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•  What	
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•  How	
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reduce	
  impacts	
  working?	
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  to	
  polycyclic	
  aromaCc	
  hydrocarbons,	
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  (and	
  stormwater)	
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•  Inability	
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  hatch	
  (or	
  hatching	
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  phenotype	
  (*)	
  
•  Pericardial	
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  arrow)	
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Gene Name Description Fold-change SE p 
CYP1a Cytochrome P450; 

AhR pathway 
Detoxification 
(e.g. PAHs) 

+32.7 5.8 <0.001 

ANP Atrial natriuretic 
peptide 

Heart: injury +4.2 1.0 <0.001 

BNP B-type natriuretic 
peptide 

Heart: injury +2.6 0.7 0.006 

cmlc1 Cardiac myosin 
light chain 

Heart: structural +2.5 0.7 0.007 

rpe Retinal pigment Time course +2.1 0.3 0.054 
cmlc2 Cardiac myosin 

light chain 2 
Heart: structural 1.3 0.1 0.318 

MITFa Microphthalmia-
associated TF 

Eye development 1.3 0.1 0.365 

QPCR	
  confirms	
  PAH	
  exposure	
  and	
  cardiac	
  stress	
  

Baseline	
  molecular	
  indicators	
  for	
  urban	
  
runoff	
  (zebrafish	
  embryos/larvae)	
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  prespawn	
  mortality	
  study	
  #1:	
  
forensic	
  invesIgaIon	
  

Major	
  findings:	
  
•  Adult	
  spawners	
  are	
  consistently	
  dying	
  each	
  fall	
  	
  

•  Mortality	
  rates	
  are	
  typically	
  high	
  (60-­‐90%	
  of	
  total	
  run)	
  
•  The	
  phenomenon	
  is	
  widespread	
  in	
  urban	
  watersheds	
  

•  Toxic	
  urban	
  runoff	
  appears	
  to	
  be	
  causal	
  

Recurrent Die-Offs of Adult Coho Salmon Returning to
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Abstract

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.
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Introduction

In lowland Puget Sound, many urban streams in the vicinity of
Seattle were a focus of 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, less commonly, the presence 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 was confirmed by a near-total retention of eggs in
female carcasses inspected during the surveys.
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  prespawn	
  mortality	
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  #2:	
  
populaIon-­‐scale	
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Major	
  findings:	
  
•  Models	
  predict	
  rapid	
  local	
  ex&nc&ons	
  at	
  spawner	
  
mortality	
  rates	
  observed	
  in	
  Sea_le-­‐area	
  streams	
  

•  Mortality	
  may	
  drag	
  down	
  coho	
  abundance	
  in	
  non-­‐urban	
  
watersheds	
  as	
  a	
  consequence	
  of	
  straying	
  

Estimating the Future Decline of Wild Coho Salmon
Populations Resulting from Early Spawner Die-Offs in
Urbanizing Watersheds of the Pacific Northwest, USA
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ABSTRACT
Since the late 1990s, monitoring efforts evaluating the effectiveness of urban stream restoration projects in the greater

metropolitan area of Seattle, Washington, USA, have detected high rates of premature mortality among adult coho salmon
(Oncorhynchus kisutch) in restored spawning habitats. Affected animals display a consistent suite of symptoms (e.g.,
disorientation, lethargy, loss of equilibrium, gaping, fin splaying) that ultimately progresses to death on a timescale of a few
hours. Annual rates of prespawn mortality observed over multiple years, across several drainages, have ranged from
approximately 20% to 90% of the total fall run within a given watershed. Current weight-of-evidence suggests that coho
prespawn mortality is caused by toxic urban stormwater runoff. To evaluate the potential consequences of current and future
urbanization on wild coho salmon, we constructed life-history models to estimate the impacts of prespawnmortality on coho
populations and metapopulations. At the low (20%) and high (90%) ends of the range of observed mortality, model results
indicated the mean time to extinction of localized coho populations in 115 and 8 y, respectively. The presence of productive
source populations (i.e., unaffected by prespawnmortality) within ametapopulation reduced local extinction risk. However, as
more populations within a metapopulation become affected by spawner die-offs prior to spawning, the source population’s
productivity declined. These simple models demonstrate the potential for rapid losses from coho populations in urbanizing
watersheds. Because the models do not account for possible impacts of toxic runoff to other coho life stages, they likely
underestimate the cumulative impacts of nonpoint source pollution on wild populations. Integr Environ Assess Manag
2011;7:648–656. ! 2011 SETAC

Keywords: Nonpoint source pollution Stormwater runoff Urbanization Population model Coho salmon

INTRODUCTION
The decline of Pacific salmon (Oncorhynchus spp.) in the

Pacific Northwest has been attributed to many factors. These
include the physical, biological, and chemical degradation of
freshwater and estuarine habitats as well as fishing pressure,
hatchery production, and hydropower operations (National
Research Council 1996; Good et al. 2007). To reverse salmon
declines due to loss or deterioration of freshwater habitat,
many lowland urban streams have been the focus of active
restoration efforts (Katz et al. 2007). These projects have
generally included postproject monitoring to assess the
effectiveness of the restoration effort in terms of habitat use
by salmon spawners and their progeny. Beginning in the late
1990s, spawner surveys in streams within the greater Seattle,
Washington, USA, metropolitan area discovered that adult
coho salmon (O. kisutch) returning to spawn in small urban
catchments were behaving abnormally. Affected animals were
found gaping and swimming in circles at the surface of these
creeks. The symptoms typically progressed to a loss of
equilibrium and death within a few hours. In most cases,
egg retention in dead females was nearly 100% (City of

Seattle 2007; McCarthy et al. 2008; Wild Fish Conservancy
2008).

This phenomenon has been referred to as coho prespawn
mortality (PSM) (McCarthy et al. 2008; Wild Fish Con-
servancy 2008) and has now been documented in several
lowland urban streams around Puget Sound, Washington. The
discovery that returning coho salmon were dying in restored
urban streams prompted the National Oceanic and Atmos-
pheric Administration (NOAA Fisheries), the US Fish and
Wildlife Service (USFWS), the City of Seattle (Seattle Public
Utilities), the Wild Fish Conservancy, and others to expand
and coordinate fall spawner surveys. In addition, a forensic
investigation was initiated by NOAA Fisheries to determine
possible causes of PSM (McCarthy et al. 2008; Wild Fish
Conservancy 2008). Conventional water quality parameters
(i.e., temperature, dissolved O2, ammonia, pH) are favorable
for salmon survival (City of Seattle 2007), and PSM-affected
animals show no consistent signs of pathogen infection or
disease (N.L. Scholz, personal observation). Therefore, the
urban coho mortality phenomenon is dissimilar from other
documented circumstances of adult salmon dying prema-
turely at the spawner life stage because of disease, predation,
altered flows, inaccessible spawning habitat, and other non-
chemical stressors (St-Hilaire et al. 2002; Kocan et al. 2004;
Keefer et al. 2010).

All of the streams where coho prespawn mortality has been
observed receive urban stormwater runoff in the fall when
coho return to spawn. The severity of the fish kills correlates

Integrated Environmental Assessment and Management — Volume 7, Number 4—pp. 648–656
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  #3:	
  
predicIve	
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  land	
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(across	
  mulIple	
  surveyed	
  watersheds)	
  

Predic&ve	
  Mapping	
  Sta&s&cal	
  Analyses	
  

Urban	
  Land	
  Cover	
  

(GIS	
  datalayers)	
  

Overlay	
  

Spawner	
  Mortality	
  



 
Datalayer 

 
Variable 

AICc 
weight 

Model 
averaged 
coefficient 

Unconditional 
SE 

Impervious Impervious surfaces 0.7158 16.8425 14.5376 

Roadways Local roads 0.5647 -15.6199 68.3331 

Property type Commercial 0.5107 7.9375 8.2616 

Land cover Dense urban 0.3865 -7.7776 16.1614 

Property type Apartments & condominiums 0.2409 -9.5330 31.1917 

Roadways Heavily used roads 0.2019 5.3445 31.5073 

Land cover Forest 0.1163 -0.7793 6.2249 

Land cover Light to medium urban 0.1149 0.3250 2.9751 

Land cover Grass, shrubs & crops 0.0993 0.1664 5.4517 

Property type Residential 0.0975 0.0738 16.8920 

Property type Industrial 0.0547 -0.2475 4.7008 

Property type Parks & open space 0.0000 0.0000 0.0000 
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Major	
  findings:	
  

•  Coho	
  are	
  likely	
  to	
  be	
  impacted	
  
across	
  large	
  geographic	
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•  Spawner	
  mortality	
  rates	
  correlate	
  
closely	
  with	
  land	
  cover	
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Landscape Ecotoxicology of Coho Salmon Spawner
Mortality in Urban Streams
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1 Northwest Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, Seattle, Washington, United States of America,

2 Washington Fish and Wildlife Office, United States Fish and Wildlife Service, Lacey, Washington, United States of America

Abstract

In the Pacific Northwest of the United States, adult coho salmon (Oncorhynchus kisutch) returning from the ocean to spawn
in urban basins of the Puget Sound region have been prematurely dying at high rates (up to 90% of the total runs) for more
than a decade. The current weight of evidence indicates that coho deaths are caused by toxic chemical contaminants in
land-based runoff to urban streams during the fall spawning season. Non-point source pollution in urban landscapes
typically originates from discrete urban and residential land use activities. In the present study we conducted a series of
spatial analyses to identify correlations between land use and land cover (roadways, impervious surfaces, forests, etc.) and
the magnitude of coho mortality in six streams with different drainage basin characteristics. We found that spawner
mortality was most closely and positively correlated with the relative proportion of local roads, impervious surfaces, and
commercial property within a basin. These and other correlated variables were used to identify unmonitored basins in the
greater Seattle metropolitan area where recurrent coho spawner die-offs may be likely. This predictive map indicates a
substantial geographic area of vulnerability for the Puget Sound coho population segment, a species of concern under the
U.S. Endangered Species Act. Our spatial risk representation has numerous applications for urban growth management,
coho conservation, and basin restoration (e.g., avoiding the unintentional creation of ecological traps). Moreover, the
approach and tools are transferable to areas supporting coho throughout western North America.
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Introduction

In recent decades, human population growth and development
have continued to increase along the coastal margins of North
America [1]. The associated changes in land cover and human
land use have elevated land-based sources of pollution, and toxic
stormwater runoff in particular, to become one of the most
important threats to the biological integrity of basins, lakes,
estuaries, and nearshore marine environments [2]. In the United
States, concerns related to non-point source pollution have gained
momentum over the past decade (e.g., [3,4]). This has culminated
most recently in the designation of ‘‘water quality and sustainable
practices on land’’ as one of nine National Priority Objectives for
the newly established National Ocean Council, together with
ecosystem-based management, marine spatial planning, climate
change and ocean acidification, and changing conditions in the
Arctic [2]. For toxic runoff, however, the connections between
unsustainable practices on land and the decline of ecological
resilience in aquatic habits remain poorly understood.

In western North America, semelparous anadromous salmonids
(Oncorhynchus spp.) typically migrate thousands of kilometers in
their lifetimes. They hatch and rear in freshwater, migrate seaward
to capitalize on the productivity of the oceans to grow rapidly and
reach sexual maturity, and then return to their natal streams to
spawn and die. Certain salmonids, including pink (O. gorbuscha) and

chum (O. keta) migrate to the ocean relatively soon after hatching.
Others, however, such as Chinook (O. tshawytscha), steelhead, (O.
mykiss), sockeye (O. nerka), and coho (O. kisutch) may spend one or
more years in freshwater lakes, rivers and streams. Because of this
extended freshwater residency, juveniles of these species are
potentially more vulnerable to anthropogenic modifications of
freshwater habitat quality [5].

In contrast to the high mortality experienced by juvenile
salmonids, mortality at the adult spawner life stage is relatively
low. Familiar natural causes of mortality include predation, disease
[6,7,8,9], stranding (following high flows), elevated stream
temperatures, and competition – e.g., in habitats with abundant
salmon returns and limited spawning substrate. Various human
activities such as recreational and commercial fishing, stream
dewatering, and the placement of migration barriers can also
increase salmon spawner mortality. In general, however, salmon
spawner mortality has not been attributed to toxic chemical
contaminants in stormwater runoff – a data gap that may be due,
in part, to 1) the relative rarity of salmon spawners in urban basins
with poor water quality, and 2) the logistical difficulty of
implementing toxicity studies on migratory, seawater-to-freshwa-
ter transitional adults.

The exception is a recently documented phenomenon of
returning adult coho salmon dying at high rates in urban and
urbanizing streams in lowland Puget Sound region, which includes
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Fall	
  2011-­‐14:	
  Key	
  QuesJon	
  

Is	
  exposure	
  to	
  urban	
  runoff	
  
sufficient	
  to	
  cause	
  coho	
  
pre-­‐spawn	
  mortality?	
  



Photo:	
  Tiffany	
  Royal	
  

Grover’s	
  Creek	
  facility,	
  Suquamish	
  Tribe	
  



Metal	
  and	
  PAH	
  exposures	
  (2011)	
  	
  
Spawners	
  exposed	
  to	
  environmentally-­‐relevant	
  mixtures…	
  

PAHs: 
Water accommodated fraction (crude oil) 
     e.g., Phenanthrene (0.240 µg/L) 
      Pyrene (0.365 µg/L) 
    Fluoranthene (0.365 µg/L) 

Metals: 
    Cadmium (0.3 µg/L) 
    Copper (7.0 µg/L) 
    Lead (1.0 µg/L) 
    Nickel (2.0 µg/L) 
    Zinc (9.0 µg/L) 

…	
  showed	
  no	
  significant	
  increase	
  in	
  mortality!	
  



SR 520, Seattle 

Runoff	
  from	
  a	
  high-­‐density	
  urban	
  arterial	
  
(highway,	
  downtown	
  SeaPle)	
  



Downspout from highway First flush runoff 

Project lead: Jenifer McIntyre, postdoc, Washington State University 

Collect	
  runoff,	
  characterize	
  baseline	
  toxicity	
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Exposing	
  adult	
  coho	
  spawners	
  to	
  stormwater	
  
under	
  controlled	
  experimental	
  condiJons	
  

clean	
  well	
  water	
   collected	
  stormwater	
  

Exposures	
  following	
  sequenCal	
  rainfall	
  events	
  in	
  2012-­‐14	
  



Experimental	
  operaJons	
  at	
  the	
  Suquamish	
  
hatchery	
  facility	
  (exposures	
  and	
  sampling)	
  

Grovers	
  Creek	
  
Hatchery,	
  Fall	
  2012	
  



Exposure	
  to	
  urban	
  runoff	
  is	
  sufficient	
  to	
  cause	
  
adult	
  coho	
  pre-­‐spawner	
  mortality	
  

stormwater-­‐exposed	
  	
  
(3.5	
  hr)	
  unexposed	
  (3.5	
  hrs)	
  

November 11th, 2012 





Evolving	
  science,	
  from…	
  

“What’s	
  the	
  problem?”	
  

“What’s	
  the	
  soluJon?”	
  
to	
  



Green	
  Stormwater	
  Research	
  Facility	
  
(Washington	
  State	
  University)	
  

Rain	
  Gardens	
  Permeable	
  Pavement	
  

Mesocosms	
  



Downspout from highway First flush runoff 

Project lead: Jenifer McIntyre, postdoc, Washington State University 

Collect	
  runoff,	
  characterize	
  baseline	
  toxicity	
  



Experimental	
  design,	
  Fall	
  2012-­‐14	
  

Large	
  Soil	
  Columns	
  

Soil	
  Mixture	
  Soil	
  +	
  Plants	
  

50	
  Day	
  Dry	
  Spell	
  

Transport	
  Runoff	
  to	
  LID	
  Center	
  

Bioreten&on	
  Treatment	
  	
  

Collect	
  Stormwater	
  Runoff	
  



•  Acute lethality (48 h) 

•  Reproductive/growth 
impairment (7 d) 

Developing Toolbox for Testing Runoff 

Invertebrate Fish: Zebrafish 

•  Survival/morphology (48-96 h) 

•  Cardiovascular toxicity 

•  Neurotoxicity (3 h) 

D. rerio C. dubia 



Metals and PAHs in 
highway runoff 
events tested 
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Sublethal effects of runoff on developing fish include: 
 
•  Developmental delays 
•  Inability/delay to hatch 
•  Lack of swim bladder inflation 
•  Pericardial edema (yellow arrow) 
•  Small eye phenotype (*) 
•  Deformed jaws and hearts (black arrows) 

Sublethal effects of runoff on developing fish 

*	
   *	
  



Normal	
  Swim	
  Bladders	
  

Normal	
  Eyes	
  

Normal	
  Hearts	
  

(Almost)	
  	
  

    Prevents (most) Sublethal Effects 

Normal	
  Length	
  

Treated	
  Runoff	
  





Rocks for structure 

Collect Aquatic Invertebrates Sort by Species 

Water bath with aeration 



Survival	
  of	
  salmon	
  and	
  their	
  prey	
  before	
  and	
  
arer	
  soil	
  mesocosm	
  treatment	
  

Straight	
  Runoff	
  

0%	
  

85%	
  

Treated	
  Runoff	
  

mayfly	
   water	
  
flea	
  

juvenile	
  coho	
  salmon	
  

100%	
  

4%	
  

Result:	
  toxicity	
  largely	
  eliminated	
  

0%	
  

100%	
  
%	
  MORTALITY	
  

Fall	
  2012	
  



Bioretention Prevents Mortality 

Lethal response abolished by soil bioretention treatment 





      

55-­‐ga	
  drum	
  

SloPed	
  
underdrain	
  

12”	
  drainage	
  layer	
  

24”	
  bioretenJon	
  medium	
  

60%	
  sand:	
  
40%	
  compost	
  

mulch	
  

Scaling	
  up	
  the	
  bioretenJon	
  experiments:	
  
can	
  we	
  rescue	
  the	
  adult	
  coho	
  spawners?	
  



clean	
  well	
  water	
   untreated	
  stormwater	
   filtered	
  stormwater	
  

Adult	
  spawner	
  exposures	
  



Stormwater	
  runoff	
  exposures,	
  2013-­‐14	
  
	
  clean	
  well	
  water	
  (4	
  hr)	
   unfiltered	
  stormwater	
  (4	
  hr)	
  

filtered	
  stormwater	
  (4	
  hr)	
  

100%	
  survival	
  (24	
  hr)	
  

100%	
  survival	
  (24	
  hr)	
  

100%	
  mortality	
  (24	
  hr)	
  

Seven	
  disInct	
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  In	
  all	
  cases:	
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100%	
  survival	
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