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Abst ract

Several Seattle-area streams in Puget Sound were the focus of habitat restoration projects in the 1990s. Post-project
effectiveness monitoring surveys revealed anomalous behaviors among adult coho salmon returning to spawn in restored
reaches. These included erratic surface swimming, gaping, fin splaying, and loss of orientation and equilibrium. Affected fish
died within hours, and female carcasses generally showed high rates (. 90%) of egg retention. Beginning in the fall of 2002,
systematic spawner surveys were conducted to 1) assess the severity of the adult die-offs, 2) compare spawner mortality in
urban vs. non-urban streams, and 3) identify water quality and spawner condition factors that might be associated with the
recurrent fish kills. The forensic investigation focused on conventional water quality parameters (e.g., dissolved oxygen,
temperature, ammonia), fish condition, pathogen exposure and disease status, and exposures to metals, polycyclic aromatic
hydrocarbons, and current use pesticides. Daily surveys of a representative urban stream (Longfellow Creek) from 2002–
2009 revealed premature spawner mortality rates that ranged from 60–100% of each fall run. The comparable rate in a non-
urban stream was , 1% (Fortson Creek, surveyed in 2002). Conventional water quality, pesticide exposure, disease, and
spawner condition showed no relationship to the syndrome. Coho salmon did show evidence of exposure to metals and
petroleum hydrocarbons, both of which commonly originate from motor vehicles in urban landscapes. The weight of
evidence suggests that freshwater-transitional coho are particularly vulnerable to an as-yet unidentified toxic contaminant
(or contaminant mixture) in urban runoff. Stormwater may therefore place important constraints on efforts to conserve and
recover coho populations in urban and urbanizing watersheds throughout the western United States.

Citat ion: Scholz NL, Myers MS, McCarthy SG, Labenia JS, McIntyre JK, et al. (2011) 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

Editor: Howard Browman, Institute of Marine Research, Norway

Received August 5, 2011; Accepted October 29, 2011; Published December 14, 2011

This is an open-access article, free of all copyright, and may be freely reproduced, distributed, transmitted, modified, built upon, or otherwise used by anyone for
any lawful purpose. The work is made available under the Creative Commons CC0 public domain dedication.

Funding: This project received agency funding from the National Oceanic and Atmospheric Administration (Coastal Storms Program), the U.S. Fish and Wildlife
Service National Contaminants Program, the U.S. Environmental Protection Agency Region 10, and the King Conservation District. Funds were delivered via
interagency agreements, so grant numbers are not applicable. The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Compet ing Interests: The authors have declared that no competing interests exist.

* E-mail: Nathaniel.Scholz@noaa.gov

Int roduct ion

In lowland Puget Sound, many urban streams in the vicinity of

Seattle were a focusof extensive physical and biological restoration

activities in the 1990s. These projects, sponsored by the City of

Seattle and other regional municipalities, served multiple purposes

such as the creation of public green space, the removal of culverts

and other impassable barriers for fish, the placement of large

woody debris and gravel substrate, the removal of noxious weeds,

and the planting of native vegetation. A related aim was to

evaluate the extent to which adult salmon would return to spawn

in the newly available and improved habitats. This post-project

effectiveness monitoring was carried out via fall spawner surveys

that were conducted weekly from 1999–2001, with a primary

focus on coho (Oncorhynchus kisutch), Chinook (O. tshawytscha) and

chum (O. keta) salmon.

These early monitoring efforts in 1999–2001 identified an

unusual syndrome of pre-spawn mortality among adult coho

returning to restoration sites to spawn. Coho typically spawn in

small lowland streams in October through December. Eggs

incubate in gravel nests (redds) from which fry emerge in the

spring (March through May). Juveniles rear in freshwater for

approximately a year and then outmigrate to estuaries the

following spring. Coho spend at least one full year in the ocean

before returning to their natal watersheds to spawn, after which

they die (semelparous life history). Adult migration into freshwater

is triggered by fall rain events that produce transient high flows in
streams. Coho spawning in Seattle-area streams are often a mix of

hatchery and natural origins, with hatchery fish distinguishable by

a clipped adipose fin and, lesscommonly, thepresence of a rostral-

implant coded wire tag.

Affected coho spawners observed in post-restoration effective-

ness monitoring surveys showed a consistent suite of symptoms

that included surface swimming, gaping, loss of equilibrium, and

pectoral fin splaying (Video S1). The onset of the syndrome was

rapid, and stricken fish typically died within a few hours. Pre-

spawn mortality wasconfirmed by a near-total retention of eggs in

female carcasses inspected during the surveys.
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Feist et al. 2017. Ecol Applications

Land Uses

Increasing Mortality

Higher rates of 
mortality 
associated with 
roads & traffic

Coho mortality rates associated with roads & traffic



Urban road runoff is sufficient to kill coho salmon

All free-swimming life stages susceptible

Adult spawners JuvenilesAlevin

Spromberg et al. 2016 Chow et al. 2019McIntyre et al. In Prep



Chow et al. 2019. Aquat. Tox.

O. kisutch

Sensitivity to stormwater varies among species

Coho > Steelhead > Chinook > Sockeye = Chum

O. nerkaO. mykiss

O. tshawytscha

French et al. In Prep.

O. keta

McIntyre et al. 2018. Environ. Pollution

O. kisutch



Peter et al. 2018. ES&T

75 non-target organic chemicals

Tires a likely source of the chemicals that kill coho



Tire leachate is sufficient to kill coho

Toxic Endpoint Stormwater
Tire 

Leachate

Acutely lethal to coho
salmon

Spromberg et al. 2016.

Pathophysiology: high 
HCT, reduced plasma 
ions & pH McIntyre et al. 2018

Does not impact chum 
salmon

McIntyre et al. 2018

McIntyre et al. 2021

Tire 
leachate
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Zhenyu

Tian

6PPD-quinone

C18H22N2O2

6PPD-quinone discovered !



6PPD-quinone:

Primary causal toxicant

Dilutions of roadway runoff 
and tire particle leachate 

Purified 6PPD-quinone

Toxicity 

explained by

Tian et al. 2021. Science

Road Runoff

Tire Leachate

6PPD-quinone toxic alone and in complex mixtures



Environmental Relevance of 6PPD-quinone

• 6PPD-Q is derived from 6PPD – an 

antiozonant in tires

• Ozone (O3) is a secondary air pollutant, 

highly reactive

• Ambient O3 is continually interacting 

with tire surface (up to ~20 um)

• 6PPD in tires migrates slowly to tire 

surface to protect tire polymers from O3

• Ozone transforms 6PPD into 6PPD-

quinone (brown color of tires)

• Can leach into water directly from tire 

surface or from worn tread particles

NHTSA. 2006. The Pneumatic Tire

Sidewall vs tread



6PPD-Q 
Toxicology 
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6PPD-Q 
Chemistry 
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6PPD-Q 
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6PPD-Q 
Solutions 
Update

Aquatic Toxicity
Mode of Action



6PPD-Q Revised Toxicity to Coho Salmon

Commercial standard for 6PPD-Q 
(HPC Standards)
• Higher purity
• Correction for recovery

(Tian et al. 2022 ES&T Letters) 

Result: 
Revised environmental concentrations & 
effects concentrations ~8X lower than 
reported in Tian et al. 2020.

Coho LC50 revised from 790 ng/L to 95 ngL



6PPD-quinone toxicity for other species

Non-lethal LC50 (95% CL)
Common Name Species Time (h) µg/L µg/L Reference
Coho O. kisutch 24 0.10 (0.08-0.11) Tian et al. 2022
Brook trout S. fontinalis 24 0.59 (0.49-0.63) Brinkmannet al. 2022
Rainbow trout O. mykiss 24 1.00 (0.95-1.05) Brinkmannet al. 2022
Zebrafish D. rerio 24 308.7 (258.3-368.9) Varshney et al. 2021
White sturgeon A. transmontanus 96 >12.7 Brinkmannet al. 2022
Artcic char S. alpines 96 >12.7 Brinkmannet al. 2022
Medaka O. latipes 96 >34 Hiki et al. 2021
Daphnia D. magna 48 >46 Hiki et al. 2021
Amphipod H. azteca 96 >43 Hiki et al. 2021
Zebrafish D. rerio 96 >54 Hiki et al. 2021



Toxicity of 6PPD-quinone vs other chemicals

6PPD-quinone is among the most toxic chemicals know for aquatic life

(Tian et al. 2022 ES&T Letters) 



Blair et al. 2021. CJFAS

Stephanie Blair

Ph.D. candidate

WSU SOE

• Runoff exposure to equilibrium 
loss

• Injected fluorescent dye into 
fish heart, circulate

• Rinsed all blood from fish

• Measured fluorescence of dye 
that leaked from vascular 
system

Evans Blue dye 
injected into 

heart

Gills clear after 
perfusion

Blood brain barrier of coho becomes leaky



Hemoconcentration linked to plasma leaking from vascular system

Blair et al. 2021. CJFAS

Blood brain barrier of coho becomes leaky
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6PPD-quinone toxicity: Environmental variables

• Temperature
• pH
• Ionic strength 
• Dissolved organic matter
• Life phase
• Physical activity

e.g. Colder



6PPD-Q 
Toxicology 

Update

6PPD-Q 
Chemistry 
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6PPD-Q 
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Global detections
Transformations



Canada, Germany, China, Australia
• Runoff, snow, receiving waters, 
(Challis, Monahan, Johannessen, Rauert)
• Roadside soils, dust 
(Klockner, Huang, Zhang)

Global Detections of 6PPD-Q

Tian et al. 2022. ES&T Letters 

Consistent with our reported values 
for runoff and receiving waters



Sampled every 30 min across 5 storms

What concentrations and duration of 6PPD-Q?



Most events would kill significant proportions of fish

Peak 6PPD-Q concentrations during 5 storm events

10/21/21 10/27/21 11/03/21 11/11/21 11/18/21

LC50

LC25



How long is 6PPD-Q elevated during a storm?

6PPD-Q peaks within hydrograph

Miller Creek, WA

6PPD-Q: 
lethal levels 
for several 

hoursLC25
LC25



Don River, Toronto

6PPD-Q elevated beyond hydrograph

Lethal levels of 
6PPD-Q through 
entire storm (48 h)

LC25 ~ 0.05 ng/L

Johannessen et al. 2021. Arch. Environ. Contam. Toxicol.

How long is 6PPD-Q elevated during a storm?



Additional transformation products of 6PPD
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Hu et al. 2022. ES&T Letters 



environmental detections

Seiwert et al. 2022. Water 
Research 212:118122

Transformation pathways of 6PPD and 6PPD-Q



Additional (P)PDs Detected in Air/Dust/Soil

77PD is most abundant in ambient air & dust (household/building)

PM2.5 (<2.5 µm) Particles = 25-250 µm

Zhang et al. 2022. ES&T Huang et al. 2022. ES&T Letters
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Treatment: Green Stormwater Infrastructure



Well water (4 hr) Filtered stormwater (4 hr)Unfiltered stormwater (4 hr)

All 4 fish alive at 24 hrAll 4 fish alive at 24 hr 0 of 4 fish alive at 24 hr

Bioretention treatment of stormwater prevents toxicity

Prevents acute mortality in spawners, juveniles, and alevin

Videos: https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2664.12534Spromberg et al. 2016. J. Applied Ecology



Biofiltration Performance: Roadside Treatments

Compost

Topsoil

Water

WSU

Ben Leonard 

Ph.D. student

SOE

UW

Ed Kolodziej

+ 2 postdocs
Washington State DOT

Compost-Amended Bioswale



SR 518 CABS treatment of roadway runoff
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Average ~90% removal of 6PPD-quinone



Lane Maguire

M.S. 2021

Accelerated Aging:
• Dosing with collected runoff
• 10 water years across 2-yr study
• Assess chemical and biological 

performance at end of every water 
year

Research questions:
• What depths of bioretention are 

necessary to treat runoff?
• For how long are they effective?

6PPD-Q treatment with bioretention depth? 



Concrete  Concrete + carbon fibers  

Can permeable pavements mitigate 
chemical and microplastics emissions 
from tire wear?

Chelsea Mitchell (WSU PhD candidate)
Anand Jayakaran

?



Mitigation: Source Control

Ongoing conversation about 
safer alternatives to 6PPD



Send 
Help!

jen.mcintyre@wsu.edu




