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Another Important 
Consideration: Sublethal 
Effects

- Decreased Fertility
- Altered Growth
- Deformities 
- Slowed or Less Effective  

Movement
- Altered Behavior
- Effects on Organ, Tissue, Cell               

Hormone, or Enzyme Functions
- Genetic Defects



Pacific Salmon Life Cycle

freshwater
3-16 mo.

seawater
6 mo-4yr

spring

fall

artwork by Kathleen Neely



Assessment Endpoints Assessment Measures
Juvenile growth Foraging behav ior

Growth rate
Condition index

Reproduction Courtship behavior
Number of eggs produc ed
Fertilization success

Early development Gastrulation
Organogene sis
Hatching success

Smoltification Anion exchange  (i.e. gill Na+/K+ ATPase
activity)
Blood hormone (i.e. thyroxin)
Salinity tolerance

Disease-induced mortality Immunocompetence
Pathogen prevalence in tissues
Histopathology

Predation-induced mortality Predator detection
Shelter use
Schooling or shoaling behavior

Migration or distribution Use of juvenile rearing habitats
Adult homing behavior
Selection of spawning sites

Salmon-centric toxicological endpoints of potential concern



3 CASE STUDIES

Act 1 - The sublethal effects of carbaryl on 
coastal cutthroat trout

Act 2 - The sensory physiology and behavior 
of juvenile coho exposed to pesticides

Act 3 – Pesticide mixtures and the 
environmental relevance to fish



Pesticide Gets on Fishes Nerves!!!!!!!

U.S. Fish & Wildlife Service – Western Washington 
Fish & Wildlife Office, Lacey WA
NOAA Fisheries-National Marine Fisheries Service 
Northwest Fisheries Science Center, Seattle WA



Carbamates and 
Organophosphates  (OPs)

• Phase out older 
pesticides for the next 
generation

• Inhibit AChE – i.e. disrupt 
neurological function.

Examples
Carbaryl
Carbofuran
Aldicarb
Diazinon
Azinphos-methyl
Parathion



Overviewof the nervous system



Organophosphorus and 
Carbamate Insecticides
(Anticholinesterases)



Wild Coastal Cutthroat Trout (CCT)



Carbaryl applications to tidelands in Willapa Bay and Grays 
Harbor, Washington seasonal applications to control 

burrowing/ghost shrimp on oyster beds

applied by hand and helicopter spray

surface water concentrations can 
range from 1 to 1,000 μg/L on the day of 
spray (>2500 μg/L have been measured)

Willapa Bay provides summer rearing 
habitat for several species of  
anadromous salmonids, including coastal 
cutthroat trout

the sublethal effects of carbaryl on 
salmonids have not been investigated 



EPA’s Carbaryl IRED – Oct. 2004
• Estuarine/Marine Fish – …no data with which to 

evaluate the chronic toxicity… These data 
requirements are still outstanding.”

• Section 24c Use to Control Burrowing Shrimp –
“Although concern has been raised regarding this 
use and its potential impact to nontarget animals 
outside the treated areas, very little data have been 
provided to substantiate these concerns. …. But 
potential nontarget acute and chronic effects are 
remote given the relatively small number of acres 
treated and the rapid degradation of carbaryl 
from biotic and abiotic factors combined with the 
dilution from a relatively large influx of water.”

• Settlement Agreement – a phase-out (by 2012) of 
the use of carbaryl on oyster beds in Willapa Bay 
& Grays Harbor while alternatives are sought.



Relevant Federal Statutes

Species-centric:

Chemical-centric:

Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA)

Clean Water Act (CWA) 

Endangered Species Act (ESA)

Magnuson-Stevens Act (Essential Fish Habitat; EFH)



Key considerations under 
Endangered Species Act

• Impacts on salmonid Habitat
• Impacts on salmonid Health

(Species-centric)



Impacts on salmonid Health
Assessment endpoints specific to

salmonid health

low quality
low relevance

high quality
low relevance

low quality
high relevance

high quality
high relevance



Cutthroat Trout from WDFW’s Eells Springs Hatchery





Year 1 Objectives

1. Can salmonids smell carbaryl (do smolts have 
an olfactory response to carbaryl)?

2. Do salmonids avoid carbaryl-contaminated 
seawater?

3. What are the effects of short-term exposures on 
acetylcholinesterase activity in brain and 
muscle?

4. What is the time course for carbaryl’s effects 
and how long does it take the fish to recover?

- Fish were age (class) 1
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Two-choice Chamber for Measuring 
Behavioral Avoidance
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Exposure Trailer

Short-term Exposure Methodology
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Time to Effect – Time to Recovery
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Year 1 results: 
Cutthroat trout do not show a measurable olfactory
response to carbaryl

Animals do not avoid carbaryl in a two-choice test
(but they do avoid copper)

A six-hour exposure is sufficient to produce a dose-
dependent inhibition of brain and muscle AChE

The onset of cholinesterase inhibition is rapid, and 
fish gradually recover when returned to clean seawater 

Year 2 & 3 investigations (behavioral and ecological performance)…



Year 2 Objective
Does carbaryl exposure affect the swimming 

performance of salmonids?



Blazka-style swimming chambers



SCORING for Swimming Performance

PASS FAIL





Percent Trout which Passed Swimming Start-up Bioassay

100%92% 29% 24% 23%

# % = percent AChE activity as 
compared to carrier control



Year 2 results:

Exposures to 
nominal carbaryl 
concentrations > 750 
ppb did significantly 
affect swimming 
performance of 
cutthroat trout as 
measured in the 
swimming start-up 
bioassay

Year 3 investigation (ecological relevance)



Year 3 Objective
Does carbaryl exposure render salmonids 

more vulnerable to predation?



Predator - Lingcod



Prey – Cutthroat Trout

unclipped

clipped



Acclimation for Predator 
Avoidance Assay



Prey are Released



Prey Meets Predator



Evade or….be Eaten

Control Fish? Dosed Fish?
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Year 3 results:
Exposures to nominal carbaryl concentrations >

500 ppb did significantly affect the salmonids' 
vulnerability to predation from lingcod



% AChE activity as compared to carrier control

Relative Rates of Predation Versus AChE Activity
i.e. correlation between neurotoxicity and 

behavioral impairment
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http://www.int-res.com/articles/feature/m329p001.pdf



3 CASE STUDIES

Act 1 - The sublethal effects of carbaryl on 
coastal cutthroat trout

Act 2 - The sensory physiology and behavior 
of juvenile coho exposed to pesticides

Act 3 – Pesticide mixtures and the 
environmental relevance to fish



Photo by Desmond Maynard



olfactory nerve
olfactory bulb

telencephalon

olfactory rosette

The salmon olfactory nervous system

Gillermo Munro/Seattle Post-Intelligencer



Why use the salmon nose as a screen for sublethal 
neurotoxicity effects?

• Olfactory receptor neurons (ORNs) are directly 
exposed to contaminants in salmon habitat.

• Olfactory function has been linked to the performance 
and fitness of salmonids (e.g., predator avoidance, 
reproductive priming, etc.).

• A salmon’s sense of smell determines, in part, the long-
term genetic integrity of wild populations (homing).



Hwuang et al. UC Davis. Highway runoff.

Copper is a 
common aquatic 

contaminant
E.g. Urban stormwater

mostly brake pads 

Stormwater 
0-80 μg/L

Background 
<5 μg/L

Median = 18 μg/L



The Big Picture

Increasing com
plexity

Easy to measure effects

Sublethal Effects
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Does sublethal copper exposure affect survival?

Linking effects across levels of complexity



Copper is neurotoxic

Peripheral sensory system

Mechanosensation
(lateral line)

Olfaction
(smell)

Gustation
(taste)

Linbo et al. 2006. ET&C

Control Fish Copper-exposed

Sensory 
neurons 

destroyed 

Hair 
cells 
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10 -5 M L-serine

10 s

1 mV

post-exposure

Copper exposure (10 μg/L, 30 min)

pre-exposure

(57% reduction)

Sublethal copper neurotoxicity in juvenile coho 
salmon (30 min exposures)

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

Short exposure durations and low concentrations

Recording 
electrode



Olfaction

Olfactory-mediated behaviors

Defense Feeding Socializing Migration Reproduction

E.g. Alarm Response to Olfactory Cue

Peripheral sensory system

Sub-Lethal Effects of Copper



Schreckstoff = alarm cue in fish skin

Alarm response = freezing

Released by mechanical damage
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Olfactory cues Behaviors



computer
w/monitor

TV
monitor

observation tank
two opaque walls
circulation pump

front view

left view

DV camcorder

digital camera

digital camera

injection line

plastic sheeting

Computer-aided analysis of juvenile coho behaviors



Copper Impacts Alarm Behavior

No copper

Copper

Skin extract added

Freeze

No freeze
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Sandahl et al. 2007. ES&T 41: 2998

≥5 µg/L Copper 
= Not alarmed

Copper-exposed fish were not 
alarmed by skin extract

No copper = alarmed
%
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Environmental Relevance?

Copper Impacts Alarm Behavior



Linking copper effects on 
behavior to survival



Skin extract tubing

Predator chamber: 
2 wild cutthroat (1h)

Experimental Arena 2008

Prey chamber: 
2 juvenile coho (15 min)



When you move you lose



The Big Picture

ecology
Increasing com

plexity

Sandahl et al. 2007. ES&T.

Olfactory-mediated behaviors:

• Defense

Next Step: Population Modeling

Hansen et al. 1999; Baldwin et al. 2003

• Homing

• Imprinting

• Mating

Linking sublethal impacts of copper to survival



Major finding: low level exposures to copper in stormwater can have 
important sublethal impacts on salmon behavior and survival







Focus on two major classes of current use insecticides

Organophosphates (e.g., chlorpyrifos, diazinon, malathion)

Carbamates (e.g., carbaryl, carbofuran)

• Neurotoxic to both humans and wildlife

• Act by inhibiting the brain enzyme
acetylcholinesterase (AChE)

• Disrupt several important behaviors in 
salmonids

Homeowner use of diazinon and chlorpyrifos was phased out several years ago
due to human health concerns (particularly children), but use is still high for many
crops in western agricultural watersheds. 



Urban
Agriculture
Rangeland
Forest
Water and Wetlands
Other
Main stem Yakima River

Subbasin boundary

Subbasin name

Study area boundary

Land use and land cover for subbasins in the Yakima River Basin (from Rinella et al., 1999).

(Modified from Rinella et al., 1999)

= pesticides with EPA Aquatic Life Criteria

USGS surface water pesticide detections

Surface water quality in the Yakima River Basin



The sublethal impacts of 
chlorpyrifos on juvenile salmonids 
- Hood River, OR 

2003 laboratory study design:
• juvenile coho (parr)
• 96 hr continuous exposures
• 24 hr static renewal
• nominal & measured pesticide concentrations
• computer-driven digital analyses of behavior

Monitored:
• muscle AChE activity 
• baseline swimming behavior
• feeding behavior (rate of food strikes)

(Sandahl et al., 2005 Environmental Toxicology and 
Chemistry, Vol. 24, No. 1, pp. 136–145)



BMC10

0.4 0.6

Impact of chlorpyrifos (96 hr) on coho AChE enzymatic activity



Chlorpyrifos exposure reduces brain and 
muscle acetylcholinesterase activity in 
juvenile salmon.

So what?

Are these reductions in enzyme activity 
correlated with impacts on behavior?

AChE activity as an indicator of exposure vs. 
an indicator of effect.



computer
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Computer-aided analysis of juvenile coho behaviors



control 1.2 µg/L
chlorpyrifos



brine shrimp added

brine shrimp added

Juvenile salmon exposed to a single pesticide (chlorpyrifos)
are lethargic and eat less



BMC10 = 0.4 µg/LBMC10 = 0.3 µg/L

Impacts of chlorpyrifos (96 hr) on the behavior of coho

swimming feeding



Swimming and feeding depression are 
closely correlated with AChE inhibition

swimming feeding

Sandahl, J.F., Baldwin, D.H., Jenkins, J.J., and Scholz, N.L. (2005). Environmental Toxicology and Chemistry, 24:136-145.

μg/L chlorpyrifos



Why do we care about reduced feeding behavior?

reduced feeding behavior

slower juvenile growth

reduced ration

smaller size at ocean migration

reduced ocean survival (size-selective predation)

lower individual ocean survival rates

less productive wild populations over time

slower recovery of ESA-listed species

model

model



3 CASE STUDIES

Act 1 - The sublethal effects of carbaryl on 
coastal cutthroat trout

Act 2 - The sensory physiology and behavior 
of juvenile coho exposed to pesticides

Act 3 – Pesticide mixtures and the 
environmental relevance to fish



Uncertainty Example
Typical Problem - Mixtures

The disconnect between single-chemical 
aquatic life criteria and/or toxicological 
thresholds and actual ecological conditions 
in salmonid habitat.

The USGS’ NAWQA program found that 
>50% of all surface water samples contain 
mixtures of five or more pesticides (USGS 
Circular1225).



Gilliom, RJ. 2007. Pesticides in U.S. Streams and Groundwater.
Environmental Science and Technology 41(10), 3409-3414.

Pesticides frequently occur as complex mixtures

Agricultural streams had 
3 or more pesticides 90% 
of the time.

Urban streams had
9 or more pesticides 
25% of the time

Frequency of pesticides in water



Insecticides are frequently detected in surface waters 
that also provide salmonid habitat.

NAWQA Study AreaDiazinon Malathion Chlorpyrifos Carbaryl Carbofuran
Puget Sound 48% D 3% D D

Central Columbia 4% 2% 9% 6% 5%
Yakima River 18% D D 90% ND
Willamette 35% 5% 21% 18% 29%

Sacramento River 75% 33% 38% 60% 36%
San Joaquin-Tulare 71% 8% 52% 25% 5%

D= detected, frequency not reported
ND=not detected

Frequency of Insecticide Detections in Surface Water

Data from U.S. Geological Survey NAWQA Circulars 1237, 1159, 1161, 1216, 1144 and 1215
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Potential Neurobehavioral 
Toxicity of Pesticide Mixtures



Pesticide Mixtures Alter Neurological Function 
and Swimming Behavior of Juvenile Coho 

Salmon

Cathy Laetz, David Baldwin, and Nathaniel Scholz
NOAA Fisheries, NWFSC, Seattle

John Stark
Washington State University, Puyallup



Individual dose-response curves Pooled data (IC50-normalized)

Acetylcholinesterase (AChE) inhibition in vitro



Hypothesis:
Pesticide mixtures produce additive AChE inhibition



Inhibition of AChE is dose-additive after in vitro exposure to mixtures 
of organophosphate and carbamate insecticides.

Scholz et al., 2006, Environ. Toxicol. Chem., 25(5)

Results

Binary mixtures are dose-additive

What about in vivo exposure to mixtures?



Study Objective

Determine whether brain AChE activities in juvenile 
coho salmon (Oncorhynchus kisutch) are dose-
additive after in vivo exposure to binary mixtures of 
carbamate and organophosphate insecticides.

New Hypothesis

C. Laetz, NOAA-Fisheries 

NW Fisheries Science Center 

Seattle, WA



In vivo exposures to anti-cholinesterase insecticides

Study design:
• juvenile coho (age 0+)
• 96 hr exposures (n=8 fish at each concentration)
• 24 hr static-renewal
• individual pesticides and binary mixtures
• water and vehicle controls
• measured exposure concentrations
• AChE activity measured using modified Ellman 
procedure

Insecticides:
• carbaryl 
• carbofuran
• diazinon
• chlorpyrifos
• malathion

Methods - Study Design

Washington State University, Puyallup



Quantitative basis for determining dose-addition
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Single pesticides produce dose-dependent inhibition of AChE

0.4

y = (100)/(1+xslope)
possible results
of the binary mixture

antagonism

addition

two single
pesticides
(both at 0.2)

synergism

0.01 100.1 1
EC50 (normalized)

0

20

40

60

80

100

120

Results 

antagonism

synergism



Pesticide mixtures are additive or synergistic
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Carbamate (CB) and 
organophosphate (OP)
insecticides bind to AChE, 
inhibiting its ability to 
terminate synaptic 
transmission.

In fish, symptoms of AChE 
inhibition include lethargy, 
loss of orientation, 
increased mucus 
production, and excitability.

Results



All fish exposed to 
the highest 
concentrations of the  
diazinon-malathion 
mixtures died within 
24 hours.

Fish survived 
exposure to the 
lowest 
concentrations of 
that mixture, but 
displayed loss of 
equilibrium, lethargy, 
and AChE inhibition 
> 80%.

Mortality at sublethal concentrations

Results



100% mortality (M) 

Laetz et al., 2009. Environmental Health 
Perspectives 117(3), 348-353.

Pesticide mixtures can be synergistic

Several mixtures showed greater 
inhibition than expected for dose 
addition.

Some mixtures of OP insecticides 
were lethal at concentrations that 
were sublethal when applied 
singly.



Summary 

Implications 
Single chemical ecological risk assessments will underestimate actual 
impacts on ESA-listed salmonids where mixtures occur.

Due to a potential for synergism, pesticide mixtures may be a more 
important obstacle to salmonid recovery than previously appreciated.

Mixtures of neurotoxic pesticides are common in fresh waters that 
provide habitats for threatened salmonid species.

Exposures to pesticide mixtures produced either additive or 
synergistic toxicity, with some combinations being unexpectedly lethal.

Fish behavior, as measured by spontaneous swimming speed, was 
significantly impacted at low pesticide concentrations.



Relevant Papers by NOAA’s NWFSC in Seattle, WA

The Synergistic Toxicity of 
Pesticide Mixtures:

Implications for Risk 
Assessment and the 
Conservation of Endangered 
Pacific Salmon

Environmental Health 
Perspectives Vol. 117, No. 3, 
pp. 348-353, 2009 

http://www.ehponline.org/doc
s/2008/0800096/abstract.html

Dose-additive Inhibition of 
Chinook Salmon 
Acetylcholinesterase Activity 
by Mixtures of 
Organophosphate and 
Carbamate Insecticides

Environmental Toxicology 
and Chemistry, Vol. 25, No. 5, 
pp. 1200–1207, 2006



Chemical Habitat Quality and Fish Health
organochlorines

metals

phthalates

PCBs

current use pesticides

dioxins

organobrominespharmaceuticals

PAHs DDTs

antibiotics synthetic hormones

nervous system function and behavior

immune function and pathogen resistance

pathology and disease early development

reproductive and endocrine function

hazard assessment and risk modeling

ling cod

surf smelt

steelhead
northern anchovy

Pacific herring
coho salmon

delta smelt

canary rockfish



Questions?
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