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Ann,
The Habitat Program of the Muckleshoot Indian Tribe Fisheries Division has reviewed the Draft
Environmental Impact Statement for the Hawk Property Planned Action referenced above.   Previously
we provided comments to the scoping notice which are shown below. With our scoping comments, we
also included the attached papers regarding impacts to salmonids from metals in stormwater.
 Unfortunately, the DEIS fails to address these comments and is missing any responses in Appendix A.
 The FEIS should address these issues in some detail as this environmental review provides the
opportunity to examine these issues programmatically and determine if any of the proposed action
alternatives may have more impacts than not. 
 
For example, Alternative 3, Maximum Village Proposal is estimated to result in 99.6 acres of impervious
surfaces versus 75.8 acres under Alternative 2, Minimum Urban Village Proposal.  From available
scientific literature, we know that increases in impervious surfaces generally result in adverse impacts
to streams, wetland and aquatic resources, including fish (i.e. Booth  and Jackson, 1997; May et al
1997; Booth 2000; Morley 2000; Booth, Hartley, and Jackson 2002; etc.).  There is no discussion in the
DEIS about any impacts to salmonids that may occur from future development associated with the
alternatives identified in the DEIS (see Section 3.5).   We specifically included the attachments above
so they could be used as part of Covington’s assessment of alternatives for direct and indirect impacts,
including potential stormwater discharges to Jenkins Creek, in the DEIS.  
 
The FEIS should include an expanded analysis that discusses all potential impacts to salmonids from
stream/wetland buffer reductions, trails and associated human/pet disturbances, stormwater impacts
and baseflow reductions from all impervious surfaces.  As part of this analysis, there should be further
details as to how these impacts will be avoided and minimized/mitigated where they are truly
unavoidable.  For example, the DEIS identifies the proposed Jenkins Creek Trail near the
wetland/stream buffer but fails to discuss if this trail can be relocated such to avoid impacting the
Category 1 Wetland buffer and stream buffer.   As this area appears to be mostly forested currently, it
would be ideal to relocate the trail to avoid temporary and permanent impacts to these buffers,
including the potential permanent loss of future wood recruitment necessary to create instream fish
habitat.
 
Similarly, Figure 3.10-1 shows an proposed sewer line that looks like it will go through the regulated
wetland and stream buffer parallel along Jenkins Creek throughout the subarea.  In our experience,
where these sewer lines are located, they preclude the permanent reestablishment of trees due to
concerns with tree roots affecting the sewer line.  This permanent impact should be avoided by locating
the sewer line in areas that will be redeveloped outside of the regulated buffers.
 
There is more water quality data available for Jenkins Creek than discussed in the DEIS.  King County
has been conducting water quality monitoring in Jenkins Creek (and elsewhere) as part of the Total
Maximum Daily Load Allocation Study for the Soos Creek Watershed (see 
http://your.kingcounty.gov/dnrp/library/2009/kcr2022/SAP.pdf) as has University of Washington. 
 
Also within King County’s Soos Creek water quality monitoring plan, there is a figure showing Chinook
use of Jenkins Creek near the project area (see page 11 of KC’s QAPP). Chinook salmon use in
Jenkins Creek was not identified in the DEIS.
 
In addition to missing Chinook use data, the DEIS fails to consider how the Soos Creek TMDL
implementation recommendations to ensure compliance with State Water Quality Standards will be
met. For example, the initial TMDL recommendations are to protect existing riparian corridors and
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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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the greater Seattle metropolitan area [10]. Coho return to small


coastal stream networks to spawn each fall. Entry into freshwater is


triggered by early autumn rainfall and rising stream flows. Since


there had been extensive habitat degradation and loss in these


lowlands, many basins were targeted for stream restoration


projects in the 1990s. Subsequent surveys to evaluate project


effectiveness discovered that many coho salmon were dying in


newly-accessible stream reaches before they were able to spawn –


i.e., female carcasses were found in good condition (ocean bright


colors) with skeins (membrane or sac that contains the eggs within


the fish) filled with unspawned eggs [10]. In addition, affected coho


from several different urban basins showed a similar progression of


symptoms leading up to death, including disorientation, lethargy,


loss of equilibrium, mouth gaping, and fin splaying. Systematic


daily spawner surveys in recent years (2002–2009) have shown that


adult mortality rates in urban streams are 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 negative consequences for


maintaining viable coho populations [11]. Consistent with this,


most coho mortalities observed over the past decade were


spawners that strayed (did not home to their natal stream reaches)


into these restored urban freshwater habitats.


The precise underlying cause of recurrent coho die-offs remains


under investigation. An initial weight-of-evidence forensic study


has systematically ruled out stream temperature, dissolved oxygen,


poor overall spawner condition, tissue pathology (e.g., gill),


pathogen prevalence or disease, and other factors commonly


associated with fish kills in freshwater habitats (Scholz et al.,


unpublished data). These findings, together with the rapid onset of


the syndrome, the nature of the symptoms (e.g., gaping and


disequilibrium), and the consistent re-occurrence within and


between urban basins over many years together point to toxic


stormwater runoff from urban landscapes as the likely cause of


coho spawner mortality. Urban runoff and stormwater-influenced


combined sewer overflows (CSOs) contain an exceptionally


complex mixture of chemical contaminants. Specifically, urban


streams are receiving waters for runoff and discharges containing


pesticides [12], metals [13], petroleum 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


several reasons to suspect motor vehicles as sources of toxics that


are killing returning coho. Vehicles deposit many compounds on


road surfaces via exhaust 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 antifreeze and motor oil, contain ethylene and propylene


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, these


contaminants accumulate on streets and other impervious surfaces


until they are mobilized by rainfall and transported to aquatic


habitats via runoff. Polycyclic aromatic hydrocarbons and metals


such as copper are known to be toxic to fish, although acute


lethality usually occurs at exposure concentrations that are higher


(by orders of magnitude) than those typically detected in urban


streams. It is likely that fall stormwater pulses contain higher


concentrations than winter and spring due to the potential buildup


of contaminants during the relatively dry summer months.


Although the adult die-off phenomenon has been observed in all


Seattle-area urban streams where coho salmon occur, the overall


rate 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 (e.g., parks and woodlands).


Conversely, mortality rates have been consistently higher in basins


with proportionately greater ‘‘urban’’ land cover and land uses.


This raises the possibility of a quantitative relationship between


discrete basin characteristics and coho survival and spawning


success. Such a relationship would be important for several


reasons. First, if coho mortality is significantly correlated with one


or more land cover or land use variables, the latter could be used


to identify unmonitored lowland basins where coho populations


are 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 elsewhere) that


are currently healthy. Finally, it could narrow the list of potentially


causative pollution sources in urban basins, thereby focusing future


toxicological studies to identify the specific contaminants involved.


In this study we performed a spatial analysis to identify


landscape variables that correlate most closely 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 these correlations to generate spatially explicit


predictions of recurrent spawner losses in unmonitored basins


throughout the four most densely populated counties in the greater


Seattle metropolitan area.


Materials and Methods


Study Sites
We characterized habitat conditions within the drainage basins


from streams at six sites in the Puget Sound lowlands (Figure 1).


We chose these sites because coho spawner mortality has been


monitored at these locations for several years (2000–2009; [10]).


The sites represent a wide range of anthropogenic alteration, from


highly urbanized (e.g., Longfellow Creek) to relatively undisturbed


(e.g., Fortson Creek). Fortson Creek is considered a non-urban


site, whereas the other five sites are urban streams and have


varying degrees of development. The urban streams have all been


a focus of varying restoration project efforts aimed at enhancing


habitat quality for anadromous Pacific salmon. With the exception


of the relatively unaltered Fortson Creek site, all site basins had


impervious surface proportions well above the levels (5–10%)


commonly associated with the decline of biological integrity in


streams [18,19].


Confirmed observation of the coho spawner mortality syndrome


(see below) within a stream system was a key factor in study site


selection. Importantly, natural production of coho in Seattle-area


urban streams is very low. Not unexpectedly, recent modeling 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 streams are thus likely to be


animals straying into sink or attractive nuisance habitats.


Conversely, the syndrome has not been documented in streams


where coho are relatively abundant – i.e., non-urban basins, as


confirmed by a full season of daily stream surveys on Fortson


Creek. Therefore, to evaluate the phenomenon in relation to land


cover, we were constrained to streams where coho are affected,


even 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.e., hatchery vs. wild fish). For


example, artificially propagated coho that return as adults to


regional hatchery facilities in non-urban basins are unaffected.
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Study Subjects
Coho salmon in this study were all within the Puget Sound/


Strait of Georgia Evolutionarily Significant Unit (ESU). An ESU is


defined as a group of populations that 1) are substantially


reproductively isolated from conspecific populations and 2)


collectively represent an important component in the evolutionary


Figure 1. Six study sites where coho spawner mortality was monitored and landscape conditions were quantified. Main map depicts
the Greater Seattle Metropolitan Area in Washington State, which is within the Puget Sound/Georgia Basin of the Pacific Northwest, United States of
America (USA). Inset map illustrates location of the study sites within Washington State and the location of Washington State within the USA. For
reference, red shading on main map represents the relative intensity of urbanization (light-medium and dense urban [23,24]). Drainage basins
depicted in yellow shaded polygons represent the total basin flowing into a given stream reach site. 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.g001


Ecotoxicology of Salmon Mortality in Urban Streams


PLoS ONE | www.plosone.org 3 August 2011 | Volume 6 | Issue 8 | e23424







legacy of the species [20]. Currently, Puget Sound/Strait of


Georgia coho are designated a ‘‘species of concern’’ under the


U.S. Endangered Species Act [21].


Coho typically spawn in small (lower order) streams in the Puget


Sound lowlands in late fall and early winter and their fry emerge


from stream substrates from March to May. Fry reside in riverine


habitats for 14–18 months, smolt, migrate to marine environments


where they grow rapidly and mature (16–20 months), and finally


migrate to their natal basins where they spawn and die [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 each of the six study locations (Table 1).


Data were collected during the fall spawning season from 2000–


2009 by Seattle Public Utilities (SPU), the Wild Fish Conservancy,


and the Northwest Fisheries Science Center (NWFSC). Streams


were checked every few days in the early fall (usually the first or


second week in October, depending on rainfall) until the first adult


coho was observed. The streams were then surveyed daily for the


duration of the fall run, until the last carcass was documented,


typically in the first or second week of December. For several


years, biologists working for the City of Seattle (Wild Fish


Conservancy) also surveyed many of the same urban streams for


coho spawner mortality on a weekly basis. Side-by-side compar-


isons of daily and weekly survey data (e.g., for Longfellow Creek in


2005 and 2007) revealed practically no loss of carcasses to


scavengers. Accordingly, we included the weekly survey data in


our analyses.


The entirety of the available spawning habitat within a given


urban drainage was surveyed for premature adult coho mortality.


For some streams, including Longfellow Creek, mid-stream


barriers to upstream 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 sections of the


stream that 1) had a gravel substrate suitable for redds (spawning


‘‘nests’’ built by females), and 2) were focal areas for repeated


(year-to-year) redd building during successive spawner runs.


Monitoring data were not collected at all sites for all years


(Table 1). Mortality among returning coho was quantified only for


females on the basis of egg retention – i.e., the number of partially


spawned or unspawned female carcasses observed in streams over


an entire spawning season. Notably, the total number of returning


adults was low for some years and some basins (Table 1).


Nevertheless, the aggregate spawner survey data used in this


analysis are the most comprehensive currently available.


Geospatial Datalayers
We used existing geospatial datalayers as our source of potential


predictor variables and as a proxy for habitat type and condition.


The datalayers were generated by a variety of organizations for


planning and analytical purposes, making them suitable for


running spatial analyses on habitat. They were also available over


the entire 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] tax parcel databases), and roadways (Puget


Sound Regional Council; PSRC [30]).


The Land-cover of Puget Sound datalayer is the highest quality


and most accurate depiction of land use 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 to medium urban (,75%); and grass,


crops and/or shrubs categories. 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 pixels and an


accuracy of 83–91% [25]. This datalayer 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; etc.


One of the limitations of these two datalayers was that the pixel


size of the source LANDSAT TM imagery is 30 m, so smaller


Table 1. Coho spawner mortality proportion and cumulative number of female carcasses enumerated (in parentheses) by site
(columns) and year (rows).


Des Moines Fauntleroy Fortson1 Longfellow Piper’s Thornton


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)a 0.86 (57)a 0.60 (10) 080 (5)


2003 - (0) - 0.67 (18)a 0.00 (1) 1.00 (2)


2004 0.63 (30)a (0) - 0.89 (9)a 0.33 (3) 1.00 (1)


2005 - 0.75 (4) - 0.72 (75)a 0.75 (4) 0.50 (8)


2006 - (0) - 1.00 (4)a 1.00 (9)a 1.00 (4)


2007 - 0.75 (4) - 0.73 (41)a 0.20 (5) 0.80 (5)


2008 - - - 0.67 (12)a - 1.00 (2)


2009 - - - 0.78 (36)a - -


Overall 0.63 (30) 0.37 (30) 0.01 (114) 0.72 (498) 0.57 (86) 0.83 (71)


A dash (-) indicates survey was not conducted for that year/site.
aNorthwest Fisheries Science Center (NWFSC) daily surveys, all others were weekly and collected by Seattle Public Utilities (SPU) or the Wild Fish Conservancy [51,52].
1Non-urban site.
doi:10.1371/journal.pone.0023424.t001
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features, such as roads and precise land cover boundaries, were


not adequately captured. In order to address this deficiency, we


analyzed property types and roadways, as they are represented as


precise polyline and polygon delineations of the corresponding


land cover variables. The boundaries in these geospatial datalayers


were derived from precise survey data from major metropolitan


areas, collected over many years by King, Kitsap, Pierce and


Snohomish Counties.


The property types (parcels) datalayer was based on ground


surveyed delineations of property, which are used for taxation


purposes, with positional accuracy of +/212 m or less


[26,27,28,29]. The original number of parcel types described by


each county was between 103 and 292. Using the descriptions in


the documentation that accompanied the datalayers, we were able


to place each of the original parcel types into one of the five


following categories: apartments and condominiums; commercial;


industrial; parks and open space; and, residential.


The roadways datalayer was based on ground surveyed road


and street centerlines. Each segment had a corresponding


functional classification (FC##) code and width, as defined by


the Federal Highway Administration [31] Highway Performance


Monitoring System, and the Puget Sound Regional Council [30],


respectively. We reduced the original nine functional classification


types down to two categories: 1) heavily used roads (rural minor


collector [FC08]; urban principal arterial - interstate [FC11];


urban principal arterial - other freeways and expressways [FC12];


urban principal arterial - other [FC14]; urban or rural minor


arterial [FC16 or FC06]; urban collector [FC17]); and, 2) urban or


rural local access roads (FC09 or FC19). We then calculated the


total area (total length of given street centerline segment multiplied


by its width) of each street functional classification for each


corresponding site basin.


Spatial Analyses
We defined the area of influence of the surrounding landscape


for each site as the total area draining into that site (basin).


Drainage basins for each site were generated using the


‘flowaccumulation’ command in Environmental Systems Research


Institute (ESRI) ArcGIS (v. 9.3). We used a United States


Geological Survey (USGS) 10 m digital elevation model (DEM) as


the underlying terrain for generating basins. We then intersected


the corresponding basin boundary for each of the six sites with


each of the geospatial datalayers and their associated categories


using ArcGIS. We quantified each geospatial datalayer and its


associated category in a given basin as the fraction or proportion of


the total area of the basin occupied by that geospatial datalayer or


category. Longfellow Creek 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 sewer system. Therefore, the theoretical basin


area, based on the terrain represented in the DEM, was not as


representative of the true basin area compared with the other five


sites.


Statistical Analyses
We used generalized linear mixed-effects models (GLMMs;


[32,33]) to test the relationships between geospatial variables and


coho spawner mortality. The response was binomial (observed


number of female spawner mortalities each year, given the total


number of female coho that returned to each site) and the models


used a logit link function. All models included a random effect of


site on the intercept, which accounts for nonindependence of the


repeated samples taken at each site. We constructed a set of 139


candidate models by considering all combinations of the 12


predictors taken one, two, three or four at a time, with the


restriction that a model could include at most one predictor from


each of the four geospatial datalayers (land cover, impervious


surfaces, property types, and roadways). We also excluded


combinations of predictors that had a pairwise Spearman rank


correlation exceeding 0.9 in absolute value. The candidate set


included an intercept-only model as a no-effect baseline against


which we could assess the predictive power of the geospatial


variables.


We fitted the models using the Laplace approximation to the


marginal likelihood [32] in the lme4 package in R [34,35]. We


then used Akaike’s information criterion, corrected for sample size


(AICc) to rank the strength of evidence for each candidate model


based on the data. Akaike’s information criterion is a weight-of-


evidence measure that reflects the balance between a model’s


goodness-of-fit to the data and its parsimony (i.e., number of


parameters). Lower AICc values indicate greater support, and are


reported as differences (DAICc) relative to the best (smallest) value


in the candidate set. We computed Akaike weights [36], which


represent the relative support for each model, normalized so the


weights sum to unity across the candidate set. We used these


weights to compute model-averaged estimates and unconditional


standard errors (SEs) for the fixed regression coefficients, and we


quantified the relative importance of each predictor using variable


weights (i.e., the summed Akaike weights of all models that


included that predictor; [36]). These model averaging calculations


were based on the 95% confidence set of models (i.e., the top-


ranked models whose cumulative Akaike weight is 0.95), after re-


normalizing the weights.


Mapping coho spawner mortality
Using the fitted models, we built a map of predicted coho


spawner mortality throughout the four counties (King, Kitsap,


Pierce and Snohomish) representing much of the Puget Sound


lowlands, by applying the GLMM equations to geospatial data


from unmonitored basins. We used basins delineated in the


National Hydrography Dataset Plus [37] as the underlying


mapping unit (300 ha mean, 466 ha SD) and intersected the


NHDPlus datalayer with each of the geospatial datalayers used in


the statistical analyses. Within the four-county region, we only


made spawner mortality predictions in basins where coho salmon


presence has been documented, based on current geospatial


datalayers generated by the Washington Department of Fish and


Wildlife [38]. We then calculated the proportion of each basin that


was covered by the selected landscape feature. We generated


predicted values of the proportion of mortalities from each model


in the 95% confidence set 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 site was set to zero. To be conservative in representing the


precision of the predicted values, 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


to represent low, medium and high spawner mortality rates.


Results


We found strong associations between land use and land cover


attributes and rates of coho spawner mortality. Across the 95%


confidence set of fitted models, three variables were particularly


important for predicting mortality based on high variable weights:


impervious surfaces, local roads, and commercial property type


(Table 2 and Figure 2). There was substantial model selection
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uncertainty, reflected in a large 95% confidence set and large


number of models with DAICc,2.0 (37 and 8 of 139 candidate


models, respectively; Table 3). In addition, although we excluded


highly multicollinear combinations of variables (|r|.0.9), many


variables were still strongly correlated, resulting in unstable


parameter estimates 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 (DAICc = 20.4; Table 3), supporting the


association of these variables with coho mortality.


While the multicollinearity 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 gradient. Not surprisingly, the highest predicted


mortality rates were clustered around the major metropolitan


areas of eastern 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


surface 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 categories represented on the map.


Discussion


Overall, we have used conventional tools in landscape ecology


to shed light on an unusually complex ecotoxicological challenge.


Our analyses strongly suggest that specific characteristics of


basins in the Puget Sound lowlands are linked to the die-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 evaluate hydrologic or geomorphic 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


and are transported to salmon spawning habitats via stormwater


runoff.


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 stream networks [18,40,41]. Previous studies have


generally related land use and land cover variables to macroin-


vertebrate assemblages in streams [42], or to the relative


abundance of salmon and other fish (e.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.


Moreover, it offers new insights on the water quality aspects of


urban runoff. 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


species [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 runoff, altered hydrologic processes, and ecological decline


are well established (e.g., [18]). However, stormwater impacts


encompass both physical and chemical drivers of decline, and it


can be difficult to distinguish between these via in situ assessments


because stream invertebrate communities integrate both stressor


categories. Coho salmon spawners, by contrast, appear to be


promising and specific sentinels for the degraded water quality


aspect of urban runoff. Compared to macroinvertebrate sampling


and taxa identification, the coho mortality syndrome is relatively


easy and inexpensive for non-specialists to monitor in the form of


digital video recordings of symptomatic fish, or the presence of


unspawned female carcasses in streams.


Interestingly, the mortality syndrome appears to be specific to


coho salmon. For example, there were temporally overlapping


runs of coho and chum salmon (O. keta) in Piper’s Creek 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 et al., unpublished data). Consistent with this, the survey


Table 2. AIC weights, model averaged parameter estimates and unconditional confidence intervals for each variable, ranked by
AICc weight.


Model


AICc Averaged Unconditional


Datalayer Variable weight coefficient SE


Impervious Impervious surfaces 0.7158 16.8425 14.5376


Roadways Local roads 0.5647 215.6199 68.3331


Property type Commercial 0.5107 7.9375 8.2616


Land cover Dense urban 0.3865 27.7776 16.1614


Property type Apartments & condominiums 0.2409 29.5330 31.1917


Roadways Heavily used roads 0.2019 5.3445 31.5073


Land cover Forest 0.1163 20.7793 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 20.2475 4.7008


Property type Parks & open space 0.0000 0.0000 0.0000


doi:10.1371/journal.pone.0023424.t002
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teams have not observed the characteristic symptoms (e.g.,


surface swimming, gaping) among other fish species that inhabit


urban streams such as sticklebacks and cutthroat trout. Not only


are coho unusual in this respect, the phenomenon appears to be


restricted to the adult life stage. In the fall of 2003, surface flows


from Longfellow Creek were diverted through streamside sheds


housing aquaria that contained individual juvenile coho from the


NWFSC hatchery. The juveniles (n = 20) were maintained and


observed daily throughout the fall spawner run. Overall juvenile


survival was 100%, and the juveniles behaved normally, even on


days when symptomatic adults were observed in the nearby


stream (Scholz et al., unpublished data). The underlying reasons


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 returning 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


Ecotoxicology of Salmon Mortality in Urban Streams


PLoS ONE | www.plosone.org 7 August 2011 | Volume 6 | Issue 8 | e23424







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


known.


Daily or weekly stream surveys are labor intensive, and for this


reason only a subset of urban drainages in Puget Sound have been


monitored to date. The GIS-based mapping tool developed for


this study can be used to focus future monitoring efforts on basins


with a higher likelihood of coho die-offs based on land cover


attributes. In addition to the basins we have identified within the


range of the Puget Sound/Georgia Basin ESU, this approach


could be extrapolated to other geographic areas where coho return


to spawn along a gradient of urban growth and development. This


includes, for example, coho from the Lower Columbia River ESU,


a threatened population segment with a spawner range encom-


passing the greater metropolitan area of Portland, Oregon.


Overall, future surveys will ground-truth initial 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 losses at a rate


greater than approximately 10% are likely to substantially reduce


local population abundances, the high mortality basins in Figure 3


(10–50% and .50% predicted mortality categories) may represent


sink habitats for the Puget Sound/Georgia Basin ESU. This is an


important consideration for coho recovery planning at the local,


county, and regional scales. Second, our results indicate areas


where toxic runoff could potentially undermine stream restoration


efforts - specifically, strategies that improve physical and biological


habitat conditions (flow, connectivity, channel complexity, ripar-


ian function, etc.) as a means to boost coho population


productivity.


The potential influence of rainfall, including timing, frequency,


and individual storm intensity, remains an area of active


investigation. Throughout the years of stream surveys, it has


been qualitatively evident that rainfall influences the mortality


syndrome. For example, salmon that arrive and enter a stream


during an extended dry interval (a week or more) often survive


and then become symptomatic and die when it next rains (Scholz


et al., unpublished data). One of our aims in surveying


Longfellow Creek (the stream with the most abundant overall


returns) for more than a decade was to evaluate inter-annual


variation in coho spawner mortality in relation to rainfall.


However, a quantitative analysis has proven problematic due to


highly variable rainfall patterns in combination with low adult


returns in some years. It is clear, however, that the syndrome is


not a simple first-flush phenomenon. In most years, both egg


retaining and spawned out carcasses were observed across the 8–


10 week fall run, irrespective of the number and size of rain


events over that interval.


Over the longer term, an approach similar to the one developed


here could be used to forecast the likely impacts of future human


population growth and development on Puget Sound coho


populations that are currently healthy. For example, the expansion


of local road networks is a core focus for urban growth planning,


and these projections could serve as a basis for evaluating how and


where coho spawner mortality will increase under different growth


management scenarios. This, in turn, would inform strategies to


reduce or mitigate toxic runoff in highly productive basins, in


advance of expanding transportation infrastructure – i.e.,


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


expected 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.


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, DAICc and wAICc. Intercept only model included at
bottom for reference.


Model Equation DAICc wAICc


a+b 24.5664+19.76(a)+44.41(b) 0.000 0.0933


c+d+b 23.92152109.56(b)+48.75(c)229.98(d) 0.046 0.0912


c+e+f 23.9355+12.94(c)240.15(e)+38.61(f) 0.372 0.0775


c+d+a 24.4921+12.61(a)+14.03(c)27.54(d) 0.579 0.0698


c+g+a 24.4858+14.31(a)+5.23(c)+3.62(g) 0.669 0.0668


h+a+b 22.6065+15.89(a)+30.87(b)22.38(h) 1.150 0.0525


c+a+b 24.6629+16.37(a)+35.26(b)+2.70(c) 1.357 0.0473


d+a+b 24.7001+17.52(a)+43.83(b)+1.62(d) 1.576 0.0424


c+e 24.5943+19.70(c)253.28(e) 2.425 0.0277


c+d+i+b 23.0628283.44(b)+56.38(c)240.28(d)27.82(i) 2.485 0.0269


c+j+i+b 27.30552130.72(b)+21.23(c)+19.12(i)+10.65(j) 2.543 0.0262


c+d+k+b 23.9266294.52(b)+43.32(c)225.00(d)21.60(k) 2.613 0.0253


j+a+b 24.5174+20.03(a)+43.79(b)20.52(j) 2.752 0.0236


c+d+a+b 24.0864+3.99(a)276.44(b)+38.23(c)223.27(d) 2.885 0.0221


c+d+a+f 24.7368+15.57(a)+16.88(c)29.22(d)222.10(f) 2.925 0.0216


c+d+e+b 23.96072100.49(b)+46.40(c)227.43(d)25.54(e) 2.954 0.0213


c+d+e+f 23.8347+12.37(c)+0.49(d)240.69(e)+39.28(f) 3.280 0.0181


c+g+e+f 23.8534+12.93(c)240.45(e)+38.73(f)20.18(g) 3.294 0.0180


c+j+e+f 23.9360+12.94(c)240.28(e)+39.36(f)20.31(j) 3.326 0.0177


c+g+a+f 24.6143+16.25(a)+5.79(c)213.40(f)+4.06(g) 3.378 0.0172


c+d+i 21.1996+64.26(c)255.97(d)224.83(i) 3.423 0.0168


h+i+b 9.39112153.97(b)217.49(h)+15.89(i) 3.858 0.0136


h+e+f 2.2747227.99(e)+47.38(f)27.31(h) 3.931 0.0131


h+a 1.2512+8.63(a)26.13(h) 4.028 0.0124


c+j+a+b 24.5887+16.71(a)+34.25(b)+2.72(c)20.75(j) 4.299 0.0109


h+k+b 5.8364227.35(b)211.39(h)25.97(k) 4.837 0.0083


c+j+e 24.4356+18.70(c)250.31(e)+1.33(j) 4.915 0.0080


c+j+k+b 22.4511252.30(b)+20.45(c)213.34(j)210.60(k) 4.937 0.0079


c+d+e 24.7362+20.37(c)20.45(d)253.43(e) 5.141 0.0071


c+e+b 24.468021.36(b)+19.52(c)252.48(e) 5.158 0.0071


c+g+e 24.5797+19.68(c)253.23(e)20.02(g) 5.188 0.0070


h+e+b 8.1285220.52(b)245.07(e)214.67(h) 5.509 0.0059


c+k 24.3426+13.30(c)25.31(k) 5.649 0.0055


c+i+b 25.67752141.73(b)+22.77(c)+17.24(i) 5.821 0.0051


c+k+b 23.9708212.84(b)+14.63(c)26.46(k) 5.896 0.0049


h+a+f 0.4930+6.87(a)+19.67(f)25.22(h) 6.083 0.0045


c+d+i+f 21.0499+68.65(c)259.91(d)26.04(f)226.58(i) 6.343 0.0039


Intercept
only


N/A 20.428 0


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; j = grass, crops and/or shrubs; and, k = industrial.
doi:10.1371/journal.pone.0023424.t003
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While not definitive, our results reinforce the parsimonious


explanation that coho deaths are caused by one or more


contaminants originating from motor vehicles. As noted earlier,


this is important because it narrows the list of candidate toxics in


complex urban landscapes. Future toxicological studies should


focus on two ubiquitous urban runoff contaminant classes in


particular. The first are metals in brake pads and other vehicle


friction materials. Copper, zinc, and other metals are known to


specifically target the fish gill, thereby disrupting respiration and


osmoregulation [47]. The second, PAHs, [14,48,49] are taken up


across the fish gill, and can impair cardiac function and respiration


[50]. The symptoms displayed by affected coho (surface


swimming, gaping, loss of equilibrium, etc.) are consistent with a


disruption of respiration, osmoregulation, or circulation, or some


combination of these.


Notably, PAHs and metals usually cause the above toxicological


effects at concentrations well above those typically detected in


urban streams. However, the majority of conventional toxicology


studies using salmonids focus on freshwater species (e.g., rainbow


trout) or the freshwater life stages of juvenile anadromous species.


There are practically no toxicity data for coho salmon at the adult


spawner stage. Many important osmoregulatory changes take


place during the transition from seawater prior to spawning, and


these may render adult coho more vulnerable to metals and PAHs


than freshwater-resident salmonids. Adding to this complexity is


the possibility of interactive toxicity (e.g., synergism) among


contaminant mixtures. Studies that experimentally reproduce the


familiar symptomology and mortality in adult coho, under


controlled exposure conditions with environmentally realistic


mixtures of metals and PAHs, will likely be necessary to


definitively implicate motor vehicles.
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Low-level copper exposures increase visibility and vulnerability of
juvenile coho salmon to cutthroat trout predators
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Abstract. Copper contamination in surface waters is common in watersheds with mining
activities or agricultural, industrial, commercial, and residential human land uses. This
widespread pollutant is neurotoxic to the chemosensory systems of fish and other aquatic
species. Among Pacific salmonids (Oncorhynchus spp.), copper-induced olfactory impairment
has previously been shown to disrupt behaviors reliant on a functioning sense of smell. For
juvenile coho salmon (O. kisutch), this includes predator avoidance behaviors triggered by a
chemical alarm cue (conspecific skin extract). However, the survival consequences of this
sublethal neurobehavioral toxicity have not been explored. In the present study juvenile coho
were exposed to low levels of dissolved copper (5–20 lg/L for 3 h) and then presented with
cues signaling the proximity of a predator. Unexposed coho showed a sharp reduction in
swimming activity in response to both conspecific skin extract and the upstream presence of a
cutthroat trout predator (O. clarki clarki ) previously fed juvenile coho. This alarm response
was absent in prey fish that were exposed to copper. Moreover, cutthroat trout were more
effective predators on copper-exposed coho during predation trials, as measured by attack
latency, survival time, and capture success rate. The shift in predator–prey dynamics was
similar when predators and prey were co-exposed to copper. Overall, we show that copper-
exposed coho are unresponsive to their chemosensory environment, unprepared to evade
nearby predators, and significantly less likely to survive an attack sequence. Our findings
contribute to a growing understanding of how common environmental contaminants alter the
chemical ecology of aquatic communities.


Key words: alarm behavior; coho salmon; copper; cutthroat trout; olfaction; predation; skin extract;
sublethal; survival.


INTRODUCTION


Various forms of water pollution are known to


interfere with chemical communication in aquatic


habitats (Sutterlin 1974). There are senders and receivers


of chemical signals both within and among species in


aquatic communities, and certain contaminants are


directly toxic to the olfactory, mechanosensory, or


gustatory sensory neurons of receivers. This form of


sublethal ecotoxicity has been termed info-disruption


(Lurling and Scheffer 2007) because it diminishes or


distorts the sensory inputs that convey important


information about an animal’s surrounding environ-


ment. Contaminant-exposed receivers thereby respond


inappropriately (or not at all) to cues that signal the


proximity and status of predators, mates, food, and


other factors that can influence growth, survival,


distribution, or reproduction.


One of the most extensively studied examples of info-


disruption is the neurotoxicity of dissolved copper to the


peripheral olfactory system of fish (Tierney et al. 2010).


Olfactory receptor neurons are located in the epithelium


of the olfactory rosette, within the nasal cavity. Cilia


containing odor receptors extend from the apical


surfaces of olfactory neurons into the nasal cavity,


separated from ambient waters by a thin layer of


mucous. Olfactory receptor neurons are continuously


exposed to ambient waters and are therefore highly


vulnerable to dissolved toxicants in aquatic habitats.


Copper is a widely occurring pollutant in association


with diverse human activities, including agricultural,


industrial, commercial, and residential land uses. For


example, copper is used in various agriculture and


homeowner pesticide formulations, in building materi-


als, as an antifoulant in hull paints for vessels, and in


motor vehicle friction materials (i.e., brake pads). As a


consequence, copper is commonly transported to


aquatic systems in land-based stormwater runoff (Davis


et al. 2001). Copper contamination is also associated


with hard rock mining and municipal wastewater


discharges.


Similar to fish mechanosensory receptor neurons (i.e.,


lateral line; Linbo et al. 2006), olfactory receptor
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neurons undergo cell death in response to dissolved


copper concentrations above approximately 20 lg/L
(Julliard et al. 1996, Hansen et al. 1999). At lower


concentrations in the 2–20 lg/L range, dissolved copper


reversibly inhibits the physiological responsiveness of


olfactory receptor neurons in a concentration-dependent


manner (Baldwin et al. 2003, Sandahl et al. 2004). The


loss of sensory function occurs rapidly, within the first


few minutes of copper exposure (Baldwin et al. 2003). In


most fish species that have been studied to date,


peripheral sensory neurons do not acclimate to copper


during exposures lasting days (Julliard et al. 1996, Linbo


et al. 2006) or weeks (Saucier et al. 1991, Saucier and


Astic 1995).


Chemical signals of predation risk are an ecologically


important category of olfactory information for fish


(Wisenden 2000, Ferrari et al. 2010). For many species


(Chivers and Smith 1998), including juvenile salmonids,


an olfactory alarm cue released via mechanical tearing


of the skin (e.g., during a predation event) triggers


predator avoidance behaviors by nearby conspecifics.


Juvenile salmon and trout, for example, become


motionless in response to the alarm cue (Brown and


Smith 1997, Berejikian et al. 1999, Scholz et al. 2000).


This reduces their visibility and corresponding vulner-


ability to attack by motion-sensitive predators such as


piscivorous fishes and birds (Webb 1986, Martel and


Dill 1995). Numerous studies have demonstrated a


survival benefit for alarm-cue-responsive prey (Mirza


and Chivers 2001, 2003, Chivers et al. 2002).


Previous studies have shown that peripheral olfactory


toxicity and diminished sensory responsiveness corre-


spond to a disruption in alarm behaviors in copper-


exposed fish (Beyers and Farmer 2001, Sandahl et al.


2007). For individual juvenile coho salmon (Oncorhyn-


chus kisutch), loss of alarm behavior triggered by an


ecologically relevant olfactory alarm cue is directly


correlated with loss of olfactory function at copper


exposures ranging from 2 to 20 lg/L (Sandahl et al.


2007).


Copper’s effect on chemical communication in aquat-


ic systems has broad implications for the chemical


ecology and conservation of aquatic species and


communities. In the case of salmon, subtle but


important impacts on sensory physiology and behavior


at the juvenile life stage could increase predation


mortality and thus increase losses from wild salmon


populations, many of which remain at historic lows in


large river basins throughout the western United States


(Good et al. 2005). Conversely, improving water quality


conditions (i.e., by reducing copper loading) could


potentially improve juvenile survival and abundance,


thereby enhancing ongoing efforts to recover depressed


stocks. However, the cascading effects of copper across


biological scales, from salmon physiology and behavior


to predator–prey interactions and survival, have not


been empirically determined.


Here we explored the influence of environmentally


relevant copper exposures on juvenile coho salmon (see
Plate 1) predator avoidance and survival during


encounters with coastal cutthroat trout (O. clarki
clarki ). Cutthroat trout are visual foragers (Henderson


and Northcote 1985, Mazur and Beauchamp 2003) that
commonly prey on juvenile salmon in stream, lake, and
nearshore marine habitats (Nowak et al. 2004, Duffy


and Beauchamp 2008). We used a range of sublethal
copper exposures (5–20 lg/L) and a duration (3 h)


previously shown to impair both peripheral olfaction
and alarm behavior in juvenile coho (Sandahl et al.


2007). In a subset of trials, predators were also exposed
to dissolved copper (10 lg/L for 3 h).


METHODS AND MATERIALS


Animals


Juvenile coho.—
1. Behavior experiments.—In 2007, wild juvenile coho


salmon were collected as needed by seining a side


channel of Big Beef Creek at the University of
Washington’s Big Beef Creek Research Station (Sea-


beck, Washington, USA). Coho were maintained on
well water (Table 1) in indoor raceways under natural


light regime and fed pellets daily (1–2 mm extruded;
Silver Cup Fish Feed, Murray, Utah, USA). Coho grew


slightly throughout the experimental period, from
April–May (39–49 mm total length [TL], x̄ ¼ 42.8, SD


¼ 3.3, n¼ 13) to June–July (36–60 mm TL, x̄¼ 48.7, SD
¼ 5.6, n ¼ 79).


2. Predation experiments.—In 2008, juvenile coho
were produced from eggs fertilized at the Big Beef


Creek Research Station. Hatchlings were maintained
outdoors in 1-m3 net pens suspended in a 5 m diameter


circular tank continuously supplied with well water. One
net pen of juveniles (approximately 1000 fish) provided


the experimental prey. Coho were fed pellets daily. Coho
grew slightly throughout the experimental period;


random samples in April–May were 30–40 mm TL (x̄
¼ 36.2, SD ¼ 2.5, n ¼ 24) and in June–July were 35–46
mm TL (x̄ ¼ 41.3, SD ¼ 2.7, n ¼ 64). During predation


trials, there was a significantly higher attack rate on the
larger coho in June–July compared to those used in


April–May (t29¼�2.136, P¼ 0.041), likely related to the
slightly larger size and therefore visibility of coho in the


second set of predation trials. Other predator prey
metrics were not affected (P ¼ 0.084–0.625).


Cutthroat trout.—
1. Behavior experiments (response to upstream preda-


tor).—During April 2007, wild cutthroat trout (sizes
178–245 mm TL, x̄ ¼ 205, SD ¼ 18, n ¼ 16) for use as


predators were obtained from Big Beef Creek in smolt
traps at a weir operated by Washington Department of


Fish and Wildlife. Predators were maintained outdoors
in flow-through circular holding tanks supplied with well


water. On experimental days, predators were fed one
juvenile coho each. Other days, predators were fed one


fish each every other day. Predators were divided
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randomly into four groups of four. On experimental


days, predators within a group were randomly assigned


to one of four arenas. Groups were rotated such that


each predator was exposed to each treatment.


2. Predation experiments.—During April 2008, wild


cutthroat trout for use as predators (sizes 150–215 mm


TL, x̄¼ 183, SD¼ 18, n¼ 32) were again obtained from


Big Beef Creek and divided into three groups: groups 1


and 2 contained 8 predators each and were used in


predation trials, while group 3, containing 16 predators,


was held in reserve. Between the first set of predation


trials (15–30 May) and the second set (25 June–3 July),


predators in groups 1 and 2 were replaced with


inexperienced fish from group 3. On experimental days,


predators in Group 1 and Group 2 were fed one juvenile


coho each during the predation trial. On other days, fish


in all three groups were fed one fish each, every other


day. For six days prior to collecting experimental data,


predators were trained daily by simulating the experi-


mental sequence. Trout were acclimated in the tank


behind the divider for 1 h. The divider was then lifted,


allowing the predators to locate, attack, and consume up


to two prey fish.


Experimental arenas and alarm cue delivery


Behavior experiments with upstream predator.—Out-


door raceways (0.84 m width) were divided into


segments (1.2 m long) with steel mesh barriers to create


one experimental arena per raceway. A PVC sheet (1/16


inch [;0.16 cm]; Calsak Plastics, Kent, Washington,


USA) subdivided by gridlines (5 cm2) was placed at the


bottom of each arena. Well water flowed into the


raceway (2 L/s) from an underwater pipe upstream of


the arena. A standpipe downstream of the arena


maintained a water depth of 25 cm. Dividers partitioned


each arena into an upstream predator-containing


compartment (463 84 cm) and an adjacent downstream


compartment containing prey (76 3 84 cm). Dividers


were frames (13 cm wide) constructed from PVC sheets


(1/16 inch) and covered with window screen.


Well water or skin extract was delivered to the prey


compartment through evenly spaced holes in a tube


(Tygon tubing, 1/4 inch outer diameter [;0.63 cm])


crossing the upstream divider, approximately 5 cm


below the surface. Even dispersion was confirmed


visually by dye tests. A three-way valve connected to a


syringe allowed for injection of water or water plus


alarm odor from outside the visual field of the fish.


Predation experiments.—Circular fiberglass tanks


(bottom diameter ¼ 130 cm, height ¼ 90 cm) were used


as experimental arenas. Gridlines were drawn at 5-cm


intervals on the tank bottom to track fish location via


video. An external standpipe maintained water depth


(30 cm, 400 L). A sheet of PVC (90 3 60 cm) suspended


vertically was used to divide cutthroat trout predators


into a small sub-area (34 L) of the arena during


acclimation. Juvenile coho prey were introduced into


the arena and allowed to acclimate within a clear acrylic


cylinder (25 cm inner diameter, 38 cm tall; U.S. Plastic


Corp, Lima, Ohio, USA). The acclimation chamber was


placed in one of the quadrants opposite the predator


divider, within 15 cm from the tank edge. Predator


dividers and acclimation chambers were attached by


rope to overhead pulleys so they could be gently raised


without the observer coming into view of the fish.


Skin extract was introduced to the prey acclimation


chamber via Tygont tubing just below the water surface


connected to a three-way valve fitted with two syringes


outside the tank. The skin extract solution was immedi-


ately flushed from the line with well water (60 mL).


TABLE 1. Conventional water chemistry characteristics, including total organic carbon (TOC), for source (well) water at the Big
Beef Creek Research Station (Seabeck, Washington, USA).


Parameter Units D.L. N Mean SE


pH 11 7.5 0.3
Alkalinity mg/L CaCO3 1.0 11 46.7 0.7
Hardness mg/L CaCO3 1.0 11 56.0 0.0
Bicarbonate mg/L 1.0 11 46.7 0.7
Calcium mg/L 0.05 11 18.00 0.00
Potassium mg/L 0.10 11 0.50 0
Magnesium mg/L 0.05 11 2.67 0.03
Sodium mg/L 0.05 11 11.00 0.00
Chloride mg/L 1.0 11 15.7 0.3
Sulfate mg/L 1.0 11 2.0 0
TOC mg/L 0.1 7 0.07� 0.01
0 Cu lg/L 0.04 6 0.16 0.04
5 Cu lg/L 0.04 2 4.54 0.07
10 Cu lg/L 0.04 6 9.21 0.13
10 Cu� lg/L 0.04 8 8.94 0.54
10 Cu§ lg/L 0.04 4 8.06 0.34
20 Cu lg/L 0.04 2 17.25 0.55


Notes: Also shown are measured copper concentrations for the different exposures; copper measurements are for exposure
aquaria unless otherwise noted. D.L. stands for instrument detection limit.


� An eighth sample had anomalously high TOC (0.68 mg/L) and was excluded
� Experimental arenas for predatorþ prey trials.
§ Predator holding tanks for predatorþ prey trials.
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Skin extract alarm cue


An alarm cue-containing skin extract from juvenile
coho was prepared as previously described (Sandahl et


al. 2007).


Behavior experiments with upstream predator.—In
each flow-through arena, 1 mL of concentrated skin
extract (160 cm2 juvenile coho skin/L) was diluted in 50


mL of well water to a final concentration of 2 cm2/L.
This solution was introduced over 60 s into an average


flow of 2 L/s for an exposure of approximately 13 10�3


cm2�L�1�s�1. Pilot trials confirmed a behavioral reaction


to the alarm cue at this diluted concentration (x̄ activity
reduction ¼ 51%, SD ¼ 15%, n ¼ 8).


Predation experiments.—Initial range-finding tests
indicated that 23 10�5 cm2 of homogenized skin extract


per liter of water was the minimum concentration to
evoke an alarm response (x̄ activity reduction¼ 77%, SD


¼ 24%, n ¼ 4). This agrees closely with previously
published thresholds for conspecific skin extract evoking


predator avoidance behavior in salmonids (1.85 3 10�5


cm2/L in O. mykiss [Mirza and Chivers 2003]; 2 3 10�5


cm2/L in O. kisutch [Sandahl et al. 2007]). In static
arenas, diluted skin extract (1 cm2/L) was prepared daily


from a frozen aliquot of concentrated skin extract (22
cm2/L). At the end of the 15-min prey acclimation, 257
lL of diluted skin extract in 50 mL of well water was


injected into the prey acclimation chamber (12.9 L) for a
final skin concentration of 2 3 10�5 cm2/L. Dye tests


indicated that injected water did not diffuse from the
acclimation chamber prior to the chamber being lifted


from the experimental arena.


Copper exposures


Juvenile coho were exposed to dissolved copper prior


to experimental trials. Exposures took place in 30-L
glass aquaria wrapped in black plastic and supplied with


an airstone. Aquaria were filled with 15 L of well water
(controls) or well water containing varying copper


concentrations (conventional water quality parameters
shown in Table 1). Copper was added to the aquaria just


prior to the onset of the 3-h exposures. Copper chloride
stock solution (0.15 g Cu/L) was diluted to achieve
nominal concentrations of 0, 5, 10, or 20 lg/L.


Experimental sequence


Behavior experiments with upstream predator.—Indi-
vidual predators were placed in the predator compart-


ment of each arena, upstream of the prey compartment,
the evening before a trial and allowed to acclimate (.13


h). The following morning, juvenile coho (1 prey/
predator) were exposed to either well water or well


water containing 20 lg/L copper for 3 h. They were then
transferred to the prey compartment of the experimental


arena (one prey per arena) and allowed to acclimate for
30 min prior to the injection of stimulus solutions (water


or water plus skin extract).
Predation experiments.—The timeline for predation


trials is delineated in Table 2. For trials in which only


juvenile coho prey were exposed to copper, predators


(two per arena) were acclimated behind the divider


during the last hour of the 3-h prey exposure interval.


Exposed prey were then transferred to the acrylic


chamber (two fish per arena) for 15 min, an interval


brief enough to minimize olfactory recovery in clean


water and yet long enough to produce reliably robust


control activity (swimming speed ;5 cm/s). Filming


began at the time of prey transfer. Following prey


acclimation, skin extract was administered and given 30


s to disperse (verified with dye tests) before the chamber


was gently lifted and removed from the experimental


arena. Thereafter, predators were released from their


enclosure. Two consecutive sets of trials using a different


group of predators were run each day, and the arenas


were drained and filled between sets.


For trials in which both prey and predators were


exposed to copper, both exposures were for 3 h,


including acclimation time in the experimental arena.


Predators were exposed to copper for 2 h in their holding


tanks followed by a 1-h exposure in the experimental


arena. Prey were exposed to copper in the exposure


aquarium for 2.75 h. This was followed by 15 min in the


acclimation chamber of the experimental arena.


Water chemistry analyses


Conventional water quality parameters and total


organic carbon (TOC) were measured in water samples


collected in 2008 between 20 May and 3 July. This


interval spans most of the experimental period (16 May–


3 July). Concurrently, dissolved copper (DCu) concen-


trations were measured in 28 samples that were


representative of the different copper exposures. For


conventional parameters, samples were stored at 48C in


polyethylene bottles until analysis by standard methods


at an EPA-certified laboratory (AmTest Laboratories;


Redmond, Washington, USA). Samples for TOC were


stored in glass vials at �208C until analysis by


combustion catalytic oxidation/NIDR method with a


Shimadzu TOC-VCSH (University of Washington,


Oceanography Technical Services, Seattle, Washington,


USA). Samples for dissolved copper were stored at 48C


for up to 72 h prior to analysis by inductively coupled


plasma mass spectrometry (Frontier Global Sciences,


Seattle, Washington, USA).


The well water at BBC used in all experiments had low


ion and organic carbon content (Table 1), which is


similar to Pacific Northwest streams west of the


TABLE 2. Predation trial timeline.


Timeline Duration Event


�3 h 15min 3 h prey exposure
�1 h 0 min 1 h predator acclimation
�15 min 15 min prey acclimation
0 min 10 s skin extract injected
30 s 10 s prey released
50 s 5 s predators released
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Cascades (e.g., Fig. 2 in McIntyre et al. 2008). The


background copper concentration was very low (mean


of 0.16 lg/L) and samples from copper exposures were


81–91% of nominal concentrations.


Video data acquisition


The four experimental arenas were sheltered outdoors


beneath a wooden scaffolding to which cameras and


pulleys were attached. The stand was covered by blue


tarps to prevent direct lighting. Prey acclimation and


predation trials were filmed with digital video cameras


(SONY Exwave HAD SSC-M383) fitted with auto-iris


lenses (2M-2812A, F1.4 DC AutoIris, 1/300 varifocal 28–


12 mm, angle of view 95.6–22.1 degrees; Sony, Tokyo,


Japan) mounted over each arena. Video footage for the


four concurrent trials were recorded on a digital video


recorder (Pro 8-CH DVR; SecurityCameraWorld.com,


Cooper City, Florida, USA) at 30 frames per second


(FPS).


Data analysis


Coho activity.—


1. Behavior experiments.—Following the 30-min ac-


climation, the activity of juvenile coho was quantified


for 5 min by measuring swimming speed, approximated


by the sum of vertical and horizontal line crossings on


the 5-cm2 grid of the prey compartment.


2. Predation experiments.—We quantified prey activ-


ity after coho were released from the acclimation


chamber, during the 10 s prior to releasing the


predators. Average swimming speed across the 10-s


period was determined by tracking each prey fish in two-


dimensional space with image analysis software. Using


Quicktime Pro (version 7.6; Apple, Cupertino, Califor-


nia, USA), video was exported as an image sequence at 1


frame per second. In Image J, the position (x, y) of each


prey fish was tracked between images, converting


changes in position into swimming speed (cm/s) by


standardizing the pixels to the bottom tank dimensions


(software available online).4 We assumed that movement


between frames was linear.


For most prey pairs (69/76), the two fish were equally


active, and we averaged the swimming speed of the two


prey each second. In the remaining 10% of cases, one


prey was significantly more active (Kolmogorov-Smir-


nov distribution test, P , 0.05), and the more active


prey was attacked first in seven of the eight cases. For


these pairings, we used only the activity record for the


more active prey in calculating prey activity.


Predation trial metrics.—Predator–prey interactions


were analyzed from video recordings of each predation


trial. Only attacks and captures of the first prey of the


prey pair were quantified. Metrics were time to first


attack (dA), time to capture (dC), time between first


attack and capture (dC � dA), number of attacks (A),


and attack frequency (attacks per second during attack


period; A/[dC � dA]). For each copper concentration


and predator exposure combination, 16 predation trials


were conducted for a total of 112 data trials. Not all
metrics could be quantified for all trials.


Statistical analyses


Coho prey activity.—For the experiments in 2007, a
two-factor ANOVA was used to explore whether copper


exposure (0 vs. 20 lg/L) affected the behavioral response


(activity level) to predation risk (no risk, upstream


predator, upstream predator plus skin extract). Simple
main effects analysis used a Bonferroni adjustment for


multiple comparisons. For 2008, single-factor ANOVA


was used to test the effect of the various copper


treatments on prey activity in the combined presence


of predators and skin extract. Dunnett’s post-hoc was
used to compare activity in the copper treatments to the


control treatment. Statistical analyses were conducted in


SPSS 16.0 for MacIntosh (IBM, Armonk, New York,


USA).


Predator–prey interactions.—Data for predator–prey
interactions were not normally distributed and were


positively skewed, being bounded by zero. Log-transfor-


mation resulted in normally distributed dA, dC, and A,


which were analyzed by ANOVA followed by Dunnett’s


post-hoc for comparing copper treatments to controls.
Log-transformation did not normalize dC � dA and


attack frequency. Differences in central tendency of dC�
dA and attack frequency were tested by Kruskal-Wallis


nonparametric multiple comparison. For the separate set
of predation trials in which predators were also exposed


to copper, Tukey’s post-hoc test was used following the


ANOVA to compare among the three treatments


(controls, prey exposed to 10 lg/L copper, predator þ
prey exposed to 10 lg/L copper).


The relationship between capture success probability
(capture on first attack) and copper treatment was tested


by linear regression of the natural log of the odds ratio


for capture success weighted by sample size. This


method transforms curvilinear data in a probability
distribution to a linear function of the independent


variable. We transformed capture success probability at


each copper concentration to the loge odds ratio (OR) as


follows:


logeðORÞ ¼ ln
CSR


1� CSR


� �
ð1Þ


where CSR is the capture success ratio across trials


within each copper concentration.


Survival curves.—Time to capture of the first prey fish


for each trial was used to assess differences in the


distribution of survival times (dC) among treatments.
Within each treatment, survival time was ranked across


trials and each trial was assigned a decreasing propor-


tion of the total survival of the first prey as per Vilhunen


(2006). For example, the first prey captured among


control trials had a survival time of 6 seconds. Up to 6 s,4 http://rsbweb.nih.gov/ij/
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prey survival was 100%. At 6 s, survival across control


trials dropped to 15/16, or 93.75%.


For each treatment, the proportion surviving was


analyzed as a function of survival time by non-linear


regression using the following sigmoid equation:


PðTÞ ¼ 1


1þ ekðT � ST50Þ ð2Þ


where k was the slope of the linear portion of the curve,


indicating how quickly survival declined with time, T


was time in log10(number of seconds), and ST50 was the


midpoint of the curve, the log10 survival time for 50% of


trials—analogous to the median survival time. For


significantly different distributions, a t test assessed


differences in the slope and midpoint among treatments.


The benefit of using this method over simply comparing


the central tendency of survival time among treatments


was that we could compare not only the median survival


time, but also the shape of the relationship between


survival and time.


To calculate survival probabilities for copper treat-


ments relative to the control treatment, we solved Eq. 2


for survival time, T, using the control slope (k) and


midpoint (ST50) from Table 4:


T ¼ k�1 3 ln
1


P
� 1


� �
þ ST50: ð3Þ


For given control survival probabilities (0.95 and 0.5),


we used Eq. 3 to calculate the associated prey survival


time. These times were then used in Eq. 2 with the


respective slopes and midpoints for various copper


exposures to estimate the related survival probability


at that time for coho in each copper exposure.


RESULTS


Copper-exposed coho prey are behaviorally unrespon-


sive to alarm cues.—We found a significant interaction


between copper exposure and upstream predator cues


with respect to their effect on coho activity (F2,55 ¼
6.083, P ¼ 0.054; Fig. 1). In the absence of proximal


predator cues, i.e., no upstream predator or conspecific


skin extract, coho swam at an average speed of 5.2 cm/s


(control condition; Fig. 1). A significant alarm response


(tendency toward motionlessness) was elicited by the


presence of a predator (2.1 cm/s; F1,55 ¼ 4.813, P ¼
0.032) and a predator together with an upstream


introduction of skin extract (1.2 cm/s; F1,55 ¼ 8.738, P


¼ 0.005). When the prey was exposed to copper,


upstream predator cues had no effect on activity


(combined 3.9 cm/s; F2,55¼ 0.518, P¼ 0.599). Exposure


to copper (20 lg/L) alone did not significantly affect


baseline swimming activity (predator absent; 4.3 cm/s,


F1,55 ¼ 0.734, P ¼ 0.395). Based on previous work


(Baldwin et al. 2003), juvenile coho would be expected


to recover ;20% of lost olfactory function during the 30


min acclimation interval in clean water used in these


behavioral experiments. Nevertheless, copper-exposed


fish were still unresponsive to chemical predator cues.


Similar to flow-through trials, control coho in static


trials showed a strong alarm response to skin extract, as


indicated by a reduction in swimming speed to 1.0 cm/s


(Fig. 2). The magnitude of this alarm response decreased


with increasing copper exposure. The average swimming


speed of coho exposed to copper at 20 lg Cu/L was 4.9


cm/s and comparable to the baseline swimming speed of


unexposed control fish in the flow-through trials (5.2


cm/s; Fig. 1). The loss of the alarm response was


FIG. 2. Alarm behavior in juvenile coho prey at the outset
of predation trials. Predators were located within the trial arena
behind an opaque divider. Prey swimming speed was recorded
at the end of the 15-min prey acclimation, after the presentation
of conspecific skin extract. An asterisk indicates that juvenile
coho unexposed to copper (0 lg/L) were significantly less active
(i.e., were alarmed) relative to copper-exposed coho at all
copper exposure concentrations (P , 0.05). Error bars indicate
6SE.


FIG. 1. Activity levels for control (unexposed) and copper-
exposed (20 lg Cu/L for 3 h) juvenile coho downstream from
one of three levels of predation risk; a compartment with a
predator absent, a cutthroat trout predator present, and
predator present plus the addition of juvenile coho skin extract.
Swimming speed was recorded over 5 min at the end of the 30-
min prey acclimation period. Significant differences (P , 0.05)
from unexposed control are marked with an asterisk. Numbers
by each symbol are the sample sizes. Error bars indicate 6SE.
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significant among copper-exposed coho relative to


controls (F3,44 ¼ 14.27, P , 0.001; Dunnett’s post hoc
test, P � 0.001).


Copper-exposed coho are more vulnerable to preda-
tion.—Prior copper exposure significantly affected time


to first attack (ANOVA, F3,58 ¼ 3.550, P ¼ 0.020) and
time to first capture (F3,58¼ 4.33, P¼ 0.008) of juvenile


coho by predators (Table 3). Time to attack (dA) and
time to capture (dC) were reduced for all copper


treatments compared to controls (Dunnett’s post hoc
test (0 vs. 5, 10, 20 lg/L): PdA¼ 0.031, 0.069, 0.014; PdC


¼ 0.062, 0.020, 0.004). Other predator–prey interactions
were unaffected by copper exposure (Table 3), including


time between first attack and capture (Kruskall-Wallis
v2


3;63¼ 2.43, P¼ 0.488), number of attacks (F3,58¼ 0.624,


P ¼ 0.602), and attack frequency (v2
3;63 ¼ 6.00, P ¼


0.111).


Time to attack and time to capture were positively
correlated because time to capture includes time to first


attack (dC¼ dAþ [dC� dA]). The correlation between
time to attack and time to capture was very strong (rS¼
0.959, n ¼ 63, P , 0.001). When log-transformed to


allow calculation of a coefficient of determination, time
to attack explained nearly all the variation in time to


capture (r2¼ 0.912). Capture–attack interval (dC� dA)
was not significantly different among treatments (v2


3;63 ¼
2.43, P ¼ 0.488, median ¼ 3 s), and was not correlated
with dA (rS ¼ 0.094, n ¼ 63, P ¼ 0.470), suggesting that


the primary component of the predation sequence
affected by copper was prey detection leading to attack


(dA).
Although the number of attacks to capture (A) was


not different among treatments (Table 3), the capture
success rate (probability of capturing prey on the first


attack) increased with copper concentration (Fig. 3).
Capture success rate was significantly correlated with


increasing copper exposure concentration (F1,3¼ 60.060,
P¼ 0.016, r2¼ 0.968) following the equation loge(OR)¼
0.062[Cu] � 2.039, where [Cu] is dissolved copper
concentration in lg/L. Standard error for the slope
was 0.008 and was 0.092 for the intercept.


Exposing predators to copper does not improve the


evasion success of prey.—In a separate set of predation


trials, we determined the effect of co-exposing predators


and prey to copper at 10 lg/L (Table 3). Similar to the


first set of predation trials, copper exposure affected time


to attack (F2,42 ¼ 8.639, P ¼ 0.001) and time to capture


(F2,42 ¼ 6.368, P ¼ 0.004). However, these metrics were


not significantly different from experiments in which prey


alone were exposed (Tukey’s post hoc, dA, P¼ 0.340; dC,
P¼ 0.715). Number of attacks (F2,42¼ 1.429, P¼ 0.251),


time between first attack and capture (v2
2;45 ¼ 0.732, P ¼


0.693), and attack frequency (v2
2;45 ¼ 0.318, P ¼ 0.853)


were not affected by copper exposure (prey exposed and


predators plus prey exposed were similar to controls). In


addition, exposing predators to copper did not change the


likelihood of capturing prey on the first attack (25% for


exposed prey only vs. 31% for co-exposed predators and


prey; v2
1 ¼ 0.643, P¼ 0.423).


Copper exposure reduces prey survival.—Survival


curves for each treatment were constructed from the


TABLE 3. Median values (min, max) for time to first attack (dA), time to first capture (dC), time between dA and dC, number of
attacks to dC (A), and frequency of attacks.


[Cu]� (lg/L) dA (s) dC (s) dC � dA (s) A Attack frequency (s�1) §


May


0 29.4 (4.2, 218.4) 41.7 (6, 256.8) 3.3 (0, 106.2) 2 (1, 5) 0.75 (0.029, 16.67)}
5 8.4 (0, 102)* 13.2 (3, 175.8)� 3 (0, 73.8) 3 (1, 7) 1.11 (0.054, 16.67)
10 6 (1.8, 97.2)� 9.3 (3, 422.4)* 2.7 (0, 422.47) 2 (1, 6) 1.25 (0.007, 16.67)
20 4.5 (0.6, 426.6)* 9.6 (1.2, 426.6)* 3 (0, 6) 3 (1, 6) 1.15 (0.667, 16.67)


June


0 22.2 (4.2, 156) 23.4 (5.4, 159) 1.8 (0, 7.2) 3 (1, 6) 1.67 (0.555, 16.67)
10 3 (0, 114)* 6.9 (0.6, 124.8)* 3 (0, 12) 3 (1, 6) 1.5 (0.222, 16.67)
10# 5.4 (1.2, 27)* 9 (1.2, 34.8)* 2.1 (0, 28.8) 3 (1, 10) 1.57 (0.347, 16.67)


* P , 0.05; � P , 0.1.
� Copper exposures for 3 h prior to predation trial.
§ A/(dC� dA).
} To calculate attack frequency for dC � dA ¼ 0, number of attacks was divided by 0.06 s.
# Predators also exposed to copper.


FIG. 3. Proportion of trials for which prey were captured on
the first attack (capture success rate). Dashed lines are 95%
confidence bands for the logistic regression. Capture success
rate is described by the equation eF/(1 þ eF), where F ¼
0.062[Cu] – 2.039 (see Results for associated statistics).
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time to first capture among trials (Figs. 4 and 5). Slopes,


midpoints, and coefficients of determination for these


curves are presented in Table 4.


Survival curves for copper treatments (Fig. 4) were


significantly different from the control curve (F test, all


P , 0.001). This was due to differences in midpoint (t


test, all P , 0.001), as slope between survival and time


for each copper treatment was similar to the slope of the


control curve (t test, all P . 0.480). Among copper


treatments, 5 lg/L and 10 lg/L produced similar


survival curves (F2,27 ¼ 2.222, P ¼ 0.128), with similar


slopes (t27, P ¼ 0.314) and midpoints (t27, P ¼ 0.274),


FIG. 4. Survival curves for control and copper-exposed coho in predation trials. Each point represents one predation trial, and
survival times are based on the first prey fish consumed. The inset shows the midpoints of each curve, representing median survival
time (ST50) for each treatment as a function of copper exposure.


FIG. 5. Survival curves for predation trials in which prey alone or predators and prey were both exposed to copper (10 lg/L).
Each point represents one trial, and survival times are based on the first prey fish consumed. Insets show the midpoints of each
curve, representing median survival time (ST50) for each treatment as a function of copper exposure. The triangle symbol in the
inset represents the ST50 for trials in which both predator and prey were exposed to copper.
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whereas these curves had significantly different mid-


points (Table 4) than the curve for 20 lg/L (both P


,0.004).


For the predation trials in which both predators and


prey were exposed (Fig. 4), survival curves for copper


treatments (10lg/L)were again different from the control


curve (F test, both P , 0.001). Prey alone exposed to 10


lg/L resulted in a survival curve that had a similar slope


(t27, P ¼ 0.577), but different midpoint (t27, P , 0.001)


than the control curve. Exposing predators and coho to 10


lg/L affected both the slope (t25, P ¼ 0.002) and the


midpoint (t25, P , 0.001) of the survival curve compared


to the control curve. The predator þ prey copper curve


also had a different slope (t26, P ¼ 0.005) and midpoint


(t26, P , 0.001) compared to the prey-only copper


exposures. Therefore, exposing predators to copper


resulted in a subtle change in the shape of the survival


curve, although it was not strong enough to alter


predator–prey metrics (see Exposing predators to copper


does not improve the evasion success of prey).


We calculated survival probabilities for copper


exposures relative to controls using Eqs. 1 and 2. At


4.4 s, 95% of control coho were alive. Relative survival


probabilities for copper-exposed coho were 82% for 5


lg/L, 78% for 10 lg/L, and 70% for 20 lg/L. The


median survival time for controls was 36.1 s (50%
survival; Table 4). Corresponding survival probabilities


for copper exposures were 17%, 18%, and 10% for 5 lg/
L, 10 lg/L, and 20 lg/L treatments, respectively.


DISCUSSION


We have evaluated the effects of copper exposure on


juvenile coho predator avoidance behaviors and the


related consequences for coho survival during encoun-


ters with predatory wild cutthroat trout. We find that


relatively brief (3 h) exposures to copper at 5–20 lg/L
eliminated the behavioral alarm response in coho prey,


leading in turn to increased detection, reduced evasion,


and reduced survival during predation trials.


Themagnitude of the coho alarm response was greatest


when the presence of an upstream predator was paired


with skin extract, consistent with previous studies (e.g.,


Lautala and Hirvonen 2008). Our results showing a


copper-induced loss of antipredator behavior reinforces


and extends previous observations for juvenile coho.


Sandahl et al. (2007) found that hatchery-raised coho


become motionless (freeze) following presentation of a


conspecific skin extract, and that this alarm response is


reduced or abolished by copper exposure (3h; 2–20 lg/L).
We have extended this behavioral toxicity to wild coho,


and shown that copper also renders coho unresponsive to


possibly distinct chemical cues emanating from a proxi-


mal upstream predator. This is consistent with copper’s


broad neurotoxicity across non-overlapping olfactory


receptor neuron populations in the salmon olfactory


epithelium (Baldwin et al. 2003).


Copper-exposed prey were easier for predators to


identify, attack, and capture. This was due primarily to


higher activity than alarmed controls, leading to a more


rapid detection by cutthroat trout. For juvenile salmon,


activity critically determines the likelihood of detection


by visually guided predators such as larger salmonids,


piscivorous birds, and river otters. For example, in


predation trials with Mergansers, attacks on active


juvenile coho were 15 times more frequent than attacks


on inactive coho (Martel and Dill 1995). In the current


study, copper also negatively influenced evasion of a


predator once an attack was initiated, i.e., it became


increasingly likely that prey would be captured on the


first attack at higher copper exposure concentrations.


Evasion success depends in part on whether the prey fish


is aware of proximal danger (Lima and Dill 1990). In the


current study the threat awareness of unexposed


controls was heightened via the introduction of conspe-


cific skin extract prior to the onset of the trial. By


comparison, copper-exposed coho were unresponsive to


the chemical alarm cue, thus unaware of the impending


threat, and less prepared to evade once an attack


sequence was initiated.


Copper toxicity to the coho lateral line mechanosen-


sory system may have contributed to the observed


reduction in evasion success. As with olfactory receptor


neurons, copper is toxic to lateral line neurons that are


directly exposed to contaminated waters (Linbo et al.


TABLE 4. Sigmoid regression parameters for the survival curves.


[Cu] (lg/L) r2 ST50� SE K� SE N


May


0 0.984 1.557 0.016 3.219 0.186 16
5 0.988 1.085 0.014 3.36 0.166 15
10 0.965 1.052 0.026 3.042 0.262 16
20 0.987 0.898 0.014 3.333 0.17 16


June


0 0.983 1.338 0.016 3.493 0.213 15
10 0.985 0.774 0.014 3.659 0.203 16
10§ 0.985 0.935 0.012 4.768 0.302 14


Note: All P , 0.001.
� Log of time to 50% survival across trials, midpoint of curve, measured in seconds.
� Slope of the sigmoid regression curve.
§ Predators and prey both exposed to copper.
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2006). The lateral line system in salmon and other fish


responds to water displaced by an approaching predator


and triggers a well-studied sequence of evasive behaviors


(the C-type startle reflex: reviewed by Bleckmann 1993).


Conversely, predators can capture prey without a


functioning lateral line system. For predatory bass


(Micropterus salmoides) and muskellunge (Esox masqui-


nongy), prey capture success rate was unaffected by


cobalt exposures at concentrations toxic to the lateral


line (New 2002). Despite similar prey capture success,


some aspects of the attack sequence were altered in


cobalt-exposed predators relative to controls, including


shorter distance to strike (both predators) and mean


angular approach (muskellunge). We found a subtle


shift in the midpoint and slope of the prey survival curve


when predators were co-exposed to copper, possibly due


to copper neurotoxic effects on the lateral line of


cutthroat trout predators. Additional behavioral studies


with a focus on lateral line function are warranted,


particularly for predator–prey encounters under low


visibility conditions.


Prey may make compensatory behavioral changes to


improve their likelihood of surviving an attack (Lima


and Dill 1990, Lind and Cresswell 2005); however, we


saw no evidence of this among copper-exposed coho.


Also, co-exposing predators and prey to copper did not


eliminate the reduced survival time of prey relative to


exposing prey alone. This indicates that sublethal copper


toxicity will have a disproportionate impact on prey in


predator–prey dynamics, irrespective of whether the


visually guided predators occupy the same contaminated


surface waters (e.g., cutthroat trout and other piscivo-


rous fish) or attack from the air above (e.g., Kingfishers


and other birds).


The arena used for the predation trials lacked


substrate, making it easier for cutthroat trout to detect


and successfully capture alarmed coho relative to an


encounter under natural conditions. Substrate complex-


ity improves juvenile coho crypsis (Donnelly and Dill


1984) and provides refuge. Turbidity in streams can


further constrain visual detection (Mazur and Beau-


champ 2003). Thus, our observed differences in preda-


tion vulnerability between copper-exposed and


unexposed prey would likely be magnified in natural


stream habitats where survival rates for alarmed


(predator aware) coho are higher.


PLATE 1. Juvenile coho salmon are sensitive to olfactory alarm cues. Photo credit: Morgan Bond.
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Our findings likely extend to other fish species. For


example, Baldwin et al. (2011) recently showed that the


olfactory toxicity of copper is comparable in coho and
steelhead, and also comparable among fish raised in


hatchery and natural environments. Numerous other


studies have demonstrated the olfactory-mediated neu-


robehavioral toxicity of copper for alarm behavior


(reviewed by Tierney et al. 2010) in both controlled
laboratory settings (e.g., Beyers and Farmer 2001,


Jaensson and Olsen 2010) and in situ in copper-


contaminated habitats (McPherson et al. 2004, Mirza


et al. 2009). Copper impacts on chemosensory function
also extends to other taxa; for example, disruption of the


kairomone-mediated morphological predation defense


of zooplankton (Daphnia pulex) and altered olfactory-


based feeding behaviors of leeches (Nephelopsis obscura;


Pyle and Mirza 2007) have similar toxicity thresholds
(;5 lg/L).
The toxic effects of copper have been remarkably


consistent in coho salmon across biological scales, from


the functional responsiveness of receptor neurons in the


olfactory epithelium (Baldwin et al. 2003, Sandahl et al.
2004, 2007, McIntyre et al. 2008, Baldwin et al. 2011) to


the olfactory-mediated behavior of individual animals


(Sandahl et al. 2007; this study) to coho survival in


predator–prey interactions (this study). Across these
studies, the thresholds for neurobehavioral toxicity have


been in the range of 2–5 lg/L (although this will shift


upward in waters with relatively high dissolved organic


carbon content: McIntyre et al. 2008). Notably, this is


very close to the toxicity threshold reported for rainbow
trout olfaction more than 35 years ago (7 lg/L: Hara et


al. 1976). Olfactory disruption as measured at the


olfactory epithelium is therefore a reliable proxy for


behavioral impairment and reduced survival.


In conclusion, our findings are an example of how
chemical habitat degradation in the form of water


pollution can have nuanced but important impacts on


the behavioral ecology of salmon. The effects of copper


on coho survival are context-dependent and likely to go
unnoticed in conventional field surveys of juvenile


salmon abundance, habitat use patterns, and physical


habitat quality. New biological indicators of copper


toxicity, including diagnostic changes in gene expression


within the salmon olfactory epithelium (e.g., Tilton et al.
2008), may eventually reveal the extent of sensory


isolation in wild salmon under natural exposure regimes.


In the interim, copper control strategies will likely


improve juvenile salmon survival and minimize the
disruption of a range of chemosensory-dependent


behaviors. This includes, for example, legislation recent-


ly enacted in Washington State (SB6557) and California


(SB346) to phase out the use of copper and other metals
in motor vehicle brake pads.
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reduce impervious surfaces (see https://fortress.wa.gov/ecy/publications/publications/1210020.pdf).  As
there are likely differences between the two action alternatives in meeting these recommendations, the
FEIS should discuss the Soos Creek TMDL and how the proposed alternatives could affect TMDL
implementation for Jenkins Creek and downstream areas.   Part of this should be a more robust
discussion about mitigation measures initially described in Section 3.2, including benefits to salmon
from using enhanced water quality treatment methods to manage stormwater based on impacts
identified in the salmon literature we provided in our scoping comments and with these DEIS
comments.
 
Further, a reduction in baseflows in Jenkins Creek (see page 3-22) would also likely adversely affect
salmon which was not considered in the DEIS.   As a result, infiltrating treated stormwater using
enhanced treatment methods should be required wherever suitable soils exist.  We also agree with the
mitigation measure to abandon existing wells (page 3-23) and new irrigation wells should be prohibited.
 
In summary, the FEIS needs more details and analysis about potential impacts to salmon that may
occur from each of the alternatives and how each alternative would use mitigation sequencing, starting
with avoidance to avoid impacts to salmon and Jenkins Creek and its associated wetlands. 
 
We are available to meet to discuss these issues further, please call me to set up such a meeting.  
We appreciate the opportunity to comment on this DEIS and look forward to the City’s written
responses.
 
Thank you,
Karen Walter
Watersheds and Land Use Team Leader
 
Muckleshoot Indian Tribe Fisheries Division
Habitat Program
39015 172nd Ave SE
Auburn, WA 98092
253-876-3116
 
From: Karen Walter 
Sent: Friday, March 29, 2013 10:44 AM
To: Ann Mueller (amueller@covingtonwa.gov)
Subject: FW: Hawk Property Subarea Plan, Determination of Significance and Scoping Notice
 
Ann,
 
My apologizes; the previous email we sent did not include the technical reports we referenced in the
email below.
 
Karen Walter
Watersheds and Land Use Team Leader
 
Muckleshoot Indian Tribe Fisheries Division
Habitat Program
39015 172nd Ave SE
Auburn, WA 98092
253-876-3116
 
From: Karen Walter 
Sent: Friday, March 29, 2013 10:43 AM
To: Ann Mueller (amueller@covingtonwa.gov)
Subject: Hawk Property Subarea Plan, Determination of Significance and Scoping Notice
 
Ann,

https://fortress.wa.gov/ecy/publications/publications/1210020.pdf
mailto:amueller@covingtonwa.gov


We have reviewed the City’s Determination of Significance and Scoping Notice for the Proposed Hawk
Property Subarea Plan.  We offer the following comments in response to this scoping notice.
 
The project area/subarea includes or is adjacent to Jenkins Creek, a salmon-bearing tributary in the
Soos Creek basin.  We recommend that the DEIS analyze and discuss the following:
 

1.     Details about the plans to reclaim the Lakeside gravel mine (assuming the mine will be closed
to accommodate future land use) and protection/restoration of the large wetland (1D) shown in
the gravel mine on King County’s IMAP;
 

2.     Details regarding how Jenkins Creek and its large associated wetland will be protected and
potentially restored (where needed) as part of the subarea plan;
 

3.     Details regarding how stormwater will be managed in the subarea, including the opportunities to
fully treat and infiltrate stormwater using enhanced treatment methods that reduce or
significantly limit the amount of metals and PAHs in stormwater that may be discharged to
Jenkins Creek.  Also, the opportunities to implement low impact development techniques and
retention of trees.  As part of this analysis, the DEIS should consider the available data in the
attached papers regarding stormwater impacts to salmon, particularly coho, a species found in
Jenkins Creek.
 

4.     The DEIS authors should contact WDFW and the Muckleshoot Indian Tribe Fisheries Division to
obtain the most current information regarding salmon populations in Jenkins Creek and the
Soos Creek basin prior to completing any analysis of potential impacts.

 
We appreciate the opportunity to provide comments to the Scoping Notice and look forward to
reviewing the DEIS that addresses our recommendations above. Please let me know if you have any
questions.
 
 
Karen Walter
Watersheds and Land Use Team Leader
 
Muckleshoot Indian Tribe Fisheries Division
Habitat Program
39015 172nd Ave SE
Auburn, WA 98092
253-876-3116
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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

PLoS ONE | www.plosone.org 1 August 2011 | Volume 6 | Issue 8 | e23424



the greater Seattle metropolitan area [10]. Coho return to small

coastal stream networks to spawn each fall. Entry into freshwater is

triggered by early autumn rainfall and rising stream flows. Since

there had been extensive habitat degradation and loss in these

lowlands, many basins were targeted for stream restoration

projects in the 1990s. Subsequent surveys to evaluate project

effectiveness discovered that many coho salmon were dying in

newly-accessible stream reaches before they were able to spawn –

i.e., female carcasses were found in good condition (ocean bright

colors) with skeins (membrane or sac that contains the eggs within

the fish) filled with unspawned eggs [10]. In addition, affected coho

from several different urban basins showed a similar progression of

symptoms leading up to death, including disorientation, lethargy,

loss of equilibrium, mouth gaping, and fin splaying. Systematic

daily spawner surveys in recent years (2002–2009) have shown that

adult mortality rates in urban streams are 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 negative consequences for

maintaining viable coho populations [11]. Consistent with this,

most coho mortalities observed over the past decade were

spawners that strayed (did not home to their natal stream reaches)

into these restored urban freshwater habitats.

The precise underlying cause of recurrent coho die-offs remains

under investigation. An initial weight-of-evidence forensic study

has systematically ruled out stream temperature, dissolved oxygen,

poor overall spawner condition, tissue pathology (e.g., gill),

pathogen prevalence or disease, and other factors commonly

associated with fish kills in freshwater habitats (Scholz et al.,

unpublished data). These findings, together with the rapid onset of

the syndrome, the nature of the symptoms (e.g., gaping and

disequilibrium), and the consistent re-occurrence within and

between urban basins over many years together point to toxic

stormwater runoff from urban landscapes as the likely cause of

coho spawner mortality. Urban runoff and stormwater-influenced

combined sewer overflows (CSOs) contain an exceptionally

complex mixture of chemical contaminants. Specifically, urban

streams are receiving waters for runoff and discharges containing

pesticides [12], metals [13], petroleum 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

several reasons to suspect motor vehicles as sources of toxics that

are killing returning coho. Vehicles deposit many compounds on

road surfaces via exhaust 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 antifreeze and motor oil, contain ethylene and propylene

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, these

contaminants accumulate on streets and other impervious surfaces

until they are mobilized by rainfall and transported to aquatic

habitats via runoff. Polycyclic aromatic hydrocarbons and metals

such as copper are known to be toxic to fish, although acute

lethality usually occurs at exposure concentrations that are higher

(by orders of magnitude) than those typically detected in urban

streams. It is likely that fall stormwater pulses contain higher

concentrations than winter and spring due to the potential buildup

of contaminants during the relatively dry summer months.

Although the adult die-off phenomenon has been observed in all

Seattle-area urban streams where coho salmon occur, the overall

rate 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 (e.g., parks and woodlands).

Conversely, mortality rates have been consistently higher in basins

with proportionately greater ‘‘urban’’ land cover and land uses.

This raises the possibility of a quantitative relationship between

discrete basin characteristics and coho survival and spawning

success. Such a relationship would be important for several

reasons. First, if coho mortality is significantly correlated with one

or more land cover or land use variables, the latter could be used

to identify unmonitored lowland basins where coho populations

are 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 elsewhere) that

are currently healthy. Finally, it could narrow the list of potentially

causative pollution sources in urban basins, thereby focusing future

toxicological studies to identify the specific contaminants involved.

In this study we performed a spatial analysis to identify

landscape variables that correlate most closely 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 these correlations to generate spatially explicit

predictions of recurrent spawner losses in unmonitored basins

throughout the four most densely populated counties in the greater

Seattle metropolitan area.

Materials and Methods

Study Sites
We characterized habitat conditions within the drainage basins

from streams at six sites in the Puget Sound lowlands (Figure 1).

We chose these sites because coho spawner mortality has been

monitored at these locations for several years (2000–2009; [10]).

The sites represent a wide range of anthropogenic alteration, from

highly urbanized (e.g., Longfellow Creek) to relatively undisturbed

(e.g., Fortson Creek). Fortson Creek is considered a non-urban

site, whereas the other five sites are urban streams and have

varying degrees of development. The urban streams have all been

a focus of varying restoration project efforts aimed at enhancing

habitat quality for anadromous Pacific salmon. With the exception

of the relatively unaltered Fortson Creek site, all site basins had

impervious surface proportions well above the levels (5–10%)

commonly associated with the decline of biological integrity in

streams [18,19].

Confirmed observation of the coho spawner mortality syndrome

(see below) within a stream system was a key factor in study site

selection. Importantly, natural production of coho in Seattle-area

urban streams is very low. Not unexpectedly, recent modeling 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 streams are thus likely to be

animals straying into sink or attractive nuisance habitats.

Conversely, the syndrome has not been documented in streams

where coho are relatively abundant – i.e., non-urban basins, as

confirmed by a full season of daily stream surveys on Fortson

Creek. Therefore, to evaluate the phenomenon in relation to land

cover, we were constrained to streams where coho are affected,

even 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.e., hatchery vs. wild fish). For

example, artificially propagated coho that return as adults to

regional hatchery facilities in non-urban basins are unaffected.

Ecotoxicology of Salmon Mortality in Urban Streams
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Study Subjects
Coho salmon in this study were all within the Puget Sound/

Strait of Georgia Evolutionarily Significant Unit (ESU). An ESU is

defined as a group of populations that 1) are substantially

reproductively isolated from conspecific populations and 2)

collectively represent an important component in the evolutionary

Figure 1. Six study sites where coho spawner mortality was monitored and landscape conditions were quantified. Main map depicts
the Greater Seattle Metropolitan Area in Washington State, which is within the Puget Sound/Georgia Basin of the Pacific Northwest, United States of
America (USA). Inset map illustrates location of the study sites within Washington State and the location of Washington State within the USA. For
reference, red shading on main map represents the relative intensity of urbanization (light-medium and dense urban [23,24]). Drainage basins
depicted in yellow shaded polygons represent the total basin flowing into a given stream reach site. 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.g001
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legacy of the species [20]. Currently, Puget Sound/Strait of

Georgia coho are designated a ‘‘species of concern’’ under the

U.S. Endangered Species Act [21].

Coho typically spawn in small (lower order) streams in the Puget

Sound lowlands in late fall and early winter and their fry emerge

from stream substrates from March to May. Fry reside in riverine

habitats for 14–18 months, smolt, migrate to marine environments

where they grow rapidly and mature (16–20 months), and finally

migrate to their natal basins where they spawn and die [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 each of the six study locations (Table 1).

Data were collected during the fall spawning season from 2000–

2009 by Seattle Public Utilities (SPU), the Wild Fish Conservancy,

and the Northwest Fisheries Science Center (NWFSC). Streams

were checked every few days in the early fall (usually the first or

second week in October, depending on rainfall) until the first adult

coho was observed. The streams were then surveyed daily for the

duration of the fall run, until the last carcass was documented,

typically in the first or second week of December. For several

years, biologists working for the City of Seattle (Wild Fish

Conservancy) also surveyed many of the same urban streams for

coho spawner mortality on a weekly basis. Side-by-side compar-

isons of daily and weekly survey data (e.g., for Longfellow Creek in

2005 and 2007) revealed practically no loss of carcasses to

scavengers. Accordingly, we included the weekly survey data in

our analyses.

The entirety of the available spawning habitat within a given

urban drainage was surveyed for premature adult coho mortality.

For some streams, including Longfellow Creek, mid-stream

barriers to upstream 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 sections of the

stream that 1) had a gravel substrate suitable for redds (spawning

‘‘nests’’ built by females), and 2) were focal areas for repeated

(year-to-year) redd building during successive spawner runs.

Monitoring data were not collected at all sites for all years

(Table 1). Mortality among returning coho was quantified only for

females on the basis of egg retention – i.e., the number of partially

spawned or unspawned female carcasses observed in streams over

an entire spawning season. Notably, the total number of returning

adults was low for some years and some basins (Table 1).

Nevertheless, the aggregate spawner survey data used in this

analysis are the most comprehensive currently available.

Geospatial Datalayers
We used existing geospatial datalayers as our source of potential

predictor variables and as a proxy for habitat type and condition.

The datalayers were generated by a variety of organizations for

planning and analytical purposes, making them suitable for

running spatial analyses on habitat. They were also available over

the entire 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] tax parcel databases), and roadways (Puget

Sound Regional Council; PSRC [30]).

The Land-cover of Puget Sound datalayer is the highest quality

and most accurate depiction of land use 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 to medium urban (,75%); and grass,

crops and/or shrubs categories. 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 pixels and an

accuracy of 83–91% [25]. This datalayer 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; etc.

One of the limitations of these two datalayers was that the pixel

size of the source LANDSAT TM imagery is 30 m, so smaller

Table 1. Coho spawner mortality proportion and cumulative number of female carcasses enumerated (in parentheses) by site
(columns) and year (rows).

Des Moines Fauntleroy Fortson1 Longfellow Piper’s Thornton

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)a 0.86 (57)a 0.60 (10) 080 (5)

2003 - (0) - 0.67 (18)a 0.00 (1) 1.00 (2)

2004 0.63 (30)a (0) - 0.89 (9)a 0.33 (3) 1.00 (1)

2005 - 0.75 (4) - 0.72 (75)a 0.75 (4) 0.50 (8)

2006 - (0) - 1.00 (4)a 1.00 (9)a 1.00 (4)

2007 - 0.75 (4) - 0.73 (41)a 0.20 (5) 0.80 (5)

2008 - - - 0.67 (12)a - 1.00 (2)

2009 - - - 0.78 (36)a - -

Overall 0.63 (30) 0.37 (30) 0.01 (114) 0.72 (498) 0.57 (86) 0.83 (71)

A dash (-) indicates survey was not conducted for that year/site.
aNorthwest Fisheries Science Center (NWFSC) daily surveys, all others were weekly and collected by Seattle Public Utilities (SPU) or the Wild Fish Conservancy [51,52].
1Non-urban site.
doi:10.1371/journal.pone.0023424.t001
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features, such as roads and precise land cover boundaries, were

not adequately captured. In order to address this deficiency, we

analyzed property types and roadways, as they are represented as

precise polyline and polygon delineations of the corresponding

land cover variables. The boundaries in these geospatial datalayers

were derived from precise survey data from major metropolitan

areas, collected over many years by King, Kitsap, Pierce and

Snohomish Counties.

The property types (parcels) datalayer was based on ground

surveyed delineations of property, which are used for taxation

purposes, with positional accuracy of +/212 m or less

[26,27,28,29]. The original number of parcel types described by

each county was between 103 and 292. Using the descriptions in

the documentation that accompanied the datalayers, we were able

to place each of the original parcel types into one of the five

following categories: apartments and condominiums; commercial;

industrial; parks and open space; and, residential.

The roadways datalayer was based on ground surveyed road

and street centerlines. Each segment had a corresponding

functional classification (FC##) code and width, as defined by

the Federal Highway Administration [31] Highway Performance

Monitoring System, and the Puget Sound Regional Council [30],

respectively. We reduced the original nine functional classification

types down to two categories: 1) heavily used roads (rural minor

collector [FC08]; urban principal arterial - interstate [FC11];

urban principal arterial - other freeways and expressways [FC12];

urban principal arterial - other [FC14]; urban or rural minor

arterial [FC16 or FC06]; urban collector [FC17]); and, 2) urban or

rural local access roads (FC09 or FC19). We then calculated the

total area (total length of given street centerline segment multiplied

by its width) of each street functional classification for each

corresponding site basin.

Spatial Analyses
We defined the area of influence of the surrounding landscape

for each site as the total area draining into that site (basin).

Drainage basins for each site were generated using the

‘flowaccumulation’ command in Environmental Systems Research

Institute (ESRI) ArcGIS (v. 9.3). We used a United States

Geological Survey (USGS) 10 m digital elevation model (DEM) as

the underlying terrain for generating basins. We then intersected

the corresponding basin boundary for each of the six sites with

each of the geospatial datalayers and their associated categories

using ArcGIS. We quantified each geospatial datalayer and its

associated category in a given basin as the fraction or proportion of

the total area of the basin occupied by that geospatial datalayer or

category. Longfellow Creek 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 sewer system. Therefore, the theoretical basin

area, based on the terrain represented in the DEM, was not as

representative of the true basin area compared with the other five

sites.

Statistical Analyses
We used generalized linear mixed-effects models (GLMMs;

[32,33]) to test the relationships between geospatial variables and

coho spawner mortality. The response was binomial (observed

number of female spawner mortalities each year, given the total

number of female coho that returned to each site) and the models

used a logit link function. All models included a random effect of

site on the intercept, which accounts for nonindependence of the

repeated samples taken at each site. We constructed a set of 139

candidate models by considering all combinations of the 12

predictors taken one, two, three or four at a time, with the

restriction that a model could include at most one predictor from

each of the four geospatial datalayers (land cover, impervious

surfaces, property types, and roadways). We also excluded

combinations of predictors that had a pairwise Spearman rank

correlation exceeding 0.9 in absolute value. The candidate set

included an intercept-only model as a no-effect baseline against

which we could assess the predictive power of the geospatial

variables.

We fitted the models using the Laplace approximation to the

marginal likelihood [32] in the lme4 package in R [34,35]. We

then used Akaike’s information criterion, corrected for sample size

(AICc) to rank the strength of evidence for each candidate model

based on the data. Akaike’s information criterion is a weight-of-

evidence measure that reflects the balance between a model’s

goodness-of-fit to the data and its parsimony (i.e., number of

parameters). Lower AICc values indicate greater support, and are

reported as differences (DAICc) relative to the best (smallest) value

in the candidate set. We computed Akaike weights [36], which

represent the relative support for each model, normalized so the

weights sum to unity across the candidate set. We used these

weights to compute model-averaged estimates and unconditional

standard errors (SEs) for the fixed regression coefficients, and we

quantified the relative importance of each predictor using variable

weights (i.e., the summed Akaike weights of all models that

included that predictor; [36]). These model averaging calculations

were based on the 95% confidence set of models (i.e., the top-

ranked models whose cumulative Akaike weight is 0.95), after re-

normalizing the weights.

Mapping coho spawner mortality
Using the fitted models, we built a map of predicted coho

spawner mortality throughout the four counties (King, Kitsap,

Pierce and Snohomish) representing much of the Puget Sound

lowlands, by applying the GLMM equations to geospatial data

from unmonitored basins. We used basins delineated in the

National Hydrography Dataset Plus [37] as the underlying

mapping unit (300 ha mean, 466 ha SD) and intersected the

NHDPlus datalayer with each of the geospatial datalayers used in

the statistical analyses. Within the four-county region, we only

made spawner mortality predictions in basins where coho salmon

presence has been documented, based on current geospatial

datalayers generated by the Washington Department of Fish and

Wildlife [38]. We then calculated the proportion of each basin that

was covered by the selected landscape feature. We generated

predicted values of the proportion of mortalities from each model

in the 95% confidence set 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 site was set to zero. To be conservative in representing the

precision of the predicted values, 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

to represent low, medium and high spawner mortality rates.

Results

We found strong associations between land use and land cover

attributes and rates of coho spawner mortality. Across the 95%

confidence set of fitted models, three variables were particularly

important for predicting mortality based on high variable weights:

impervious surfaces, local roads, and commercial property type

(Table 2 and Figure 2). There was substantial model selection
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uncertainty, reflected in a large 95% confidence set and large

number of models with DAICc,2.0 (37 and 8 of 139 candidate

models, respectively; Table 3). In addition, although we excluded

highly multicollinear combinations of variables (|r|.0.9), many

variables were still strongly correlated, resulting in unstable

parameter estimates 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 (DAICc = 20.4; Table 3), supporting the

association of these variables with coho mortality.

While the multicollinearity 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 gradient. Not surprisingly, the highest predicted

mortality rates were clustered around the major metropolitan

areas of eastern 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

surface 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 categories represented on the map.

Discussion

Overall, we have used conventional tools in landscape ecology

to shed light on an unusually complex ecotoxicological challenge.

Our analyses strongly suggest that specific characteristics of

basins in the Puget Sound lowlands are linked to the die-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 evaluate hydrologic or geomorphic 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

and are transported to salmon spawning habitats via stormwater

runoff.

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 stream networks [18,40,41]. Previous studies have

generally related land use and land cover variables to macroin-

vertebrate assemblages in streams [42], or to the relative

abundance of salmon and other fish (e.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.

Moreover, it offers new insights on the water quality aspects of

urban runoff. 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

species [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 runoff, altered hydrologic processes, and ecological decline

are well established (e.g., [18]). However, stormwater impacts

encompass both physical and chemical drivers of decline, and it

can be difficult to distinguish between these via in situ assessments

because stream invertebrate communities integrate both stressor

categories. Coho salmon spawners, by contrast, appear to be

promising and specific sentinels for the degraded water quality

aspect of urban runoff. Compared to macroinvertebrate sampling

and taxa identification, the coho mortality syndrome is relatively

easy and inexpensive for non-specialists to monitor in the form of

digital video recordings of symptomatic fish, or the presence of

unspawned female carcasses in streams.

Interestingly, the mortality syndrome appears to be specific to

coho salmon. For example, there were temporally overlapping

runs of coho and chum salmon (O. keta) in Piper’s Creek 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 et al., unpublished data). Consistent with this, the survey

Table 2. AIC weights, model averaged parameter estimates and unconditional confidence intervals for each variable, ranked by
AICc weight.

Model

AICc Averaged Unconditional

Datalayer Variable weight coefficient SE

Impervious Impervious surfaces 0.7158 16.8425 14.5376

Roadways Local roads 0.5647 215.6199 68.3331

Property type Commercial 0.5107 7.9375 8.2616

Land cover Dense urban 0.3865 27.7776 16.1614

Property type Apartments & condominiums 0.2409 29.5330 31.1917

Roadways Heavily used roads 0.2019 5.3445 31.5073

Land cover Forest 0.1163 20.7793 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 20.2475 4.7008

Property type Parks & open space 0.0000 0.0000 0.0000

doi:10.1371/journal.pone.0023424.t002
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teams have not observed the characteristic symptoms (e.g.,

surface swimming, gaping) among other fish species that inhabit

urban streams such as sticklebacks and cutthroat trout. Not only

are coho unusual in this respect, the phenomenon appears to be

restricted to the adult life stage. In the fall of 2003, surface flows

from Longfellow Creek were diverted through streamside sheds

housing aquaria that contained individual juvenile coho from the

NWFSC hatchery. The juveniles (n = 20) were maintained and

observed daily throughout the fall spawner run. Overall juvenile

survival was 100%, and the juveniles behaved normally, even on

days when symptomatic adults were observed in the nearby

stream (Scholz et al., unpublished data). The underlying reasons

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

known.

Daily or weekly stream surveys are labor intensive, and for this

reason only a subset of urban drainages in Puget Sound have been

monitored to date. The GIS-based mapping tool developed for

this study can be used to focus future monitoring efforts on basins

with a higher likelihood of coho die-offs based on land cover

attributes. In addition to the basins we have identified within the

range of the Puget Sound/Georgia Basin ESU, this approach

could be extrapolated to other geographic areas where coho return

to spawn along a gradient of urban growth and development. This

includes, for example, coho from the Lower Columbia River ESU,

a threatened population segment with a spawner range encom-

passing the greater metropolitan area of Portland, Oregon.

Overall, future surveys will ground-truth initial 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 losses at a rate

greater than approximately 10% are likely to substantially reduce

local population abundances, the high mortality basins in Figure 3

(10–50% and .50% predicted mortality categories) may represent

sink habitats for the Puget Sound/Georgia Basin ESU. This is an

important consideration for coho recovery planning at the local,

county, and regional scales. Second, our results indicate areas

where toxic runoff could potentially undermine stream restoration

efforts - specifically, strategies that improve physical and biological

habitat conditions (flow, connectivity, channel complexity, ripar-

ian function, etc.) as a means to boost coho population

productivity.

The potential influence of rainfall, including timing, frequency,

and individual storm intensity, remains an area of active

investigation. Throughout the years of stream surveys, it has

been qualitatively evident that rainfall influences the mortality

syndrome. For example, salmon that arrive and enter a stream

during an extended dry interval (a week or more) often survive

and then become symptomatic and die when it next rains (Scholz

et al., unpublished data). One of our aims in surveying

Longfellow Creek (the stream with the most abundant overall

returns) for more than a decade was to evaluate inter-annual

variation in coho spawner mortality in relation to rainfall.

However, a quantitative analysis has proven problematic due to

highly variable rainfall patterns in combination with low adult

returns in some years. It is clear, however, that the syndrome is

not a simple first-flush phenomenon. In most years, both egg

retaining and spawned out carcasses were observed across the 8–

10 week fall run, irrespective of the number and size of rain

events over that interval.

Over the longer term, an approach similar to the one developed

here could be used to forecast the likely impacts of future human

population growth and development on Puget Sound coho

populations that are currently healthy. For example, the expansion

of local road networks is a core focus for urban growth planning,

and these projections could serve as a basis for evaluating how and

where coho spawner mortality will increase under different growth

management scenarios. This, in turn, would inform strategies to

reduce or mitigate toxic runoff in highly productive basins, in

advance of expanding transportation infrastructure – i.e.,

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

expected 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.

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, DAICc and wAICc. Intercept only model included at
bottom for reference.

Model Equation DAICc wAICc

a+b 24.5664+19.76(a)+44.41(b) 0.000 0.0933

c+d+b 23.92152109.56(b)+48.75(c)229.98(d) 0.046 0.0912

c+e+f 23.9355+12.94(c)240.15(e)+38.61(f) 0.372 0.0775

c+d+a 24.4921+12.61(a)+14.03(c)27.54(d) 0.579 0.0698

c+g+a 24.4858+14.31(a)+5.23(c)+3.62(g) 0.669 0.0668

h+a+b 22.6065+15.89(a)+30.87(b)22.38(h) 1.150 0.0525

c+a+b 24.6629+16.37(a)+35.26(b)+2.70(c) 1.357 0.0473

d+a+b 24.7001+17.52(a)+43.83(b)+1.62(d) 1.576 0.0424

c+e 24.5943+19.70(c)253.28(e) 2.425 0.0277

c+d+i+b 23.0628283.44(b)+56.38(c)240.28(d)27.82(i) 2.485 0.0269

c+j+i+b 27.30552130.72(b)+21.23(c)+19.12(i)+10.65(j) 2.543 0.0262

c+d+k+b 23.9266294.52(b)+43.32(c)225.00(d)21.60(k) 2.613 0.0253

j+a+b 24.5174+20.03(a)+43.79(b)20.52(j) 2.752 0.0236

c+d+a+b 24.0864+3.99(a)276.44(b)+38.23(c)223.27(d) 2.885 0.0221

c+d+a+f 24.7368+15.57(a)+16.88(c)29.22(d)222.10(f) 2.925 0.0216

c+d+e+b 23.96072100.49(b)+46.40(c)227.43(d)25.54(e) 2.954 0.0213

c+d+e+f 23.8347+12.37(c)+0.49(d)240.69(e)+39.28(f) 3.280 0.0181

c+g+e+f 23.8534+12.93(c)240.45(e)+38.73(f)20.18(g) 3.294 0.0180

c+j+e+f 23.9360+12.94(c)240.28(e)+39.36(f)20.31(j) 3.326 0.0177

c+g+a+f 24.6143+16.25(a)+5.79(c)213.40(f)+4.06(g) 3.378 0.0172

c+d+i 21.1996+64.26(c)255.97(d)224.83(i) 3.423 0.0168

h+i+b 9.39112153.97(b)217.49(h)+15.89(i) 3.858 0.0136

h+e+f 2.2747227.99(e)+47.38(f)27.31(h) 3.931 0.0131

h+a 1.2512+8.63(a)26.13(h) 4.028 0.0124

c+j+a+b 24.5887+16.71(a)+34.25(b)+2.72(c)20.75(j) 4.299 0.0109

h+k+b 5.8364227.35(b)211.39(h)25.97(k) 4.837 0.0083

c+j+e 24.4356+18.70(c)250.31(e)+1.33(j) 4.915 0.0080

c+j+k+b 22.4511252.30(b)+20.45(c)213.34(j)210.60(k) 4.937 0.0079

c+d+e 24.7362+20.37(c)20.45(d)253.43(e) 5.141 0.0071

c+e+b 24.468021.36(b)+19.52(c)252.48(e) 5.158 0.0071

c+g+e 24.5797+19.68(c)253.23(e)20.02(g) 5.188 0.0070

h+e+b 8.1285220.52(b)245.07(e)214.67(h) 5.509 0.0059

c+k 24.3426+13.30(c)25.31(k) 5.649 0.0055

c+i+b 25.67752141.73(b)+22.77(c)+17.24(i) 5.821 0.0051

c+k+b 23.9708212.84(b)+14.63(c)26.46(k) 5.896 0.0049

h+a+f 0.4930+6.87(a)+19.67(f)25.22(h) 6.083 0.0045

c+d+i+f 21.0499+68.65(c)259.91(d)26.04(f)226.58(i) 6.343 0.0039

Intercept
only

N/A 20.428 0

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; j = grass, crops and/or shrubs; and, k = industrial.
doi:10.1371/journal.pone.0023424.t003
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While not definitive, our results reinforce the parsimonious

explanation that coho deaths are caused by one or more

contaminants originating from motor vehicles. As noted earlier,

this is important because it narrows the list of candidate toxics in

complex urban landscapes. Future toxicological studies should

focus on two ubiquitous urban runoff contaminant classes in

particular. The first are metals in brake pads and other vehicle

friction materials. Copper, zinc, and other metals are known to

specifically target the fish gill, thereby disrupting respiration and

osmoregulation [47]. The second, PAHs, [14,48,49] are taken up

across the fish gill, and can impair cardiac function and respiration

[50]. The symptoms displayed by affected coho (surface

swimming, gaping, loss of equilibrium, etc.) are consistent with a

disruption of respiration, osmoregulation, or circulation, or some

combination of these.

Notably, PAHs and metals usually cause the above toxicological

effects at concentrations well above those typically detected in

urban streams. However, the majority of conventional toxicology

studies using salmonids focus on freshwater species (e.g., rainbow

trout) or the freshwater life stages of juvenile anadromous species.

There are practically no toxicity data for coho salmon at the adult

spawner stage. Many important osmoregulatory changes take

place during the transition from seawater prior to spawning, and

these may render adult coho more vulnerable to metals and PAHs

than freshwater-resident salmonids. Adding to this complexity is

the possibility of interactive toxicity (e.g., synergism) among

contaminant mixtures. Studies that experimentally reproduce the

familiar symptomology and mortality in adult coho, under

controlled exposure conditions with environmentally realistic

mixtures of metals and PAHs, will likely be necessary to

definitively implicate motor vehicles.
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Low-level copper exposures increase visibility and vulnerability of
juvenile coho salmon to cutthroat trout predators
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Abstract. Copper contamination in surface waters is common in watersheds with mining
activities or agricultural, industrial, commercial, and residential human land uses. This
widespread pollutant is neurotoxic to the chemosensory systems of fish and other aquatic
species. Among Pacific salmonids (Oncorhynchus spp.), copper-induced olfactory impairment
has previously been shown to disrupt behaviors reliant on a functioning sense of smell. For
juvenile coho salmon (O. kisutch), this includes predator avoidance behaviors triggered by a
chemical alarm cue (conspecific skin extract). However, the survival consequences of this
sublethal neurobehavioral toxicity have not been explored. In the present study juvenile coho
were exposed to low levels of dissolved copper (5–20 lg/L for 3 h) and then presented with
cues signaling the proximity of a predator. Unexposed coho showed a sharp reduction in
swimming activity in response to both conspecific skin extract and the upstream presence of a
cutthroat trout predator (O. clarki clarki ) previously fed juvenile coho. This alarm response
was absent in prey fish that were exposed to copper. Moreover, cutthroat trout were more
effective predators on copper-exposed coho during predation trials, as measured by attack
latency, survival time, and capture success rate. The shift in predator–prey dynamics was
similar when predators and prey were co-exposed to copper. Overall, we show that copper-
exposed coho are unresponsive to their chemosensory environment, unprepared to evade
nearby predators, and significantly less likely to survive an attack sequence. Our findings
contribute to a growing understanding of how common environmental contaminants alter the
chemical ecology of aquatic communities.

Key words: alarm behavior; coho salmon; copper; cutthroat trout; olfaction; predation; skin extract;
sublethal; survival.

INTRODUCTION

Various forms of water pollution are known to

interfere with chemical communication in aquatic

habitats (Sutterlin 1974). There are senders and receivers

of chemical signals both within and among species in

aquatic communities, and certain contaminants are

directly toxic to the olfactory, mechanosensory, or

gustatory sensory neurons of receivers. This form of

sublethal ecotoxicity has been termed info-disruption

(Lurling and Scheffer 2007) because it diminishes or

distorts the sensory inputs that convey important

information about an animal’s surrounding environ-

ment. Contaminant-exposed receivers thereby respond

inappropriately (or not at all) to cues that signal the

proximity and status of predators, mates, food, and

other factors that can influence growth, survival,

distribution, or reproduction.

One of the most extensively studied examples of info-

disruption is the neurotoxicity of dissolved copper to the

peripheral olfactory system of fish (Tierney et al. 2010).

Olfactory receptor neurons are located in the epithelium

of the olfactory rosette, within the nasal cavity. Cilia

containing odor receptors extend from the apical

surfaces of olfactory neurons into the nasal cavity,

separated from ambient waters by a thin layer of

mucous. Olfactory receptor neurons are continuously

exposed to ambient waters and are therefore highly

vulnerable to dissolved toxicants in aquatic habitats.

Copper is a widely occurring pollutant in association

with diverse human activities, including agricultural,

industrial, commercial, and residential land uses. For

example, copper is used in various agriculture and

homeowner pesticide formulations, in building materi-

als, as an antifoulant in hull paints for vessels, and in

motor vehicle friction materials (i.e., brake pads). As a

consequence, copper is commonly transported to

aquatic systems in land-based stormwater runoff (Davis

et al. 2001). Copper contamination is also associated

with hard rock mining and municipal wastewater

discharges.

Similar to fish mechanosensory receptor neurons (i.e.,

lateral line; Linbo et al. 2006), olfactory receptor
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neurons undergo cell death in response to dissolved

copper concentrations above approximately 20 lg/L
(Julliard et al. 1996, Hansen et al. 1999). At lower

concentrations in the 2–20 lg/L range, dissolved copper

reversibly inhibits the physiological responsiveness of

olfactory receptor neurons in a concentration-dependent

manner (Baldwin et al. 2003, Sandahl et al. 2004). The

loss of sensory function occurs rapidly, within the first

few minutes of copper exposure (Baldwin et al. 2003). In

most fish species that have been studied to date,

peripheral sensory neurons do not acclimate to copper

during exposures lasting days (Julliard et al. 1996, Linbo

et al. 2006) or weeks (Saucier et al. 1991, Saucier and

Astic 1995).

Chemical signals of predation risk are an ecologically

important category of olfactory information for fish

(Wisenden 2000, Ferrari et al. 2010). For many species

(Chivers and Smith 1998), including juvenile salmonids,

an olfactory alarm cue released via mechanical tearing

of the skin (e.g., during a predation event) triggers

predator avoidance behaviors by nearby conspecifics.

Juvenile salmon and trout, for example, become

motionless in response to the alarm cue (Brown and

Smith 1997, Berejikian et al. 1999, Scholz et al. 2000).

This reduces their visibility and corresponding vulner-

ability to attack by motion-sensitive predators such as

piscivorous fishes and birds (Webb 1986, Martel and

Dill 1995). Numerous studies have demonstrated a

survival benefit for alarm-cue-responsive prey (Mirza

and Chivers 2001, 2003, Chivers et al. 2002).

Previous studies have shown that peripheral olfactory

toxicity and diminished sensory responsiveness corre-

spond to a disruption in alarm behaviors in copper-

exposed fish (Beyers and Farmer 2001, Sandahl et al.

2007). For individual juvenile coho salmon (Oncorhyn-

chus kisutch), loss of alarm behavior triggered by an

ecologically relevant olfactory alarm cue is directly

correlated with loss of olfactory function at copper

exposures ranging from 2 to 20 lg/L (Sandahl et al.

2007).

Copper’s effect on chemical communication in aquat-

ic systems has broad implications for the chemical

ecology and conservation of aquatic species and

communities. In the case of salmon, subtle but

important impacts on sensory physiology and behavior

at the juvenile life stage could increase predation

mortality and thus increase losses from wild salmon

populations, many of which remain at historic lows in

large river basins throughout the western United States

(Good et al. 2005). Conversely, improving water quality

conditions (i.e., by reducing copper loading) could

potentially improve juvenile survival and abundance,

thereby enhancing ongoing efforts to recover depressed

stocks. However, the cascading effects of copper across

biological scales, from salmon physiology and behavior

to predator–prey interactions and survival, have not

been empirically determined.

Here we explored the influence of environmentally

relevant copper exposures on juvenile coho salmon (see
Plate 1) predator avoidance and survival during

encounters with coastal cutthroat trout (O. clarki
clarki ). Cutthroat trout are visual foragers (Henderson

and Northcote 1985, Mazur and Beauchamp 2003) that
commonly prey on juvenile salmon in stream, lake, and
nearshore marine habitats (Nowak et al. 2004, Duffy

and Beauchamp 2008). We used a range of sublethal
copper exposures (5–20 lg/L) and a duration (3 h)

previously shown to impair both peripheral olfaction
and alarm behavior in juvenile coho (Sandahl et al.

2007). In a subset of trials, predators were also exposed
to dissolved copper (10 lg/L for 3 h).

METHODS AND MATERIALS

Animals

Juvenile coho.—
1. Behavior experiments.—In 2007, wild juvenile coho

salmon were collected as needed by seining a side

channel of Big Beef Creek at the University of
Washington’s Big Beef Creek Research Station (Sea-

beck, Washington, USA). Coho were maintained on
well water (Table 1) in indoor raceways under natural

light regime and fed pellets daily (1–2 mm extruded;
Silver Cup Fish Feed, Murray, Utah, USA). Coho grew

slightly throughout the experimental period, from
April–May (39–49 mm total length [TL], x̄ ¼ 42.8, SD

¼ 3.3, n¼ 13) to June–July (36–60 mm TL, x̄¼ 48.7, SD
¼ 5.6, n ¼ 79).

2. Predation experiments.—In 2008, juvenile coho
were produced from eggs fertilized at the Big Beef

Creek Research Station. Hatchlings were maintained
outdoors in 1-m3 net pens suspended in a 5 m diameter

circular tank continuously supplied with well water. One
net pen of juveniles (approximately 1000 fish) provided

the experimental prey. Coho were fed pellets daily. Coho
grew slightly throughout the experimental period;

random samples in April–May were 30–40 mm TL (x̄
¼ 36.2, SD ¼ 2.5, n ¼ 24) and in June–July were 35–46
mm TL (x̄ ¼ 41.3, SD ¼ 2.7, n ¼ 64). During predation

trials, there was a significantly higher attack rate on the
larger coho in June–July compared to those used in

April–May (t29¼�2.136, P¼ 0.041), likely related to the
slightly larger size and therefore visibility of coho in the

second set of predation trials. Other predator prey
metrics were not affected (P ¼ 0.084–0.625).

Cutthroat trout.—
1. Behavior experiments (response to upstream preda-

tor).—During April 2007, wild cutthroat trout (sizes
178–245 mm TL, x̄ ¼ 205, SD ¼ 18, n ¼ 16) for use as

predators were obtained from Big Beef Creek in smolt
traps at a weir operated by Washington Department of

Fish and Wildlife. Predators were maintained outdoors
in flow-through circular holding tanks supplied with well

water. On experimental days, predators were fed one
juvenile coho each. Other days, predators were fed one

fish each every other day. Predators were divided
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randomly into four groups of four. On experimental

days, predators within a group were randomly assigned

to one of four arenas. Groups were rotated such that

each predator was exposed to each treatment.

2. Predation experiments.—During April 2008, wild

cutthroat trout for use as predators (sizes 150–215 mm

TL, x̄¼ 183, SD¼ 18, n¼ 32) were again obtained from

Big Beef Creek and divided into three groups: groups 1

and 2 contained 8 predators each and were used in

predation trials, while group 3, containing 16 predators,

was held in reserve. Between the first set of predation

trials (15–30 May) and the second set (25 June–3 July),

predators in groups 1 and 2 were replaced with

inexperienced fish from group 3. On experimental days,

predators in Group 1 and Group 2 were fed one juvenile

coho each during the predation trial. On other days, fish

in all three groups were fed one fish each, every other

day. For six days prior to collecting experimental data,

predators were trained daily by simulating the experi-

mental sequence. Trout were acclimated in the tank

behind the divider for 1 h. The divider was then lifted,

allowing the predators to locate, attack, and consume up

to two prey fish.

Experimental arenas and alarm cue delivery

Behavior experiments with upstream predator.—Out-

door raceways (0.84 m width) were divided into

segments (1.2 m long) with steel mesh barriers to create

one experimental arena per raceway. A PVC sheet (1/16

inch [;0.16 cm]; Calsak Plastics, Kent, Washington,

USA) subdivided by gridlines (5 cm2) was placed at the

bottom of each arena. Well water flowed into the

raceway (2 L/s) from an underwater pipe upstream of

the arena. A standpipe downstream of the arena

maintained a water depth of 25 cm. Dividers partitioned

each arena into an upstream predator-containing

compartment (463 84 cm) and an adjacent downstream

compartment containing prey (76 3 84 cm). Dividers

were frames (13 cm wide) constructed from PVC sheets

(1/16 inch) and covered with window screen.

Well water or skin extract was delivered to the prey

compartment through evenly spaced holes in a tube

(Tygon tubing, 1/4 inch outer diameter [;0.63 cm])

crossing the upstream divider, approximately 5 cm

below the surface. Even dispersion was confirmed

visually by dye tests. A three-way valve connected to a

syringe allowed for injection of water or water plus

alarm odor from outside the visual field of the fish.

Predation experiments.—Circular fiberglass tanks

(bottom diameter ¼ 130 cm, height ¼ 90 cm) were used

as experimental arenas. Gridlines were drawn at 5-cm

intervals on the tank bottom to track fish location via

video. An external standpipe maintained water depth

(30 cm, 400 L). A sheet of PVC (90 3 60 cm) suspended

vertically was used to divide cutthroat trout predators

into a small sub-area (34 L) of the arena during

acclimation. Juvenile coho prey were introduced into

the arena and allowed to acclimate within a clear acrylic

cylinder (25 cm inner diameter, 38 cm tall; U.S. Plastic

Corp, Lima, Ohio, USA). The acclimation chamber was

placed in one of the quadrants opposite the predator

divider, within 15 cm from the tank edge. Predator

dividers and acclimation chambers were attached by

rope to overhead pulleys so they could be gently raised

without the observer coming into view of the fish.

Skin extract was introduced to the prey acclimation

chamber via Tygont tubing just below the water surface

connected to a three-way valve fitted with two syringes

outside the tank. The skin extract solution was immedi-

ately flushed from the line with well water (60 mL).

TABLE 1. Conventional water chemistry characteristics, including total organic carbon (TOC), for source (well) water at the Big
Beef Creek Research Station (Seabeck, Washington, USA).

Parameter Units D.L. N Mean SE

pH 11 7.5 0.3
Alkalinity mg/L CaCO3 1.0 11 46.7 0.7
Hardness mg/L CaCO3 1.0 11 56.0 0.0
Bicarbonate mg/L 1.0 11 46.7 0.7
Calcium mg/L 0.05 11 18.00 0.00
Potassium mg/L 0.10 11 0.50 0
Magnesium mg/L 0.05 11 2.67 0.03
Sodium mg/L 0.05 11 11.00 0.00
Chloride mg/L 1.0 11 15.7 0.3
Sulfate mg/L 1.0 11 2.0 0
TOC mg/L 0.1 7 0.07� 0.01
0 Cu lg/L 0.04 6 0.16 0.04
5 Cu lg/L 0.04 2 4.54 0.07
10 Cu lg/L 0.04 6 9.21 0.13
10 Cu� lg/L 0.04 8 8.94 0.54
10 Cu§ lg/L 0.04 4 8.06 0.34
20 Cu lg/L 0.04 2 17.25 0.55

Notes: Also shown are measured copper concentrations for the different exposures; copper measurements are for exposure
aquaria unless otherwise noted. D.L. stands for instrument detection limit.

� An eighth sample had anomalously high TOC (0.68 mg/L) and was excluded
� Experimental arenas for predatorþ prey trials.
§ Predator holding tanks for predatorþ prey trials.

JENIFER K. MCINTYRE ET AL.1462 Ecological Applications
Vol. 22 No. 5



Skin extract alarm cue

An alarm cue-containing skin extract from juvenile
coho was prepared as previously described (Sandahl et

al. 2007).

Behavior experiments with upstream predator.—In
each flow-through arena, 1 mL of concentrated skin
extract (160 cm2 juvenile coho skin/L) was diluted in 50

mL of well water to a final concentration of 2 cm2/L.
This solution was introduced over 60 s into an average

flow of 2 L/s for an exposure of approximately 1 3 10�3

cm2�L�1�s�1. Pilot trials confirmed a behavioral reaction

to the alarm cue at this diluted concentration (x̄ activity
reduction ¼ 51%, SD ¼ 15%, n ¼ 8).

Predation experiments.—Initial range-finding tests
indicated that 23 10�5 cm2 of homogenized skin extract

per liter of water was the minimum concentration to
evoke an alarm response (x̄ activity reduction¼ 77%, SD

¼ 24%, n ¼ 4). This agrees closely with previously
published thresholds for conspecific skin extract evoking

predator avoidance behavior in salmonids (1.85 3 10�5

cm2/L in O. mykiss [Mirza and Chivers 2003]; 2 3 10�5

cm2/L in O. kisutch [Sandahl et al. 2007]). In static
arenas, diluted skin extract (1 cm2/L) was prepared daily

from a frozen aliquot of concentrated skin extract (22
cm2/L). At the end of the 15-min prey acclimation, 257
lL of diluted skin extract in 50 mL of well water was

injected into the prey acclimation chamber (12.9 L) for a
final skin concentration of 2 3 10�5 cm2/L. Dye tests

indicated that injected water did not diffuse from the
acclimation chamber prior to the chamber being lifted

from the experimental arena.

Copper exposures

Juvenile coho were exposed to dissolved copper prior

to experimental trials. Exposures took place in 30-L
glass aquaria wrapped in black plastic and supplied with

an airstone. Aquaria were filled with 15 L of well water
(controls) or well water containing varying copper

concentrations (conventional water quality parameters
shown in Table 1). Copper was added to the aquaria just

prior to the onset of the 3-h exposures. Copper chloride
stock solution (0.15 g Cu/L) was diluted to achieve
nominal concentrations of 0, 5, 10, or 20 lg/L.

Experimental sequence

Behavior experiments with upstream predator.—Indi-
vidual predators were placed in the predator compart-

ment of each arena, upstream of the prey compartment,
the evening before a trial and allowed to acclimate (.13

h). The following morning, juvenile coho (1 prey/
predator) were exposed to either well water or well

water containing 20 lg/L copper for 3 h. They were then
transferred to the prey compartment of the experimental

arena (one prey per arena) and allowed to acclimate for
30 min prior to the injection of stimulus solutions (water

or water plus skin extract).
Predation experiments.—The timeline for predation

trials is delineated in Table 2. For trials in which only

juvenile coho prey were exposed to copper, predators

(two per arena) were acclimated behind the divider

during the last hour of the 3-h prey exposure interval.

Exposed prey were then transferred to the acrylic

chamber (two fish per arena) for 15 min, an interval

brief enough to minimize olfactory recovery in clean

water and yet long enough to produce reliably robust

control activity (swimming speed ;5 cm/s). Filming

began at the time of prey transfer. Following prey

acclimation, skin extract was administered and given 30

s to disperse (verified with dye tests) before the chamber

was gently lifted and removed from the experimental

arena. Thereafter, predators were released from their

enclosure. Two consecutive sets of trials using a different

group of predators were run each day, and the arenas

were drained and filled between sets.

For trials in which both prey and predators were

exposed to copper, both exposures were for 3 h,

including acclimation time in the experimental arena.

Predators were exposed to copper for 2 h in their holding

tanks followed by a 1-h exposure in the experimental

arena. Prey were exposed to copper in the exposure

aquarium for 2.75 h. This was followed by 15 min in the

acclimation chamber of the experimental arena.

Water chemistry analyses

Conventional water quality parameters and total

organic carbon (TOC) were measured in water samples

collected in 2008 between 20 May and 3 July. This

interval spans most of the experimental period (16 May–

3 July). Concurrently, dissolved copper (DCu) concen-

trations were measured in 28 samples that were

representative of the different copper exposures. For

conventional parameters, samples were stored at 48C in

polyethylene bottles until analysis by standard methods

at an EPA-certified laboratory (AmTest Laboratories;

Redmond, Washington, USA). Samples for TOC were

stored in glass vials at �208C until analysis by

combustion catalytic oxidation/NIDR method with a

Shimadzu TOC-VCSH (University of Washington,

Oceanography Technical Services, Seattle, Washington,

USA). Samples for dissolved copper were stored at 48C

for up to 72 h prior to analysis by inductively coupled

plasma mass spectrometry (Frontier Global Sciences,

Seattle, Washington, USA).

The well water at BBC used in all experiments had low

ion and organic carbon content (Table 1), which is

similar to Pacific Northwest streams west of the

TABLE 2. Predation trial timeline.

Timeline Duration Event

�3 h 15min 3 h prey exposure
�1 h 0 min 1 h predator acclimation
�15 min 15 min prey acclimation
0 min 10 s skin extract injected
30 s 10 s prey released
50 s 5 s predators released
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Cascades (e.g., Fig. 2 in McIntyre et al. 2008). The

background copper concentration was very low (mean

of 0.16 lg/L) and samples from copper exposures were

81–91% of nominal concentrations.

Video data acquisition

The four experimental arenas were sheltered outdoors

beneath a wooden scaffolding to which cameras and

pulleys were attached. The stand was covered by blue

tarps to prevent direct lighting. Prey acclimation and

predation trials were filmed with digital video cameras

(SONY Exwave HAD SSC-M383) fitted with auto-iris

lenses (2M-2812A, F1.4 DC AutoIris, 1/300 varifocal 28–

12 mm, angle of view 95.6–22.1 degrees; Sony, Tokyo,

Japan) mounted over each arena. Video footage for the

four concurrent trials were recorded on a digital video

recorder (Pro 8-CH DVR; SecurityCameraWorld.com,

Cooper City, Florida, USA) at 30 frames per second

(FPS).

Data analysis

Coho activity.—

1. Behavior experiments.—Following the 30-min ac-

climation, the activity of juvenile coho was quantified

for 5 min by measuring swimming speed, approximated

by the sum of vertical and horizontal line crossings on

the 5-cm2 grid of the prey compartment.

2. Predation experiments.—We quantified prey activ-

ity after coho were released from the acclimation

chamber, during the 10 s prior to releasing the

predators. Average swimming speed across the 10-s

period was determined by tracking each prey fish in two-

dimensional space with image analysis software. Using

Quicktime Pro (version 7.6; Apple, Cupertino, Califor-

nia, USA), video was exported as an image sequence at 1

frame per second. In Image J, the position (x, y) of each

prey fish was tracked between images, converting

changes in position into swimming speed (cm/s) by

standardizing the pixels to the bottom tank dimensions

(software available online).4 We assumed that movement

between frames was linear.

For most prey pairs (69/76), the two fish were equally

active, and we averaged the swimming speed of the two

prey each second. In the remaining 10% of cases, one

prey was significantly more active (Kolmogorov-Smir-

nov distribution test, P , 0.05), and the more active

prey was attacked first in seven of the eight cases. For

these pairings, we used only the activity record for the

more active prey in calculating prey activity.

Predation trial metrics.—Predator–prey interactions

were analyzed from video recordings of each predation

trial. Only attacks and captures of the first prey of the

prey pair were quantified. Metrics were time to first

attack (dA), time to capture (dC), time between first

attack and capture (dC � dA), number of attacks (A),

and attack frequency (attacks per second during attack

period; A/[dC � dA]). For each copper concentration

and predator exposure combination, 16 predation trials

were conducted for a total of 112 data trials. Not all
metrics could be quantified for all trials.

Statistical analyses

Coho prey activity.—For the experiments in 2007, a
two-factor ANOVA was used to explore whether copper

exposure (0 vs. 20 lg/L) affected the behavioral response

(activity level) to predation risk (no risk, upstream

predator, upstream predator plus skin extract). Simple
main effects analysis used a Bonferroni adjustment for

multiple comparisons. For 2008, single-factor ANOVA

was used to test the effect of the various copper

treatments on prey activity in the combined presence

of predators and skin extract. Dunnett’s post-hoc was
used to compare activity in the copper treatments to the

control treatment. Statistical analyses were conducted in

SPSS 16.0 for MacIntosh (IBM, Armonk, New York,

USA).

Predator–prey interactions.—Data for predator–prey
interactions were not normally distributed and were

positively skewed, being bounded by zero. Log-transfor-

mation resulted in normally distributed dA, dC, and A,

which were analyzed by ANOVA followed by Dunnett’s

post-hoc for comparing copper treatments to controls.
Log-transformation did not normalize dC � dA and

attack frequency. Differences in central tendency of dC�
dA and attack frequency were tested by Kruskal-Wallis

nonparametric multiple comparison. For the separate set
of predation trials in which predators were also exposed

to copper, Tukey’s post-hoc test was used following the

ANOVA to compare among the three treatments

(controls, prey exposed to 10 lg/L copper, predator þ
prey exposed to 10 lg/L copper).

The relationship between capture success probability
(capture on first attack) and copper treatment was tested

by linear regression of the natural log of the odds ratio

for capture success weighted by sample size. This

method transforms curvilinear data in a probability
distribution to a linear function of the independent

variable. We transformed capture success probability at

each copper concentration to the loge odds ratio (OR) as

follows:

logeðORÞ ¼ ln
CSR

1� CSR

� �
ð1Þ

where CSR is the capture success ratio across trials

within each copper concentration.

Survival curves.—Time to capture of the first prey fish

for each trial was used to assess differences in the

distribution of survival times (dC) among treatments.
Within each treatment, survival time was ranked across

trials and each trial was assigned a decreasing propor-

tion of the total survival of the first prey as per Vilhunen

(2006). For example, the first prey captured among

control trials had a survival time of 6 seconds. Up to 6 s,4 http://rsbweb.nih.gov/ij/
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prey survival was 100%. At 6 s, survival across control

trials dropped to 15/16, or 93.75%.

For each treatment, the proportion surviving was

analyzed as a function of survival time by non-linear

regression using the following sigmoid equation:

PðTÞ ¼ 1

1þ ekðT � ST50Þ ð2Þ

where k was the slope of the linear portion of the curve,

indicating how quickly survival declined with time, T

was time in log10(number of seconds), and ST50 was the

midpoint of the curve, the log10 survival time for 50% of

trials—analogous to the median survival time. For

significantly different distributions, a t test assessed

differences in the slope and midpoint among treatments.

The benefit of using this method over simply comparing

the central tendency of survival time among treatments

was that we could compare not only the median survival

time, but also the shape of the relationship between

survival and time.

To calculate survival probabilities for copper treat-

ments relative to the control treatment, we solved Eq. 2

for survival time, T, using the control slope (k) and

midpoint (ST50) from Table 4:

T ¼ k�1 3 ln
1

P
� 1

� �
þ ST50: ð3Þ

For given control survival probabilities (0.95 and 0.5),

we used Eq. 3 to calculate the associated prey survival

time. These times were then used in Eq. 2 with the

respective slopes and midpoints for various copper

exposures to estimate the related survival probability

at that time for coho in each copper exposure.

RESULTS

Copper-exposed coho prey are behaviorally unrespon-

sive to alarm cues.—We found a significant interaction

between copper exposure and upstream predator cues

with respect to their effect on coho activity (F2,55 ¼
6.083, P ¼ 0.054; Fig. 1). In the absence of proximal

predator cues, i.e., no upstream predator or conspecific

skin extract, coho swam at an average speed of 5.2 cm/s

(control condition; Fig. 1). A significant alarm response

(tendency toward motionlessness) was elicited by the

presence of a predator (2.1 cm/s; F1,55 ¼ 4.813, P ¼
0.032) and a predator together with an upstream

introduction of skin extract (1.2 cm/s; F1,55 ¼ 8.738, P

¼ 0.005). When the prey was exposed to copper,

upstream predator cues had no effect on activity

(combined 3.9 cm/s; F2,55¼ 0.518, P¼ 0.599). Exposure

to copper (20 lg/L) alone did not significantly affect

baseline swimming activity (predator absent; 4.3 cm/s,

F1,55 ¼ 0.734, P ¼ 0.395). Based on previous work

(Baldwin et al. 2003), juvenile coho would be expected

to recover ;20% of lost olfactory function during the 30

min acclimation interval in clean water used in these

behavioral experiments. Nevertheless, copper-exposed

fish were still unresponsive to chemical predator cues.

Similar to flow-through trials, control coho in static

trials showed a strong alarm response to skin extract, as

indicated by a reduction in swimming speed to 1.0 cm/s

(Fig. 2). The magnitude of this alarm response decreased

with increasing copper exposure. The average swimming

speed of coho exposed to copper at 20 lg Cu/L was 4.9

cm/s and comparable to the baseline swimming speed of

unexposed control fish in the flow-through trials (5.2

cm/s; Fig. 1). The loss of the alarm response was

FIG. 2. Alarm behavior in juvenile coho prey at the outset
of predation trials. Predators were located within the trial arena
behind an opaque divider. Prey swimming speed was recorded
at the end of the 15-min prey acclimation, after the presentation
of conspecific skin extract. An asterisk indicates that juvenile
coho unexposed to copper (0 lg/L) were significantly less active
(i.e., were alarmed) relative to copper-exposed coho at all
copper exposure concentrations (P , 0.05). Error bars indicate
6SE.

FIG. 1. Activity levels for control (unexposed) and copper-
exposed (20 lg Cu/L for 3 h) juvenile coho downstream from
one of three levels of predation risk; a compartment with a
predator absent, a cutthroat trout predator present, and
predator present plus the addition of juvenile coho skin extract.
Swimming speed was recorded over 5 min at the end of the 30-
min prey acclimation period. Significant differences (P , 0.05)
from unexposed control are marked with an asterisk. Numbers
by each symbol are the sample sizes. Error bars indicate 6SE.
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significant among copper-exposed coho relative to

controls (F3,44 ¼ 14.27, P , 0.001; Dunnett’s post hoc
test, P � 0.001).

Copper-exposed coho are more vulnerable to preda-
tion.—Prior copper exposure significantly affected time

to first attack (ANOVA, F3,58 ¼ 3.550, P ¼ 0.020) and
time to first capture (F3,58¼ 4.33, P¼ 0.008) of juvenile

coho by predators (Table 3). Time to attack (dA) and
time to capture (dC) were reduced for all copper

treatments compared to controls (Dunnett’s post hoc
test (0 vs. 5, 10, 20 lg/L): PdA¼ 0.031, 0.069, 0.014; PdC

¼ 0.062, 0.020, 0.004). Other predator–prey interactions
were unaffected by copper exposure (Table 3), including

time between first attack and capture (Kruskall-Wallis
v2

3;63¼ 2.43, P¼ 0.488), number of attacks (F3,58¼ 0.624,

P ¼ 0.602), and attack frequency (v2
3;63 ¼ 6.00, P ¼

0.111).

Time to attack and time to capture were positively
correlated because time to capture includes time to first

attack (dC¼ dAþ [dC� dA]). The correlation between
time to attack and time to capture was very strong (rS¼
0.959, n ¼ 63, P , 0.001). When log-transformed to

allow calculation of a coefficient of determination, time
to attack explained nearly all the variation in time to

capture (r2¼ 0.912). Capture–attack interval (dC� dA)
was not significantly different among treatments (v2

3;63 ¼
2.43, P ¼ 0.488, median ¼ 3 s), and was not correlated
with dA (rS ¼ 0.094, n ¼ 63, P ¼ 0.470), suggesting that

the primary component of the predation sequence
affected by copper was prey detection leading to attack

(dA).
Although the number of attacks to capture (A) was

not different among treatments (Table 3), the capture
success rate (probability of capturing prey on the first

attack) increased with copper concentration (Fig. 3).
Capture success rate was significantly correlated with

increasing copper exposure concentration (F1,3¼ 60.060,
P¼ 0.016, r2¼ 0.968) following the equation loge(OR)¼
0.062[Cu] � 2.039, where [Cu] is dissolved copper
concentration in lg/L. Standard error for the slope
was 0.008 and was 0.092 for the intercept.

Exposing predators to copper does not improve the

evasion success of prey.—In a separate set of predation

trials, we determined the effect of co-exposing predators

and prey to copper at 10 lg/L (Table 3). Similar to the

first set of predation trials, copper exposure affected time

to attack (F2,42 ¼ 8.639, P ¼ 0.001) and time to capture

(F2,42 ¼ 6.368, P ¼ 0.004). However, these metrics were

not significantly different from experiments in which prey

alone were exposed (Tukey’s post hoc, dA, P¼ 0.340; dC,
P¼ 0.715). Number of attacks (F2,42¼ 1.429, P¼ 0.251),

time between first attack and capture (v2
2;45 ¼ 0.732, P ¼

0.693), and attack frequency (v2
2;45 ¼ 0.318, P ¼ 0.853)

were not affected by copper exposure (prey exposed and

predators plus prey exposed were similar to controls). In

addition, exposing predators to copper did not change the

likelihood of capturing prey on the first attack (25% for

exposed prey only vs. 31% for co-exposed predators and

prey; v2
1 ¼ 0.643, P¼ 0.423).

Copper exposure reduces prey survival.—Survival

curves for each treatment were constructed from the

TABLE 3. Median values (min, max) for time to first attack (dA), time to first capture (dC), time between dA and dC, number of
attacks to dC (A), and frequency of attacks.

[Cu]� (lg/L) dA (s) dC (s) dC � dA (s) A Attack frequency (s�1) §

May

0 29.4 (4.2, 218.4) 41.7 (6, 256.8) 3.3 (0, 106.2) 2 (1, 5) 0.75 (0.029, 16.67)}
5 8.4 (0, 102)* 13.2 (3, 175.8)� 3 (0, 73.8) 3 (1, 7) 1.11 (0.054, 16.67)
10 6 (1.8, 97.2)� 9.3 (3, 422.4)* 2.7 (0, 422.47) 2 (1, 6) 1.25 (0.007, 16.67)
20 4.5 (0.6, 426.6)* 9.6 (1.2, 426.6)* 3 (0, 6) 3 (1, 6) 1.15 (0.667, 16.67)

June

0 22.2 (4.2, 156) 23.4 (5.4, 159) 1.8 (0, 7.2) 3 (1, 6) 1.67 (0.555, 16.67)
10 3 (0, 114)* 6.9 (0.6, 124.8)* 3 (0, 12) 3 (1, 6) 1.5 (0.222, 16.67)
10# 5.4 (1.2, 27)* 9 (1.2, 34.8)* 2.1 (0, 28.8) 3 (1, 10) 1.57 (0.347, 16.67)

* P , 0.05; � P , 0.1.
� Copper exposures for 3 h prior to predation trial.
§ A/(dC� dA).
} To calculate attack frequency for dC � dA ¼ 0, number of attacks was divided by 0.06 s.
# Predators also exposed to copper.

FIG. 3. Proportion of trials for which prey were captured on
the first attack (capture success rate). Dashed lines are 95%
confidence bands for the logistic regression. Capture success
rate is described by the equation eF/(1 þ eF), where F ¼
0.062[Cu] – 2.039 (see Results for associated statistics).
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time to first capture among trials (Figs. 4 and 5). Slopes,

midpoints, and coefficients of determination for these

curves are presented in Table 4.

Survival curves for copper treatments (Fig. 4) were

significantly different from the control curve (F test, all

P , 0.001). This was due to differences in midpoint (t

test, all P , 0.001), as slope between survival and time

for each copper treatment was similar to the slope of the

control curve (t test, all P . 0.480). Among copper

treatments, 5 lg/L and 10 lg/L produced similar

survival curves (F2,27 ¼ 2.222, P ¼ 0.128), with similar

slopes (t27, P ¼ 0.314) and midpoints (t27, P ¼ 0.274),

FIG. 4. Survival curves for control and copper-exposed coho in predation trials. Each point represents one predation trial, and
survival times are based on the first prey fish consumed. The inset shows the midpoints of each curve, representing median survival
time (ST50) for each treatment as a function of copper exposure.

FIG. 5. Survival curves for predation trials in which prey alone or predators and prey were both exposed to copper (10 lg/L).
Each point represents one trial, and survival times are based on the first prey fish consumed. Insets show the midpoints of each
curve, representing median survival time (ST50) for each treatment as a function of copper exposure. The triangle symbol in the
inset represents the ST50 for trials in which both predator and prey were exposed to copper.
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whereas these curves had significantly different mid-

points (Table 4) than the curve for 20 lg/L (both P

,0.004).

For the predation trials in which both predators and

prey were exposed (Fig. 4), survival curves for copper

treatments (10 lg/L)were again different from the control

curve (F test, both P , 0.001). Prey alone exposed to 10

lg/L resulted in a survival curve that had a similar slope

(t27, P ¼ 0.577), but different midpoint (t27, P , 0.001)

than the control curve. Exposing predators and coho to 10

lg/L affected both the slope (t25, P ¼ 0.002) and the

midpoint (t25, P , 0.001) of the survival curve compared

to the control curve. The predator þ prey copper curve

also had a different slope (t26, P ¼ 0.005) and midpoint

(t26, P , 0.001) compared to the prey-only copper

exposures. Therefore, exposing predators to copper

resulted in a subtle change in the shape of the survival

curve, although it was not strong enough to alter

predator–prey metrics (see Exposing predators to copper

does not improve the evasion success of prey).

We calculated survival probabilities for copper

exposures relative to controls using Eqs. 1 and 2. At

4.4 s, 95% of control coho were alive. Relative survival

probabilities for copper-exposed coho were 82% for 5

lg/L, 78% for 10 lg/L, and 70% for 20 lg/L. The

median survival time for controls was 36.1 s (50%
survival; Table 4). Corresponding survival probabilities

for copper exposures were 17%, 18%, and 10% for 5 lg/
L, 10 lg/L, and 20 lg/L treatments, respectively.

DISCUSSION

We have evaluated the effects of copper exposure on

juvenile coho predator avoidance behaviors and the

related consequences for coho survival during encoun-

ters with predatory wild cutthroat trout. We find that

relatively brief (3 h) exposures to copper at 5–20 lg/L
eliminated the behavioral alarm response in coho prey,

leading in turn to increased detection, reduced evasion,

and reduced survival during predation trials.

Themagnitude of the coho alarm response was greatest

when the presence of an upstream predator was paired

with skin extract, consistent with previous studies (e.g.,

Lautala and Hirvonen 2008). Our results showing a

copper-induced loss of antipredator behavior reinforces

and extends previous observations for juvenile coho.

Sandahl et al. (2007) found that hatchery-raised coho

become motionless (freeze) following presentation of a

conspecific skin extract, and that this alarm response is

reduced or abolished by copper exposure (3h; 2–20 lg/L).
We have extended this behavioral toxicity to wild coho,

and shown that copper also renders coho unresponsive to

possibly distinct chemical cues emanating from a proxi-

mal upstream predator. This is consistent with copper’s

broad neurotoxicity across non-overlapping olfactory

receptor neuron populations in the salmon olfactory

epithelium (Baldwin et al. 2003).

Copper-exposed prey were easier for predators to

identify, attack, and capture. This was due primarily to

higher activity than alarmed controls, leading to a more

rapid detection by cutthroat trout. For juvenile salmon,

activity critically determines the likelihood of detection

by visually guided predators such as larger salmonids,

piscivorous birds, and river otters. For example, in

predation trials with Mergansers, attacks on active

juvenile coho were 15 times more frequent than attacks

on inactive coho (Martel and Dill 1995). In the current

study, copper also negatively influenced evasion of a

predator once an attack was initiated, i.e., it became

increasingly likely that prey would be captured on the

first attack at higher copper exposure concentrations.

Evasion success depends in part on whether the prey fish

is aware of proximal danger (Lima and Dill 1990). In the

current study the threat awareness of unexposed

controls was heightened via the introduction of conspe-

cific skin extract prior to the onset of the trial. By

comparison, copper-exposed coho were unresponsive to

the chemical alarm cue, thus unaware of the impending

threat, and less prepared to evade once an attack

sequence was initiated.

Copper toxicity to the coho lateral line mechanosen-

sory system may have contributed to the observed

reduction in evasion success. As with olfactory receptor

neurons, copper is toxic to lateral line neurons that are

directly exposed to contaminated waters (Linbo et al.

TABLE 4. Sigmoid regression parameters for the survival curves.

[Cu] (lg/L) r2 ST50� SE K� SE N

May

0 0.984 1.557 0.016 3.219 0.186 16
5 0.988 1.085 0.014 3.36 0.166 15
10 0.965 1.052 0.026 3.042 0.262 16
20 0.987 0.898 0.014 3.333 0.17 16

June

0 0.983 1.338 0.016 3.493 0.213 15
10 0.985 0.774 0.014 3.659 0.203 16
10§ 0.985 0.935 0.012 4.768 0.302 14

Note: All P , 0.001.
� Log of time to 50% survival across trials, midpoint of curve, measured in seconds.
� Slope of the sigmoid regression curve.
§ Predators and prey both exposed to copper.
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2006). The lateral line system in salmon and other fish

responds to water displaced by an approaching predator

and triggers a well-studied sequence of evasive behaviors

(the C-type startle reflex: reviewed by Bleckmann 1993).

Conversely, predators can capture prey without a

functioning lateral line system. For predatory bass

(Micropterus salmoides) and muskellunge (Esox masqui-

nongy), prey capture success rate was unaffected by

cobalt exposures at concentrations toxic to the lateral

line (New 2002). Despite similar prey capture success,

some aspects of the attack sequence were altered in

cobalt-exposed predators relative to controls, including

shorter distance to strike (both predators) and mean

angular approach (muskellunge). We found a subtle

shift in the midpoint and slope of the prey survival curve

when predators were co-exposed to copper, possibly due

to copper neurotoxic effects on the lateral line of

cutthroat trout predators. Additional behavioral studies

with a focus on lateral line function are warranted,

particularly for predator–prey encounters under low

visibility conditions.

Prey may make compensatory behavioral changes to

improve their likelihood of surviving an attack (Lima

and Dill 1990, Lind and Cresswell 2005); however, we

saw no evidence of this among copper-exposed coho.

Also, co-exposing predators and prey to copper did not

eliminate the reduced survival time of prey relative to

exposing prey alone. This indicates that sublethal copper

toxicity will have a disproportionate impact on prey in

predator–prey dynamics, irrespective of whether the

visually guided predators occupy the same contaminated

surface waters (e.g., cutthroat trout and other piscivo-

rous fish) or attack from the air above (e.g., Kingfishers

and other birds).

The arena used for the predation trials lacked

substrate, making it easier for cutthroat trout to detect

and successfully capture alarmed coho relative to an

encounter under natural conditions. Substrate complex-

ity improves juvenile coho crypsis (Donnelly and Dill

1984) and provides refuge. Turbidity in streams can

further constrain visual detection (Mazur and Beau-

champ 2003). Thus, our observed differences in preda-

tion vulnerability between copper-exposed and

unexposed prey would likely be magnified in natural

stream habitats where survival rates for alarmed

(predator aware) coho are higher.

PLATE 1. Juvenile coho salmon are sensitive to olfactory alarm cues. Photo credit: Morgan Bond.
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Our findings likely extend to other fish species. For

example, Baldwin et al. (2011) recently showed that the

olfactory toxicity of copper is comparable in coho and
steelhead, and also comparable among fish raised in

hatchery and natural environments. Numerous other

studies have demonstrated the olfactory-mediated neu-

robehavioral toxicity of copper for alarm behavior

(reviewed by Tierney et al. 2010) in both controlled
laboratory settings (e.g., Beyers and Farmer 2001,

Jaensson and Olsen 2010) and in situ in copper-

contaminated habitats (McPherson et al. 2004, Mirza

et al. 2009). Copper impacts on chemosensory function
also extends to other taxa; for example, disruption of the

kairomone-mediated morphological predation defense

of zooplankton (Daphnia pulex) and altered olfactory-

based feeding behaviors of leeches (Nephelopsis obscura;

Pyle and Mirza 2007) have similar toxicity thresholds
(;5 lg/L).
The toxic effects of copper have been remarkably

consistent in coho salmon across biological scales, from

the functional responsiveness of receptor neurons in the

olfactory epithelium (Baldwin et al. 2003, Sandahl et al.
2004, 2007, McIntyre et al. 2008, Baldwin et al. 2011) to

the olfactory-mediated behavior of individual animals

(Sandahl et al. 2007; this study) to coho survival in

predator–prey interactions (this study). Across these
studies, the thresholds for neurobehavioral toxicity have

been in the range of 2–5 lg/L (although this will shift

upward in waters with relatively high dissolved organic

carbon content: McIntyre et al. 2008). Notably, this is

very close to the toxicity threshold reported for rainbow
trout olfaction more than 35 years ago (7 lg/L: Hara et

al. 1976). Olfactory disruption as measured at the

olfactory epithelium is therefore a reliable proxy for

behavioral impairment and reduced survival.

In conclusion, our findings are an example of how
chemical habitat degradation in the form of water

pollution can have nuanced but important impacts on

the behavioral ecology of salmon. The effects of copper

on coho survival are context-dependent and likely to go
unnoticed in conventional field surveys of juvenile

salmon abundance, habitat use patterns, and physical

habitat quality. New biological indicators of copper

toxicity, including diagnostic changes in gene expression

within the salmon olfactory epithelium (e.g., Tilton et al.
2008), may eventually reveal the extent of sensory

isolation in wild salmon under natural exposure regimes.

In the interim, copper control strategies will likely

improve juvenile salmon survival and minimize the
disruption of a range of chemosensory-dependent

behaviors. This includes, for example, legislation recent-

ly enacted in Washington State (SB6557) and California

(SB346) to phase out the use of copper and other metals
in motor vehicle brake pads.
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