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assessing the role of water quality as
a limiting factor for salmon conservation

and recovery



“Non-point source pollution occurs when rainfall and snowmelt 
wash pollutants… into our rivers and coastal waters… Our failure 
to manage the human activities that affect the nation’s oceans is 
compromising their ecological integrity, diminishing our ability to 
fully realize their potential, costing us jobs and revenue, 
threatening human health, and putting our future at risk” 

“Paved surfaces have created expressways for oil, grease, and 
toxic pollutants into coastal waters.  Every eight months, nearly 
11 million gallons of oil run off our streets and driveways into 
our waters - the equivalent of the Exxon Valdez oil spill” 

- An Ocean Blueprint, Executive Summary 

- America’s Living Oceans, Executive Summary 

Non-point source pollution
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Twenty six salmon and steelhead  
population segments, or Evolutionarily
Significant Units (ESUs), are currently
listed as either threatened or 
endangered under the U.S. 
Endangered Species Act (ESA).

ESA-listed species include:

• coho (Oncorhynchus kisutch)
• chinook (O. tshawytscha)
• chum (O. keta)
• sockeye (O. nerka)
• steelhead (O. mykiss) 
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Evaluating the impacts of pollution on salmon health 

The importance of inter-
relationships between scales 
of biological complexity
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Automobiles as common sources of copper in runoff
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The salmon olfactory nervous system

Gillermo Munro/Seattle Post-Intelligencer

10



Why focus on the salmon nose?

The nose is directly exposed to pollutants.

Receptor neurons are very sensitive.

Basic biology is well understood.

Neurophysiological recordings are straightforward.

Olfaction is linked to survival and reproduction.

Olfaction guides imprinting and homing behaviors.  
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The olfactory organ (rosette) of coho salmon

Age 0 Age 1+

Scanning electron micrographs by Carla Stehr, NOAA Fisheries

= electrode location for neurophysiological field potential recordings
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Hansen & Zielinski. 2005.  



In vivo olfactory recordings
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Baldwin, D.H. and Scholz, N.L. (2005). The electro-olfactogram: an in vivo measure of peripheral olfactory function and sublethal 
neurotoxicity in fish. In: Techniques in Aquatic Toxicology, Volume 2. GK Ostrander (ed.), CRC Press, Inc. Boca Raton, FL. pp. 257-276.



10 -5 M L-serine

10 s

1 mV

post-exposure

Copper exposure (10 μg/L, 30 min)

pre-exposure

(57% reduction)

A

Sublethal copper neurotoxicity in juvenile coho (30 min exposures)

Baldwin. et al., 2003, Environ. Toxicol. Chem. 22:2266
Sandahl et al., 2004, Can. J. Fish. Aquat. Sci. 61:404  15



Conclusions:
• Copper-induced loss of olfactory function occurs very quickly 

(on a timescale of minutes)
• Copper is a general inhibitor - i.e., it knocks out sensory 

pathways that are responsive to different natural odorants

So what?
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Salmon habitat - aquatic community structure 
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Photo by David Sillasen
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belted kingfisher

great blue heron

cutthroat trout

Natural predators on juvenile salmonids in the PNW 
river otter
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Computer-aided analysis of juvenile coho behaviors
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Relative impacts of dissolved copper on juvenile coho
olfactory neurophysiology and predator-avoidance behavior
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Environmental Science and Technology (2007) 
41:2998-3004

Environmental Science and Technology (2008) 
42:2212-2220 23



Conclusions:
• Copper-induced loss of olfactory function occurs very quickly 

(on a timescale of minutes)
• Copper is a general inhibitor - i.e., it knocks out sensory 

pathways that are responsive to different natural odorants 
• Relative impacts of copper on olfaction and olfactory-mediated 

predator avoidance behaviors are closely correlated
• Thresholds for neurobehavioral toxicity are low (e.g., at or 

below 2 μg/L)
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Cross-species extrapolations: hatchery-reared coho to wild-reared steelhead
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The neurotoxic impacts of copper are similar across different species 
and for fish raised in different freshwater environments

Coho data from Sandahl et al., 2007, Environmental Science and Technology, 31:2998-3004.
Steelhead data from Baldwin, Tatara, and Scholz, 200x, manuscript in preparation. 

(animals matched for size and age) 
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Conclusions:
• Copper-induced loss of olfactory function occurs very quickly 

(on a timescale of minutes)
• Copper is a general inhibitor - i.e., it knocks out sensory 

pathways that are responsive to different natural odorants 
• Relative impacts of copper on olfaction and olfactory-mediated 

predator avoidance behaviors are closely correlated
• Thresholds for neurobehavioral toxicity are low (e.g., at or 

below 2 μg/L)
• Olfactory toxicity of copper appears to be similar across 

different species of salmon, steelhead, and trout
• Susceptibility of wild and hatchery-reared fish is similar
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Hardness

Alkalinity

Dissolved Organic Carbon

100% protection from copper toxicity

100% protection

100% protection

50% protection

50% protection

50% protection

McIntyre, J., Baldwin, D.H., Meador, J.P., and Scholz, N.L. (2008).  Chemosensory deprivation in juvenile coho salmon exposed to dissolved 
copper under varying water chemistry conditions. Environmental Science and Technology, 42:1352-1358. 29



Conclusions:
• Copper-induced loss of olfactory function occurs very quickly 

(on a timescale of minutes)
• Copper is a general inhibitor - i.e., it knocks out sensory 

pathways that are responsive to different natural odorants 
• Relative impacts of copper on olfaction and olfactory-mediated 

predator avoidance behaviors are closely correlated
• Thresholds for neurobehavioral toxicity are low (e.g., at or 

below 2 μg/L)
• Olfactory toxicity of copper appears to be similar across 

different species of salmon, steelhead, and trout
• Susceptibility of wild and hatchery-reared fish is similar
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• Influence of water hardness and alkalinity are negligible 
across environmentally relevant ranges in western rivers

• Elevated DOC may provide some measure of protection 
against copper toxicity in certain stream systems



Predator-prey experiments at Big Beef Creek, WA
Spring 2007-2009
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Prey treatment copper exposure (‐3 h 15 min)

Predator acclimation 
(‐1 hr)

Prey acclimation (‐15 min)

Introduce SE (0 s)
Lift prey chamber (30 s)

Lift predator 
divider (50 s)

Latency to Capture Timeline

Per arena:
2 wild cutthroat predators
2 juvenile coho prey

Skin extract (SE) stimulus
Threshold concentration (equivalent of 0.1 ug/L protein)
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When you move you lose1



Copper Affects Survival with Predators

LT50 
(50% Survival Time)

p<0.001

Copp
er



Conclusions continued:
• Copper-exposed juvenile salmon do not respond to sensory 

cues originating from upstream predators
• Salmon that are isolated from chemical predation signals 

suffer higher rates of mortality in predator-prey encounters 

36



*

*
*

*
**

*

**

*
*

*
*

*

*

*

* *

**
*

**
*
*

*

*
*

*
**

*

**

*
*

*
*

*

*

*

* *

**
*

**
*
*

Task 1 - Direct in vivo measures of neurotoxicity
in the salmon olfactory system.

- Toxicity thresholds for dissolved copper
- Extent of neural injury and recovery
- Impacts on critical behaviors

Task 2 - Quantifying the effects of copper on salmon
survival and reproductive success.

- Predator-induced mortality in juveniles
- Spawning behavior and fertilization success

Task 3 - Modeling the impacts of copper on natural 
salmon populations.

- Homing and straying in wild and hatchery fish
- Limits on the productivity of wild populations
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3.2 µg/l Cu

CuSO4 (4 hr)

µg/l Cu2 20
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DASPEI labeling of lateral line neuromasts in larval zebrafish
(four days post-fertilization) 

control copper exposed
(3 hr)
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Photo by Harley Soltes/Seattle Times 40
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