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34.2 μg/L (low)
53.8 μg/L (medium)
58.5 μg/L (high)

Copper (traffic volume):





Stormwater:
an important source of contaminants

• Pesticides (herbicides & insecticides)
• Oil and grease (PAHs)
• Metals (e.g. zinc, copper, cadmium)
• PCBs
• Soaps
• Fertilizers
• Cyanide
• Others…

Contaminants include:

Rapidly being acknowledged as major source 
of habitat degradation in coastal areas
(PEW Oceans Commission. 2003. Report to U.S. Congress)



• Pathogens/Disease?
• Acute toxicity?
• Water Chemistry?
• Nutrition?
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Ecological Impacts of Stormwater Run-off on 

Salmonids in Restored Urban Streams
Primary Partners:
U.S. Fish & Wildlife Service - WFWO
NOAA Fisheries  - NWFSC
University of Washington - SAFS

City of Seattle  - SPU
King County
EPA – Region 10



Thirty one salmon, trout and steelhead 
populations, 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) 
• bull trout (Salvelinus confluentus) 



Pacific Salmonids
• Many stocks are in steep 

decline in the western United 
States 

• Loss or deterioration of 
critical habitat is a 
contributing factor

• Impacts of non-point source 
pollution are a key uncertainty

• Efforts to restore or improve 
salmon habitats are underway

• >$1 billion expended by the 
U.S. government on habitat to 
date

• Various entities have invested 
>$25 million on urban stream 
restoration in Seattle area 

From Salmon Nation, 1999, Ecotrust Publishers

Distinct population segments of bull trout, chinook, 
coho, sockeye, steelhead, and chum are currently listed 
as threatened or endangered under the U.S. 
Endangered Species Act  



“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” 

“Today, non-point sources represent the 
greatest pollution threat to our oceans and 
coasts… the situation requires that we apply 
new thinking about the connection between 
the land and the sea, and the role watersheds 
play in providing habitat and reducing 
pollution” 

- An Ocean Blueprint

- America’s Living Oceans

Non-point source pollution



Seattle Times, 5/11/08





Coho salmon life cycleHigher Risk of Stormwater Impacts



Stream Restoration
• Many Puget Sound 

area streams restored 
to enable fish passage 
in 1990’s

Pre-Restoration (1999)

Post-Restoration (2000)

• Post-project monitoring 
efforts revealed adult 
coho salmon pre-spawn 
mortality phenomenon 
in fish returning to 
spawn in restored urban 
streams



Normal spawning behavior




Symptomatic coho, Piper’s Creek, Seattle, Fall 2000




Symptoms associated with PSM

• Gaping
• Splayed fins
• Spasming
• Loss of equilibrium
• Disorientation

• Acute symptoms rapidly followed by death



Study Objective
Carefully document the overall rates of coho pre-spawn 
mortality in a representative urban stream and a reference 

(non-urban) stream via continuous daily surveys.

Longfellow Creek
(urban - restored)

West Seattle

Fortson Creek
(non-urban)

Stillaguamish River



Coho salmon life cycle



Longfellow Creek



Fortson Creek



The Longfellow Creek watershed

accessible spawning habitat for coho

stormwater outfalls



Methods
• Conduct daily spawner surveys

• Record location, species, 
gender, length/weight, spawning 
condition, and % egg retention 
in females

• Collect tissue (brain, blood, 
gills, bile, liver, pyloric caeca, 
intestine, heart, kidney) from 
live symptomatic males and 
females and dead females

• Screen samples for evidence of 
disease, vitamin deficiency, 
pesticide exposure, and 
hydrocarbon exposure

• Test water quality for 
conventional contaminants 
(PAHs, metals, pesticides, etc.)



Water Quality Measurements

• Total suspended solids

• Temperature

• Dissolved oxygen

• Ammonia

• Total and dissolved metals

• Total hardness

• Semi-volatile organic compounds 
– Includes phenols and PAHs

• Pesticides

• Polychlorinated biphenyls (PCBs)



Overall rates of pre-spawn mortality for 
2002-09 (all females): 

Site Year N PSM

Longfellow Creek 2002 57 86%

2003 18 67%

2004 9 89%

2005 75 72%

2006 4 100%*

2007 41 73%

2008 12 67%

2009 44 79%

Fortson Creek 2002 114 <1%

*Low sample size & abnormal 
weather patterns in 2006



Documented pre-spawn mortality in 
Longfellow Creek, Fall 2002

Dead and symptomatic females (pre-spawn)

Dead females (spawned out)

n = 64

n = 8
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* = no sampling (high flows)



Longfellow Creek 2005

Longfellow Creek 2002

Coho PSM is recurrent
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PSM Incidence in the Puget Sound region



Longfellow Creek 2005

Des Moines Creek 2004Longfellow Creek 2003

Coho pre-spawn mortality (PSM) is 
widespread and recurrent in urban streams

Coho PSM rates measured 
to date in Seattle-area 

urban streams have 
ranged from ~ 25 – 90% of 
the total run (2002-2009)



Pre-spawn mortality
Results:
• PSM consistently observed in Puget 

Sound coho over the past 8+ years.

• Conventional water quality parameters 
(temperature, dissolved oxygen, 
sediment, etc.) do not appear to be 
causal.

• Chemical contaminants are present in 
urban stormwater, but at levels lower 
than those expected to cause acute 
mortality.

• There is no evidence of disease or 
pathology, and dying fish appear to be in 
good physical condition (ocean bright, 
good condition index).

• All affected fish exhibit neurological 
symptoms before they die.

• Most fish in Longfellow Creek appear to 
be hatchery strays.  Annual returns to 
other streams have typically been low.



A focus on freshwater coho life stages



Experimental filtration of urban runoff

Stormwater research on Longfellow Creek, West Seattle



Pilot Studies

1. Embryonic and juvenile development: How are 
embryos and juveniles in urban streams developing in 
the presence of stormwater runoff/non-point source 
pollution?

2. Population modeling: How will PSM affect coho 
salmon population size in the future?

3. Land use analyses: Can we correlate occurrence of 
PSM with land use patterns?

4. Climate relationships: Is PSM related to climate or 
rainfall patterns?



Coho salmon life cycle



1. Embryonic Development
Embryo toxicity studies

– Investigate effects of 
urban stormwater runoff 
on coho and chinook 
embryos

– Incubate embryos in 
filtered and unfiltered 
stream water from 
Longfellow Creek



27.5±1.3 mm
N=138
(77 dpf)

25.5±2.2 mm
N=111
(77 dpf)

Total body lengths at hatching stages were smaller 
for fish raised in unfiltered stream water

filtered 63 dpf

unfiltered 63 dpf



Embryonic Development
Embryo toxicity studies

– Embryos exposed to unfiltered stream 
water had higher rates of developmental 
defects and mortality than embryos 
exposed to filtered stream water
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50%
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35 dpf 51 dpf 62 dpf

filtered

unfiltered

Stage-specific mortality (eyed embryos only)





Urban runoff is toxic to coho embryos

Longfellow Creek experimental facility, ~ 50 days of development



Coho salmon life cycle



Urban stormwater limits food for coho

Filtered vs Unfiltered Stream Experiment



Stream insects (juvenile coho prey) are 
very sensitive to toxic runoff

• Urban streams are generally poor habitats for insects

• This reduces food available for juvenile coho growth

• Less growth reduces overall size at ocean migration

• Smaller salmon have a lower rate of survival 



Pilot Studies

1. Embryonic and juvenile development: How are 
embryos and juveniles in urban streams developing in 
the presence of stormwater runoff/non-point source 
pollution?

2. Population modeling: How will PSM affect coho 
salmon population size in the future?

3. Land use analyses: Can we correlate occurrence of 
PSM with land use patterns?

4. Climate relationships: Is PSM related to climate or 
rainfall patterns?



2. Coho life-history model
1 2 3

reproduction

survivalsurvival

PSM

n (t) =
n1
n2
n3

→

Abundance Vector   

n (t+1) = A n (t)
→ →

Projection Equation

• 3-year age structure, with  
reproduction at age 3 
• First-year survival density 
dependent
• Sole perturbation is PSM at 
reproduction
• 50-year projections, 1000 reps
• Outputs: adult abundance 
and time to extinction  
• Initial conditions: a viable 
population with 3300 adults 

Projection Matrix

A =
0            0      3→1
1→2 0 0
0        2→3         0
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Influence of gradual increases in PSM on 
coho population abundance

increase to 75% PSM 
over 20 years
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Population Modeling
Population modeling

– Basic coho models incorporating PSM 
demonstrate the potential for rapid loss 
of localized populations in urban 
streams from nonpoint and stormwater 
sources
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Pilot Studies

1. Embryonic and juvenile development: How are 
embryos and juveniles in urban streams developing in 
the presence of stormwater runoff/non-point source 
pollution?

2. Population modeling: How will PSM affect coho 
salmon population size in the future?

3. Land use analyses: Can we correlate occurrence of 
PSM with land use patterns?

4. Climate relationships: Is PSM related to climate or 
rainfall patterns?



Pre-spawn Mortality Data

GIS (Habitat)
Data layers

Overlay GIS
Data layers with
Drainage Basins

Statistical
Analyses

• Most Correlated         
Variables

• Predictive Model of Pre-
spawn Mortality

Model 
Overview

Coho
PSM

3. Spatial analysis of land 
use correlated with PSM



Land use and Land Cover

Piper’s Creek

Piper’s
Catchment Delineation

23%
53%
7%
13%
4%
0%
0%



Geospatial (GIS) Data layers
Land Use and Land Cover

– UW Rapid Land Cover
– UW Prism 2002 Land Cover
– King County Impervious/Impacted Surfaces
– King County Tax Parcels - Property Type

Roads
– Surface Area (estimated)

• King County Street Network
• Puget Sound Regional Council (PSRC)

– Traffic Intensity (modeled)
• PSRC Modeled Average Week Day Traffic
• Washington State Dept of Transportation
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Potential Predictor Variable Adj. R2 P value

UW Rapid Land Cover Classification (1998 LANDSAT) Forested 0.755 0.015

Mixed Deciduous 0.859 0.005

"Total Forested" 0.766 0.014

All Arterials 0.903 0.002

Minor Arterials 0.889 0.003

Surface 0.769 0.014

Freeway 0.616 0.040

All Arterials 0.943 0.001

Primary Arterials 0.929 0.001

Total Road Surface 0.646 0.034

Minor Arterials 0.925 0.001

Primary Arterials 0.665 0.030

Total Modeled Traffic 0.586 0.047

Urb-Principal Arterial 0.861 0.005

Urban-Minor Arterial 0.820 0.008

Total Modeled Traffic 0.673 0.028

All Arterials 0.625 0.038

Washington State
Department of Transportation

Mean Daily Vehicle Miles Traveled

UW Prism Classification
(2002 LANDSAT)

King
County
Street

Network

Puget Sound
Regional Council

(PSRC)

PSRC Modeled
Average Week

Day Traffic



Heavily Used Roads (Arterials)
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Predictive Model of
Pre-spawn Mortality

y = 19.29x – 0.04

x = fraction of drainage 
basin covered by arterials



Predictive Model of
Pre-spawn Mortality



Generalized Linear Mixed-Effects Models (GLMMs)

© 1998 G. Meixner © 2006 K. Menzie 



Model Building

Constructed a set of 139 candidate models

1. all combinations of the 12 predictors taken one, two, 
three or four at a time

2. model could include at most one predictor from each of 
the four categories (land cover, impervious surfaces, 
property types, and roadways)

3. excluded combinations of predictors that had a pairwise 
Spearman rank correlation exceeding 0.9 in absolute 
value

4. candidate set included an intercept-only model as a 
no-effect baseline against which we could assess the 
predictive power of the variables.



Model Fit



Model Summary
Datalayer Variable

AICc
weight

Impervious Impervious surfaces 0.7158

Roadways Local roads 0.5647

Property type Commercial 0.5107

Land cover Dense urban 0.3865

Property type Apartments & condominiums 0.2409

Roadways Heavily used roads 0.2019

Land cover Forest 0.1163

Land cover Light to medium urban 0.1149

Land cover Grass, shrubs & crops 0.0993

Property type Residential 0.0975

Property type Industrial 0.0547

Property type Parks & open space 0.0000



Predictive Model
Used the fitted models to build a map of predicted coho
spawner mortality throughout much of the Puget Sound 
lowlands
Applied GLMM equations (37) to geospatial data from 
unmonitored catchments
Used catchments delineated in the National Hydrography
Dataset (NHD) Plus as the underlying mapping unit
Intersected the NHDPlus datalayer with each of the 
landscape datalayers used in the statistical analyses
Calculated the proportion of each catchment that was 
covered by the selected landscape variable
Generated predicted values of the proportion of pre-spawn 
mortalities from each model in the 95% confidence set and 
then model-averaged these values using the normalized 
Akaike weights 
Divided the calculated rates of likely coho die-offs into three 
bins: ≤10%, 10-50%, and ≥50%. 



Predictive Model of Pre-spawn Mortality

Sites

≤ 10%
10 – 50%
≥ 50%



Land Use Summary/Conclusions
• Pre-spawn mortality rates are 

strongly correlated with road density

• Cannot conclude which substance(s) 
are the culprit (i.e. what it is about 
roads that is the problem)

• A large area of the Puget Sound 
basin is already affected



Pilot Studies

1. Embryonic and juvenile development: How are 
embryos and juveniles in urban streams developing in 
the presence of stormwater runoff/non-point source 
pollution?

2. Population modeling: How will PSM affect coho 
salmon population size in the future?

3. Land use analyses: Can we correlate occurrence of 
PSM with land use patterns?

4. Climate relationships: Is PSM related to climate or 
rainfall patterns?



Seattle

Olympia

• Measured rainfall at 
Longfellow Creek 
during fall 2002-07 

• Compared cumulative 
rainfall with PSM rates

4. Precipitation Influence



Precipitation Correlation
How do weather patterns affect PSM among years?

*rainfall measured 1 week before first fish arrival to last fish



The case for water quality:
• Pre-spawn mortality is closely associated with small 

streams that are receiving waters for urban 
stormwater discharges.

• Symptomatic fish show signs of acute neurological distress, and 
coho often die within hours of entering spawning habitat.

• Dead fish show no signs of disease or pathogens that might be 
expected to be lethal.  Conventional water quality parameters 
(e.g., temperature, dissolved oxygen) are also unlikely to be 
involved.

• Initial evidence indicates that the severity of pre-spawn mortality 
is linked to the amount and timing of fall rains. In certain years 
(i.e., 2002), fish only survived to spawn after several rain events.

• Initial evidence indicates that the severity of pre-spawn mortality 
is linked common sources of non-point source pollutants (e.g., 
roads).



http://coastalstorms.noaa.gov/stormwater/



PUBLICATIONS

http://www.nwfsc.noaa.gov/research/divisions/ec/ecotox/movies/cohopsm.cfm

-Recurrent Die-Offs of Adult Coho Salmon Returning to
Spawn in Puget Sound Lowland Urban Streams
PLoS ONE 6(12): e28013. doi:10.1371/journal.pone.0028013

-Landscape Ecotoxicology of Coho Salmon Spawner 
Mortality in Urban Streams
PLoS ONE 6(8): e23424. doi:10.1371/journal.pone.0023424

-Estimating the Future Decline of Wild Coho Salmon
Populations Resulting from Early Spawner Die-Offs in
Urbanizing Watersheds of the Pacific Northwest, USA
Integrated Environmental Assessment and Management 9999, 2011 SETAC or
wileyonlinelibrary.com - DOI: 10.1002/ieam.219



Questions?
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