AGENDA
Stormwater Technical Meeting
Thursday, April 25th, 2013, 1:00 - 3:00 pm
EPA Building - Seattle, WA
15" Floor Conference Rooms (I5P, 15Q; & 155)
*+Check-in at Service Center on the 12* Floor**

Time

1:00 pm

1:10 pm

1:20 pm

1:30 pm

2:00 pm

2:30 pm

2:45 pm

3:00 pm

Item

Welcome, Introductions and Opening Remarks

Interagency Agreements Update

Big Picture Stormwater Research Objectives, Overview of
Stormwater Center and Recent Media Attention & Publications

Impacts on Various Lifestages of Coho Salmon and
Identifying Watersheds at Risk

Bioeffectiveness of Emerging LID Technologies

Questions and Discussions

Draft Statements of Work for Future Collaborations
on Stormwater Issues in Puget Sound

Closing Remarks and Adjournment

Lead Presenter

Melissa Whitaker

Jay Davis

John Stark and
Nat Scholz

Nat Scholz

Jen Mclintyre

All

Nat Scholz and
Jay Davis

Michael Rylko
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growth scenarios on wild coho populations that are currently healthy but at risk from future
development and increasing toxic runoff. Planned urban growth information and projected
precipitation changes will be represented by projected GIS data layers to represent future
scenarios and the models rerun to estimate changes in potential PSM. The aim of this task is to
improve the identification of watersheds most at risk of PSM due to urbanization, now or in the
future.

Task 3: Identify the underlying cause of adult mortality in urban drainages.

Several lines of scientific evidence suggest that toxic urban runoff, likely from motor vehicles, is
responsible for the recurring, acute spawner die-offs that have been observed in Seattle-area
streams. As noted above, there is a close correlation between metrics for impervious surfaces
and vehicle traffic and the severity of PSM. Also, alternative hypotheses (pathogens, fish
condition, dissolved oxygen, etc.) have largely been ruled out. Further, there is also a correlation
between PSM and rainfall patterns, in that PSM is more severe when fall storm events are
preceded by long periods without rainfall. Lastly, affected coho show a common suite of
symptoms (surface swimming, gaping, etc.) and they die within a few hours. These symptoms
were reproduced in controlled exposures conducted in the fall of 2012 in which returning adult
coho were exposed to runoff collected from an elevated highway.

Despite the lines of evidence above, we have not definitively shown which toxics in urban
runoff are causing PSM. To address this question, we will investigate the mechanism by which
the coho are dying and use this to inform which chemicals could be involved. Adult migratory
coho salmon are logistically difficult to work with from an experimental standpoint, and there
are dozens (if not hundreds) of candidate contaminants in stormwater to consider. A set of
returning adults will be exposed to untreated water, to stormwater runoff that we know induced
PSM in otherwise returning, healthy adult salmon, or to stormwater treated in various ways in
order remove different classes of contaminants and thus remove the symptomology and lethality
of the runoff. The endpoints of behavior and mortality will be used, as well as other biological
endpoints of effect that may indicate the physiological pathways being disrupted due to the
exposure. Additionally, direct sequencing will be done on previously obtained tissues collected
from symptomatic adults in the field and from runoff-exposed and control fish. This process
identifies changes in the patterns of gene expression, due to different classes of contaminants
triggering specific transcriptional responses that correspond to a particular injury phenotype —
e.g., PAH-induced cardiovascular toxicity. Identifying the injury phenotype will help us
determine which components of stormwater are responsible for coho pre-spawn mortality.

Project Timeline
Table 1. Project components schedule of activities, 2011-2013.
FY Year 2013 2014 2015
Tasks Quarter 4 1121314123 |4

1.0 Linking the effects of stormwater on multiple
coho life stages to impacts on coho population
productivity in a spatially explicit system.

2.0 Expand predictive coho population modeling
to look at watersheds identified as having coho
most at risk, now and in the future from
changes in land use and climate patterns.

3.0 Identify the underlying cause of adult
mortality in urban drainages.




Approximate Budget Request: $500,000 (Total) = $250, 000 (for work conducted in FY14) and
$250,000 (for work conducted in FY15).

a4










































the greater Scattle metropolitan arca [10]. Coho return to small
coastal stream nctworks to spawn cach fall. Entry into freshwater is
triggered by carly autumn rainfall and rising strcam flows. Since
there had been cxtensive habitat degradation and loss in these
lowlands, many basins were targeted for strcam restoration
projects in the 1990s. Subsequent surveys to cvaluate project
cffectiveness discovered that many coho salmon were dying in
newly-accessible sircam reaches before they were able to spawn —
i.c., female carcasses were found in good condition (occan bright
colors) with skcins {(membrane or sac that contains the eggs within
the fish) filled with unspawned cggs [10]. In addition, affected coho
from several different urban basins showed a similar progression of
symptoms leading up to death, including disoricntation, lethargy,
loss of cquilibrium, mouth gaping, and fin splaying. Systematic
daily spawner surveys in recent ycars (2002-2009) have shown that
adult mortality rates in urban strcams arc consistently high
(relative to spawning coho salmon in more pristine areas), ranging
from ~25-90% of the total fall runs [10]. Mortality rates of this
magnitude likely have important necgative consequences for
maintaining viable coho populations [11]. Consistent with this,
most coho mortalitics obscrved over the past decade were
spawners that strayed (did not home to their natal stream rcaches)
into these restored urban freshwater habitats.

The precisc underlying cause of recurrent coho dic-offs remains
under investigation. An initial weight-of-evidence forensic study
has systematically ruled out stream tcmperature, dissolved oxygen,
poor overall spawner condition, tissuc pathology (c.g., gill),
pathogen prevalence or discasc, and other factors commonly
" associated with fish kills in freshwater habitats (Scholz ct al.,
unpublished data). These findings, together with the rapid onsct of
the syndrome, the naturc of the symptoms (c.g., gaping and
discquilibrium), and the consistent re-occurrence within and
between urban basins over many years together point to toxic
stormwater runofl from urban landscapes as the likely causc of
coho spawner mortality. Urban runofl and stormwater-influenced
combined scwer overflows (CSOs) contain an exceptionally
complex mixture of chemical contaminants. Specifically, urban
strcams are receiving waters for runofl and discharges containing
pesticides  [12], meuals [13], petrolcum hydrocarbons [14],
plasticizers, flame-retardants, pharmaceuticals, and many other
potentially toxic chemicals. The list of possible causal agents is
therefore long.

The above chemical complexity notwithstanding, there are
scveral reasons o suspect motor vehicles as sources of toxics that
are killing returning coho. Vehicles deposit many compounds on
road surfaces via cxhaust emissions, leaking fluids, and the wearing
of tires, brake pads and other friction materials [15]. Emissions
contain nitrogen and sulfur dioxide, benzene, formaldehyde, and a
large number of polycyclic aromatic hydrocarbons (PAHs). Fluids,
including antifrecze and motor oil, contain cthylenc and propylenc
glycol and PAHs. Tire wear releases zinc, lead, and PAHs onto
road surfaces [16], and brake pad wear is a major source of
copper, zinc, nickel, and chromium [16,17]. Collectively, thesc
contaminants accumulate on strects and other impervious surfaces
until they arc mobilized by rainfall and transported 10 aquatic
habitats via runofl. Polycyclic aromatic hydrocarbons and metals
such as copper arc known to be toxic to fish, although acute
lethality usually occurs at exposurc concentrations that arc higher
(by orders of magnitude) than those typically detected in urban
strcams. It is likely that fall stormwater pulscs contain higher
concentrations than winter and spring due to the potential buildup
of contaminants during the relatively dry summer months.

Although the adult dic-off phenomenon has been observed in all
Scattec-arca urban strcams where coho salmon occur, the overall

0' .-
'@ PLoS ONE | www.plosone.org

Ecotoxicology of Selmon Mortality in Urban Streams

ratc of mortality has varied among basins. In qualitative terms, a
higher proportion of returning animals have survived to spawn in
basins that have more open space (c.g., parks and woodlands).
Converscly, mortality rates have been consistently higher in basins
with proportionately greater “urban” land cover and land uscs.
This raiscs the possibility of a quantitative rclationship between
discrete basin characteristics and coho survival and spawning
success. Such a rclationship would be important for several
rcasons. First, if coho mortality is significantly corrclated with onc
or morc land cover or land use variables, the latter could be used
to identify unmonitored lowland basins where coho populations
arc at greatest risk. Second, it could provide a means to evaluate
how future human population growth and development might
impact wild coho populations in Puget Sound (and clsewhere) that
are currently healthy. Finally, it could narrow the list of potentially
causative pollution sources in urban basins, thereby focusing future
toxicological studics to identify the specific contaminants involved.

In this study we performed a spatial analysis to identify
landscape variables that correlate most closcly with surveyed rates
of coho spawner mortality across six different basins in Puget
Sound. The variables included land use and land cover, tax parcel
types, roadways, and impervious surfaces. We then used the
information from thesc corrclations to gencrate spatially explicit
predictions of rccurrent spawner losses in unmonitored basins
throughout the four most denscly populated counties in the greater
Seautle metropolitan arca.

Materials and Methods
Study Sites

We characterized habitat conditions within the drainage basins
from strcams at six sites in the Puget Sound lowlands (Figure 1).
We chose these sites because coho spawner mortality has been
monitored at thesc locations for several years (2000-2009; [10]).
The sites represent a wide range of anthropogenic alteration, from
highly urbanized (c.g., Longfellow Crecek) to relatively undisturbed
(c.g., Forison Creck). Fortson Creck is considered a non-urban
site, whereas the other five sites are urban strcams and have
varying degrees of development. The urban streams have all been
a focus of varying restoration project cfforts aimed at enhancing
habitat quality for anadromous Pacific salmon. With the exception
of the relatively unaltered Forison Creek site, all site basins had
impervious surface. proportions well above the levels (5-10%)
commonly associated with the decline of biological integrity in
strcams [18,19].

Confirmed obscrvation of the coho spawner mortality syndrome
(sce below) within a stream system was a key factor in study site
selection. Importantly, natural production of coho in Seattle-arca
urban strecams is very low. Not unexpectedly, recent modcling has
shown that local coho population abundance declines precipitous-
ly at rates of spawner mortality documented for these drainages
[11]. The adult returns to these strcams are thus likely to be
animals straying into sink or atwractive nuisance habitats.
Conversely, the syndrome has not been documented in streams
where coho are relatively abundant - i.c., non-urban basins, as
confirmed by a full season of daily strcam surveys on Fortson
Creck. Therefore, to cvaluate the phenomenon in relation to land
cover, we were constrained to strcams where coho are affected, -
cven if adult returns to these basins were low in certain years.
Lastly, there is no evidence that the mortality syndrome is related
to the origin of the spawners (i.c., hatchery vs. wild fish). For
cxample, artificially propagated coho that return as adults to
regional hatchery facilities in non-urban basins are unaffected.

August 2011 | Volume 6 | Issue 8 | e23424






legacy of the species [20]. Currendy, Puget Sound/Strait of
Georgia coho arc designated a *“specics of concern” under the
U.S. Endangered Specics Act [21].

Coho typically spawn in small (lower order) streams in the Puget
Sound lowlands in latc fall and carly winter and their fry emerge
from strcam substrates from March 1o May. Fry reside in riverine
habitats for 14-18 months, smolt, migratc 10 marine cnvironments
where they grow rapidly and mature (16-20 months), and finally
migrate 1o their natal basins where they spawn and dic [22]. The
adult spawners from the six study basins were both marked
(adipose fin clipped) and unmarked, suggesting a mix of hatchery
and wild origins.

Coho Spawner Mortality

We used existing monitoring data collected as part of daily and
weekly spawner surveys in cach of the six study locations (Table 1).
Data werc collected during the fall spawning scason from 2000-
2009 by Scattle Public Utilives (SPU), the Wild Fish Conservancy,
and the Northwest Fisherics Science Center (NWFSC). Strecams
were checked every few days in the carly fall (usually the first or
second week in October, depending on rainfall) until the first adult
coho was observed. The strecams werce then surveyed daily for the
duration of the fall run, until the last carcass was documented,
typically in the first or sccond weck of December. For scveral
years, biologists working for the City of Scatde (Wild Fish
Conscrvancy) also surveyed many of the same urban strcams for
coho spawner mortality on a weckly basis. Side-by-side compar-
isons of daily and weckly survey data (c.g., for Longfcllow Creck in
2005 and 2007) revcaled practically no loss of carcasses to
scavengcers. Accordingly, we included the wecekly survey data in
our analyscs.

The cntircty of the available spawning habitat within a given
urban drainage was surveyed for premature adult coho mortality.
For some strcams, including Longfcllow Creck, mid-stream
barricrs to upstrcam migration confined adults to the lower
portions of the drainage. This made it possible, in the course of a
few hours as part of a daily survey, to inspect all scctions of the
strcam that 1) had a gravel substrate suitable for redds (spawning
“nests” built by females), and 2) were focal arcas for repeated
(year-to-ycar) redd building during successive spawner runs.

Ecotoxicology of Salmon Mortality in Urban Streams

Monitoring data werc not collected at all sites for all ycars
(Tablc 1). Mortality among returning coho was quantificd only for
fcmalcs on the basis of egg retention — i.c., the number of partially
spawned or unspawncd female carcasses observed in strcams over
an cntirc spawning scason. Notably, the total number of returning
adults was low for somc years and somc basins (Table I).
Nevertheless, the aggregate spawner survey data used in this
analysis arc the most comprchensive currently available.

Geospatial Datalayers

We used cxisting geospatial datalayers as our source of potential
predictor variables and as a proxy for habitat type and condition.
The datalayers were gencrated by a varicty of organizations for
planning and analytical purposcs, making them suitable for
running spatial analyses on habitat. They were also available over
the cntire spatial domain of our predictive model. We used four
geospatial datalayers: Land-cover of the Greater Puget Sound
Region [23,24]; impervious and impacted surfaces [25]; property
type (compiled from King [26], Kitsap [27], Pierce [28] and
Snohomish county [29] 1ax parcel databases), and roadways (Puget
Sound Regional Council; PSRC (30]).

The Land-cover of Puget Sound datalayer is the highest quality
and most accuratc depiction of land usc and land cover in the
Puget Sound lowlands. The datalayer used 30 m gridded LAND-
SAT TM imagery from 2002, which was extensively analyzed and
corrected to produce an accurate (83% overall accuracy, [24])
depiction of land use and land cover conditions. To reduce the
total number of potential predictor variables, we only used the
dense urban (>75%); light 10 medium urban (<75%); and grass,
crops and/or shrubs categorics. We also combined the mixed and
deciduous forest with the coniferous forest category and named it
forests.

The impervious and impacted surfaces datalayer was derived
from a 2001 LANDSAT TM image with 30 m pixcls and an
accuracy of 83-91% [25]. This datalaycr depicts high to
completely impermeable surfaces such as building roofs; concrete
or asphalt roads and parking lots; concrete, asphalt or brick
sidewalks, pedestrian walkways, and malls; ctc.

Onc of the limitations of these two datalayers was that the pixcl
size of the sourcc LANDSAT TM imagery is 30 m, so smaller
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Table 1. Coho spawner mortality proportion and cumulative number of female carcasses enumerated (in parentheses) by site
(columns) and year (rows).
Des Moines Fauntleroy Fortson' Longfellow Piper's Thomton
2000 - 0.25 (12) - 0.74 (135) 0.18 (17) 0.88 (33)
2001 0.22 (9) 0.61 (111) 0.70 (37) 0.82 (11)
2002 - 0.00 (1) 0.01 (114)* 0.86 (57)° 0.60 (10) 080 (5)
2003 - ©) - 0.67 (18)" 0.00 (1) 1.00 (2)
2004 063 (30 © - 089 (oF° 033 (3) 100 (1)
2005 - 0.75 (4) - 0.72 (75)* 0.75 (4) 0.50 (8)
2006 . () - 1.00 @) 1.00 (9° 1.00 (4)
2007 - 0.75 (4) - 0.73 (41)° 0.20 (5) 0.80 (5)
2008 . - . 0.67 (12)* . 1.00 (2)
2009 - - - 0.78 (36)° - -
Overall 0.63 (30) 037 (30) 0.01 (114) 0.72 (498) 057 (86) 0.83 (71)
A dash (-) indicates survey was not conducted for that year/site.
*Northwest Fisheries Science Center (NWFSC) daily surveys, all others were weekly and collected by Seattle Public Utilities (SPU) or the Wild Fish Conservancy [51,52).
'Non-urban site.
doi:10.1371/journal.pone.0023424.t001
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featurcs, such as roads and precisc land cover boundarics, were
not adequatcly captured. In order 10 address this deficiency, we
analyzed property types and roadways, as they are represented as
precisc polyline and polygon dclincations of the corresponding
land cover variables. The boundarics in these geospatial datalayers
were derived from precise survey data from major metropolitan
arcas, collccted over many years by King, Kitsap, Picrce and
Snohomish Countics.

The property types (parccls) datalayer was based on ground
surveyed delincations of property, which arc used for taxation
purposcs, with positional accuracy of +/—12m or less
[26,27,28,29). The original number of parcel types described by
cach county was between 103 and 292. Using the descriptions in
the documentation that accompaniced the datalayers, we were able
o place cach of the original parcel types into onc of the five
following categorics: apartments and condominiums; commercial;
industrial; parks and open spacc; and, residential.

The roadways datalayer was based on ground surveyed road
and street centerlines. Each segment had a corresponding
functional classification (FC##) codc and width, as dcfined by
the Federal Highway Administration [31] Highway Performance
Monitoring System, and the Puget Sound Regional Council [30],
respectively. We reduced the original nince functional classification
types down (o two catcgories: 1) hcavily used roads (rural minor
collector [FCO8]; urban principal arterial - interstaie [FC11];
urban principal arterial - other freeways and expressways [FC12];
urban principal artcrial - other [FC14]; urban or rural minor
arterial [FC16 or FCO06]; urban collector [FC17]); and, 2) urban or
rural local access roads (FC09 or FC19). We then calculated the
total arca (total length of given street centerline segment multiplied
by its width) of cach street functional classification for cach
corresponding site basin.

Spatial Analyses

We defined the area of influence of the surrounding landscape
for cach sitc as the total arca draining into that site (basin).
Drainage basins for cach sitc were gencrated using the
‘flowaccumulation’ command in Environmental Systems Rescarch
Institute (ESRI) ArcGIS (v. 9.3). We used a United States
Gecological Survey (USGS) 10 m digital clevation model (DEM) as
the underlying terrain for gencrating basins. We then intersected
the corresponding basin boundary for cach of the six sites with
cach of the geospatial datalayers and their associated categorics
using ArcGIS. We quantified cach gcospatial datalayer and its
associated catcgory in a given basin as the fraction or proportion of
the otal arca of the basin occupicd by that geospatial datalayer or
category. Longfellow Creck stood apart from the other sites in
terms of the accuracy of the flow accumulation model because an
unknown fraction of stormwater runoff in this drainage is diverted
into the municipal scwer system. Thercfore, the theoretical basin
arca, bascd on the terrain represented in the DEM, was not as
representative of the true basin arca compared with the other five
sites.

Statistical Analyses

We used generalized linear mixed-cffects models (GLMMs;
[32,33]) to test the relationships between geospatial variables and
coho spawner mortality. The response was binomial (obscrved
number of female spawner mortalitics cach year, given the total
number of female coho that returned to cach site) and the models
used a logit link function. All modecls included a random cflect of
sitc on the intercept, which accounts for nonindcpendence of the
repcated samples taken at each sitc. We constructed a sct of 139
candidatc models by considering all combinations of the 12
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prediclors taken one, two, threc or four at a time, with the
restriction that a model could include at most one predictor from
cach of the four geospatial datalayers (land cover, impervious
surfaces, property types, and roadways). We also excluded
combinations of predictors that had a pairwisc Spearman rank
corrclation cxcceding 0.9 in absolute value. The candidate sct
included an intercept-only model as a no-cffect bascline against
which we could assess the predictive power of the geospatial
variables.

We fitted the modcls using the Laplace approximation to the
marginal likclihood [32] in the Ime4 package in R [34,35]). We
then used Akaike’s information criterion, corrccted for sample size
(AIC,) 10 rank the strength of evidence for cach candidatc model
based on the data. Akaike’s information criterion is a weight-of-
cvidence mcasure that reflects the balance between a model’s
goodness-of-fit to the data and its parsimony (i.c., number of
paramcters). Lower AIC, valucs indicate greater support, and arc
reported as differences (AAIC,) relative to the best (smallest) valuce
in the candidate sct. We computed Akaike weights [36], which
represent the relative support for cach model, normalized so the
weights sum to unity across the candidate set. We used these
weights to compute modcl-averaged cstimates and unconditional
standard crrors (SEs) for the fixed regression cocflicients, and we
quantificd the rclative importance of cach predictlor using variable
weights (i.c., the summed Akaike weights of all models that
included that predictor; [36]). These model averaging calculations
were based on the 95% confidence sct of models (i.c., the top-
ranked models whose cumulative Akaike weight is 0.95), after re-
normalizing the weights.

Mapping coho spawner mortality

Using the fited modcls, we built a map of predicted coho
spawncr mortality throughout the four countics (King, Kitsap,
Picrce and Snohomish) representing much of the Puget Sound
lowlands, by applying the GLMM cquations to geospatial data
from unmonitored basins. We used basins dclincated in the
National Hydrography Datasct Plus [37] as the underlying
mapping unit (300 ha mcan, 466 ha SD) and intersccted the
NHDPlus datalayer with cach of the geospatial datalayers uscd in
the statistical analyses. Within the four-county rcgion, we only
madc spawner mortality predictions in basins where coho salmon
presence has been documented, based on current geospatial
datalayers gencrated by the Washington Department of Fish and
Wildlife [38]. We then calculated the proportion of cach basin that
was covered by the sclected landscape feature. We gencrated
predicted valuces of the proportion of mortalitics from cach modcl
in the 95% confidence sct and then model-averaged these values
using the normalized Akaike weights [36). These predictions apply
to the average basin in the Puget Sound coho ESU with some
given set of habitat conditions, in the sense that the random effect
of sitc was sct to zero. To be conservative in representing the
precision of the predicted valucs, we divided the calculated rates of
likely coho spawner mortality into three bins: <10%, 10-50%,
and >50%. These break points were chosen somewhat arbitrarily
1o represent low, medium and high spawner mortality ratcs.

Results

We found strong associations between land usc and land cover
attributes and rates of coho spawner mortality. Across the 95%
confidence sct of fited models, three variables were particularly
important for predicting mortality based on high variable weights:
impervious surfaccs, local roads, and commcrcial property type
(Table 2 and Figurc 2). There was substantial model sclection

August 2011 | Volume 6 | Issue 8 | e23424



Ecotoxicology of Salmon Mortality in Urban Streams

uncertainty, reflected in a large 95% confidence set and large
number of models with AAIC.<2.0 (37 and 8 of 139 candidate
modecls, respectively; Table 3). In addition, although we excluded
highly multicollincar combinations of variables (|r|>0.9), many
variables were still strongly corrclated, resulting in unstable
paramcter cstimates and large unconditional SE estimates
(Table 2). Nonetheless, predictive models that included land use
and land cover attributes as predictors were clearly superior to the
intercept-only model (AAIC.=20.4; Table 3), supporting the
association of these variables with coho mortality.

While the multicollincarity among potential predictors made
causal interpretation of the models difficult, it did not preclude
predictions of where coho salmon are likely to be affected along an
urbanization gradicnt. Not surprisingly, the highest predicted
mortality rates were clustered around the major metropolitan
arcas of castern Puget Sound, contained within Snohomish, King,
Kitsap, and Pierce counties (Figure 3). In addition, there is a
significantly sized area in Eastern Puget Sound that has
considerable proportions of the variables (local roads, impervious
surfacc and commercial parcels) most correlated with substantial
mortality rates. It is important to note that these predicted values
have substantial associated uncertainty and should therefore be
interpreted cautiously; however, it is reasonable to use them for
assigning the break points for the low, medium, and high mortality
rate categorics represented on the map.

Discussion

Overall, we have used conventional tools in landscape ecology
to shed light on an unusually complex ccotoxicological challenge.
Our analyses strongly suggest that specific characteristics of
basins in the Puget Sound lowlands are linked to the dic-offs of
coho spawners that have been widely observed in recent years.
Across basins, the strength of the association is greatest for
impervious surfaces, local roads, and commercial property. We
did not cvaluate hydrologic or gecomorphic basin characteristics
as part of our analysis. Nevertheless, our findings support the
hypothesis that coho are being killed by as-yet unidentified toxic
chemical contaminants that originate from these types of surfaces
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Table 2. AIC weights, model averaged parameter estimates and unconditional confidence intervals for each variable, ranked by
AIC, weight.
Model

AlC, Averaged Unconditional
Datalayer Varlable welght coefficient SE
Impervious Impervious surfaces 0.7158 16.8425 145376
Roadways Local roads 05647 -15.6199 68.3331
Property type Commercial 05107 79375 82616
Land cover Dense urban 0.3865 -7.7776 16.1614
Property type Apartments & condominiums 0.2409 -9.5330 3Na917
Roadways Heavily used roads 02019 53445 315073
Land cover Forest 0.1163 -0.7793 62249
Land cover Light to medium urban 0.1149 0.3250 29751
Land cover Grass, shrubs & crops 0.0993 0.1664 54517
Property type Residential 0.0975 00738 16.8920
Property type tndustrial 00547 -0.2475 47008
Property type Parks & open space 0.0000 0.0000 0.0000
doi:10.1371/journal.pone.0023424.t002

and arc transported to salmon spawning habitats via stormwater
runofll

Our results extend a large body of scientific information linking
urbanization (broadly defined) and degraded water quality to a loss
of biological integrity (sensu Karr {39]) and productivity in
freshwater strcam nctworks [18,40,41]. Previous studics have
gencrally related land use and land cover variables 10 macroin-
vertebrate assemblages in streams [42], or 1o the relative
abundance of salmon and other fish (c.g., [22,43,44]). The present
analysis is novel because it relates basin characteristics directly to
salmon health and survival, versus species presence or absence.
Morcover, it offers new insights on the water quality aspects of
urban runofl. The focus of most salmon restoration projects is
physical characteristics of spawning and rearing habitat {45]. Most
salmon specific restoration projects are deemed successful if they
simply restore the physical habitat to a suitable state for a given
specics [46). Our study suggests that suitable spawning and rearing
habitat may not be supportive of coho salmon persistence when
the surrounding landscape is urbanized. The linkages between
increased impervious coverage within a basin, increased storm-
water runofl] altered hydrologic processes, and ccological decline
arc well cstablished (e.g., [18]). However, stormwater impacts
cncompass both physical and chemical drivers of decline, and it
can be difficult to distinguish between these via in situ assessments
because strecam invertebrate communities integrate both stressor
catcgoriecs. Coho salmon spawners, by contrast, appear to be
promising and spccific sentinels for the degraded water quality
aspect of urban runofl. Compared to macroinvertcbrate sampling
and taxa identification, the coho mortality syndrome is relatively
casy and incxpensive for non-specialists to monitor in the form of
digital videco recordings of symptomatic fish, or the presence of
unspawned female carcasses in streams.

Interestingly, the mortality syndrome appcars to be specific to
coho salmon. For ecxample, there were temporally overlapping
runs of coho and chum salmon (O. keta) in Piper’s Creck in the fall
of 2006. Whereas all of the adult coho succumbed to the
mortality syndrome, the chum were unaffected, with nearly all
surviving to spawn (130 of 135 spawned out female carcasses;
Scholz ct al., unpublished data). Consistent with this, the survey
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Figure 2. Female coho spawner mortality as a function of the proportion of each of the top three predictors in a given site basin, at
the six study sites. Individual points correspond to specific years for each site. Mortality expressed as proportion of all retuming females that died
in a given year. Solid circle = Des Moines; hollow circle = Fauntleroy; solid square = Fortson; hollow square = Longfellow; solid triangle = Piper’s; hollow

triangle =Thornton Creek.
doi:10.1371/journal.pone.0023424.g002

tcams have not obscrved the characteristic symptoms (c.g.,
surface swimming, gaping) among other fish specics that inhabit
urban streams such as sticklebacks and cutthroat wrout. Not only
arc coho unusual in this respect, the phenomenon appears to be
restricted to the adult life stage. In the fall of 2003, surface {lows
from Longfcllow Creck were diverted through streamside sheds

‘.@ PLoS ONE | www.plosone.org

housing aquaria that comained individual juvenile coho from the
NWFSC hatchery. The juveniles (n=20) were maintained and
obscrved daily throughout the fall spawner run. Overall juvenile
survival was 100%, and the juvcniles behaved normally, even on
days when symptomatic adults were observed in the ncarby
strecam (Scholz ct al., unpublished data). The underlying reasons
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Table 3. Summary of the 95% confidence set (37 of a total of
139 candidate models) of candidate models used to generate
map of mortality rates, showing intercepts, estimated
coefficients, AAIC. and wayc.. Intercept only model included at
bottom for reference.

Model Equation AAIC, Wace

a+b ~4.5664+19.76(a)+44.41(b) 0000 0.0933
c+d+b —3.9215-109.56(b)+48.75(c) —29.98(d) 0046 0.0912
cte+f —3.9355+12.94(c)—40.15(e)+38.61(f) 0372 00775
c+d+a —4.4921+12.61(a)+14.03(c)—7.54(d) 0579 0.0698
ctgHa —4.4858+14.31(a)+5.23(c)+3.62(g) 0669 0.0668
h+a+b —2.6065+15.89(a)+30.87(b)—2.38(h) 1.150  0.0525
c+atb —4.6629+16.37(a)+35.26(b}+2.70(c) 1357 00473
d+a+b —4.7001+17.52(a)+43.83(b}+1.62(d) 1.576 0.0424
cte —4.5943+19.70(c)—-53.28(e) 2425 0.0277

c+d+i+b  —3.0628-83.44(bM+56.38(c)~40.28(d)-7.82() 2485 0.0269
cHj+H+b —7.3055-130.72(b)+21.23(c)+19.12()+10.65() 2543 0.0262
c+d+k+b  —3.9266—94.52(b)+43.32(c)-25.00(d)-1.60(k} 2613  0.0253
Jra+b —4.5174+20.03(2)+43.79(b)—0.52() 2752 0.0236
c+d+a+b  —4.0864+3.95(a)—76.44(b}+38.23(c)—23.27(d) 2.885 0.0221
ctdra+f  —47368+15.57(2)+16.88(c)—9.22(d)—-22.10() 2925 0.0216
c+d+e+b  —3.9607 - 100.49(b)+46.40(c) - 27.43(d)—5.54(e) 2.954 00213
cHde+f  —3.8347+12.37(c)+0.49(d)—40.69(e}+39.28(f) 3280 0.0181
ctgre+f  —3.8534+12.93(c)—-40.45(e)+38.73()-0.18(g)  3.294 0.0180
cHjretf —3.9360+12.94(c)—40.28(e}+39.36(f) - 0.31()) 3326 00177
ctg+a+f  —4.6143+16.25(a)+5.79(c)— 13.40(f}+4.06(g) 3378 00172

cHdH —1.1996+64.26(c)— 55.97(d) —24.83()) 3423 00168
h+i+b 9.3911-153.97(b)— 17.49(h)+15.85(i) 3858 00136
htetf 2.2747 -27.95(e)+47.38(f)—7.31(h) 3931 00131
h+a 1.2512+8.63(a)—6.13(h) 4.028 00124
cHjrath  —4.5887+16.71(a}+34.25(b}+2.72(c)—-0.75() 4299 00109
h+k+b 5.8364—27.35(b)—11.39(h)—5.97(k) 4.837 0.0083
c+}+é —4.4356+18.70(c)—50.31(e)+1.33() 4915 0.0080
cHj+k+b  —2.4511-52.30(b}+20.45(c)—-13.34(j)—-10.60(k) 4.937 0.0075
c+d+e —4.7362+20.37(c)—0.45(d)—53.43(e) 5.141  0.0071
c+e+b —4.4680—1.36(b)+19.52(c)—52.48(e) 5.158  0.007
cigte —4.5797+19.68(c)—53.23(e)-0.02(g) 5.188  0.0070
h+e+b 8.1285-20.52(b)—45.07(e)~14.67(h) 5.509 0.0059
c+k —4.3426+13.30(c)-5.31(k) 5649 0.0055
c+i+b —5.6775—141.73(b}+22.77(c)+17.24(i) 5821 0.0051
ctk+b —3.9708—12.84(b)+14.63(c) - 6.46(k) 5896 0.0049
h+a+f 0.4930+6.87(a)}+19.67(f)—5.22(h) 6.083  0.0045
cdH+H —1.0499+68.65(c)-59.91(d)—-6.04()-26.58()) 6343 0.0039
!ntercépt N/A 20428 © V
only

Model weights shown here are re-normalized for the set of 37 top-ranked
models shown. a=commercial; b =local roads; c =impervious; d =dense urban;
e=apartments and condominiums; f=heavily used roads; g=light to medium
urban; h = forest; i = residential; ] = grass, crops and/or shrubs; and, k=industrial.
doi:10.1371/journal.pone.0023424.t003

for the syndrome’s surprising uniqueness to adult coho are not yet
known.

Daily or weckly stream surveys arc labor intensive, and for this
rcason only a subset of urban drainages in Puget Sound have been
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monitored to date. The GIS-bascd mapping tool developed for
this study can be used to focus future monitoring cfforts on basins
with a higher likclihood of coho dic-offs bascd on land cover
attributes. In addition to the basins we have identificd within the
range of the Puget Sound/Georgia Basin ESU, this approach
could be extrapolated to other geographic arcas where coho rewurn
to spawn along a gradicnt of urban growth and development. This
includes, for cxample, coho from the Lower Columbia River ESU,
a threatecned population scgment with a spawner range encom-
passing the grecater metropolitan arca of Pordand, Orcgon.
Overall, future surveys will ground-truth inidal model outputs
and provide additional data that can be used to improve the
predictive accuracy of the mapping tool.

Our findings have two near-term applications. First, they
identify likely “hotspots” for coho spawner mortality throughout
central Puget Sound. Given that recurring adult losscs at a rate
greater than approximatcly 10% are likely to substantially reduce
local population abundances, the high mortality basins in Figure 3
(10-50% and >50% predicted mortality catcgorics) may represent
sink habitats for the Puget Sound/Georgia Basin ESU. This is an
important considcration for coho rccovery planning at the local,
county, and regional scales. Sccond, our results indicate arcas
where toxic runoff could potentially undermine strcam restoration
cfforts - specifically, strategics that improve physical and biological
habitat conditions (flow, conncctivity, channel complexity, ripar-
ian function, cic.) as a means to boost coho population
productivity.

The potential influcnce of rainfall, including timing, requency,
and individual storm intensity, rcmains an arca of active
investigation. Throughout the ycars of strcam surveys, it has
been qualitatively cvident that rainfall influences the montality
syndrome. For example, salmon that arrive and enter a strcam
during an extended dry interval (a week or more) often survive
and then become symptomatic and dic when it next rains (Scholz
ct al, unpublished data). Onc of our aims in surveying
Longfcllow Creck (the strcam with the most abundant overall
returns) for more than a decade was to cvaluate inter-annual
variation in coho spawner mortality in relation to rainfall.
However, a quantitative analysis has proven problematic duc to
highly variable rainfall pauterns in combination with low adult
returns in some years. It is clear, however, that the syndrome is
not a simple first-flush phcnomenon. In most years, both cgg
retaining and spawned out carcasses werc observed across the 8-
10 week fall run, irrespective of the number and size of rain
cvents over that interval.

Over the longer term, an approach similar to the onc developed
here could be used to forecast the likely impacts of future human
population growth and decvelopment on Puget Sound coho
populations that are currently healthy. For cxample, the cxpansion
of local road nctworks is a core focus for urban growth planning,
and thesc projections could serve as a basis for evaluating how and
whcre coho spawner mortality will increase under different growth
management scenarios. This, in turn, would inform strategies to
reduce or mitigate toxic runofl in highly productive basins, in
advance of cxpanding transportation infrastructure - i.c.,
prevention vs. costly retrofits to the built environment. Also, our
modeling approach could be expanded to include the timing and
intensity of rainfall as potential drivers for coho spawner mortality.
Rainfall patterns may be a key determinant of stormwater quality,
although more work in this area is needed. Climate change is
cxpected to shift regional rainfall patterns, and it should be
possible to explore how this will interact with changing land cover
(urbanization) to influence stormwater quality and toxic runoff to
coho spawning habitats.
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Figure 3. Predictive map of modeled coho spawner mortality rates within the Puget Sound lowlands. Mortality rates are a function of
the proportion of key landscape variables within a given basin. Green, yellow and red areas indicate basins with predicted rates of spawner mortality
(as a percentage of total fall runs) of <109, 10-50%, and >50%, respectively. Black dots denote locations of the six study sites that were the basis for
this analysis. Thick dashed black line depicts the southem boundary of the coho salmon Puget Sound/Georgia Basin Evolutionarily Significant Unit
(ESU). Basins that do not have documented presence of coho salmon [38] are not represented on the map, even if they have landscape conditions
associated with coho spawner mortality. Key for site numbers: 1=Des Moines; 2=Fauntleroy; 3=Fortson; 4=Longfellow; 5=Piper’s; and,

6 =Thornton Creek.
doi:10.1371/journal.pone.0023424.g003

While not definitive, our results reinforce the parsimonious
cxplanaton that coho dcaths arc caused by one or morc
contaminants originating from motor vchicles. As noted carlier,
this is important becausc it narrows the list of candidate toxics in
complex urban landscapes. Future toxicological studics should
focus on two ubiquitous urban runofl contaminant classes in
particular. The first are metals in brake pads and other vchicle
friction materials. Copper, zinc, and other metals are known to
specifically target the fish gill, thereby disrupting respiration and
osmorcgulation [47]. The sccond, PAHs, [14,48,49] arc taken up
across the fish gill, and can impair cardiac function and respiration
[50]. The symploms displayed by affected coho (surface
swimming, gaping, loss of cquilibrium, ctc.) arc consistent with a
disruption of respiration, osmorcgulation, or circulation, or some
combination of these.

Notably, PAHs and mctals usually causc the above toxicological
clfects at concentrations well above those typically detected in
urban strcams. However, the majority of conventional toxicology
studics using salmonids focus on freshwater specices (e.g., rainbow
trout) or the freshwater life stages of juvenile anadromous specics.
There are practically no toxicity data for coho salmon at the adult
spawner stage. Many important osmorcgulatory changes take
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The recurrent dic-off of coho in urban drainages appears to be a
phenomenon distinct from other types of pre-spawn mortality that
have previously been reported for other species of salmon. These
include, for example, sockeye salmon in the Fraser River and
watersheds of Bristol Bay, as well as Chinook salmon in the Klamath
River. In thosc non-urban freshwater habitats, pre-spawn mortality
is described as a chronic process where fish are weakened by a low
cnergy status, poor physical condition, wasting, and eventual death.
This process occurs over a protracted timeframe (i.c., wecks). The
causcs vary and include an abnormally carly arrival on spawning
grounds, thermal stress, and increased susceptibility to the
myxosporean parasite Parvicapsula minibicomis (Fraser River sockeyc;
[1,2,3]); high spawner density, low water level, high water
temperature, and low dissolved oxygen levels (Bristol Bay sockeye;
[4,5]); and low flows, increased water temperature, high spawner
densities, and diseascs caused by the pathogenic ciliate Jehtyophthirius
multifulis and Flavobacterium columnare, the bacterial agent for
columnaris in fish (c.g., Klamath River Chinook salmon; [6]).

Here we report the results of an eight-year investigation (2002—
09) to characterize the frequency and geographical extent of coho
mortality, and to identify associated water quality and spawner
condition factors. We conducted daily surveys of multiple crecks to
assess rates of pre-spawning mortality across the entirc duration of
fall coho runs. We asscssed the physical condition, pathogen
cxposure status, and discase status of affected female coho for
comparison to 1) unaffected wild adult females collected from a
non-urban reference stream, 2) unaflected adult females returning
to scveral arca hatcherics, and 3) seawater-phase adults collected
from Elliott Bay along the Seattle waterfront, prior to their entry to
restored freshwater habitats in urban drainages. Fish from a subsct
of thesc locations were profiled using biomarkers of exposure to
common toxic contaminants in urban runoff, including metals,
homeowner use insecticides, and petroleum hydrocarbons. Lastly,
we monitored conventional water quality information (c.g.,
temperature, dissolved oxygen, specific conductance, and pH)
for urban strecams during adult coho dic-off cvents.

Materials and Methods

A paucity of coho spawners in urban streams throughout this
study placed important constraints on sample collection for the

Coho Spawner Mortality in Urban Watersheds

purposes of a forensic analysis. Spawner abundances were
generally low and unpredictable in urban streams where the
dic-ofl phenomenon occurs. By contrast, in non-urban strcams
where coho are relatively abundant, spawners were unaffected.
Therefore, tissuc collections from coho in urban strcams were
ad hoc and opportunistic. The strcams surveyed during the
course of this study and associated samples collected are listed in
Table 1.

To cnsure sample integrity, tissues were not collected from the
decomposing carcasses found in streams. Conversely, we did not
sacrifice live, non-symptomatic fish in urban strcams becausc these
coho may or may not have survived to successfully spawn. As a
consequence, some types of samples (c.g., gill metals, bile PAHs;
sce below) had to be collected from spawners that were cither
overtly symptomatic or very recently dead, as evidenced by gill
coloration (sce below). As noted carlier, symptomatic fish progress
to death rapidly. Strcam surveys were generally less than two
hours in a given day, and thus encounters with symptomatic fish
were infrequent. This accounts for a relatively small sample size
for some tissues despite an intensive overall survey cffort.

Study locations

Daily or weekly spawner surveys (including tissue collections)
were conducted on scveral Scattle-arca streams from 2002-2009.
These included Longfellow, Thornton, Piper’s, Des Moines,
Taylor, and Faunderoy Crecks (Figure 1). Detailed descriptions
of each of these drainages (except Des Moines) can be found in a
recent City of Seattle report on urban waterways [7]. Longfellow
Creek in West Seatte, the urban stream found to have the highest
numbers of adult-entry coho in preliminary asscssments (1999-
2001), was the focus of daily surveys in cach of the cight years of
monitoring. Des Moines Creck to the southwest of Scatle was
surveyed daily in 2604 and Piper’s Creck in northwest Scattle was
surveyed daily in 2006. In other ycars, thesc two urban strecams
were monitored approximately weekly, as were Taylor, Thornton,
and Fauntleroy Crecks [8]. To assess the prevalence of pre-spawn
mortality among wild coho salmon returning to spawn in a non-
urban drainage, we surveyed Fortson Creck (a tributary to the
North Fork Stillaguamish River north of Seattle; Figure 1) daily in
the fall of 2002.

@ PLoS ONE | www.plosone.org

Table 1. Summary of survey locations and associated tissue samples.
Years Survey Water
Location Category Sampled Freq| y  Quality Tissue Sampling
pathogen
glils braln bile screen histopathology
Longfellow Creek urban stream  2002-2009  daily /" A A Vo
Piper’'s Creek urban stream 2006 daily
Des Moines Creek urban stream 2004 daily /° v v v
Fortson Creek forested stream 2002 daily '4 v/
University of Washington Hatchery  urban hatchery 2002 one day v
Stillaguamish Hatchery rural hatchery 2002 one day '4
Issaquah Creek Hatchery urban hatchery 2002, 2003 one day e 4 "4
Wallace River Hatchery rural hatchery 2005, 2008 one day e v 4 v
Elliot Bay estuary 2003 one day 4 4 4
*sampled only in 2002;
bsampled only in 2003;
“sampled only in 2004;
dsampled only in 2008.
doi:10.1371/journal.pone.0028013.t001
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For C. shasta analysis, up to 5 mm of the posterior-most portion
of the large intestine was placed immediatcly into extraction buffer
[14] without proteinasc K and placed on ice in the ficld. Within a
few hours, samples were transported back to the lab and stored at
4°C. DNA cxtraction and analysis were completed by adding
protcinase K and performing PCR with primers Csl and Cs3 by
the method of Palenzucla ct al. [14].

For N. salmincola, trunk kidney tissuc was collected into a sample
bag (Whirl-Pak™, Nasco, Modesto, CA) and immediately stored
on icc. Within a few hours these tissues were transported back to
the lab and stored at —20°C undil analysis by light microscopy
[15].

For T. bpyosalmonae, P. minibicornis, R. salmoninarum, and L.
salmonae, trunk kidney and gill tissues were placed into scparate
sample bags and immcdiately stored on ice. Within a few hours
thesc tissues were transported back 1o the lab where they were
stored at —20°C. DNA was cxtracted from approximately 25 mg
of tissuc using the Qiagen DNcasy tissue kit (Valencia, CA) with
the following modification of the kit protocol. Samples were lysed
in buffer (20 mM Tris-Cl, pH 8.0; 2 mM EDTA; 1.2% Triton X-
100; 20 mg/ml lysozyme) for >45 m at 37°C and digested in
25 pl of protcinase K with 200 pl of buffer AL at 55°C overnight.
Sample processing thereafter followed the kit protocol for animal
tussucs. PCR for 7. bposalmonae was performed with primers
PKX5f and PKXG6r [16] and for P. mintbicornis with primers Parvi-
If and Parvi-2r [17]. R. salmoninarum was dctected by nested PCR
[18]. PCR for L. salmonae was performed with primers LS-1 and
LS-2 [19]. To confirm the specificity of detection of these
pathogens by PCR, represcntative amplification products were
subjected to cycle sequencing by BigDye Terminator (version 3.1)
rcactions and analyzed on an ABI 3100 (Applicd Biosystems,
Foster, CA).

Current use pesticide exposure (brain
acetylcholinesterase activity)

Current usc pesticides arc commonly detected in urban strecams
[20]. Some of the most frequendy detected insecticides, including
diazinon, malathion, chlorpyrifos, and carbaryl arc known 10 be
neurotoxic to salmon [21,22). Thesc chemicals inhibit the brain
cnzyme acetylcholinesterase (AChE), thereby disrupting chemical
forms of synaptic communication in the salmon nervous system.
Measures of brain AChE activity in fish arc commonly used to
diagnose anticholinesterase poisoning in response to insecticide
exposure (c.g., [23]).

To assess the extent 1o which coho in urban strcams may have
been cxposed to potentially toxic concentrations of insecticides,
brains were collected from affected fish from Longfcllow Creek
(N'=32) as well as the non-urban reference stream (Fortson Creck;
N =18 pre-spawn, 38 post-spawn) and the Stillaguamish (N =15
pre-spawn), University of Washington (N=21 pre-spawn), and
Issaquah (N =21 pre-spawn) hatcheries. All samples were collected
in the fall of 2002. Brains were dissccted #n situ from (resh carcasses
(recendy killed, or red to pink gills for fish collected from
Longfcllow Creck), flash frozen in liquid nitrogen, and then
transported to the Northwest Fisheries Science Center for storage
at —80°C. For analyses of AChE activity, tissucs were homoge-
nized in 50 mg ml~' PBS-T (10 mM phosphatc buffered saline
containing 1% Triton X-100) and assayed on a 96-well plate using
previously published methods for coho salmon [22]. Differences in
brain AChE activity among locations were analyzed using a one-
way ANOVA and Tukey-Kramer HSD posthoc test (JMP 8.0,
SAS Institute, Inc., Cary, NC). The significance level was set at
p=0.05.
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Metal exposure

Gill tissue was collected opportunistically from affected coho
from Longfellow Creck and Des Moines Creck in the fall of 2004
and from Wallace River Hatchery spawners in the fall of 2008.
Samples were collected with plastic forceps and titanium scissors to
avoid metal contamination. Upon collection, gill tssuc was placed
in plastic bags on icc in coolers and transported to the King
County Environmental Laboratory (KCEL). Samples were stored
at —20°C unul analysis. Prior to analysis, samples were
homogenized in blenders that were rinsed with methanol and
wiped down prior to and between samples.

All samples were analyzed for arsenic, cadmium, chromium,
copper, lead, nickel, and zinc. Total metals were measured by
inductively coupled plasma-mass spectrometry (ICP-MS) using
KCEL standard opcrating procedures. Tissuc was digested with
nitric acid in conjunction with hydrogen peroxide to remove the
analytes from the sample matrix and then further digested in nitric
and sulfuric acid in the presence of potassium permanganate and
potassium persulfate. Sodium chloride hydroxylamine hydrochlo-
ride was added aficr digestion to reduce the sample and stannous
chloride was added immediately before analysis.

Mcasures for quality assurance/quality conurol (QA/QC)
included checking measurement accuracy against certified refer-
ence materials such as DORM-2 (dogfish muscle) from the
Institute for National Mcasurement Standards (Ottawa, Canada).
Further QA/QC procedures included the measurement of
background metal levels with method blanks, monitoring variabil-
ity with duplicate laboratory samples, and mcasuring recovery of
total metals from spiked samples without (spike blank) and with
(matrix spike) the sample matrix. Accepted variability for
laboratory duplicates was 20%, =15% for spikc blanks, and
+25% for matrix spikes.

Gill ussuc metal concentrations were normalized using a log)g
transformation. For cach metal, differences in concentrations duc
to location were analyzed using a one-way ANOVA and Tukey-
Kramer HSD posthoc test with the level of significance set at
p=0.05.

Polycyclic aromatic hydrocarbon exposure

Bile was collected from the gallbladders of returning adult coho
during the 2002-2004 ficld scasons and analyzed for metabolitcs
of polycyclic aromatic hydrocarbons (PAHs) using established
methods [24]. Samples were collected from fish in an urban
stream (Longfellow Creck in 2002 and 2003), a non-urban strcam
(Fortson Creck in 2002), a non-urban hatchery (Wallace River
Hatchery in 2002), and scawatcr-phase fish prior to their entry
into Scattlec-arca urban strcams (Elliou Bay in 2003). Bricfly, bile
was injected direcdy onto a C,g reverse- phase column
(Phenomenex Synergi Hydro, Torrance, CA) and cluted with a
lincar gradient from 100% water (containing a tracc amount of
acetic acid) to 100% mcthanol at a flow of 1.0 mL/min.
Chromatograms were recorded at two fluorescence wavelength
pairs: 1) 260/380 nm where several 3—4 ring compounds [c.g.,
phenanthrene (PHN)] fluoresce and 2) 380/430 nm where many
4-5 ring PACs [c.g., benzo[a]pyrenc (BaP)] fluoresce. The
concentrations of fluorescent aromatic compounds in bile were
dewermined using PHN or BaP as cxternal standards and
converting the fluorescence response of bile to phenanthrene (ng
PHN cquivalenis/g bile or ng PHN cquivalents/mg protein) or
benzo[a]pyrene (ng BaP cquivalenis/g bile or ng BaP cquivalents/
mg protein) cquivalents. Total biliary protein was determined
using the method of Fryer et al. [25]. Copper sulfate (in alkaline
solution) and Folin rcagent were added to cach diluted bile sample
(1:1000 v:v with distilled water). The absorbance of cach sample
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was mcasurcd at 620 nm using a plate-rcader spectrophotometer
and was compared to thc absorbance of bovine scrum albumin
mcasurcd at this wavclength. Total biliary protcin values are
reported as mg protein/mL bile.

The HPLC/fluorcscence system was calibrated prior to
analyzing ficld samples by analyzing a PHN/BaP calibration
standard numerous times (N=5) until a rclative standard
deviation <15% was obtained for each PAC as previously
described [26]. As part of the QA plan, a method blank and a
fish bile control sample (bile from Atlantic salmon exposed to
25 pg of Monterey crude oil per mL of water for 48 hours) were
analyzed with each salmon bile sample sct.

Concentrations of PHN and BaP cquivalents, as well as protein
values, were logjo-transformed to incrcase the homogencity of
variances. Analysis of variance (ANOVA) and the Tukey-Kramer
HSD test were used to determine if mean concentrations of PHN
and BaP cquivalents and protein content of bile varicd among
collection years or collection sites. The level of significance was set
at p=<0.05.

Conventional water quality monitoring

Ficld meters were used to continuously monitor conventional
water quality parameters during the fall of 2003 on both
Longfellow Creek and Des Moines Creck. A 4a Minisonde™
(Hydrolab, Austin, TX) was installed by the City of Scaule in
Longfellow Creck, in a pond at the terminus of the survey reach
on this stream (just below an impassable culvert). A YSI 6600
multi-sonde unit (YSI Inc., Yellow Springs, OH) was installed by
King County on Dcs Moines Creck. The unit was located in the
strcam channel below a footbridge in a community park, about
500 feet above the point at which the stream flows directly into
Puget Sound. Both meters were programmed to measure and
record water temperature, pH, dissolved oxygen, and specific
conductance at 15-minute intervals. The Hydrolab was serviced
and calibrated during the deployment period according to U.S.
Geological Survey protocols [27]. The YSI meter was serviced
weekly according to King County Environmental Lab standard
operating procedures.

Mortality in relation to rainfall patterns
We surveyed Longfellow Creek over eight consecutive years in
part to evaluate the influence of rainfall on spawner mortality
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within and between fall coho runs. Daily and total rainfall data
were collected as the sum of 1-minute interval detections from the
ncarest City of Scaule rain gauge (Rain Gauge 17, or RG17),
located approximatcly 5 km southcast of the upstream terminus of
the surveyed portion of the strcam. Rainfall was quantified from
onc week prior to encountering the first live fish in Longfellow
Creck until the day the last carcass was found. When data were
not availablc at RG17 they were transposed from the next nearest
rain gauge (RG18, distance approximately 13 km).

The relationship between inter-annual spawner mortality and
total rainfall was assessed using binary logistic regression. For the
correlation cocflicient, the natural log of the odds ratio {(% pre-
spawn/(l - % pre-spawn)] for cach year was weighted by sample
size and regressed (simple lincar regression) against total rainfall.
In 2006, only 4 femalcs were encountered, and data from this year
(100% mortality) were excluded from the lincar regression because
they produced an undefined odds ratio. Both analyses were
performed using JMP version 8 (SAS Institute Inc., Cary, NC).

Results

Behavior, condition, and origin of affected coho

spawners

Consistent with initial observations of overtly symptomatic fish
during carly surveys in 1999-2001, we observed the same suite of
behaviors in aflected spawners during daily surveys rom 2002-
2009. These included circular surface swimming (loss of
oricnation), gaping, pectoral fin splaying, and loss of equilibrium
(Video S2, S3). Symptomatic coho encountered during the course
of a survey usually died by the end of the survey (i.c., within 1-
2 hrs). Those that were stll alive were found as pre-spawn
carcasses the next day. Symptoms were displayed by both male
and female spawners, were consistent from year to year, and were
consistent across urban drainagcs.

Numerous adult coho carcasses were found in all monitored
strcams (Figure 1 and Table 2). For the urban strcams, the
frequency of egg retention among dead females (Figure 2) was
high. For example, for Longfellow Creck, pre-spawn mortality
ranged between 70-90% of the overall run in years where
returning coho were relatively abundant (Table 2).

The size and condition of affected fish from urban strcams were
comparable to those of wild coho returning to Fortson Creck and
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Table 2. Rates of coho pre-spawn mortality in Puget Sound lowland streams surveyed daily from 2002-2009.
Creek Year Ne % Wild** 9 Pre-Spawn Mortality Wild 9 Pre-Spawn Mortality Total
Longfellow 2002 57 4 100 ) 86

2003 18 28 20 67

2004 9 89 88 89

2005 75 7 72 ' n

2006 4 75 100 100

2007 M1 10 75 73

2008 12 0 ) na - 67

2009 44 0 na. 79
Plper's 006 9 ’ 100 7 - 100
Des Moines 2004 30 33 60 63
Fortson (non-urban) 2002 114 100 09 09
*Sample size reflects female coho of known spawning condition, with no signs of predation.
**Presumed wild origin based on presence of adipose fin and absence of a coded wire tag.
doi:10.1371/journal.pone.0028013.t002
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unaffccted hatchery coho rcturning 10 regional hatcherics
(Table 3). For example, the condition factor for affected fish from
Longfellow Creck in 2002 was not significandy dilferent than the
condition factor for wild coho from the non-urban refcrence
strcam (Fortson Creck; t-test, p=0.12) and it was higher than the
condition factors for the unaffected hatchery fish {c.g., Issaquah
Hatchery; Table 3).

The spawner mortality syndrome appears to be specific to coho
in urban drainages. We observed no symptoms and less than 1%
pre-spawn mortality among wild coho rcturning to spawn in the
non-urban reference strcam in 2002 (Fortson Creck; Table 2).
This is consistent with a widely reported absence of the syndrome
among coho spawners from non-urban catchments. For example,
in 2003-2004, Washington Trout (now the Wild Fish Conscrvan-
cy) surveyed 29 Washington Department of Fish and Wildlife
index reaches (<10% developed land cover) for coho spawner
success in the Snohomish River basin north of Scaule. Of more
than 1,000 intact adult female carcasses inspected, less than 0.5%
dicd with an cgg retention rate of >50% [28].

We did not observe corresponding dic-ofls of resident fish in
urban strcams (c.g., sticklebacks, sculpins, or cutthroat trout), nor
did we find the syndrome in other species of migratory salmon
return to thesc same urban strcams to spawn in the fall. Also, the
phenomenon appears to be specific 1o adult coho. In 2003, water
from Longfcllow Creck was diverted into a flow-through
streamside shed facility with juvenile coho housed individually in
separate aquaria (N=24). The juveniles were fed daily and
monitored throughout the duration of the fall spawner run.
Despite the presence of symptomatic adults in the adjacent stream,
juveniles exposed to the same surface flows showed no overt
symptoms, with 100% survival across the cxperimental group
(data not shown).

Throughout the study, the gencral dearth of coho salmon
returning to Scattlc-arca urban strcams posed a challenge in terms
of collecting tissucs for forensic analyses. Longfellow Creck was
chosen as a site for long-term monitoring in part because of the

Table 3. Spawner condition for female coho salmon
collected from urban and non-urban locations.
Mean .
Site Year N Condition SD
Fortson Creek 2002 20 0893 oan
University of Washington 2002 21 0816 0.103
Hatchery
Stillaguamish Hatchery 2002 5 0.840 0.047
Issaquah Hatchery 2002 i 0814 0.06
Longfellow Creek 2002 47 0.856 0.077
2003 10 0920 0137
2004 8 1018 0.103
2005 54 1.057 0.105
2006 4 1.084 0.078
2007 21 0.995 0153
2008 7 1.032 0.122
2009 30 0.930 0235
Des Molnes Creek 2004 19 1109 0.268
Piper's Creek 2006 9 1.055 0.107
*Condition Factor was Fulton’s K = (weight/(length”3))*100. Weights were for
gravid females (i.e., with ovaries containing eggs).
doi:10.1371/joumnal.pone.0028013.t1003
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proportionally higher numbcer of coho that typically enter this
drainage rclative 1o the other urban crecks in Scattle. Coded wire
tag analysis of >50 tags collected from coho in Longfellow Creck
(2003-2008) showed that many of thesc fish arc haichery strays
originating from a nct pen facility operated in Elliott Bay by the
Muckleshoot and Suquamish Tribes. This facility serves to
transition approximately 500,000 juvenile coho cach year from
the Soos Creck hatchery (Washington State Department of
Wildlife) to the saliwater environment. Importandy, however, for
certain high-return years (c.g., 2002 and 2005: Tablc 2), most of
the stricken coho spawners were unmarked and presumably of
wild origin. The mortality syndrome thercfore appears to affect
wild and hatchery coho alike.

Coho mortality is not correlated with common
pathogen-associated disease or noninfectious lesions

A systematic survey of histopathological conditions in pre-spawn
carcasscs (urban strcams) and unaffected fish from Elliou Bay and
two rcgional hatcheries (Wallace River and Issaquah Creck) was
conducted in 2003 and 2004. Various infcctious, parasitic and
idiopathic (of unknown ctiology) discascs were detected in the gill,
heart, trunk kidncy, gastrointestinal tract and liver of adult
spawners. These findings are summarized in Table S1 and Text
S1. No significant lesions were detected in the gonad, brain, spleen
or cxocrinc pancreas of adult coho regardless of origin. Nonc of
the observed discase conditions were specific to animals that
succumbed to the mortality syndrome, nor were they unique to the
urban streams where dic-ofl rates were high.

Among the six pathogens screened by PCR or microscopy, L.
salmonae in the gill and R. salmoninarum in the kidney were detected
among fish from all sampling sites, with the highest prevalence
obscrved among Longfellow Creck fish (L. salmonae) or Des Moines
Creck fish (R. salmoninarum) (Table S1). In contrast, P. minibicornis in
the gill or kidney was detected among fish from all sites except Des
Moincs Creck. Prevalence of 7. bryosaimonae in kidney, N. salmincola
in kidney, and C. shasta in lower intestine varied widely among the
sites, ranging from 0% to 48%. Although no single pathogen was
consistenly associated with pre-spawn mortality, infection or
infestation by multiple pathogens occurred more frequently among
Longfellow Creck fish. In 2003 fish from Longfcllow Creck
exhibited a significantly higher number of infections or infestations
per fish (median=3) than fish from Elliot Bay (mcdian =2),
Issaquah Hatchery (median=1), or Wallace River Hatchery
(median = 1) (Fisher Exact Probability, p<<0.0001; Figurc Sl).

Prematurely dying spawners show no indication of
exposure to common insecticides

A reduction in the enzymatic rate of brain acetylcholinesterase
is a bioindicator of cxposurc to common carbamate and
organophosphate insccticides. As shown in Figure 3, measurcd
brain enzyme activity aflected coho spawncrs from Longfellow
Creck was not significantly lower than corresponding brain
enzyme activities in fish from a non-urban reference stream
{Fortson Creck) or from rcgional hatcherics. Rather, AChE
activity in the brains of affected fish was slightly but significantly
higher than for coho spawners from Fortson Creck and the
Stillaguamish Tribal Hatchery (onc-way ANOVA; p<0.05).

Affected coho have elevated levels of metals in gill

tissues

The measured concentrations of arsenic, cadmium, chromium,
copper, lead, nickel, and zinc in the gill tissuc of adult salmon
collected from two urban sites (Des Moines and Longfellow
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Figure 6. Pre-spawn mortality and survival to spawn in relation to rainfall. Shown are the results of daily stream surveys throughout the
2002 coho spawning season in Longfellow Creek in relation to daily rainfall. Asterisks (*) indicate days when stream flows were too high to survey the

creek.
doi:10.1371/joumnal.pone.0028013.g006

It is important o note, however, that the toxicological context
(i.c., established litcrature) for anticipating possible acutely lethal
toxic cffects of stormwater contaminants on coho spawners is
practically noncxistent. On the onc hand, urban runofT typically
contains organic chemicals and metals in the low parts per billion
to parts per trillion range (c.g., [36,37]), well below levels that
would be expected to cause fish kills based on established median
lethal (LCsq) concentrations for rainbow trout and other
salmonids. On the other hand, to our knowledge, there have
been no toxicological studies on freshwater-transitional adult coho.
When adults return from saltwater to freshwater in preparation for
spawning, they undergo osmoregulatory adjustments that include
shifts in plasma osmolality, gill sodium-potassium ATPase aclivity,
and the density of chloride cells in the gill {c.g., [38]), as well as
changes in the circulation of stress and reproductive hormones [2].
These changes may render adult animals particularly vulnerable to
toxics that interfere with the physiological processes that underlie
freshwater acclimation. Coho have recendy been shown to be
considerably more vulncrable to chemical toxicity when they make
the opposite transition from freshwater to saltwater [39].

Sensitivity related to freshwater transition might explain our
obscrvations of affected adults and unaffected juveniles exposed to
the same surface waters, but not our obscrvations of affected coho
spawners side-by-side with unaflected spawners of other salmon
species. For example, in 2006 there were temporally overlapping
runs of coho and chum spawners in Piper’s Creek. Whereas all of
the coho succumbed, the egg retention rate for chum carcasses was
<4% (5 of 135 femalcs; data not shown). Moreover, symptomatic
coho were observed in the stream side-by-side with healthy chum,
the latter actively digging and defending redds (Video S4). The
underlying reason for the interspecific difference in sensitivity
remains to be determined.

More work is also needed to define the influence of rainfall on
the spawner mortality syndrome. The clearest indication that
rainfall plays a role was the 2002 survey results for Longfcllow
Creek. That ycar was characterized by an unusually long
antccedent dry interval (presumably allowing a proportionally
greater accumulation of pollutants on impervious surfaces within
the watershed), a relative abundance of returning spawners, and
consistent rainfall for approximatcly two wecks at the beginning of
the compressed run. As in 2002, in subsequent years we observed a
general tendency towards higher survival later in the run, after
multiple fall rain events. However, the rclationship was not
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statistically significant across the survey years, due in part to highly
variable rainfall patterns, longer run durations, and very low
spawner numbers in some years. Notably, the mortality syndrome
is not a simple first-flush phenomenon, as spawned and
unspawned carcasses were usually intermixed throughout the
duration of each run in 2003-2009.

Additional cvidence implicating urban runoff was recemly °
provided by a spatial land use analysis of the watersheds surveyed
during the course of this study. Feist et al. {40] found that inter-
watershed rates of coho spawner mortality correlate closely and
positively with the relative proportion of local roads, impervious
surfaces, and commercial property within a basin. These and other
corrclations were then used to predict arcas of possible coho
spawner dic-offs in unmonitored drainages throughout central
Puget Sound [40]. The link to roads and other impervious surfaces
further implicates motor vehicles as the likely source of causal
toxics, but this remains to be demonstrated direcdy — c.g., by
reproducing the mortality syndrome in otherwise hcalthy adult
coho via exposures to environmentally relevant mixtures of metals
and PAHs in freshwater.

Recent population-scale modeling has shown the potential for
rapid local declines in coho population abundance across the
range of spawner mortality rates observed in urban drainages
during the course of this study [29]. Regional human population
growth and land usc changes that increase the proportion of
impervious surfaces within watcrsheds may thercfore posc an
important future threat to wild coho populations if 1) toxic urban
runofl is the underlying cause of the mortality phenomenon, and
2) wild coho are similar in their vulncrability to the hatchery and
unmarked (and presumably wild) coho that were found unspawned
in 2002-2009. This is above and beyond the established and
widely documented stormwater-driven threats to aquatic habitats
(c.g., [41,42,43)).

In closing, past cforts to restore salmon habitats in Seattlc-area
urban watersheds have revealed unexpected challenges for
improving coho spawner abundance and survival. Thesc restora-
tion projects have been successful in numerous other ways,
including revitalizing urban green spaces, extending watershed
connectivity, cnhancing public education and involvement, and
improving habitat conditions for otters, waterfowl, amphibians,
stream invertcbrates, native plants, and other fish spccics.
Restored urban strcams have also provided an cxperimental
setting to study what may become a very important threat to wild
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coho populations in the decades ahcad as some healthy siream
nctworks gradually acquire the land cover characieristics of the
Longfellow Creck system and similar urban drainages. The next
generation of urban watershed improvements is now underway,
including the catchment-scale implementation of natural drainage
systems (using green infrastructure and other cmerging technol-
ogics), Mloodplain restoration, and new pollution mitigation
activitics such as vacuum sweeping of roadways. Morcover,
Washington recently became the first state in the US. o
legislatively mandate a phased reduction of metals in vchicle
brakc pads and other friction matcrials (SB6557). Futurc
improvements in the survival of adult coho in urban streams will
be an important indicator of success for these and other pollution
reduction strategics.

Supporting Information

Text S1 A dctailed description of the histopathology results from
tissuc samples collected during the study from urban and non-
urban sites.

(DOC)

Figure S1 Numbcr of pathogens per fish detected by pathogen
screening methods for fish collected in 2003. Horizontal bar is
positioned at the median. Longfellow Creck fish differ from fish
from all other locations (Chi-square test, p<0.0001).

(TIFF)

Table S1 Prevalence of infectious (parasitic/bacterial) and
idiopathic conditions detected by histopathology and by pathogen
screening (molecular and microscopic) in adult coho salmon
sampled from scveral crecks and hatcherics in the Puget Sound
region in 2003 and 2004. H = histopathology; PS = pathogen
screening methods; — = analysis not performed.

(DOC)

Video S1 Symptomatic female coho salmon in Piper’s Creck in
2000. The fish appears to be in good physical condition, with
occan-bright (silver) coloration. Characteristic symptoms include
loss of cquilibrium, gaping, and pectoral fin splaying.

(MP4)
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