
2015 

Adult Mean daily river temperatures during the spring Chinook 
salmon migration (May–September) at the four main stem gage 
sites ranged from 14.4 to 19.5°C, with progressively cooler 
temperatures from downstream to upstream gages in each 
year. Maximum values (from daily means) in the main stem 
ranged from 18.0 to 23.7°C and minimums were 9.4–13.3°C.  
Annual spring Chinook salmon run timing at Willamette Falls 
varied by several weeks. The earliest timing was in the warmest 
and the latest timing was in the coolest year. 

14.4 to 19.5°C Sample size: 68 fish In-situ Keefer et al., 
2015 

Adult In all years, logger histories showed that most individuals 
experienced a wide range of water temperatures with typical 
minima of ~8–10°C and maxima of 13 to >21°C. Predictable diel 
fish temperature fluctuations were evident in all reaches, but 
daily ranges were much larger (up to ~4 °C) in reaches less 
influenced by dams. 

Minimums of 8 – 10°C 
 
Maximums of 13 - 
>21°C 

Sample size: 68 fish In-situ Keefer et al., 
2015 

Adult Maximum individual salmon temperatures were 22.0°C (2011), 
22.1°C (2012), and 21.7°C (2013). On average, salmon maxima 
were higher in 2012 (mean=19.4°C) and 2013 (20.4°C) than in 
2011 (16.2°C). Differences were largely attributable to earlier 
tagging in 2011. 

Maximums of 21.7 – 
22.1°C 

Sample size: 68 fish In-situ Keefer et al., 
2015 

Adult Willamette River water temperatures during the adult spring 
Chinook salmon migration routinely exceed thresholds 
considered stressful for the species. In most years, 

20 – 24°C Sample size: 68 fish In-situ Keefer et al., 
2015 
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Reference 

temperatures of 20–24°C occur for days to weeks in the lower 
~200 km of the river, coincident with adult passage (May–
August).  
 

 

 

Dissolved Oxygen 
Laboratory and Review Studies 
Table 11. Oncorhynchus tshawytscha (Chinook Salmon) Dissolved Oxygen Data from Laboratory and Review Studies 

Life Stage DO Consideration (Effect) DO Value (mg/L) Study Design Considerations Study 
Type 

Reference 

Eggs 3-6% of the eggs at 4 mg/L were abnormal or 
delayed (other treatments, including the control 
ranged from 0.8% to 3%) 

4 Sample size: 5,400 
Experiment temperature: 
varied 
Rate of change: not listed 
Feeding history: NA 
Control: Y; eggs at 100% air 
saturation 

Lab Geist et al., 
2011 

Eggs Eggs in the 4 and 6 mg/L groups took 3-6 days longer 
to reach eyed egg stage than the control  

4 & 6 Sample size: 10,800 
Experiment temperature: 
varied 
Rate of change: not listed 
Feeding history: NA 
Control: Y; eggs at 100% air 
saturation 

Lab Geist et al., 
2011 

Eggs Eggs in 4 mg/L at 16.5°C took 11 days longer to 50% 
hatch stage than eggs at 100% saturation at 16.5°C 

4 Sample size: 1,800 
Experiment temperature: 
16.5°C 
Rate of change: not listed 
Feeding history: NA 
Control: Y; eggs at 100% air 
saturation 

Lab Geist et al., 
2011 
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Life Stage DO Consideration (Effect) DO Value (mg/L) Study Design Considerations Study 
Type 

Reference 

Eggs Eggs in the 10°C and 5.5 mg/L DO treatment had 
50% less hatching success than eggs in the 10°C and 
10 mg/L DO treatment 

5.5 Sample size: not listed 
Experiment temperature: 
10°C 
Rate of change: NA 
Feeding history: NA 
Control: Y; ambient temps and 
normoxic conditions 

Lab Del Rio et al., 
2019 

Eggs At 14°C rearing in 5.5 mg/L delayed development by 
4–6 days depending on the stage, although - fish 
reared at 5.5 mg/L hatched just one day after fish 
reared in 10 mg/L 

5.5 Sample size: not listed 
Experiment temperature: 
14°C 
Rate of change: NA 
Feeding history: NA 
Control: Y; ambient temps and 
normoxic conditions 

Lab Del Rio et al., 
2019 

Eggs At 10°C eggs reared in 5.5 mg/L reached each stage 
4–10 days later than in 10 mg/L, depending on the 
stage. 

5.5 Sample size: not listed 
Experiment temperature: 
10°C 
Rate of change: NA 
Feeding history: NA 
Control: Y; ambient temps and 
normoxic conditions 

Lab Del Rio et al., 
2019 

Eggs Egg size had no significant effect on critical DO level 
(oxygen partial pressure below which routine 
metabolic rate becomes dependent on ambient 
oxygen level) 

Always exceeded 90% 
air saturation 

Sample size: 30-100 per test 
(number of tests not listed) 
Experiment temperature: Not 
listed 
Rate of change: Not listed 
Feeding history: Not listed 
Control: N 

Lab Rombough, 
2007 

Fry Weight of fry was not significantly different between 
treatments 

4, 6, 8 mg/L, and 100% 
air saturation 

Sample size: 33,600 
Experiment temperature: 
varied 
Rate of change: not listed 
Feeding history: NA 
Control: Y; eggs at 100% air 
saturation 

Lab Geist et al., 
2011 
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Life Stage DO Consideration (Effect) DO Value (mg/L) Study Design Considerations Study 
Type 

Reference 

Fry Rearing fry in hypoxia (5.5 mg/L DO) significantly 
increased the time to loss of equilibrium (LOE) 
compared to those reared in normoxia (10 mg/L). 

5.5 Sample size: not listed 
Experiment temperature: 
10°C and 14°C 
Rate of change: NA 
Feeding history: NA 
Control: Y; ambient temps and 
normoxic conditions 

Lab Del Rio et al., 
2019 

Fry Hypoxia-reared (5.5 mg/L) fish were smaller at 
hatch, but were able to reach similar sizes to the 
normoxia-reared (10 mg/L) fish by the fry stage 

5.5 Sample size: not listed 
Experiment temperature: 
10°C and 14°C 
Rate of change: NA 
Feeding history: NA 
Control: Y; ambient temps and 
normoxic conditions 

Lab Del Rio et al., 
2019 

Juvenile  Once released after rearing in the lab, there was no 
significant difference in travel time to reach the 
Columbia River from the two raceways. 

Michigan raceway: 
inlet=10.13, outlet=9.39; 
standard raceway: 
inlet=9.8, outlet=8.97 

Sample size: 50,000 per 
raceway (2 raceways) 
Experiment temperature: 2.9-
6°C  
Rate of change: NA 
Feeding history: BioMoist feed 
pellets 
Control: Y; fish were put into a 
Michigan or standard raceway 

Lab / 
in-situ 

Clarke et al., 
2009 

Juvenile  There was a significantly higher survival probability 
after release from the group raised in the standard 
raceway than in the raceway with higher DO. 

Michigan raceway: 
inlet=10.13, outlet=9.39; 
standard raceway: 
inlet=9.8, outlet=8.97 

Sample size: 50,000 per 
raceway (2 raceways) 
Experiment temperature: 2.9-
6°C  
Rate of change: NA 
Feeding history: BioMoist feed 
pellets 
Control: Y; fish were put into a 
Michigan or standard raceway 

Lab Clarke et al., 
2009 

Juvenile  There was no significant difference in number of 
adults produced from either raceway. 

Michigan raceway: 
inlet=10.13, outlet=9.39; 
standard raceway: 
inlet=9.8, outlet=8.97 

Sample size: 50,000 per 
raceway (2 raceways) 
Experiment temperature: 2.9-
6°C  

Lab Clarke et al., 
2009 
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Type 

Reference 

Rate of change: NA 
Feeding history: BioMoist feed 
pellets 
Control: Y; fish were put into a 
Michigan or standard raceway 

Juvenile No biomarkers identified for stressors in DO 
treatments, however biomarkers for stressors were 
identified in different salinity and temperature 
treatments. 

Normoxia= >8 
 
Hypoxia = 4-5 

Sample size: 441 
Experiment temperature: 10, 
14, 18°C 
Rate of change: NA 
Feeding history: fed a 2% 
body mass ration of pellets 
every 1-2 days 
Control: Y; different salinities, 
temps and DO levels 

Lab Houde et al., 
2019 

Juvenile 
(inferred)  

No reduction in growth at DO of 8 or 9 mg/L, 1% 
reduction in growth at 7 mg/L, 7% reduction at 6 
mg/L, 29% reduction at 4 mg/L, and 47% reduction 
at 3 mg/L 

3-9 Sample size: NA 
Experiment temperature: NA 
Rate of change: NA 
Feeding history: NA 
Control: NA 

Review Carter, 2005 
(citing USEPA, 
1986) 

Alevin Alevins tested at the middle and late developmental 
stages generally migrated into the arm of the test 
apparatus with the higher dissolved oxygen level 

Choice tanks of 2 vs 6; 4 
vs 8, and 6 vs 10 mg/L 

Sample size: 50 fish in each 
test (3 experimental 
conditions each replicated 5 
times) 
Experiment temperature: not 
listed 
Rate of change: not listed 
Feeding history: not listed 
Control: Y; same choice tank 
as the experimental tests, but 
for the control both sides 
were 10 mg/L DO 

Lab Fast, 1987 

Alevin Middle stage development alevins tested at the 2 vs. 
6 mg/L level avoided the 2 mg/L concentration. A 
range of 95.3 to 98.82% of those alevins responding 
were observed to have moved into the 6 mg/L arm 
of the tank in these tests 

2 vs 6 Sample size: 50 fish in each 
test (3 experimental 
conditions each replicated 5 
times) 

Lab Fast, 1987 
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Type 

Reference 

Experiment temperature: not 
listed 
Rate of change: not listed 
Feeding history: not listed 
Control: Y; same choice tank 
as the experimental tests, but 
for the control both sides 
were 10 mg/L DO 

Alevin In middle stage development, from 71.6 to 78.5% of 
alevins in the 4 vs. 8 mg/L test also avoided the 
lower oxygen level  

4 vs 8 Sample size: 50 fish in each 
test (3 experimental 
conditions each replicated 5 
times) 
Experiment temperature: not 
listed 
Rate of change: not listed 
Feeding history: not listed 
Control: Y; same choice tank 
as the experimental tests, but 
for the control both sides 
were 10 mg/L DO 

Lab Fast, 1987 

Alevin In middle stage development, from 59.6 to 70.8% of 
alevins in the third test series, 6 vs. 10 mg/L, 
preferred the higher DO level  

6 vs 10 Sample size: 50 fish in each 
test (3 experimental 
conditions each replicated 5 
times) 
Experiment temperature: not 
listed 
Rate of change: not listed 
Feeding history: not listed 
Control: Y; same choice tank 
as the experimental tests, but 
for the control both sides 
were 10 mg/L DO 

Lab Fast, 1987 

Alevin In the late development stage, alevins showed no 
significant preference for higher DO in any of the 
tests. 

Choice tanks of 2 vs 6; 4 
vs 8, and 6 vs 10 mg/L 

Sample size: 50 fish in each 
test (3 experimental 
conditions each replicated 5 
times) 

Lab Fast, 1987 
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Life Stage DO Consideration (Effect) DO Value (mg/L) Study Design Considerations Study 
Type 

Reference 

Experiment temperature: not 
listed 
Rate of change: not listed 
Feeding history: not listed 
Control: Y; same choice tank 
as the experimental tests, but 
for the control both sides 
were 10 mg/L DO 

 

In Situ, Model, and Other Publication Types 
Table 12. Oncorhynchus tshawytscha (Chinook Salmon) Dissolved Oxygen Data from In Situ, Model, and Other Publication Types 

Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Juvenile Respiratory distress 4.9 Sample Size: not 
listed 
Temperature: not 
listed 

In-situ Birtwell, 1989 

Juvenile Mortality 1.9 Sample Size: not 
listed 
Temperature: not 
listed 

In-situ Birtwell, 1989 

Juvenile 100% mortality of juvenile Chinook Salmon when in-situ DO values dropped 
from 6.2 mg/L to 3.0 mg/L 

3.0 Sample Size: not 
listed 
Temperature: not 
listed 

In-situ Ahearn et al., 
2006 

Juvenile Juvenile Chinook Salmon found in a South American river with the listed DO 
values 

10.5 - 10.8 Sample Size: not 
listed 
Temperature: not 
listed 

In-situ Di Prinzio & 
Arismendi, 
2018 

Spawning DO in hyporheic discharge near spawning areas was about 9 mg/L, whereas in 
non-spawning areas it was around 7 mg/L. In both areas the overlaying river 
water had DO of 11.3 mg/L. In general, Chinook spawned in redds with higher 
DO values than in non-spawning areas with lower intergravel DO values 

In spawning 
areas = 9 
 

Sample Size: 
29/32/29 (different 
years) 

In-situ Geist, 2000 
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Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Non-
spawning 
ares = 7 

Temperature: not 
listed 

Spawning Chinook Salmon were observed spawning in waters with oxygen levels as low 
as 4 mg/L 

4 Sample Size: not 
listed 
Temperature: 16°C 

In-situ Geist et al., 
2011 

 

Oncorhynchus kisutch (Coho Salmon) 
Temperature studies were not reviewed for coho salmon in this report but may be added at a later date. 

Dissolved Oxygen: Juvenile mortality occurred after 15 days at DO concentrations of 25% air saturation (Martinez et al., 2020), and in another 
study at 1.6 mg/L (Waller et al., 1997). Juvenile respiration rates increased at lower DO levels (Waller et al., 1997; (Waller et al., 2000). Growth 
was decreased at 3, 4, 6, 7 mg/L DO but not 8 or 9 mg/L (Carter, 2005 (citing USEPA 1986)). Alevins in the middle and late stages of development 
showed significant preference for water with higher DO levels (Fast, 1987). 

Dissolved Oxygen 
Laboratory and Review Studies 
Table 13. Oncorhynchus kisutch (Coho Salmon) Dissolved Oxygen Data from Laboratory and Review Studies 

Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Juvenile At temperatures from 18.4-19°C juvenile Coho 
Salmon showed some avoidance to DO levels of 
1.5, 3, 4.5, and 6 mg/L 

1.5-6 Sample size: not listed 
Experiment temperature: 18.4-19°C 
Rate of change: NA 
Feeding history: NA 
Control: NA 

Review Carter, 2005 
(citing USEPA 
1986) 

Juvenile Mortality occurred at days 15 and 20 at 25% DO 
saturation. No mortality observed at any other 
saturation levels 

25% air 
saturation 

Sample size: 5 fish per treatment (5 
treatments) 
Experiment temperature: 12.5°C 
Rate of change: not listed 
Feeding history: Animals were fed ad libitum 
every day with commercial balanced food 

Lab Martinez et 
al., 2020 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Control: Y; normoxic conditions 
Juvenile Increased expression of immune genes in the 

head and kidney, indicating a stress response 
50% air 
saturation 

Sample size: 5 fish per treatment (5 
treatments) 
Experiment temperature: 12.5°C 
Rate of change: not listed 
Feeding history: Animals were fed ad libitum 
every day with commercial balanced food 
Control: Y; normoxic conditions 

Lab Martinez et 
al., 2020 

Juvenile Increased expression of immune genes in the 
spleen, indicating a stress response 

60%, 35% 
and 25% air 
saturation 

Sample size: 5 fish per treatment (5 
treatments) 
Experiment temperature: 12.5°C 
Rate of change: not listed 
Feeding history: Animals were fed ad libitum 
every day with commercial balanced food 
Control: Y; normoxic conditions 

Lab Martinez et 
al., 2020 

Juvenile Average respiration was around 4 µmol 
oxygen/g/h at highest oxygen levels (7.52 mg/L) 

7.52 Sample size: each combination was 2-5 
animals (6 combinations total) 
Experiment temperature: 14-17°C 
Rate of change: at 24 hour intervals oxygen 
was lowered from 7.52 mg/L to 5 mg/L and 
then to 2.59 mg/L. Each step took 1-2 hours to 
reach new level 
Feeding history: food pellets provided every 
second day at a rate of 2% wet weight 
Control: N 

Lab Waller et al., 
2000 

Juvenile Average respiration was 5.3 µmol oxygen/g/h at 
oxygen levels between 1.7 and 5 mg/L 

1.7 - 5  Sample size: each combination was 2-5 
animals (6 combinations total) 
Experiment temperature: 14-17°C 
Rate of change: at 24 hour intervals oxygen 
was lowered from 7.52 mg/L to 5 mg/L and 
then to 2.59 mg/L. Each step took 1-2 hours to 
reach new level 
Feeding history: food pellets provided every 
second day at a rate of 2% wet weight 
Control: N 

Lab Waller et al., 
2000 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Juvenile Average respiration was 5.5 µmol oxygen/g/h at 
oxygen levels of 1.7 mg/L 

1.7 Sample size: each combination was 2-5 
animals (6 combinations total) 
Experiment temperature: 14-17°C 
Rate of change: at 24 hour intervals oxygen 
was lowered from 7.52 mg/L to 5 mg/L and 
then to 2.59 mg/L. Each step took 1-2 hours to 
reach new level 
Feeding history: food pellets provided every 
second day at a rate of 2% wet weight 
Control: N 

Lab Waller et al., 
2000 

Juvenile Average respiration at DO levels between 6.4 and 
4.8 mg/L was 5.8 µmol/g/h (higher than normoxic 
conditions where rate was 5.1 µmol/g/h) 

4.8 – 6.4 Sample size: each combination was 3-5 
animals, 7 combinations/experiments 
Experiment temperature: 14-17°C 
Rate of change: not listed 
Feeding history: food pellets provided every 
second day at a rate of 2% wet weight 
Control: Y; normoxic conditions 

Lab Waller et al., 
1997 

Juvenile Average respiration at DO levels under 4.8 mg/L 
dropped to values between 5.5 and 5.8 µmol/g/h 
(higher than normoxic conditions where rate was 
5.1 µmol/g/h) 

<4.8 Sample size: each combination was 3-5 
animals, 7 combinations/experiments 
Experiment temperature: 14-17°C 
Rate of change: not listed 
Feeding history: food pellets provided every 
second day at a rate of 2% wet weight 
Control: Y; normoxic conditions 

Lab Waller et al., 
1997 

Juvenile Average respiration reached a minimum of 3.8 
µmol/g/h at DO levels below 1.6 mg/L. 

<1.6 Sample size: each combination was 3-5 
animals, 7 combinations/experiments 
Experiment temperature: 14-17°C 
Rate of change: not listed 
Feeding history: food pellets provided every 
second day at a rate of 2% wet weight 
Control: Y; normoxic conditions 

Lab Waller et al., 
1997 

Juvenile First mortality was observed at DO level of 1.6 
mg/L 

1.6 Sample size: each combination was 3-5 
animals, 7 combinations/experiments 
Experiment temperature: 14-17°C 
Rate of change: not listed 

Lab Waller et al., 
1997 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Feeding history: food pellets provided every 
second day at a rate of 2% wet weight 
Control: Y; normoxic conditions 

Juvenile 
(inferred) 

No reduction in growth at DO of 8 or 9 mg/L, 1% 
reduction in growth at 7 mg/L, 4% reduction at 6 
mg/L, 21% reduction at 4 mg/L, and 37% 
reduction at 3 mg/L 

3-9 Sample size: NA 
Experiment temperature: NA 
Rate of change: NA 
Feeding history: NA 
Control: NA 

Review Carter, 2005 
(citing USEPA 
1986) 

Alevin  Alevins tested at the middle and late 
developmental stages generally migrated into the 
arm of the test apparatus with the higher 
dissolved oxygen level  

2 vs 6, 4 vs 8, 
and 6 vs 10 

Sample size: 50 fish in each test (3 
experimental conditions each replicated 5 
times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the control both 
sides were 10 mg/L DO 

Lab Fast, 1987 

Alevin  Middle stage development alevins, tested at the 
2 vs. 6 mg/L level, avoided the 2 mg/L 
concentration. A range of 95.3 to 98.82% of those 
alevins responding were observed to have moved 
into the 6 mg/L arm of the tank in these tests 

2 vs 6 Sample size: 50 fish in each test (3 
experimental conditions each replicated 5 
times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the control both 
sides were 10 mg/L DO 

Lab Fast, 1987 

Alevin  In middle stage development, 71.6 to 78.5% of 
alevins in the 4 vs. 8 mg/L test, avoided the lower 
oxygen level  

4 vs 8 Sample size: 50 fish in each test (3 
experimental conditions each replicated 5 
times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the control both 
sides were 10 mg/L DO 

Lab Fast, 1987 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Alevin In middle stage development, in the third test 
series, 6 vs. 10 mg/L, alevins showed no 
significant preference for higher DO 

6 vs 10 Sample size: 50 fish in each test (3 
experimental conditions each replicated 5 
times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the control both 
sides were 10 mg/L DO 

Lab Fast, 1987 

Alevin  In the late developmental stage, over 98% of 
alevins in the first series of tests preferred the 6 
mg/L concentration over 2 mg/L 

2 vs 6 Sample size: 50 fish in each test (3 
experimental conditions each replicated 5 
times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the control both 
sides were 10 mg/L DO 

Lab Fast, 1987 

Alevin  In the late developmental stage, 75.7 to 84% of 
alevins in the second series of tests preferred the 
8 mg/L concentration over 4 mg/L 

4 vs 8 Sample size: 50 fish in each test (3 
experimental conditions each replicated 5 
times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the control both 
sides were 10 mg/L DO 

Lab Fast, 1987 

Alevin In the late developmental stage, 64.9 to 75% of 
alevins in the third series of tests preferred the 
10 mg/L concentration over 6 mg/L 

6 vs 10 Sample size: 50 fish in each test (3 
experimental conditions each replicated 5 
times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the control both 
sides were 10 mg/L DO 

Lab Fast, 1987 
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In Situ, Model, and Other Publication Types 
Table 14. Oncorhynchus kisutch (Coho Salmon) Dissolved Oxygen Data from In Situ, Model, and Other Publication Types 

Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Eggs DO was a poor predictor for mortality and was not correlated to egg 
survival. The authors state that the DO did not get to low enough levels 
(DO was always greater than 9.9 mg/L) to cause egg mortality 

>9.9 
 
  

Sample Size: 41 
Temperature: not 
listed 

In-situ Meyer, 2002 

Juvenile Juvenile Coho Salmon were found surviving in waters with DO values 
below documented daily minimum tolerance thresholds (3.8-4.3) and at 
times below lab-based survival thresholds (3.0-3.5) 

3-4.3 Sample Size: 500 
fish each year for 3 
years 
Temperature: not 
listed 

In-situ 
& 
model 

Obedzinski et 
al., 2018 

Juvenile Survival of juvenile Coho Salmon was found to have a positive 
correlation with increased DO values 

1-9 Sample Size: 500 
fish each year for 3 
years 
Temperature: not 
listed 

In-situ 
& 
model 

Obedzinski et 
al., 2018 

Juvenile Juvenile Coho Salmon were present during all sampling events and 
exhibited positive growth rates during a time of drought with lower DO 
values and higher temperatures than normal 

0.1-8.5 Sample Size: ~200 
Temperature: 13-
20°C 

In-situ 
& 
model 

Osterback et 
al., 2018 

Juvenile All 73 Coho Salmon survived 24h exposure to oxygen concentrations as 
low as 3.1 mg/L 

3.1 Sample Size: 73 
Temperature: not 
listed 

In-situ Ruggerone, 
1999 

Juvenile All 50 Coho Salmon survived 4-5 day exposure to DO levels of 3.2-3.3 
mg/L 

3.2-3.3 Sample Size: 50 
Temperature: not 
listed 

In-situ Ruggerone, 
1999 

Juvenile All 8 Coho Salmon survived overnight exposure to DO levels of 1.6-3.2 
mg/L 

1.6-3.2 Sample Size: 8 
Temperature: not 
listed 

In-situ Ruggerone, 
1999 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Juvenile All 14 Coho Salmon survived overnight exposure to DO levels of 2.8-3.6 
mg/L 

2.8-3.6 Sample Size: 14 
Temperature: not 
listed 

In-situ Ruggerone, 
1999 

Young of 
the year 

Survival of Coho Salmon was limited by minimum DO concentrations. 
Values were not given, due to the study being mostly model outputs, 
but various minimums were listed for their in-situ sampling 

0.7-10 (from 
in-situ 
sampling) 

Sample Size: not 
listed 
Temperature: 
varied 

In-situ 
& 
model 

Woelfle-
Erskine et al., 
2017 

Recruitment Minimum DO for Coho was of primary importance for recruitment with 
fewer Coho returning to pools with DO levels of <3.7 mg/L 

<3.7 Sample Size: not 
listed 
Temperature: 
varied 

In-situ 
& 
model 

Woelfle-
Erskine et al., 
2017 

 

 

Oncorhynchus nerka (Sockeye Salmon) 
For temperature effects on Sockeye Salmon, the main focus in this literature review is migration studies from the years of 2015-2020. 

Temperature: Mean temperature for the smolt out-migration period (May–June) ranged between 11.3°C and 14.7°C (Tucker et al., 2015). For 
adult migration mean temperatures ranged from 7°C to 22°C (Stiff et al., 2015a; Stiff et al., 2015b; Stiff et al., 2017; Stiff et al., 2018b; Stiff et al., 
2019; Katinnic et al., 2015; Tucker et al., 2015; Carey et al., 2017; Middleton et al., 2018). The slowest migration rates were associated with 
water temperatures above 20°C (Pellet at al., 2015), and survival through migration was lowest in warmer temperatures (Crozier et al., 2020; 
Hyatt et al., 2019). 

Dissolved Oxygen: Survival of juvenile Sockeye was 90-97% when they were kept in water for 24 hours with DO concentrations between 4.5 and 
9.0 mg/L, survival was 45% with levels between 3.0-3.3 mg/L, and there was no survival after brief exposure to a DO concentration of 2.3 mg/L 
(Ruggerone, 1999).  

 



44 
 

Temperature  
Laboratory and Review Studies 
Table 15. Oncorhynchus nerka (Sockeye Salmon) Temperature Data from Laboratory and Review Studies 

Life 
Stage 

Temperature Consideration (Effect) Temp 
(°C) 

Study Design 
Considerations 

Study 
Type 

Reference 

Adult Only when spawning had been completed was there a significant reduction in SERCA 
activity (plays a major role in cardiac function), which was detectable in males at a 25°C 
and in females at a 15°C assay temperature. Hence, the authors propose that migration 
conditions act as a strong selective force that has resulted in local adaptation of 
myocardial SERCA activity among sockeye salmon populations. 

25°C in 
males 
 
15°C in 
females 

Sample size: 40 
fish 
Acclimation 
temperature: NA 
Rate of change: 
NA 
Feeding history: 
NA 
Control: N 

Lab Anttila et 
al., 2019 

 

In Situ, Model, and Other Publication Types 
Table 16. Oncorhynchus nerka (Sockeye Salmon) Temperature Data from In Situ, Model, and Other Publication Types 

Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Juvenile 
migration 

Between 1998 and 2010, mean temperature for the smolt out-
migration period (May–June) ranged between 11.3°C in 2008 and 
14.7°C in 2007. 

11.3°C - 14.7°C  Sample size: 8,227 fish In-situ Tucker et 
al., 2015 

Juvenile 
migration 

Juvenile sockeye salmon entering Lake Washington later in the 
season encountered higher zooplankton abundance and warmer 
water, and experienced higher average rates of growth and 
survival, but the optimal date for lake entry ranged across years 
by up to a month 

6.2 - 8.2°C in 
February,  
 
6.5 - 8.9°C in 
March,  
 
8.1 - 12.3°C in 
April,  
 
12.1 - 15.5°C in 
May. 

Sample size: 1,000 fish In-situ Hovel et al., 
2019 

Adult 
migration 

Dates of migration activity were approximately normally 
distributed around 15°C, with the majority of dates (~80%) 
characterized by water temperatures of 13-17°C 

15°C Sample size: annual 
average of ~968,000 
Sockeye 

In-situ Stiff et al., 
2015a 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Adult 
migration 

Average water temperature during the migration period (Jul-Sep 
2004-2008) was 15.2°C, with <5% of dates surpassing 19°C 

15.2°C Sample size: annual 
average of 104,000 
Sockeye 

In-situ Stiff et al., 
2015b 

Adult 
migration 

80% of migration dates occurred at 13-15°C. Low, but significant 
daily migration (1% – 3.4%) occurred across the full range of 
available temperatures (10-18°C), but high average migration 
rates (>3.4%) occurred at 12°C 

13 - 15°C Sample size: annual 
average of 104,000 
Sockeye 

In-situ Stiff et al., 
2015b 

Adult 
migration 

Water temperatures during the migratory period (August-
September, 1990-2012) averaged 12.8 ±1.7°C, with 95% of 
temperatures below 15.6°C 

12.8°C Sample size: annual 
average of ~555,000 
sockeye 

In-situ Stiff et al., 
2017 

Adult 
migration 

Maximum mean water temperatures are projected to be 17-18°C 
for central and northern watersheds, including Tahltan, Meziadin, 
Babine, and Docee, which were characterized by cool baseline 
temperatures (13-16°C) during the reference period. 

17-18°C Sample size: NA Model Stiff et al., 
2018a 

Adult 
migration 

In southern watersheds, water temperatures were projected to 
reach 21-22°C in Somass River and 22-24°C in Sproat River, and 
exceed Sockeye thermal tolerance levels for uninterrupted adult 
migration (19°C) for >80% of peak migration months by the 2020s 
in Sproat River and by the 2050s in Somass River. 

21 - 24°C Sample size: NA Model Stiff et al., 
2018a 

Adult 
migration 

Estimated mean water temperatures in the lower Quesnel and 
Horsefly Rivers during the Sockeye migratory period are currently 
15.5 ± 2°C and 14.0 ± 2°C, respectively, and have been rising at a 
statistically-insignificant rate of approximately 0.1°C per decade 
since the 1900s 

15.5 & 14.0°C Sample size: ranged 
from 43,000 fish to over 
824,000 fish (average 
annual counts) 

In-situ Stiff et al., 
2018b 

Adult 
migration 

The majority of adult Sockeye migration activity and volume 
occurred between 14-17°C 

14 - 17°C Sample size: Annual 
average of 2,754 fish 

In-situ Stiff et al., 
2019 

Adult 
migration 

Observed mean water temperature during Sockeye migration 
between 1980 and 2016 was 15.2 ± 2.0°C, with 95% of water 
temperatures less than 18.4°C 

15.2°C Sample size: Annual 
average of 2,754 fish 

In-situ Stiff et al., 
2019 

Adult 
migration 

The median date of annual Sockeye migration showed no 
correlation with the annual mean water temperature in Auke 
Creek 

Mean of 15.2°C; 
Max of 20.5°C 

Sample size: Annual 
average of 2,754 fish 

In-situ Stiff et al., 
2019 

Adult 
migration 

The daily mean water temperature of Copper Creek during the 
migration period ranged from 7 to 14°C, with means of 12.3, 11.2 
and 11.1°C in 2006, 2007 and 2008. 

7 - 14°C Sample size: 317 fish In-situ Katinic et 
al., 2015 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Adult 
migration 

Fish travelled approximately twice as fast at 16°C than 20°C. The 
slowest migration rates were associated with water 
temperatures above 20°C. Peak migration rates for both stocks 
occurred at Somass temperatures less than 17°C 

16 vs 20°C Sample size: 2,809 fish In-situ Pellet et al., 
2015 

Adult 
migration 

Between 2000 and 2012, mean temperature for the adult 
migration period (June–July) ranged between 14.6°C in 2011 and 
19.0°C in 2001. 

14.6 - 19.0°C Sample size: 8,227 fish In-situ Tucker et 
al., 2015 

Adult 
survival 

Survival through the hydrosystem was lowest in the anomalously 
warm year of 2015 for both Chinook and sockeye, at 93% of 
average for spring Chinook, 70% for summer Chinook and 8% for 
sockeye. 

2011=14.6°C; 
2001=19.0°C 

Sample size: 2,199 fish In-
situ/model 

Crozier et 
al., 2020 

Adult 
survival 

Survival declined as temperature increased above 15°C.  Larger 
cumulative temperature loads prior to entering a reach lowered 
survival in the model, with especially strong impacts on sockeye. 

>15°C Sample size: 2,199 fish In-
situ/model 

Crozier et 
al., 2020 

Adult 
migration 

Future warming of 1–3°C would increase Sockeye Salmon 
exposure by 5–16% (3–143 degree-days) and reduce thermally 
suitable riverine trout habitats by 8–31% while causing their 
upstream shift. 

Future warming 
of 1-3°C 

Sample size: NA Model Isaak et al., 
2018 

Adult 
migration 

The late-run Shuswap population (2014) rarely experienced 
water temperatures above 16°C, while the mixture of summer-
run populations (2015) consistently experienced water 
temperatures above 18°C between river entry and the Chilcotin 
River receiver. 

16°C & 18°C Sample size: 600 fish In-situ  Bass et al., 
2018 

Adult 
stress 

HSP70 (heat shock protein, indicator of cellular stress) did not 
increase with warmer river temperatures. The authors verified in 
an experiment that HSP70 abundance in Sockeye Salmon does 
respond to temperatures above 20.5°C. 

>20.5°C Sample size: 247 fish In-situ  Carey et al., 
2019 

Adult 
migration 

When Okanogan water temperatures averaged <22°C during 
Sockeye Salmon passage (e.g. 2010 and 2011), the Wells-to-
Okanagan “conversion rate” (CR) was 79-87%. In recent warm 
years (e.g. 2016-2018) when Okanogan temperatures were 22-
23°C during adult migration, the CR fell to 43% (range 34-65%). In 
2015, when Okanogan mean temperatures reached ~24°C, the 
CR was 8.5%. 

<22°C vs 22-23°C 
vs ~24°C 

Sample size: annual 
average of ~70,000 
sockeye 

In-situ  Hyatt et al., 
2019 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Adult 
migration 

Tagged fish that were collected and released at the mouth of the 
Yakima River failed to enter and move upstream until mid-
September when water temperature decreased to less than (<) 
20°C. Although several tagged fish moved repeatedly past cold 
refugia sites, most fish spent <30 minutes at any given site, 
indicating that fish were actively migrating past the sites rather 
than holding near cool-water inputs. 

<20°C Sample size: 60 fish In-situ  Kock et al., 
2020 

Adult 
migration 

Presence 16.75°C Sample size: Annual 
averages ranged from 
85,417 in 2004 to 953 in 
2009 

In-situ  Carey et al., 
2017 

Adult 
migration 

Presence ~22°C Sample size: 346 fish In-situ  Middleton 
et al., 2018 

Adult 
migration 

Steady warming of river temperatures around the median run 
completion date from <8.0°C to >13.0°C was correlated with 
increased prespawning mortality rates at the hatchery from 
1995–2018. The authors conclude that warming conditions 
during migration and spawning, in concert with other factors 
such as infections with pathogens, are responsible for the 
increased prespawning mortality of adult sockeye salmon that 
are high enough to threaten the population’s viability. 

<8.0°C to >13.0°C Sample size: not listed In-situ  Barnett et 
al., 2020 

Adult 
migration 

More time in the optimal temperature window (13.4-19.5°C) was 
associated with greater reproductive longevity and lower 
probability of egg retention 

13.4 - 19.5°C Sample size: 135 fish In-situ  Minke-
Martin et 
al., 2018 

Adult 
migration 

On average, females spent 33% of the migration in the optimal 
temperature window (13.4–19.5°C) 

13.4 - 19.5°C Sample size: 135 fish In-situ  Minke-
Martin et 
al., 2018 

Spawning Presence Ranged from 11.2 
to 17.2°C 
depending on 
location 

Sample size: not listed In-situ Braun et al., 
2015 
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Dissolved Oxygen 
Laboratory and Review Studies 
None available. 

In Situ, Model, and Other Publication Types 
Table 17. Oncorhynchus nerka (Sockeye Salmon) Dissolved Oxygen Data from In Situ, Model, and Other Publication Types 

Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Juvenile All Sockeye survived when kept in water for 24 hours with DO levels at 
or above 9.0 mg/L 

≥9.0 Sample Size: 55 
Temperature: not 
listed 

In-situ Ruggerone, 
1999 

Juvenile Survival of Sockeye when kept in water for 24 hours with DO levels 
between 4.5 and 9.0 was 90-97% 

4.5 - 9 Sample Size: 90 
Temperature: not 
listed 

In-situ Ruggerone, 
1999 

Juvenile Survival of Sockeye when kept in water for 24 hours with DO levels 
between 3.0-3.3 mg/L was 45% 

3.0 - 3.3 Sample Size: 35 
Temperature: not 
listed 

In-situ Ruggerone, 
1999 

Juvenile No survival from "brief exposure" of Sockeye salmon to DO 
concentrations of 2.3 mg/L or lower 

≤2.3 Sample Size: 85 
Temperature: not 
listed 

In-situ Ruggerone, 
1999 

Juvenile Dissolved oxygen levels were reduced from 100% saturation to 55% 
saturation following a log storage event in the lake (from bacterial 
respiration under the stored logs). This resulted in juvenile Sockeye 
salmon population numbers to decrease. 

55% air 
saturation 

Sample Size: not 
listed 
Temperature: not 
listed 

In-situ Levy et al., 
1990 

Adult/spawning Rates of pre-spawning mortality were statistically significantly related to 
average DO concentration. Low DO concentrations had higher mortality 

~4-~7.5 Sample Size: 
60,709 
Temperature: not 
listed 

In-situ & 
model 

Tillotson & 
Quinn, 2017 

 

 

Oncorhynchus keta (Chum Salmon) 
Temperature studies were not reviewed for chum salmon in this report but may be added at a later date. 
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Dissolved Oxygen: Very few eggs survived at DO concentrations of 2.0 mg/L or below, however survival was almost 100% at 4.5 mg/L (Maclean, 
2003). Additionally, alevins in the middle and late stages of development showed significant preference for water with higher DO levels (Fast, 
1987). 

Dissolved Oxygen 
Laboratory and Review Studies 
Table 18. Oncorhynchus keta (Chum Salmon) Dissolved Oxygen Data from Laboratory and Review Studies 

Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Alevin  Alevins tested at the middle and late developmental stages generally 
migrated into the arm of the test apparatus with the higher dissolved 
oxygen level 

2 vs 6, 4 
vs 8, 6 vs 
10 

Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L DO. 

Lab Fast, 1987 

Alevin  Middle stage development, alevins tested at the 2 vs. 6 mg/L level 
avoided the 2 mg/L concentration. A range of 95.3 to 98.82% of those 
alevins responding were observed to have moved into the 6 mg/L arm 
of the tank in these tests 

2 vs 6 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L DO. 

Lab Fast, 1987 

Alevin  In middle stage development, in the 4 vs. 8 mg/L test 71.6 to 78.5% of 
alevins avoided the lower oxygen level  

4 vs 8 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L DO. 

Lab Fast, 1987 
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Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Alevin  In middle stage development, in the third test series, 6 vs. 10 mg/L, 
alevins showed no significant preference for higher DO 

6 vs 10 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L DO. 

Lab Fast, 1987 

Alevin  In the late developmental stage, over 98% of alevins in the first series 
of tests preferred the 6 mg/L concentration over 2 mg/L 

2 vs 6 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L DO. 

Lab Fast, 1987 

Alevin  In the late developmental stage, 75.7 to 84% of alevins in the second 
series of tests preferred the 8 mg/L concentration over 4 mg/L 

4 vs 8 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L DO. 

Lab Fast, 1987 

Alevin  In the late developmental stage, 64.9 to 75% of alevins in the third 
series of tests preferred the 10 mg/L concentration over 6 mg/L 

6 vs 10 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L DO. 

Lab Fast, 1987 



51 
 

 

In Situ, Model, and Other Publication Types 
Table 19. Oncorhynchus keta (Chum Salmon) Dissolved Oxygen Data from In Situ, Model, and Other Publication Types 

Life Stage DO Consideration (Effect) DO 
Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Eggs Mean DO level in Chum Salmon egg pockets at time of 
fertilization was 8.0 mg/L 

8.0 Sample Size: 33 
Temperature: not listed 

In-situ Peterson & 
Quinn, 1995 

Eggs Mean DO level in Chum Salmon egg pockets at time of hatching 
was 8.7 mg/L 

8.7 Sample Size: 33 
Temperature: not listed 

In-situ Peterson & 
Quinn, 1995 

Eggs Mean DO level in Chum Salmon egg pockets at time of 
emergence was 6.2 mg/L 

6.2 Sample Size: 33 
Temperature: not listed 

In-situ Peterson & 
Quinn, 1995 

Eggs Very few eggs survived at DO concentrations of 2.0 mg/L or 
below 

≤2.0 Sample Size: 48 baskets 
each with 100 fertilized 
eggs 
Temperature: varied 

In-situ Maclean, 
2003 

Eggs Survival reached almost 100% at 4.5 mg/L 4.5 Sample Size: 48 baskets 
each with 100 fertilized 
eggs 
Temperature: varied 

In-situ Maclean, 
2003 

Eggs/alevins/emerging 
fry 

Survival of eggs, alevins, and emerging fry were all significantly 
correlated to DO levels, with higher survival seen at higher DO 
levels. 

0.7-4.5 Sample Size: 48 baskets 
each with 100 fertilized 
eggs 
Temperature: varied 

In-situ Maclean, 
2003 

 

 

Oncorhynchus gorbuscha (Pink Salmon) 
Temperature studies were not reviewed for pink salmon in this report but may be added at a later date. 
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Dissolved Oxygen: Egg survival at sites with artificially increased DO concentrations did not differ significantly from survival at two nearby 
reference sites (Klassen & Northcote, 1988). 

 

Dissolved Oxygen 
Laboratory and Review Studies 
None available. 

In Situ, Model, and Other Publication Types 
Table 20. Oncorhynchus gorbuscha (Pink Salmon) Dissolved Oxygen Data from In Situ, Model, and Other Publication Types 

Life 
Stage 

DO Consideration (Effect) DO Value (mg/L) Study Design Considerations Study 
Type 

Reference 

Eggs Egg survival at the gabion site did not differ 
significantly from survival at two nearby 
reference sites. 

Surface DO at mean 
gabion sites = 10.316;  
 
at mean reference 
sites = 10.314 

Sample Size: 18-21 samples per site, 3 
different test sites and 7 references 
sites 
Temperature: not listed 

In-situ Klassen & 
Northcote, 1988 

 

 

 

Oncorhynchus mykiss (Steelhead Trout) 
Temperature: Steelhead eggs incubated at 18°C experienced higher mortality than eggs incubated at 8°C, and eggs incubated at the higher 
temperature (18°C) that did survive hatched as larger larval fish and exhibited greater structural asymmetry than eggs incubated at the lower 
temperature (8°C) (Turner et al., 2007). Juvenile fish in the 19°C treatment had a higher mean final wet weight than those in the 11°C or 15°C 
treatment (Myrick & Cech Jr, 2005).  

No effect on growth was observed from temperature, suggesting that 20°C is the upper limit of the juvenile steelhead trout’s preferred range 
(Viant et al., 2003). The percent of juvenile fish maturing under the cold thermal regime (6-13°C) was 18% (females) and 26% (males) greater 
than in the warm regime (6-18°C). Fish had higher growth in the warm regime compared to the cold regime. Warmer water temperatures 
significantly decreased rates of freshwater maturation and increased rates of smoltification in both sexes (Sloat & Reeves, 2014). Growth rates 
for juveniles were highest in the warm temperature treatment (12.5°C) as compared to the cold temperature treatment (4.5°C), and more 
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individuals from the warm temperature treatment (12.5°C) grew fast enough to smolt in their first year than in the cold temperature treatment 
(4.5°C) (Doctor et al., 2014). There was a negative interaction between relative size and water temperature in juveniles. The effect of an 
individual’s relative size on its growth rate decreased as temperatures were increasing, indicating that the advantages of being large diminished 
during periods of high temperatures or in locations with relatively higher temperatures (Myrvold & Kennedy, 2017a).  

In one study the majority (>80%) of juvenile steelhead moved into refuges when mainstem temperatures reached 22–23°C, and all fish moved in 
by 25°C (Brewitt & Danner, 2014; Sutton et al., 2007). In another study juvenile fish moved into stratified pools when temperatures exceed 21°C 
(Broughton et al., 2015). In another study, juvenile fish persisted over the dry season in all study pools where summer temperature maxima 
remained ≤30°C, but the probability of persistence declined rapidly at warmer temperatures, falling below 50% when temperatures reached 
31.5°C (Sloat & Osterback, 2013). When main stem temperatures were warmest (i.e., >21°C), more than 70% of the tagged adult fish used 
refugia sites and these fish had median refugia residence times of 3–4 weeks, in addition <10% were detected in refugia when main stem 
temperatures were between 14 and 18°C (Keefer et al., 2009). 

More than 97% of overwintering adult fish stopped upstream movement when main-stem temperatures fell to approximately 4°C, and the 
majority of steelhead resumed upstream migration in March, when temperatures warmed from approximately 4–5°C to about 7°C (Keefer et al., 
2008). Migration speed uniformly decreased with increasing temperature, suggesting that the adult fish migrated at temperatures above the 
optimum. Migration delay was also a unimodal function of temperature, the minimum delay occurring around 16–17°C (Salinger & Anderson, 
2006). 

Adults were present at water temperatures ranging from 3.1 - 22°C (Salinger & Anderson, 2006; Teo et al., 2013; Thompson et al., 2012; Hook et 
al., 2004). No steelhead were observed at sites where the mean water temperature exceeded 21.5°C or the maximum water temperature 
exceeded 26°C, and Steelhead density was negatively related to maximum and mean water temperatures (Thompson et al., 2012).  

Dissolved Oxygen: There was no significant difference in mortality in eggs nor time to hatch between 100% air saturation and 50% air saturation 
(Jensen, 1988). Critical DO concentration for eggs ranged from 7.5 – 9.7 mg/L depending on temperature (with higher critical DO concentrations 
at higher temps) (Rombough, 1987). For juveniles there was no significant difference in mortality, time to hatch, or growth between 100% air 
saturation and 50% air saturation (Jensen, 1988). Alevins in the middle and late stages of development showed significant preference for water 
with higher DO concentrations (Fast, 1987). 
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Temperature  
Laboratory and Review Studies 
Table 21. Oncorhynchus mykiss (Steelhead Trout) Temperature Data from Laboratory and Review Studies 

Life 
Stage 

Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

Eggs Eggs incubated at 18°C experienced higher mortality than 
eggs incubated at 8°C, with all eggs from one hen dying at the 
higher temperature. 

18°C Sample size: 3,000 eggs 
Acclimation temperature: 18°C 
Rate of change: 1°C/12hrs for 5 days 
Feeding history: NA 
Control: N 

Lab Turner et al., 
2007 

Eggs Eggs incubated at the higher temperature (18°C) that did 
survive hatched as larger larval fish and exhibited greater 
structural asymmetry than eggs incubated at the lower 
temperature (8°C). 

8 vs 
18°C 

Sample size: 3,000 eggs 
Acclimation temperature: 8 or 18°C 
Rate of change: 1°C/12hrs for 5 days 
Feeding history: NA 
Control: N 

Lab Turner et al., 
2007 

Eggs Eggs reared at 18°C were slightly slower developing 
(compared to eggs growing at 8°C) to stage 6 but accelerated 
thereafter. 

8 vs 
18°C 

Sample size: 3,000 eggs 
Acclimation temperature: 18°C 
Rate of change: 1°C/12hrs for 5 days 
Feeding history: NA 
Control: N 

Lab Turner et al., 
2007 

Age 0 Fish in the 19°C treatment had a higher mean final wet weight 
than those in the 11°C or 15°C treatments, but there was no 
difference between the mean final wet weights of the two 
lower temperatures 

19°C vs 
11°C vs 
15°C 

Sample size: 10 fish per treatment (3 
treatments) 
Acclimation temperature: 30 days in water 
temps of 11, 15, or 19°C 
Rate of change: 1°C/day 
Feeding history: fed preweighed satiation 
rations (Silver Cup floating steelhead 
pellets) twice daily 
Control: N 

Lab Myrick & 
Cech Jr, 2005 

Age 0 Nimbus-strain steelhead lost equilibrium at 29.6°C when 
acclimated to 19°C, at 28.4°C when acclimated to 15°C, and at 
27.5°C when acclimated to 11°C, showing a clear thermal 
acclimation effect 

29.6°C; 
28.4°C; 
27.5°C 

Sample size: 10 fish per treatment (3 
treatments) 
Acclimation temperature: 30 days in water 
temps of 11, 15, or 19°C 
Rate of change: 1°C/day 
Feeding history: fed preweighed satiation 
rations (Silver Cup floating steelhead 

Lab Myrick & 
Cech Jr, 2005 
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Life 
Stage 

Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

pellets) twice daily 
Control: N 

Juvenile For juveniles that were acclimated to ambient temperature 
water (16.9 - 17.8°C), during cooling and warming period 
steelhead trout juvenile significantly avoided cooling (11.8-
12.1°C) and warming (20 - 22.3°C) areas and tended to stay in 
ambient (16.9 - 17.8°C) water area 

16.9 - 
17.8°C  

Sample size: 150 fish 
Acclimation temperature: acclimated at 
specified temps for 1.5 weeks, acclimated 
in choice chamber for 45 min, experiment 
in choice tank for 30 minutes 
Rate of change: Not listed 
Feeding history: Fed commercial trout diet 
twice per day at a level of 2% body weight 
Control: Y 

Lab Munakata et 
al., 2016 

Juvenile For juveniles that were acclimated to cool temperature water 
(11.8 - 12.1°C), during treatment period steelhead trout 
juvenile significantly avoided ambient water temperature 
(16.9 - 17.8°C) area 

11.8 - 
12.1°C 

Sample size: 150 fish 
Acclimation temperature: acclimated at 
specified temps for 1.5 weeks, acclimated 
in choice chamber for 45 min, experiment 
in choice tank for 30 minutes 
Rate of change: Not listed 
Feeding history: Fed commercial trout diet 
twice per day at a level of 2% body weight 
Control: Y 

Lab Munakata et 
al., 2016 

Juvenile For juveniles that were acclimated to warm temperature 
water (20 - 22.3°C), during treatment period steelhead trout 
juvenile did not show any significant preferences of swimming 
location choice (no preference between warmed (20 - 22.3°C) 
and ambient water temperature (16.9 - 17.8°C) area) 

20 - 
22.3°C 

Sample size: 150 fish 
Acclimation temperature: acclimated at 
specified temps for 1.5 weeks, acclimated 
in choice chamber for 45 min, experiment 
in choice tank for 30 minutes 
Rate of change: Not listed 
Feeding history: Fed commercial trout diet 
twice per day at a level of 2% body weight 
Control: Y 

Lab Munakata et 
al., 2016 

Juvenile At the end of the experiment, there was no significant 
difference in body length between ambient water 
temperature group and cooled/warmed group. On the other 
hand, body weight and condition factor of warmed group 
(22.3°C) were significantly lower than those in the ambient 
(11.8°C) water temperature group. 

22.3 vs 
11.8°C 

Sample size: 150 fish 
Acclimation temperature: acclimated at 
specified temps for 1.5 weeks, acclimated 
in choice chamber for 45 min, experiment 
in choice tank for 30 minutes 
Rate of change: Not listed 
Feeding history: Fed commercial trout diet 

Lab Munakata et 
al., 2016 
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Life 
Stage 

Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

twice per day at a level of 2% body weight 
Control: Y 

Juvenile The fish were fed daily, but the feed intake was reduced when 
water temperature was below 4°C and all fish stopped eating 
at 1°C. 

1°C Sample size: 100 fish 
Acclimation temperature: 16°C for 2 weeks 
Rate of change: Water temperature was 
reduced from 16°C to 12°C, 8°C, 6°C, 4°C, 
2°C and 1°C gradually at a rate of 0.5°C per 
hour and maintained for one week at each 
selected temperature 
Feeding history: fed with Tianma trout 
feed twice a day with a daily ration of 
approximately 2% of wet body weight 
Control: N 

Lab Liu et al., 
2019 

Juvenile When the environmental temperature decreased, the 
concentration of unsaturated fatty acids of phospholipids in 
all tissues increased, and accordingly the ratio of the 
unsaturated to saturated fatty acids (U/S) and unsaturation 
index (UI) increased, indicating that steelhead trout can 
compensate temperature-dependent changes in membrane 
fluidity by remodeling the fatty acid composition of 
phospholipids 

1 - 16°C Sample size: 100 fish 
Acclimation temperature: 16°C for 2 weeks 
Rate of change: Water temperature was 
reduced from 16°C to 12°C, 8°C, 6°C, 4°C, 
2°C and 1°C gradually at a rate of 0.5°C per 
hour and maintained for one week at each 
selected temperature 
Feeding history: fed with Tianma trout 
feed twice a day with a daily ration of 
approximately 2% of wet body weight 
Control: N 

Lab Liu et al., 
2019 

Juvenile At the early stages of the experiment (16°C to 8°C), the fatty 
acid composition of phospholipid changed remarkably in 
muscle, heart, and spleen. When temperature decreased to 
less than 8°C, an obvious response of phospholipid fatty acid 
was observed in all tissues (muscle, heart, brain and spleen). 
When the temperature decreased to 2°C, the change of 
phospholipid composition of muscle tissues was very obvious. 

1 - 16°C Sample size: 100 fish 
Acclimation temperature: 16°C for 2 weeks 
Rate of change: Water temperature was 
reduced from 16°C to 12°C, 8°C, 6°C, 4°C, 
2°C and 1°C gradually at a rate of 0.5°C per 
hour and maintained for one week at each 
selected temperature 
Feeding history: fed with Tianma trout 
feed twice a day with a daily ration of 
approximately 2% of wet body weight 
Control: N 

Lab Liu et al., 
2019 
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Life 
Stage 

Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

Juvenile Exposure to 20°C induced hsp synthesis (indicator of stress 
and decreased metabolic condition) 

20°C Sample size: 60 fish 
Acclimation temperature: 15°C for 3 weeks 
Rate of change: Not listed 
Feeding history: They were fed a semi-
moist fish chow (2.4 mm pellet; Rangen 
Inc., Buhl, Idaho) at recommended weight-
adjusted ratios 
Control: N 

Lab Viant et al., 
2003 

Juvenile No effect on growth was observed from temperature, 
suggesting that 20°C is the upper limit of the steelhead trout’s 
preferred range. 

20°C Sample size: 60 fish 
Acclimation temperature: 15°C for 3 weeks 
Rate of change: Not listed 
Feeding history: They were fed a semi-
moist fish chow (2.4 mm pellet; Rangen 
Inc., Buhl, Idaho) at recommended weight-
adjusted ratios 
Control: N 

Lab Viant et al., 
2003 

Juvenile The percent of fish maturing under the cold thermal regime 
(6-13°C) was 18% (females) and 26% (males) greater than in 
the warm regime (6-18°C). Fish had higher growth in the 
warm regime compared to the cold regime. Fish reared under 
the cold regime had a mean whole-body lipid content 1.1% 
(females) and 1.4% (males) greater than in fish reared under 
the warm regime. Warmer water temperatures significantly 
decreased rates of freshwater maturation and increased rates 
of smoltification in both sexes. 

6-13°C 
vs 6-
18°C 

Sample size: 24 groups of 30 fish each 
Acclimation temperature: NA 
Rate of change: NA 
Feeding history: twice daily 
fed pellets at a ration size of 3% mean 
body mass per day, adjusted monthly for 
fish growth 
Control: N 

Lab Sloat & 
Reeves, 2014 

Juvenile Mortalities only occurred in the 25°C tanks during this 
experiment, starting 10 d after the start of the experiment 

25°C Sample size: 57 fish per tank, 9 tanks 
Acclimation temperature: 15°C 
Rate of change: 1.3°C/hour 
Feeding history: fed Bio-Diet Oregon 1.5-
mm feed (Bio-Oregon) at a ration of 2% of 
tank biomass per day 
Control: Y (control at 15°C) 

Lab Krammerer 
& Heppell, 
2013 

Juvenile With the 8°C increase in temperature from 15°C to 23°C, 
growth increments of length decreased by 24.4% while 
growth increments based on mass decreased by 27.1% during 
the first 30 days of the experiment 

15 → 
23°C 

Sample size: 57 fish per tank, 9 tanks 
Acclimation temperature: 15°C 
Rate of change: 1.3°C/hour 
Feeding history: fed Bio-Diet Oregon 1.5-

Lab Krammerer 
& Heppell, 
2013 
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Life 
Stage 

Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

mm feed (Bio-Oregon) at a ration of 2% of 
tank biomass per day 
Control: Y (control at 15°C) 

Juvenile With the 2°C increase in temperature from 23°C to 25°C, 
growth increments based on length dropped an additional 
60% and growth rates based on mass decreased an additional 
56% during the initial 30d period 

23 →  25 
°C 

Sample size: 57 fish per tank, 9 tanks 
Acclimation temperature: 15 °C 
Rate of change: 1.3 °C/hour 
Feeding history: fed Bio-Diet Oregon 1.5-
mm feed (Bio-Oregon) at a ration of 2% of 
tank biomass per day 
Control: Y (control at 15°C) 

Lab Krammerer 
& Heppell, 
2013 

Juvenile Fish in warmwater treatments ate less feed per day 23 & 
25°C 

Sample size: 57 fish per tank, 9 tanks 
Acclimation temperature: 15°C 
Rate of change: 1.3°C/hour 
Feeding history: fed Bio-Diet Oregon 1.5-
mm feed (Bio-Oregon) at a ration of 2% of 
tank biomass per day 
Control: Y (control at 15°C) 

Lab Krammerer 
& Heppell, 
2013 

Juvenile Heat shock protein 70 levels in liver and fin tissue from fish at 
25°C were significantly higher than in fish held at 15°C at all 
time points 

25°C Sample size: 57 fish per tank, 9 tanks 
Acclimation temperature: 15°C 
Rate of change: 1.3°C/hour 
Feeding history: fed Bio-Diet Oregon 1.5-
mm feed (Bio-Oregon) at a ration of 2% of 
tank biomass per day 
Control: Y (control at 15°C) 

Lab Krammerer 
& Heppell, 
2013 

Juvenile Temporally, for fish at ambient temperature (15°C) and at 
23°C, wholebody lipids increased significantly through day 40. 
Fish treated at 25°C showed a decrease in lipids over the 
initial part of the experiment, but had whole-body lipid levels 
similar to that of the other treatments by day 80 

15, 23, & 
25°C 

Sample size: 57 fish per tank, 9 tanks 
Acclimation temperature: 15°C 
Rate of change: 1.3°C/hour 
Feeding history: fed Bio-Diet Oregon 1.5-
mm feed (Bio-Oregon) at a ration of 2% of 
tank biomass per day 
Control: Y (control at 15°C) 

Lab Krammerer 
& Heppell, 
2013 

Juvenile 100% survival of fish in cold (8°C, n=36 fish) and warm (14°C, 
n=36 fish) temps, but 4 mortalities in the hot (20°C) low ration 
treatment and 3 mortalities in the hot (20°C) high ration 
treatment. 

8, 14, & 
20°C 

Sample size: 18 tanks with 6 fish per tank 
Acclimation temperature: 14°C 
Rate of change: 2°C/day until the target 
treatment temperatures of cold (8°C), 
warm (14°C) and hot (20°C) were reached 

Lab Beakes et al., 
2013 
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Life 
Stage 

Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

Feeding history: a daily food ration equal 
to 3% of the total wet fish biomass in each 
tank was distributed. On 21 May, a high 
(6% daily) and low (2%, 4 days week−1) 
ration treatment was initiated, which 
lasted until the end of the experiment 
Control: Y 

Juvenile Growth was significantly affected by temperature and ration. 
There was also a significant interaction between temperature 
and ration indicating that the effect of ration on growth rate 
was different among temperature treatments. For example, in 
the warm temperature treatment (20°C) the average growth 
rate was 33% faster in the high-ration compared to the low-
ration treatment. In contrast, there was no significant 
difference in growth between the high- and low-ration tanks 
in the cold (8°C) treatment. 

8, 14, & 
20°C 

Sample size: 18 tanks with 6 fish per tank 
Acclimation temperature: 14°C 
Rate of change: 2°C/day until the target 
treatment temperatures of cold (8°C), 
warm (14°C) and hot (20°C) were reached 
Feeding history: a daily food ration equal 
to 3% of the total wet fish biomass in each 
tank was distributed. On 21 May, a high 
(6% daily) and low (2%, 4 days week−1) 
ration treatment was initiated, which 
lasted until the end of the experiment 
Control: Y 

Lab Beakes et al., 
2013 

Juvenile Scale circulus spacing was different in fish reared in the cold 
(8°C) compared to warm (14°C) or hot (20°C) treatments. 
Spacing was wider as temperatures declined from the hot to 
the cold treatment. The mean circulus spacing in the cold and 
high-ration treatment was 57% wider than the average 
spacing in the hot and high-ration treatment 

8, 14, & 
20°C 

Sample size: 18 tanks with 6 fish per tank 
Acclimation temperature: 14°C 
Rate of change: 2°C/day until the target 
treatment temperatures of cold (8°C), 
warm (14°C) and hot (20°C) were reached 
Feeding history: a daily food ration equal 
to 3% of the total wet fish biomass in each 
tank was distributed. On 21 May, a high 
(6% daily) and low (2%, 4 days week−1) 
ration treatment was initiated, which 
lasted until the end of the experiment 
Control: Y 

Lab Beakes et al., 
2013 

Juvenile Growth rates were highest in the warm temperature 
treatment (12.5°C) for both populations 

4.5°C vs 
12.5°C 

Sample size: 100 fish per group, eight 
groups total 
Acclimation temperature: 7.8°C 
Rate of change: Not listed 
Feeding history: fed 3x/week with Bio-Vita 

Lab Doctor et al., 
2014 
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Life 
Stage 

Temperature Consideration (Effect) Temp 
(°C) 

Study Design Considerations Study 
Type 

Reference 

trout feed according to biomass 
percentages plus 10% 
Control: N 

Juvenile Within each population, more individuals from the warm 
temperature treatment (12.5°C) grew fast enough to smolt in 
their first year than in the cold temperature treatment (4.5°C) 

4.5°C vs 
12.5°C 

Sample size: 100 fish per group, eight 
groups total 
Acclimation temperature: 7.8°C 
Rate of change: Not listed 
Feeding history: fed 3x/week with Bio-Vita 
trout feed according to biomass 
percentages plus 10% 
Control: N 

Lab Doctor et al., 
2014 

2 years 
old 

The body temperature of the steelhead decreased faster than 
that of the rainbow trout. These results suggest that the 
steelhead trout is more sensitive to decreases in water 
temperature than the rainbow trout due to some 
physiological factor 

12.1 →  
7.3° C 

Sample size: 8 fish total 
Acclimation temperature: Not listed 
Rate of change: temperature was 
decreased by 3°C in 30 min 
Feeding history: fed commercial trout 
pellets twice per day at a daily ration of 2% 
body weight 
Control: N 

Lab Miura et al., 
2013 

 

In Situ, Model, and Other Publication Types 
Table 22. Oncorhynchus mykiss (Steelhead Trout) Temperature Data from In Situ, Model, and Other Publication Types 

Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Juvenile At the upper extent of the study site, the total daily 
detections of tagged fish were negatively 
correlated to water temperature measured at 1.25 
m water depths. For example, fish tag detections 
at station 13 were 31% higher than the overall 
daily mean value when mean daily DO 
concentration was greater than 7.0 mg/L and mean 
daily water temperature was less than 18°C. At 
station 14, detections were 20% more than the 
overall mean daily value when mean daily water 

>18°C Sample size: Not 
listed 

In-situ Huber & 
Carlson, 
2020 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

temperature was less than 18°C regardless of DO 
concentrations. 

Juvenile For temperatures below 14.0°C, the linear 
relationship between mean daily rate of 
movement and mean daily temperature was 
significant. 

<14.0°C Sample size: Not 
listed 

In-situ Huber & 
Carlson, 
2020 

Juvenile The model suggests that at 23.3°C, 50% of fish will 
be infected with black spot disease. And percent of 
fish infected with black spot disease increased with 
increasing temperatures 

23.3°C Sample size: 556 
fish 

In-
situ/model 

Schaaf et 
al., 2017 

Juvenile 
(subyearling/overyearling) 

In the same stream, relatively larger individuals on 
average grew faster than smaller conspecifics. 
However, comparing across stream sections there 
was a negative interaction between relative size 
and water temperature. The effect of an 
individual’s relative size on its growth rate 
decreased as temperatures were increasing, 
indicating that the advantages of being large 
diminished during periods of high temperatures or 
in locations with relatively higher temperatures. 

5 - 20°C Sample size: 1228 
fish 

In-
situ/model 

Myrvold & 
Kennedy, 
2017a 

Juvenile Projected increases in water temperature incurred 
on average a 10% higher energetic cost for 
steelhead by 2040 (range 7.0%–12.5% among 
study reaches in the watershed) and a 16% 
increase (range 8.5%–21.3%) by 2080 following the 
A1B scenario. 

current August = 
17.30°C; projected 
climate change in 
August 2040 = 
19.11°C; projected 
climate change in 
August 2080 = 20.41°C 

Sample size: Not 
listed 

In-
situ/model 

Myrvold & 
Kennedy, 
2017b 

Juvenile The majority (>80%) of juvenile steelhead moved 
into refuges when mainstem temperatures 
reached 22–23°C, and all fish moved in by 25°C. 

22 - 25°C Sample size: 257 
fish 

In-
situ/model 

Brewitt & 
Danner, 
2014 

Juvenile Smaller juveniles (~160 mm) were much more 
likely to use refuges during the night than day, 
whereas larger juveniles (~210 mm) exhibited a 
much less pronounced diel behavioral shift 

14 vs 26°C Sample size: 257 
fish 

In-
situ/model 

Brewitt & 
Danner, 
2014 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Juvenile The stream temperature models predicted that 
daily mean temperatures of salmonid-rearing 
streams in the basin could increase by 1–2°C and 
bioenergetics simulations indicated that such 
increases could enhance the growth of steelhead 
in the spring, but reduce it during the summer. The 
growth differences of juvenile steelhead under our 
three climate scenarios were minor, indicating that 
increased water temperatures alone were 
insufficient to produce significant changes in 
growth. 

7.5 – 20°C Sample size: Not 
listed 

Model Hardiman & 
Mesa, 2014 

Juvenile & adult (inferred) The authors estimated that an increase of 6 % in 
prey consumption is required for steelhead in 
Lakes Michigan and Huron to maintain baseline 
growth in the future period 

Future warmed 
conditions ranging 
from 5-25°C 

Sample size: Not 
listed 

Model Kao et al., 
2015 

Juvenile The best approximating model for total density 
was a random-intercept model with a positive 
relationship with temperature and a negative 
relationship with discharge. 

Mean temps ranged 
from 14.2 - 18.5°C 
depending on the site 

Sample size: 198 
fish 

In-
situ/model 

Myrvold & 
Kennedy, 
2015a 

Juvenile Fish movement into stratified pools when 
temperatures exceed 21°C would tend to reduce 
stress intensity by an amount comparable to that 
achieved by increasing the flow 

21°C Sample size: Not 
listed 
 

In-
situ/model 

Boughton 
et al., 2015 

Juvenile Temperatures tended to stay above the range for 
maximum growth (15–17°C) but below the 
threshold for thermal exclusion (mean daily 
temperature <25°C, maximum temperature <29°C) 

Mean daily 
temperature <25°C; 
maximum 
temperature <29°C 

Sample size: Not 
listed 

In-
situ/model 

Boughton 
et al., 2015 

Juvenile Based on simulations, when mean water 
temperature was increased by 0.6°C there was a 
reduction in life history diversity and a 57% 
increase in the number of individuals becoming 
smolts. 

0.7 – 17.5°C Sample size: 
Simulated 2,000 
fish 
 

In-
situ/model 

Benjamin et 
al., 2013a 

Juvenile When mean temperature was increased by 2.7°C, 
it resulted in 87% fewer smolts than in the baseline 
and fewer life history trajectories expressed. 

0.7 – 17.5°C Sample size: 
Simulated 2,000 

In-
situ/model 

Benjamin et 
al., 2013a 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

fish 
 

Juvenile As stream temperatures increase, fish are more 
likely to remain sedentary and less likely to 
disperse. 

9.04 – 20.39°C Sample size: 1309 
fish 

In-
situ/model 

Anderson & 
Kennedy, 
2019 

Juvenile High water temperatures pose energetic 
bottlenecks and can be a potentially strong 
mechanism limiting growth in juvenile salmonids in 
summer, particularly as streams in the region 
experience warming trends. 

13 - 21.9°C Sample size: 446 
fish 

In-
situ/model 

Myrvold & 
Kennedy, 
2015b 

Juvenile Streams that currently have high temperatures (> 
16°C) and little snow melt temperature depression 
(< 4°C) will experience a significantly shorter 
growing season and a moderate reduction 
steelhead weight. Streams that are currently 
cooler (< 12°C) will generally experience increased 
mid-summer weight over a range of reductions in 
growing season duration. 

> 16°C Sample size: 115 
streams 

Model Beer & 
Anderson, 
2013 

Juvenile Higher temperature was also more variable, and 
the joint effect on growth (estimated as covariance 
with the first principal component score of the 
temperature data) was apparently neutral 

13°C vs 19.7°C Sample size: 270 
fish 

Model Boughton 
et al., 2007 

Juvenile The warmer stream temperatures (~22°C) had a 
negative impact on mean condition factor (ie 
growth) of juvenile steelhead. 

~8°C vs ~22°C Sample size: Not 
listed 

Model Sauter & 
Connolly, 
2010 

Juvenile In both 2007 and 2009, fish persisted over the dry 
season in all study pools where summer 
temperature maxima remained ≤30°C, but the 
probability of persistence declined rapidly 
at warmer temperatures, falling below 50% when 
temperatures reached 31.5°C 

≤30°C Sample size: Not 
listed 

In-
situ/Model 

Sloat & 
Osterback, 
2013 

Juvenile Steelhead held focal points at temperatures (17.4–
24.8°C) that were at times higher than the 
temperature preferences and heat tolerances 
reported for the 

17.4 – 24.8°C Sample size: NA In-situ Spina, 2007 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

species. 
Juvenile Most juvenile salmonids were observed moving 

into the refuge when main-stem temperatures 
exceeded 22–23°C. 

>22 - 23°C Sample size: Not 
listed 
 

In-situ Sutton et 
al., 2007 

Adult Behavioral thermoregulation (moving to areas with 
cooler or warmer water temperature) was evident 
for ~50% of steelhead in one of three reservoirs. 

15.8 - 24°C Sample size: 50 
fish 
 

In-situ Keefer & 
Caudill, 
2016 

Adult More than 97% of overwintering fish stopped 
upstream movement when main-stem 
temperatures fell to approximately 4°C 

4°C Sample size: 
5,939 fish 
 

In-situ Keefer et 
al., 2008 

Adult The majority of steelhead resumed upstream 
migration in March, when temperatures warmed 
from approximately 4–5°C to about 7°C 

4-5°C →  7°C Sample size: 
5,939 fish 

In-situ Keefer et 
al., 2008 

Adult Steelhead use of small cool-water tributaries 
(‘‘thermal refugia’’) rapidly increased when the 
Columbia River reached a temperature threshold 
of about 19°C. 

>19°C Sample size: 
5,939 fish 

In-situ Keefer et 
al., 2009 

Adult When main stem temperatures were warmest (i.e., 
>21°C), more than 70% of the tagged fish used 
refugia sites and these fish had median refugia 
residence times of 3–4 weeks 

>21°C Sample size: 
5,939 fish 

In-situ Keefer et 
al., 2009 

Adult <10% were detected in refugia when main stem 
temperatures were between 14 and 18°C 

14 - 18°C Sample size: 
5,939 fish 

In-situ Keefer et 
al., 2009 

Adult Migration speed uniformly decreased with 
increasing temperature, suggesting that the fish 
migrated at temperatures above the optimum. 
Migration delay was also a unimodal function of 
temperature, the minimum delay occurring around 
16–17°C. 

16 – 17°C Sample size: 
~3,000 fish 
 

In-situ Salinger & 
Anderson, 
2006 

Adult Over 93% of steelhead detections occurred in the 
18.5 - 22°C range at Bonneville Dam, which was 
probably above the temperature for optimal 
migration 

18.5 - 22°C Sample size: 
~3,000 fish 
 

In-situ Salinger & 
Anderson, 
2006 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Adult Maximum swim speed of about 1 body length/s 
occurred at 16.3°C. Speed was less above and 
below this optimum temperature. 

16.3°C Sample size: 
~3,000 fish 
 

In-situ Salinger & 
Anderson, 
2006 

Adult Migration As temperature difference between the top and 
bottom of ladders at dams increased, migrants 
were consistently more likely to move down fish 
ladders and exit into dam tailraces, resulting in 
upstream passage delays that ranged from hours 
to days. Gradients in fishway water temperatures 
present a migration obstacle to many anadromous 
migrants 

6 vs 23.9°C Sample size: 
5,503 fish 
 

In-
situ/model 

Caudill et 
al., 2013 

Adult Migration Fish body temperatures equilibrated to ladder 
temperatures and often exceeded 20°C, indicating 
potential negative physiological and fitness effects. 

20°C Sample size: 
5,503 fish 

In-
situ/model 

Caudill et 
al., 2013 

Adult Migration Models indicated that predicted weekly mean 
water temperatures for the years of 2030-2059 
approached lethal limits for adult steelhead in the 
Upper Snake, Rogue, Chehalis and Middle 
Columbia.  In general, steelhead populations in 
low-elevation rivers at the southern periphery of 
their range are expected to be most exposed to 
temperature stress during all life stages 

3.1 – 31°C Sample size: Not 
listed 
 

Model Wade et al., 
2013 

Adult Migration The majority of upriver summer steelhead, 
regardless of sex, delayed migration at one or 
more coolwater (~12°C) tributaries to the lower 
Columbia River, and the proportion of fish that 
staged in tributaries was highest during periods 
corresponding to the warmest mainstem Columbia 
River water temperatures (~23°C). Results indicate 
that adult steelhead temporarily staged in lower 
tributary rivers as a way to obtain coolwater refuge 
during periods of warm temperatures in the main-
stem Columbia River. 

~12°C vs ~23°C Sample size: 
2,900 fish 
 

In-situ High et al., 
2006 

Adult Migration Use of coolwater refugia (~12°C) was most directly 
related to main-stem Columbia River temperature, 
followed by the temperature differential between 

~12°C Sample size: 
2,900 fish 

In-situ High et al., 
2006 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

the main-stem and tributaries, which appears to be 
an adapted behavioral mechanism to avoid 
potentially stressful conditions in the primary 
migration corridor. 

Smolt/Migration The top-ranked models did not include water 
temperature as a predictor for smolt 
presence/absence, but the majority (95%) of 
smolts were observed when water temperatures 
ranged between 12°C and 18.5°C 

12°C - 18.5°C Sample size: Not 
listed 

Model Booth, 2020 

Smolt/Migration Smolt arrivals began within 1–3 weeks of average 
water temperatures reaching 12°C 

12°C Sample size: Not 
listed 

Model Booth, 2020 

"kelts"/post spawning Presence  8.2 – 16.37°C Sample size: 14 
fish 
 

In-situ Teo et al., 
2013 

Not listed No steelhead were observed at sites where the 
mean water temperature exceeded 21.5°C or the 
maximum water temperature exceeded 26°C. 
Steelhead density was negatively related to 
maximum and mean water temperatures 

Mean = 21.5°C 
Max = 26°C 

Sample size: 
average of 36 ± 
39 steelhead/100 
m 

In-situ Thompson 
et al., 2012 

Not listed Sites with steelhead had maximum water 
temperatures that were 6.1°C cooler than sites 
without steelhead. Mean water temperatures 
were 3.1°C cooler at sites with steelhead 

NA Sample size: 
average of 36 ± 
39 steelhead/100 
m 

In-situ Thompson 
et al., 2012 

Not listed The relationship between mean monthly 
temperature and steelhead catch per unit effort 
(CPUE) most closely matched a quadratic model 
with a maximum at 12.3°C 

12.3°C Sample size: Not 
listed 

Model Hook et al., 
2004 

Not listed Steelhead CPUE in Lake Michigan was greatest at 
surface temperatures less than 15°C 

<15°C Sample size: Not 
listed 

Model Hook et al., 
2004 

Not listed During June 1992–1997 the mean temperature at 
which fishing occurred was 12°C while the mean 
temperature at which steelhead were caught was 
11°C, suggesting a preference for cooler 
temperatures 

11°C Sample size: Not 
listed 

Model Hook et al., 
2004 
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Life Stage Temperature Consideration (Effect) Temp (°C) Study Design 
Considerations 

Study 
Type 

Reference 

Not listed During most months, steelhead catch rates were 
negatively related to surface temperature and 
were highest in areas of high temperature 
variation (i.e., vertical thermal fronts and upwelling 
zones) where thermal conditions and prey 
densities may have been optimal for growth. 

~5 - ~20°C Sample size: Not 
listed 

Model Hook et al., 
2004 

Not listed On average, the post-fire energy cost for salmonids 
was 2.34% higher than pre-fire energy cost in the 
burned pools relative to the reference pools. 

prior to wildfire mean 
= 14.2°C 
 
during wildfire daily 
max = 16.5°C 

Sample size: Not 
listed 

In-
situ/Model 

Beakes et 
al., 2014 

Not listed Stomach content analysis showed that fish in the 
burned region were consuming relatively little prey 
and significantly less than fish in the reference 
region. Presumably due to starvation, mortality, or 
emigration, the authors found a significant 
negative relationship between the change in total 
salmonid biomass over the post-fire summer and 
the average energy costs within a burned pool. 

prior to wildfire mean 
= 14.2°C 
 
during wildfire daily 
max = 16.5°C 

Sample size: Not 
listed 

In-
situ/Model 

Beakes et 
al., 2014 

 

 

Dissolved Oxygen 
Laboratory and Review Studies 
Table 23. Oncorhynchus mykiss (Steelhead Trout) Dissolved Oxygen Data from Laboratory and Review Studies 

Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Eggs No significant difference with DO levels and mortality nor time to 
hatch for eggs  

50-100% air 
saturation 

Sample size: 1,350 
Experiment temperature: 10°C 
Rate of change: not listed 
Feeding history: NA 
Control: Y 

Lab Jensen, 
1988 

Eggs Critical DO concentration was 7.5 mg/L for the treatment group at 
6°C 

7.5 Sample size: 2500 eggs per tray (4 
trays) 

Lab Rombough, 
1987 
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Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Experiment temperature: 6°C 
Rate of change: decrease of 0.22 
mg/L DO per minute 
Feeding history: NA 
Control: Y; respirometer run in a 
chamber without animals 

Eggs Critical DO concentration was 8.9 mg/L for the treatment group at 
9°C 

8.9 Sample size: 2500 eggs per tray (4 
trays) 
Experiment temperature: 9°C 
Rate of change: decrease of 0.22 
mg/L DO per minute 
Feeding history: NA 
Control: Y; respirometer run in a 
chamber without animals 

Lab Rombough, 
1987 

Eggs Critical DO concentration was 9.6 mg/L for the treatment group at 
12°C 

9.6 Sample size: 2500 eggs per tray (4 
trays) 
Experiment temperature: 12°C 
Rate of change: decrease of 0.22 
mg/L DO per minute 
Feeding history: NA 
Control: Y; respirometer run in a 
chamber without animals 

Lab Rombough, 
1987 

Eggs Critical DO concentration was 9.7 mg/L for the treatment group at 
15°C 

9.7 Sample size: 2500 eggs per tray (4 
trays) 
Experiment temperature: 15°C 
Rate of change: decrease of 0.22 
mg/L DO per minute 
Feeding history: NA 
Control: Y; respirometer run in a 
chamber without animals 

Lab Rombough, 
1987 

Larvae No significant difference with DO levels and mortality nor time to 
hatch for larvae 

50-100% air 
saturation 

Sample size: 1,350 
Experiment temperature: 10°C 
Rate of change: not listed 
Feeding history: not listed 
Control: Y 

Lab Jensen, 
1988 
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Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Larvae No significant difference with DO levels and growth for larvae 50-100% air 
saturation 

Sample size: 1,350 
Experiment temperature: 10°C 
Rate of change: not listed 
Feeding history: not listed 
Control: Y 

Lab Jensen, 
1988 

Fry No significant difference with DO levels and mortality nor time to 
hatch for fry. 

50-100% air 
saturation 

Sample size: 1,350 
Experiment temperature: 10°C 
Rate of change: not listed 
Feeding history: not listed 
Control: Y 

Lab Jensen, 
1988 

Alevin  Alevins tested at the middle and late developmental stages 
generally migrated into the arm of the test apparatus with the 
higher dissolved oxygen level 

2 vs 6, 4 vs 8, 
6 vs 10 

Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L 
DO. 

Lab Fast, 1987 

Alevin  Middle stage development alevins, tested at the 2 vs. 6 mg/L level, 
avoided the 2 mg/L concentration. A range of 95.3 to 98.82% of 
those alevins responding were observed to have moved into the 6 
mg/L arm of the tank in these tests 

2 vs 6 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L 
DO. 

Lab Fast, 1987 

Alevin  In middle stage development, 71.6 to 78.5% of alevins in the 4 vs. 
8 mg/L test avoided the lower oxygen level  

4 vs 8 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 

Lab Fast, 1987 
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Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L 
DO. 

Alevin  In middle stage development, 59.6 to 70.8% of alevins in the third 
test series, 6 vs. 10 mg/L, preferred the higher DO level  

6 vs 10 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L 
DO. 

Lab Fast, 1987 

Alevin  In the late developmental stage, over 98% of alevins in the first 
series of tests preferred the 6 mg/L concentration over 2 mg/L 

2 vs 6 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L 
DO. 

Lab Fast, 1987 

Alevin  In the late developmental stage, 75.7 to 84% of alevins in the 
second series of tests preferred the 8 mg/L concentration over 4 
mg/L 

4 vs 8 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L 
DO. 

Lab Fast, 1987 
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Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Alevin  In the late developmental stage, 64.9 to 75% of alevins in the third 
series of tests preferred the 10 mg/L concentration over 6 mg/L 

6 vs 10 Sample size: 50 fish in each test (3 
experimental conditions each 
replicated 5 times) 
Experiment temperature: not listed 
Rate of change: NA 
Feeding history: not listed 
Control: Y; same choice tank as the 
experimental tests, but for the 
control both sides were 10 mg/L 
DO. 

Lab Fast, 1987 

 

In Situ, Model, and Other Publication Types 
Table 24. Oncorhynchus mykiss (Steelhead Trout) Dissolved Oxygen Data from In Situ, Model, and Other Publication Types 

Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Juvenile Juvenile Steelhead were present during all sampling events and exhibited 
positive growth rates during a time of drought with lower DO values and 
higher temperatures than normal 

0.1 - 8.5 Sample Size: 800 
Temperature: 13-
20°C 

In-situ & 
model 

Osterback et 
al., 2018 

Juvenile Fish tag detections declined linearly when temperatures went above 18°C 
and mean daily DO levels declined below 7.0 mg/L 

<7.0 Sample Size: NA 
Temperature: 
varied 

In-situ  Huber & 
Carlson, 2020 

Juvenile & 
adult 

Dissolved oxygen levels less than 5.0 mg/L occurred in all migratory months 
for adult and juvenile Steelhead from 2000-2005 

<5.0 Sample Size: not 
listed 
Temperature: not 
listed 

In-situ NMFS, 2009 

 

 

Oncorhynchus mykiss (Rainbow Trout) 
Temperature studies were not reviewed for rainbow trout in this report but may be added at a later date. 
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Dissolved Oxygen: At 29 days post fertilization (dpf), the embryonic body dry mass of embryos reared in chronic hypoxia (50% air saturation; 5 
mg/L) was lower than those reared in normoxia (Miller et al., 2008). Time to hatch was longer in eggs reared in 30% air saturation compared to 
normoxia (Bianchini & Wright, 2013). DO concentrations of 5-15 mg/L had no effect on egg mortality (Ciuhandu et al., 2005). In juveniles DO 
concentrations must be below 2.0 mg/L before loss of equilibrium is observed, however, if fish are soon returned to well-oxygenated water, 
losses can be minimized (Fetherman et al., 2016). Growth was reduced in juveniles reared in lower DO conditions (7.3, 6.3, 4.7 mg/L) as 
compared to higher DO conditions (10.5 mg/L) (Waldrop et al., 2019; Tennessee Valley Authority - Prepared by R.C. Young, 1987; Hou et al., 
2020). Juveniles consumed less food under hypoxic conditions (6 mg/L) compared to normoxic conditions (10.2 mg/L) (Saravanan et al., 2013). 
There was significant juvenile mortality at DO concentrations of 1.6 mg/L at 24 hour exposure after 1 hour, however, there was no significant 
mortality at DO concentrations of 10.4, 4.5, 3.5, or 2.5 mg/L (Seager et al., 2000). There was significant juvenile mortality at DO concentrations 
of 1.2 and 1.6 mg/L at 6 hour exposure times (Seager et al., 2000). There was 100% survival of juveniles in DO concentrations of 5 mg/L after 48 
hours, and roughly 80% survival at 3 mg/L after 36 hours (Dean & Richardson, 1999).Adult fish consumed less food, had lower oxygen 
consumption rates, had lower energy levels, lower lipid contents, and lower heat production under hypoxic conditions (4.5 mg/L) compared to 
normoxic conditions (7.9 mg/L) (Magnoni et al., 2018). Adult fish were present in waters with DO concentrations ranging from 4.3 to 9.3 mg/L, 
but absent in waters with DO concentrations of 3.9 mg/L (Matthews & Berg, 1996). 

Dissolved Oxygen 
Laboratory and Review Studies 
Table 25. Oncorhynchus mykiss (Rainbow Trout) Dissolved Oxygen Data from Laboratory and Review Studies 

Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Eggs At 29 days post fertilization (dpf), the embryonic body dry mass 
of embryos reared in chronic hypoxia was 24% lower than those 
reared in normoxia, showing reduced growth. This result was not 
seen at 15 or 22 dpf. 

50% air 
saturation 

Sample size: 8 per group (3 
groups of hypoxia, 3 
groups normoxia = 6 total 
groups) 
Experiment temperature: 
10°C 
Rate of change: not listed 
Feeding history: not listed 
Control: Y; Growth in 
normoxia compared to 
hypoxia 

Lab Miller et al., 
2008 

Eggs DO levels had no effect on mortality  5-15 Sample size: 6 groups of 5 
embryos (30 total sample 
size) 

Lab Ciuhandu et al., 
2005 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Experiment temperature: 
10°C 
Rate of change: NA 
Feeding history: not listed 
Control: Y; embryos with a 
chorion and those without 
crown at 3 different DO 
levels (5, 10, 15 mg/L) 

Eggs The mass of embryos in the hypoxic group (5 mg/L) was 
significantly less than in the normoxic (10 mg/L) and hyperoxic 
groups (15 mg/L). In the chorionated groups the hypoxic 
embryos weighed 31% less than the normoxic or hyperoxic 
groups, and in the dechorionated groups the hypoxic embryos 
weighed 42% less than the normoxic or hyperoxic embryos. 

5 Sample size: 6 groups of 5 
embryos (30 total sample 
size) 
Experiment temperature: 
10°C 
Rate of change: NA 
Feeding history: not listed 
Control: Y; embryos with a 
chorion and those without 
crown at 3 different DO 
levels (5, 10, 15 mg/L) 

Lab Ciuhandu et al., 
2005 

Embryos & 
larvae 

Overall, development was delayed by ~15 days to reach Stage 35 
(near complete yolk absorption) in hypoxia-reared relative to 
normoxia-reared rainbow trout 

30% air 
saturation 

Sample size: not listed 
Experiment temperature: 
10°C 
Rate of change: NA 
Feeding history: NA 
Control: Y; two groups, one 
hypoxic (30% air 
saturation) and one group 
normoxic (100% air 
saturation) 

Lab Bianchini & 
Wright, 2013 

Embryos & 
larvae 

In all but one stage, tissue mass was significantly reduced (20–
50%) in hypoxic embryos and larvae relative to stage-matched 
normoxic embryos and larvae 

30% air 
saturation 

Sample size: not listed 
Experiment temperature: 
10°C 
Rate of change: NA 
Feeding history: NA 
Control: Y; two groups, one 
hypoxic (30% air 

Lab Bianchini & 
Wright, 2013 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

saturation) and one group 
normoxic (100% air 
saturation) 

Embryos & 
larvae 

In hypoxia-reared embryos and larvae, there was a reduction in 
whole-blood Hemoglobin concentration (38–53%), Hematocrit 
(17–65%) and erythrocyte counts (33–65%) relative to normoxia 

30% air 
saturation 

Sample size: not listed 
Experiment temperature: 
10°C 
Rate of change: NA 
Feeding history: NA 
Control: Y; two groups, one 
hypoxic (30% air 
saturation) and one group 
normoxic (100% air 
saturation) 

Lab Bianchini & 
Wright, 2013 

Embryos & 
larvae 

Despite these differences, Hemoglobin–oxygen affinity (P50), 
cooperativity and the Root effect were unaltered in hypoxia-
reared O. mykiss. The data support the hypothesis that chronic 
hypoxia delays the ontogenetic turnover of Hemoglobin and 
erythrocytes, but without the predicted functional consequences 

30% air 
saturation 

Sample size: not listed 
Experiment temperature: 
10°C 
Rate of change: NA 
Feeding history: NA 
Control: Y; two groups, one 
hypoxic (30% air 
saturation) and one group 
normoxic (100% air 
saturation) 

Lab Bianchini & 
Wright, 2013 

30, 60, 90, or 
120 d 
postswimup 

Dissolved oxygen concentrations resulting in loss of equilibrium 
were significantly higher for fish that were not exposed to 
formalin (1.37 mg/L) than for fish exposed to 250 ppm of 
formalin (1.29 mg/L) 

Not exposed 
to chemical = 
1.37 
 
Exposed to 
chemical = 
1.29 

Sample size: 120 
Experiment temperature: 
12°C 
Rate of change: 125 
mL/min  
Feeding history: Rangen 
size 0, 1, or 2 feed 
(depending on age of fish) 
Control: N 

Lab Fetherman et 
al., 2016 

30, 60, 90, or 
120 d 
postswimup 

Critical DO concentrations did not differ among strains or ages 
(30,60,90,120 days postswim-up), and body weight did not have 
a significant effect on critical DO concentration  

10-100% air 
saturation 

Sample size: 120 
Experiment temperature: 
12°C 
Rate of change: 125 

Lab Fetherman et 
al., 2016 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

mL/min  
Feeding history: Rangen 
size 0, 1, or 2 feed 
(depending on age of fish) 
Control: N 

30, 60, 90, or 
120 d 
postswimup 

Mortality occurred at a significantly lower DO concentration 
(0.85 mg/L DO) than either initial loss of equilibrium (1.25 mg/L 
DO) (returned to equilibrium within 2s)) or final loss of 
equilibrium (1.19 mg/L DO (not returning to equilibrium after 
10s)) 

Mortality = 
0.85 
 
Initial loss of 
equilibrium = 
1.25 
 
Final loss of 
equilibrium = 
1.19 

Sample size: 40 
Experiment temperature: 
12°C 
Rate of change: 50 mL/min 
Feeding history: Rangen 
size 0, 1, or 2 feed 
(depending on age of fish) 
Control: N 

Lab Fetherman et 
al., 2016 

30, 60, 90, or 
120 d 
postswimup 

Low-DO tolerances were diminished with an increase in fish size, 
with larger fish losing equilibrium at higher DO concentrations  

10-100% air 
saturation 

Sample size: 40 
Experiment temperature: 
12°C 
Rate of change: 50 mL/min 
Feeding history: Rangen 
size 0, 1, or 2 feed 
(depending on age of fish) 
Control: N 

Lab Fetherman et 
al., 2016 

30, 60, 90, or 
120 d 
postswimup 

DO concentrations must be below 2.0 mg/L before loss of 
equilibrium is observed, however, if fish are soon returned to 
well-oxygenated water, losses can be minimized 

2.0 Sample size: 40 
Experiment temperature: 
12°C 
Rate of change: 50 mL/min 
Feeding history: Rangen 
size 0, 1, or 2 feed 
(depending on age of fish) 
Control: N 

Lab Fetherman et 
al., 2016 

3 months old No mortality at any DO level for 1 hour exposure 0.7 - 10.3 Sample size: 25 
Experiment temperature: 
12-13°C 
Rate of change: conditions 
went from fully saturated 

Lab Seager et al., 
2000 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

to desired level within 1 
hour 
Feeding history: fed 4% 
body weight per day 
Control: Y; control group at 
100% air saturation 

3 months old Significant mortality at DO levels of 1.2 and 1.6 mg/L at 6 hour 
exposure 

1.2 & 1.6 Sample size: 25 
Experiment temperature: 
12-13°C 
Rate of change: conditions 
went from fully saturated 
to desired level within 1 
hour 
Feeding history: fed 4% 
body weight per day 
Control: Y; control group at 
100% air saturation 

Lab Seager et al., 
2000 

3 months old Significant mortality at DO level of 1.6 mg/L at 24 hour exposure 
after 1 hour. No significant mortality at DO levels of 10.4, 4.5, 
3.5, or 2.5 

1.6 Sample size: 25 
Experiment temperature: 
12-13°C 
Rate of change: conditions 
went from fully saturated 
to desired level within 1 
hour 
Feeding history: fed 4% 
body weight per day 
Control: Y; control group at 
100% air saturation 

Lab Seager et al., 
2000 

3 months old 24-h pulses of 4.0 mg DO/L applied twice weekly had no 
significant effect on fish growth over the 75-d period 

Pulses of 4.0 Sample size: 25 
Experiment temperature: 
12-13°C 
Rate of change: conditions 
went from fully saturated 
to desired level within 1 
hour 

Lab Seager et al., 
2000 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Feeding history: fed 4% 
body weight per day 
Control: Y; control group at 
100% air saturation 

Fry DO had a significant, positive influence on final weight. Fish in 
higher DO (10.5 mg/L) weighed 1,048g (higher swimming 
exercise/activity) and 990g (lower swimming activity/exercise). 
Fish in lower DO (7.3 mg/L) weighed 868g (high exercise level) 
and 887g (low exercise level). 

7.3, 10.5 Sample size: not listed 
Experiment temperature: 
~13°C 
Rate of change: NA 
Feeding history: "standard 
commercial feed" with 
daily feed levels 
determined via established 
rainbow trout feed charts 
Control: Y; control at 10.5 
mg/L DO 

Lab Waldrop et al., 
2019 

Fry Resting whole body cortisol levels were significantly higher in the 
hypoxic group as compared to the control group. Additionally, 3-
4 months later the hypoxic group of fish behaved similarly to 
control fish. Behavior in isolation in a novel environment and 
risk-taking behavior (i.e., emergence from a shelter) did not 
reveal any noticeable difference between hypoxic and normoxic 
fish 

6.87 Sample size: 400 
Experiment temperature: 
12°C 
Rate of change: NA 
Feeding history: daily 
ration of 3.8% of body 
mass 
Control: Y; control at 10.69 
mg/L DO 

Lab Valotaire et al., 
2020 

Fingerling Growth rates at 7.9 mg/L treatment were considered 
comparable to the control (12.3 mg/L). 

7.9 Sample size: 150 per 
treatment 
Experiment temperature: 
varied daily from 15 to 0°C 
Rate of change: Lowered 
by 0.5 mg/L/day until 
treatment level was 
reached 
Feeding history: fed 
portion of trout chow daily 
at 3% body weight 

Lab Tennessee 
Valley Authority 
- Prepared by 
R.C. Young, 
1987 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Control: Y; control fish 
exposed to 12.3 mg/L DO 

Fingerling Growth rates were only slightly lower than the control in 6.3 
mg/L treatment, not significantly different from the control (12.3 
mg/L). 

6.3 Sample size: 150 per 
treatment 
Experiment temperature: 
varied daily from 15 to 0°C 
Rate of change: Lowered 
by 0.5 mg/L/day until 
treatment level was 
reached 
Feeding history: fed 
portion of trout chow daily 
at 3% body weight 
Control: Y; control fish 
exposed to 12.3 mg/L DO 

Lab Tennessee 
Valley Authority 
- Prepared by 
R.C. Young, 
1987 

Fingerling Growth was substantially reduced (15.3%) in the group with a 
DO level of 4.7 mg/L. 

4.7 Sample size: 150 per 
treatment 
Experiment temperature: 
varied daily from 15 to 0°C 
Rate of change: Lowered 
by 0.5 mg/L/day until 
treatment level was 
reached 
Feeding history: fed 
portion of trout chow daily 
at 3% body weight 
Control: Y; control fish 
exposed to 12.3 mg/L DO 

Lab Tennessee 
Valley Authority 
- Prepared by 
R.C. Young, 
1987 

Juvenile 50% mortality of juvenile Rainbow Trout at DO levels of 1 mg/L 
after 1 hour. 100% mortality within 4 hours  

1 Sample size: 84 
Experiment temperature: 
15°C 
Rate of change: fully 
saturated to desired level 
within 2-3 hours 
Feeding history: fed 
daphnia daily 

Lab Dean & 
Richardson, 
1999 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Control: Y 
Juvenile 100% survival of juvenile Rainbow Trout at DO levels of 5 mg/L 

after 48 hours  
5 Sample size: 84 

Experiment temperature: 
15°C 
Rate of change: fully 
saturated to desired level 
within 2-3 hours 
Feeding history: fed 
daphnia daily 
Control: Y 

Lab Dean & 
Richardson, 
1999 

Juvenile 14.3% mortality of juvenile Rainbow Trout at DO levels of 3 mg/L 
after 36 hours, no further mortality after 36 hours 

3 Sample size: 84 
Experiment temperature: 
15°C 
Rate of change: fully 
saturated to desired level 
within 2-3 hours 
Feeding history: fed 
daphnia daily 
Control: Y 

Lab Dean & 
Richardson, 
1999 

Juvenile Trout carrying capacity was significantly higher (1,138 
kg/raceway) in the oxygenated raceways. However, trout 
production, growth rates, feed conversion rate, hematocrit, and 
fish survival were not significantly different between treatments. 

oxygenated = 
9.5 
 
non 
oxygenated = 
7.4 

Sample size: not listed 
Experiment temperature: 
not listed 
Rate of change: NA 
Feeding history: 1.2% of 
body weight in two equal 
feedings per day 
Control: Y; Four raceways 
were injected with oxygen 
and four were not  

Lab Clark & Helfrich, 
2006 

Juvenile In the normoxic side of the choice chamber, the spontaneous 
swimming speed significantly decreased at DO levels ≤60% air 
saturation. This indicated that the fish slowed down when 
returning from the test side. Additionally, in the normoxic side of 
the choice chamber, the residence time per trip increased at the 
DO levels ≤60% air saturation. The fish stayed in the normoxic 

≤60% air 
saturation 

Sample size: 8 fish per test 
period (15 tests total) 
Experiment temperature: 
17-19°C 
Rate of change: NA 
Feeding history: not listed 

Lab Poulsen et al., 
2011 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

side longer when the test side was at DO levels of 60% and lower 
(50%, 40% and 30%) 

Control: Y; choice tank with 
just 100% air saturation 
levels of DO 

Juvenile In the hypoxic side, in contrast, the residence time per trip 
decreased at the DO levels of ≤50% air saturation. Fish stayed for 
shorter amounts of time in the test side when the DO levels 
were 50%, 40% or 30% of air saturation 

≤50% air 
saturation 

Sample size: 8 fish per test 
period (15 tests total) 
Experiment temperature: 
17-19°C 
Rate of change: NA 
Feeding history: not listed 
Control: Y; choice tank with 
just 100% air saturation 
levels of DO 

Lab Poulsen et al., 
2011 

Juvenile Progressive hypoxia induced a decrease in the frequency of trips 
to the test side with a significant effect at the 30% DO air 
saturation level. 

30% air 
saturation 

Sample size: 8 fish per test 
period (15 tests total) 
Experiment temperature: 
17-19°C 
Rate of change: NA 
Feeding history: not listed 
Control: Y; choice tank with 
just 100% air saturation 
levels of DO 

Lab Poulsen et al., 
2011 

Juvenile Thermomechanical/bleached kraft pulp and paper mill effluent 
resulted in an increase of hematocrit at DO level of 5 mg/L and 
decrease at 2.5 mg/L DO. Hematocrit is a measurement of how 
much of a fish's blood is made up of red blood cells. Less red 
blood cells would lead to a decrease of oxygen carrying capacity 
of the blood. 

5 & 2.5 Sample size: 20 
Experiment temperature: 
20°C 
Rate of change: NA 
Feeding history: fed ration 
of commercial salmon feed 
at 1% body weight per day 
Control: Y; fish in either 
presence or absence of 
TMP/BKME at either 2.5 or 
5.0 mg/L DO levels 

Lab Landman et al., 
2006 

Juvenile 100% survival at DO levels of 7, 6, and 5 mg/L. 66.7% survival at 
DO level 4 mg/L. 27.8% survival at DO level of 3 mg/L 

3 - 7 Sample size: 6 fish per 
group (3 groups) 
Experiment temperature: 
14°C 

Lab Hou et al., 2020 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Rate of change: NA 
Feeding history: Fish were 
fed ~7% of body weight at 
8 a.m. and 5 p.m. everyday 
Control: Y; fish kept at 
normoxic conditions 

Juvenile All trout kept normal swimming at DO levels of 7 and 6 mg/L, 
50.0% in DO level of 5 mg/L, and 38.9% in DO level of 4 mg/L 
with the remaining trout floating upside down. All the trout 
floated upside down at the DO level of 3 mg/L 

3 - 7 Sample size: 6 fish per 
group (3 groups) 
Experiment temperature: 
14°C 
Rate of change: NA 
Feeding history: Fish were 
fed ~7% of body weight at 
8 a.m. and 5 p.m. everyday 
Control: Y; fish kept at 
normoxic conditions 

Lab Hou et al., 2020 

Juvenile Trout in DO levels of 4.5 and 3 mg/L showed significantly 
increased serum cortisol levels compared to the control. 

3 & 4.5 Sample size: 6 fish per 
group (3 groups) 
Experiment temperature: 
14°C 
Rate of change: NA 
Feeding history: Fish were 
fed ~7% of body weight at 
8 a.m. and 5 p.m. everyday 
Control: Y; fish kept at 
normoxic conditions 

Lab Hou et al., 2020 

Juvenile Trout in the DO level of 3 mg/L showed significantly lower 
growth over 30 days following the experiment compared to the 
control. 

3 Sample size: 6 fish per 
group (3 groups) 
Experiment temperature: 
14°C 
Rate of change: NA 
Feeding history: Fish were 
fed ~7% of body weight at 
8 a.m. and 5 p.m. everyday 
Control: Y; fish kept at 
normoxic conditions 

Lab Hou et al., 2020 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Juvenile Growth rates were significantly affected by dissolved oxygen. 
Mean weight in hypoxia after 18 weeks was ~20g, in normoxia it 
was ~30g, and in hyperoxia it was ~40g 

Hypoxia = 4 
 
Normoxia = 8 
 
Hyperoxia = 
16 

Sample size: 23 fish per 
tank, 27 tanks 
Experiment temperature: 
20-22°C 
Rate of change: NA 
Feeding history: fed twice a 
day at 4% body weight 
Control: Y; 3 oxygen levels 
(normoxia at 8 mg/L, 
hypoxia at 4 mg/L, and 
hyperoxia at 16 mg/L) and 
3 vitamin C levels of diets 

Lab Dabrowski et 
al., 2004 

Juvenile Hematocrit decreased as dissolved oxygen in the water 
increased 

Hypoxia = 4 
 
Normoxia = 8 
 
Hyperoxia = 
16 

Sample size: 23 fish per 
tank, 27 tanks 
Experiment temperature: 
20-22°C 
Rate of change: NA 
Feeding history: fed twice a 
day at 4% body weight 
Control: Y; 3 oxygen levels 
(normoxia at 8 mg/L, 
hypoxia at 4 mg/L, and 
hyperoxia at 16 mg/L) and 
3 vitamin C levels of diets 

Lab Dabrowski et 
al., 2004 

Juvenile Critical level of oxygen for food consumption in Rainbow Trout 
was about 6 mg/L 

6 Sample size: 10-20 fish per 
aquarium (6 aquariums) 
Experiment temperature: 
15°C 
Rate of change: not listed 
Feeding history: fed pellets 
hourly during the light 
period 
Control: N 

Lab Pedersen, 1987 

Juvenile Critical level for both growth rate and food conversion efficiency 
was about 7 mg/L for fish fed maximum rations. 

7 Sample size: 10-20 fish per 
aquarium (6 aquariums) 

Lab Pedersen, 1987 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Experiment temperature: 
15°C 
Rate of change: not listed 
Feeding history: fed pellets 
hourly during the light 
period 
Control: N 

Juvenile Fish consumed 29% less food under hypoxia than normoxia Hypoxia = 6  
 
Normoxia = 
10.2  

Sample size: 30 fish per 
tank (12 tanks) 
Experiment temperature: 
13.8°C 
Rate of change: NA 
Feeding history: two diet 
treatments, balanced vs. 
imbalanced amino acids. 
More info on diets can be 
found in the article 
Control: Y; control in 
normoxic conditions 

Lab Saravanan et 
al., 2013 

Adult Nucleotides in liver (ATP, ADP, AMP, IMP) were significantly 
affected by the dissolved oxygen treatments and the 
confinement stress in contrast to the muscle nucleotides which 
were not 

Hyperoxia = 
13  
 
normoxia = 
10  
 
hypoxia = 6.5  

Sample size: not listed 
Experiment temperature: 
13-15°C 
Rate of change: NA 
Feeding history: not listed 
Control: Y; Three groups, 
hyperoxia (13 mg/L), 
normoxia (10 mg/L), and 
hypoxia (6.5 mg/L) and 
indicators of stress were 
measured 

Lab Caldwell & 
Hinshaw, 1994 

Adult 
(inferred)  

Peak metabolic rate during the recovery was reduced from 253 
to 127 mg O2/kg/h in hypoxia compared with normoxia. 

30% air 
saturation 

Sample size: 16 fish in 
hypoxic recovery; 16 fish in 
normoxic recovery 
Experiment temperature: 
10°C 
Rate of change: ~5 minutes 

Lab Svendsen et al., 
2012 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

between oxygen level 
changes 
Feeding history: fed to 
satiation twice a day on 
pellets (Ecolife 3mm). 
Control: Y; recovery from 
severe hypoxia (10% air 
saturation) in normoxic 
water (95% air saturation) 
vs hypoxic water (30% air 
saturation) 

Adult 
(inferred)  

Metabolic recovery lasted 5.2 h in normoxia and 9.8 h in 
hypoxia. 

30% air 
saturation 

Sample size: 16 fish in 
hypoxic recovery; 16 fish in 
normoxic recovery 
Experiment temperature: 
10°C 
Rate of change: ~5 minutes 
between oxygen level 
changes 
Feeding history: fed to 
satiation twice a day on 
pellets (Ecolife 3mm). 
Control: Y; recovery from 
severe hypoxia (10% air 
saturation) in normoxic 
water (95% air saturation) 
vs hypoxic water (30% air 
saturation) 

Lab Svendsen et al., 
2012 

Adult 
(inferred)  

Critical oxygen saturation level, the DO threshold at which 
standard metabolic rate becomes limited by DO (aerobic scope 
declines to zero), is 13.5% air saturation 

13.5% air 
saturation 

Sample size: 16 fish in 
hypoxic recovery; 16 fish in 
normoxic recovery 
Experiment temperature: 
10°C 
Rate of change: ~5 minutes 
between oxygen level 
changes 

Lab Svendsen et al., 
2012 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Feeding history: fed to 
satiation twice a day on 
pellets (Ecolife 3mm). 
Control: Y; recovery from 
severe hypoxia (10% air 
saturation) in normoxic 
water (95% air saturation) 
vs hypoxic water (30% air 
saturation) 

Adult 
(inferred) 

A reduction in the oxygen consumption rate of up to 60% of the 
initial value was observed at 3.5 mg/L 

3.5 Sample size: 5 groups of 5 
fish 
Experiment temperature: 
11°C 
Rate of change: NA 
Feeding history: not listed 
Control: Y; 5 fish kept at 
DO level of 8.7 mg/L 

Lab Valenzuela et 
al., 2005 

Adult 
(inferred) 

At levels of 4.8 mg/L and lower, hematocrit was elevated 
compared to the controls 

≤4.8 Sample size: 5 groups of 5 
fish 
Experiment temperature: 
11°C 
Rate of change: NA 
Feeding history: not listed 
Control: Y; 5 fish kept at 
DO level of 8.7 mg/L 

Lab Valenzuela et 
al., 2005 

Adult 
(inferred) 

In hypoxic conditions: food intake was 6% lower, growth rate 
was 8% lower, oxygen consumption was 19% lower, energy 
levels were 5% lower, and lipid contents were 42% lower in 
hypoxic conditions as compared to normoxic conditions. 

Hypoxic = 4.5  
 
Normoxic = 
7.9  

Sample size: 30 fish in each 
of the 12 tanks 
Experiment temperature: 
14°C 
Rate of change: NA 
Feeding history: fed to 
satiation twice a day on 
pellets. More details on 
diets can be found in the 
article. 

Lab Magnoni et al., 
2018 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design 
Considerations 

Study 
Type 

Reference 

Control: Y; Fish fed a 
normal diet at normoxic 
conditions were compared 
to fish with a different diet 
and/or hypoxic conditions 

Adult 
(inferred) 

Digestible energy intake was 40% higher and heat production 
was 23% higher in normoxic fish 

Hypoxic = 4.5  
 
Normoxic = 
7.9  

Sample size: 30 fish in each 
of the 12 tanks 
Experiment temperature: 
14°C 
Rate of change: NA 
Feeding history: fed to 
satiation twice a day on 
pellets. More details on 
diets can be found in the 
article. 
Control: Y; Fish fed a 
normal diet at normoxic 
conditions were compared 
to fish with a different diet 
and/or hypoxic conditions 

Lab Magnoni et al., 
2018 

 

In Situ, Model, and Other Publication Types 
Table 26. Oncorhynchus mykiss (Rainbow Trout) Dissolved Oxygen Data from In Situ, Model, and Other Publication Types 

Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Juvenile Complete winter-kill occurred in Rainbow Trout when oxygen in 
the water column dropped to 1.92 mg/L. 

1.92 Sample Size: not listed 
Temperature: varied from 8 to 
5°C 

In-situ Gnaiger, 1993 

Adult DO on the bottom of pool 2 ranged from 4.3 to 6.7 mg/L over 24 
hours. Fish were present 

4.3 - 6.7 Sample Size: counts ranged from 
1-22 fish per region of the study 
site and day 
Temperature: varied 

In-situ Matthews & 
Berg, 1996 
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Life Stage DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Adult DO on the surface of pool 2 ranged from 4.9 to 9.3 mg/L over 24 
hours. Fish were present 

4.9 - 9.3 Sample Size: counts ranged from 
1-22 fish per region of the study 
site and day 
Temperature: varied 

In-situ Matthews & 
Berg, 1996 

Adult DO in the mean water column of pool 2 ranged from 4.9 to 8.3 
mg/L over 24 hours. Fish were present 

4.9 - 8.3 Sample Size: counts ranged from 
1-22 fish per region of the study 
site and day 
Temperature: varied 

In-situ Matthews & 
Berg, 1996 

Adult DO on the bottom of pool 1 ranged from 3.9 to 7.3 mg/L over 24 
hours. Fish were absent 

3.9 - 7.3 Sample Size: counts ranged from 
1-22 fish per region of the study 
site and day 
Temperature: varied 

In-situ Matthews & 
Berg, 1996 

Adult DO on the surface of pool 1 ranged from 6.9 to 8.5 mg/L over 24 
hours. Fish were absent 

6.9 - 8.5 Sample Size: counts ranged from 
1-22 fish per region of the study 
site and day 
Temperature: varied 

In-situ Matthews & 
Berg, 1996 

Adult DO in the mean water column of pool 1 ranged from 5.9 to 7.9 
mg/L over 24 hours. Fish were absent 

5.9 - 7.9 Sample Size: counts ranged from 
1-22 fish per region of the study 
site and day 
Temperature: varied 

In-situ Matthews & 
Berg, 1996 

Adult 
(inferred) 

O. mykiss preferred areas with DO > 6 mg/L >6.0 Sample Size: 51 
Temperature: varied 

In-situ Barrow & 
Peters, 2001 

Adult 
(inferred) 

Growth rates were higher in lakes with greater volumes of 
favorable habitat (i.e., DO > 6.0 mg/L and temperature < 21°C) 

>6.0 Sample Size: 500 
Temperature: varied 

In-situ Blair et al., 
2013 

Adult 
(inferred) 

Rainbow Trout preferred habitat (dissolved oxygen >5 mg/L and 
temperature 13–19°C), oxygen levels were not limiting prior to 
oxygenation, and oxygenation did not increase preferred habitat 
availability 

>5 Sample Size: not listed 
Temperature: varied 

In-situ Cross et al., 
2017 
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Oncorhynchus clarkii (Cutthroat Trout) 
Temperature studies were not reviewed for cutthroat trout in this report but may be added at a later date. 

Dissolved Oxygen: Juvenile mortality began when DO dropped below 1.9, 1.7, or 2.6 mg/L (depending on prior conditions) (Wagner et al., 2001). 
There was 100% mortality of juveniles at DO concentrations of 1.85 and 1.99 mg/L for 24-hours, 90% mortality at DO concentration of 2.18 mg/L 
for 24-hours; 75% mortality at DO concentration of 2.29 mg/L for 24-hours; and no mortality at DO concentrations of 2.40 and 3.34 mg/L over 
24-hours (Wagner et al., 2001). DO concentrations at loss of equilibrium for juveniles ranged from 2.34 to 1.34 mg/L depending on the 
condition/test (Wagner et al., 2001). 

Dissolved Oxygen 
Laboratory and Review Studies 
Table 27. Oncorhynchus clarkii (Cutthroat Trout) Dissolved Oxygen Data from Laboratory and Review Studies.  

Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Juvenile Mortality began when DO dropped below 1.9 mg/L for test 1. This test 
was constantly declining DO levels. 

≤1.9 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: gradually 
decreased over 6-7 hours 
Feeding history: not fed 96 
hours prior to test 
Control: N 

Lab Wagner et al., 
2001 

Juvenile Mortality began when DO dropped below 1.7 mg/L, and the last fish 
died at 1.2 mg/L for test 2. This test was constantly declining DO levels. 

≤1.7 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: gradually 
decreased over 6-7 hours 
Feeding history: fed up until 
test time 
Control: N 

Lab Wagner et al., 
2001 

Juvenile Mortality began when DO dropped below 2.6 mg/L for tests 3-8. These 
tests were 24 hours at certain DO levels 

≤2.6 Sample size: 10 fish for each 
stock (4 stocks) 

Lab Wagner et al., 
2001 
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Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Experiment temperature: 
~14°C 
Rate of change: NA 
Feeding history: fed up until 
test time 
Control: N 

Juvenile 100% mortality at test 3 for all 4 stocks. This test was 24 hours at DO 
level of 1.85 mg/L. 

1.85 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: NA 
Feeding history: fed up until 
test time 
Control: N 

Lab Wagner et al., 
2001 

Juvenile Near 100% mortality at test 4 for all 4 stocks. This test was 24 hours at 
DO level of 1.99 mg/L. 

1.99 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: NA 
Feeding history: fed up until 
test time 
Control: N 

Lab Wagner et al., 
2001 

Juvenile About 90% mortality for all stocks in test 5 (DO level of 2.18 for 24 
hours) 

2.18 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: NA 
Feeding history: fed up until 
test time 
Control: N 

Lab Wagner et al., 
2001 

Juvenile About 75% mortality for all stocks in test 6 (DO level of 2.29 for 24 
hours) 

2.29 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: NA 

Lab Wagner et al., 
2001 
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Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Feeding history: fed up until 
test time 
Control: N 

Juvenile No mortality for all stocks in test 7 (DO level of 2.40 for 24 hours) 2.40 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: NA 
Feeding history: fed up until 
test time 
Control: N 

Lab Wagner et al., 
2001 

Juvenile No mortality for all stocks in test 8 (DO level of 3.34 for 24 hours) 3.34 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: NA 
Feeding history: fed up until 
test time 
Control: N 

Lab Wagner et al., 
2001 

Juvenile When stocks were pooled, the DO level at loss of equilibrium was 2.34 
mg/L in tests over 24 hours 

2.34 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: NA 
Feeding history: fed up until 
test time 
Control: N 

Lab Wagner et al., 
2001 

Juvenile DO level at loss of equilibrium was 1.34 mg/L in test 1. Time to loss of 
equilibrium ranged from 235-335 minutes. This test was constantly 
declining DO levels. 

1.34 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: gradually 
decreased over 6-7 hours 
Feeding history: not fed 96 
hours prior to test 
Control: N 

Lab Wagner et al., 
2001 
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Life 
Stage 

DO Consideration (Effect) DO Value 
(mg/L) 

Study Design Considerations Study 
Type 

Reference 

Juvenile DO level at loss of equilibrium was 1.39 mg/L in test 2. Time to loss of 
equilibrium ranged from 275-360 minutes. This test was constantly 
declining DO levels. 

1.39 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: gradually 
decreased over 6-7 hours 
Feeding history: fed up until 
test time 
Control: N 

Lab Wagner et al., 
2001 

Juvenile Time to loss of equilibrium ranged from 63-803 minutes in tests 3-8. 
These tests were 24hours of constant DO values ranging from 1.85 to 
3.34 mg/L 

1.85 - 3.34 Sample size: 10 fish for each 
stock (4 stocks) 
Experiment temperature: 
~14°C 
Rate of change: NA 
Feeding history: fed up until 
test time 
Control: N 

Lab Wagner et al., 
2001 

 

In Situ, Model, and Other Publication Types 
None available.  
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