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Abstract—Biological Response Indicator Devices Gauging Environmental Stressors (BRIDGES) is a bioanalytical tool that combines
passive sampling with the embryonic zebrafish developmental toxicity bioassay to provide a quantitative measure of the toxicity of
bioavailable complex mixtures. Passive sampling devices (PSDs), which sequester and concentrate bioavailable organic contaminants
from the environment, were deployed in theWillamette and Columbia Rivers within and outside of the Portland Harbor Superfund site in
Portland, OR, USA. Six sampling events were conducted in the summer and fall of 2009 and 2010. Passive sampling device extracts
were analyzed for polycyclic aromatic hydrocarbon (PAH) compounds and screened for 1,201 chemicals of concern using
deconvolution-reporting software. The developmental toxicity of the extracts was analyzed using the embryonic zebrafish bioassay.
The BRIDGES tool provided site-specific, temporally resolved information about environmental contaminant mixtures and their
toxicity. Multivariate modeling approaches were applied to paired chemical and toxic effects data sets to help unravel chemistry–toxicity
associations. Modeling elucidated spatial and temporal trends in PAH concentrations and the toxicity of the samples and identified a
subset of PAH analytes that were the most highly correlated with observed toxicity. Although the present study highlights the complexity
of discerning specific bioactive compounds in complex mixtures, it demonstrates methods for associating toxic effects with chemical
characteristics of environmental samples. Environ. Toxicol. Chem. 2012;31:2877–2887. # 2012 SETAC
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INTRODUCTION

The Biological Response Indicator Devices Gauging Envi-
ronmental Stressors (BRIDGES) bioanalytical tool provides a
quantitative measure of the toxicity of environmentally relevant
contaminant mixtures. It pairs passive sampling with the embry-
onic zebrafish developmental toxicity model to connect envi-
ronmental chemical exposures to biological effects. This tool
responds to three fundamental needs in toxicology research: (1)
determining bioavailability to assess potential exposure [1]; (2)
evaluating the toxicity of complex mixtures of contaminants in
the environment [2]; and (3) directly connecting effective
environmental sampling with toxicity evaluations [3]. Further-
more, it allows for the determination of the toxicity of environ-
mentally relevant mixtures, even when all of the components of
the mixture are not identified [4,5], and can aid in the identi-
fication of bioactive chemicals [5,6].

The presence of chemicals in the environment is not neces-
sarily indicative of bioavailability [1,7]; chemicals can only be
taken up by organisms and have a biological effect if they are
bioavailable [8]. Developing methods for effectively assessing
exposure, and integrating these into risk assessment frame-
works, has been identified as a priority for ecotoxicology [3]
and risk assessment [9]. Though humans and other organisms
are exposed to complex mixtures of contaminants, toxicity
testing is most often limited to determining the effects of
exposure to individual chemicals or classes of chemicals.
Models for predicting the effects of complex mixtures can be
inadequate because they do not account for antagonistic and
synergistic interactions between the components of the mixture
[10]. In addition, environmental exposure assessment is carried

out by measuring known pollutants in environmental matrices
using analytical chemistry. Chemicals that have not been
previously identified, such as unknown substances and break-
down products of known contaminants, can escape detection
during chemical analysis; however, these unidentified compo-
nents of the mixture may be toxicologically significant [5,6].

Passive sampling devices (PSDs) sequester and concentrate
the freely dissolved, and therefore bioavailable, fraction of
hydrophobic organic contaminants from aquatic environments
[11]. They provide a time-integrated measurement of these
chemicals in the environment and are ideally suited for deter-
mining the bioavailability of chemicals, quantifying chemicals
that are present at low concentrations in the water and capturing
episodic events [11–13]. Furthermore, samples obtained using
PSDs can be applied to in vitro and in vivo bioassays [4,11,14–
20]. Semipermeable membrane devices have been used exten-
sively in environmental monitoring applications [11]; however,
more recently developed PSDs, which do not contain triolein
[12,21–23], may be more suitable for bioassay applications [4].
Unlike semipermeable membrane devices, samples obtained
using lipid-free tubing do not contain oleic acid impurities [22]
and therefore do not require cleanup before use in bioassays.

Bioassays are used to identify the potency and nature of toxic
effects elicited by exposure to chemicals or other factors. The
embryonic zebrafish is a widely usedmodel vertebrate organism
for bioassays [24,25]. Its small size, fecundity, rapid develop-
ment, and early morphology are advantageous and allow for
high-throughput applications that most vertebrate organisms are
not suited for [25]. The developmental morphology of zebrafish
has been well documented [26], and genetic and molecular
tools have been designed to elucidate mechanisms of action
for biological outcomes [27]. A prior study, which laid the
foundation for the development of the BRIDGES tool, dem-
onstrated that pairing passive sampling with the embryonic
zebrafish developmental model provided spatially and tempo-
rally resolved information about the toxicity of bioavailable
contaminant mixtures in an industrialized river [4].
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The Portland Harbor Superfund site is an example of an area
where the application of the BRIDGES tool can provide val-
uable insight to direct research and remediation goals. The
range of chemical contaminants as well as the variety of point
and nonpoint source inputs [23,28] leads to a situation in which
understanding the toxicity of environmentally relevant complex
mixtures is a priority. Furthermore, significant differences in
contaminant levels [23,28] and toxicity [4] have been observed
on reduced spatial and temporal scales. This necessitates the
application of methods capable of providing highly resolved,
site-specific information, which is a demonstrated advantage of
the BRIDGES bioanalytical tool [4].

The present study pairs passive sampling with the embryonic
zebrafish developmental toxicity model to examine spatial and
temporal differences in the toxicity of bioavailable chemical
mixtures obtained from sites within and outside of the Portland
Harbor Superfund over the course of two years. A variety of
modeling approaches were explored to examine associations
between known chemical components of the complex environ-
mental mixtures and the observed developmental toxicity of the
samples. One objective of this research is to demonstrate the
application of the BRIDGES tool for environmental toxicity
assessment and monitoring in a Superfund site. A second
objective is to examine multivariate modeling methods that
can help unravel associations between the chemical character-
istics of environmental samples and their observed toxicity.

MATERIALS AND METHODS

Study area

The Willamette River flows north through the Willamette
Valley in Oregon before reaching its confluence with the
Columbia River. Portland Harbor is a section of the Willamette
River that has been heavily industrialized for over a century and
continues to be impacted by urban and industrial activities. A
nine-mile section of the harbor was designated a Superfund Site
in 2000 because of high levels of polycyclic aromatic hydro-
carbons (PAHs), polychlorinated biphenyls, dioxins, pesticides,
and metals in sediments and water [28]. Remediation efforts
have been ongoing; most notably at the McCormic and Baxter
Superfund site, located on the east bank of river mile (RM) 7
within the larger Portland Harbor Superfund, and the GASCO
site at RM 6.3 west [28]. Passive sampling devices were
deployed at nine sites from 2009 to 2010. Seven sites were
located on the Willamette River: Six were within the Portland
Harbor Superfund site and one was upstream from the Super-
fund at RM 12 east. Two sampling sites were located on the
Columbia River above and below the confluence with the
Willamette River (Fig. 1).

Sample collection

Lipid-free tubing PSDs were constructed from low-density
polyethylene tubing using methods detailed elsewhere [23].
Briefly, additive free tubing was cleaned with hexanes to
remove any potential chemical interferences, then heat sealed
at both ends, producing a 2.7� 100 cm, two-layer membrane.
Passive sampling devices designated for chemical analysis were
fortified with perdeuterated performance reference compounds
(PRCs) before sealing the tubing. Performance reference com-
pounds are used for the determination of in situ uptake rates
[11,29,30]. Samplers designated for bioassay applications were
not fortified with PRCs.

Stainless steel cages that contained five PSDs were deployed
in the water column approximately 3m above the ground using

an anchored flotation system described elsewhere [22]. Two
cages were deployed at each site: one containing samplers for
chemical analysis and one with samplers for bioassay applica-
tions. Paired cages were deployed at nine sites (Fig. 1) for six
different 30-d deployments from 2009 to 2010. Deployments
were carried out in September and October 2009 as well as July,
August, September, and October 2010. River flows in July
through September were significantly lower than in October
for both 2009 and 2010, which has been shown to affect the
concentration of organic contaminants in the Portland Harbor
Superfund area [23]. Samplers were lost at RM 6.5 west in
August and October 2010 and at RM 7 west and RM 12 east in
September 2010.

After each 30-d deployment, samplers were retrieved from
the field, sealed in amber glass jars, and transported to the
laboratory in coolers. After retrieval, the samplers were cleaned
with hydrochloric acid and isopropanol to remove superficial
fouling, mineral salts, and water. Samplers were stored in glass
jars at approximately �20 8C until extraction. Samplers for
chemical analysis were spiked with perdeuterated PAH surro-
gate recovery standards before extraction to allow for verifi-
cation of extraction efficiency and recovery correction. The five
PSDs from each cage were extracted together by dialysis in n-
hexane; 40ml per PSD for 4 h, the dialysate was decanted, and
then dialysis was repeated for 2 h and the dialysates were
combined. Samples were quantitatively concentrated to a final

Fig. 1. Study area and sampling sites. The Willamette River flows north,
through metropolitan Portland, Oregon, to its confluence with the Columbia
River, which flows west along the border between Oregon and Washington
State. The Portland Harbor Superfund area, on the Willamette River, is
outlined. The sites where passive sampling devices (PSDs) were deployed in
2009–2010 are indicated by circles. Seven sites along the Willamette River
are labeledwith the rivermile (RM)and theeast (E)orwest (W)bank that they
are located near. Two sites on the Columbia River are located upstream
(CRU) and downstream (CRD) of the Willamette River confluence.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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volume of 1ml. Samples for bioassay applications were quan-
titatively solvent exchanged to dimethylsulfoxide (DMSO).

Chemicals

Solvents used for precleaning, cleanup, extraction, and
sample preparation were Optima grade or better (Fisher
Scientific). The following 33 PAH analytes were included in
analyses: naphthalene, 1-methylnaphthalene, 2-methylnaphtha-
lene, 1,2-dimethylnaphthalene, 1,6-dimethylnaphthalene, ace-
naphthylene, acenaphthene, fluorene, dibenzothiophene,
phenanthrene, 1-methylphenanthrene, 2-methylphenanthrene,
3,6-dimethylphenanthrene, anthracene, 2-methylanthracene,
9-methylanthracene, 2,3-dimethylanthracene, 9,10-dimethylan-
thracene, fluoranthene, pyrene, 1-methylpyrene, retene, benz[a]-
anthracene, chrysene, 6-methylchrysene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene,
indeno[1,2,3-cd]pyrene, dibenz[a,h]anthracene, benzo[ghi]per-
ylene, and dibenzo[a,l]pyrene. The perdeuterated PAH com-
pounds used as PRCs were fluorene-D10, p,p0-DDE-D8 and
benzo[b]fluoranthene-D10. The following perdeuterated PAHs
were used as surrogate recovery standards: naphthalene-D8,
acenaphthylene-D8, phenanthrene-D10, fluoranthene-D10, pyr-
ene-D10, benzo[a]pyrene-D12, and benzo[ghi]perylene-D12;
and perylene-D12 was the internal standard.

Chemical analysis

Passive sampling device extracts for chemical analysis were
analyzed for 33 PAH compounds; PAHs are one of the principal
chemical classes of concern in the Superfund site (see Supple-
mental Data for additional details about chemical analysis).
Furthermore, the samples were screened for 1,201 chemicals of
concern using Deconvolution reporting software (DRS; Agilent
Technologies, see Supplemental Data). Chemicals that were
detected in the screening were identified using compiled mass
spectral deconvolution and identification system libraries [31]
for numerous classes of chemicals of concern, including
pesticides, polychlorinated biphenyls, parent and substituted
(methyl-, oxy-, and nitro-) PAHs, pharmaceuticals, phthalates,
and musks, among others. The compiled mass spectral
deconvolution and identification system library includes gas
chromatography–mass spectrometry-compatible compounds
and organic chemicals with at least some degree of hydro-
phobicity, the same chemicals that can be sequestered from an
aqueous medium by PSDs.

Over 30% of the total number of samples that were chemi-
cally analyzed corresponded to quality control samples, which
included laboratory preparation blanks, field and trip blanks for
each deployment/retrieval, laboratory cleanup blanks, and
reagent blanks. All target compounds were below the detection
limit in all blank quality control samples. Additional details
about chemical analysis, including instrument parameters,
information about DRS, and quality control, can be found in
Supplemental Data.

Zebrafish embryotoxicity assay

One milliliter of PSD extract contains the chemicals seques-
tered by five PSDs during a 30-d deployment. The concentration
of chemicals of concern in the bioassay samples was determined
by analysis of the PSD samples that were co-deployed with the
samplers for bioassay applications. Water concentrations were
calculated, for comparison to exposure solution concentrations,
using the empirical uptake model with PRC derived sampling
rates detailed elsewhere [11]. The highest exposure concen-
tration that the zebrafish were exposed to was approximately

1,000 times greater than the dissolved concentration in river
water; the lowest exposure concentration was approximately
eight times greater. The present study did not intend to mimic
environmental exposure, but rather identified differences in
the toxicity of environmentally relevant mixtures in a high-
throughput bioassay, and link the observed toxic outcomes with
the characteristics of the mixture.

Zebrafish (Danio rerio), from the Tropical 5D strain, were
reared in the Sinnhuber Aquatic Research Laboratory at Oregon
State University in accordance with approved Institutional
Animal Care and Use Committee protocols. Adults were kept
at standard laboratory conditions: 14:10 h light:dark photoper-
iod in polycarbonate tanks on a recirculating system in which
the water was maintained at 288C and a pH of 7.0. Zebrafish
were group spawned, and newly fertilized eggs were collected
and staged according to previously described methods [26].

Zebrafish embryos were exposed to PSD extract solution
by using a static waterborne method. Passive sampling device
extract solutions were prepared in DMSO at four concentra-
tions, corresponding to sequential fivefold dilutions of the PSD
extract: 100� (undiluted extract), 20� , 4� , and 0.8�. Expo-
sure solutions were made up by diluting the stock solutions
1:100 directly into embryo medium. The final concentration of
DMSO was 1% for all exposure solutions. Embryo medium is
made by adding sodium bicarbonate (buffer) and methylene
blue (mold growth inhibitor) to reverse osmosis water, creating
a solution with a pH of 7.3 that is ideal for rearing embryos until
5 d postfertilization (dpf). One percent DMSO was used as a
vehicle control. Trimethyltin was used as a positive control; the
5-mM concentration used elicits 100% morphological malfor-
mations and less than 20% mortality in exposed zebrafish
embryos. Exposures were carried out in 96-well plates, with
one embryo in 100-ml exposure solution in each well. Each
plate contained eight embryos exposed to the vehicle control,
eight embryos exposed to the positive control, and 20 embryos
exposed to each of the four concentrations of a PSD extract.
Every setup was repeated twice, meaning that 40 individual
embryos were exposed to each concentration of each PSD
extract sample. In cases in which the vehicle or positive controls
were outside of acceptable limits (trimethyltin � 2/16 zebrafish
embryos dead or deformed �1% DMSO) or there were sig-
nificant differences between the observed results for the two
plates for the same sample, new exposure solutions were
prepared and the setup was repeated.

Preceding exposure, the chorion was removed by pronase
treatment to minimize blockage of chemical uptake [32]. All
embryos were assessed for viability before beginning the
exposure and after transfer to the 96-well plates. After all
of the embryos were transferred to the exposure solutions,
the 96-well plates were sealed, protected from light, and
maintained at 28 8C for the duration of the exposure. Zebrafish
embryo exposures began at approximately 6 h postfertilization,
and observations were carried out using a stereo microscope at
24 h postfertilization and 5 dpf. At the 24-h postfertilization
observation period, each embryo was assessed for mortality,
developmental progress, and notochord malformations. After
5 d, the embryos were each assessed for mortality and 17
sublethal developmental endpoints: yolk sac edema, pericardial
edema, touch response, and malformations of the body axis,
eye, snout, jaw, otic vesicle, brain, somites, pectoral fins, caudal
fin, pigmentation, circulatory system, trunk, swim bladder, and
notochord. A malformation or embryotoxic outcome was con-
sidered mortality or any development that deviated from normal
morphology described by Kimmel et al. [26].
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Analysis of toxicity

The incidence of individual toxic outcomes (mortality at two
time points and 19 sublethal endpoints) in embryos exposed to
PSD extracts was analyzed. Additionally, a metric was applied
to assess the overall toxicity of the PSD extracts to zebrafish
embryos. This methodology proved effective for assessing
general toxicity in prior work, but it can overlook subtle
differences in toxicity, such as specific outcomes associated
with certain samples [4]. Each embryo was assigned a score
from 0 to 1; 0 indicates an embryo that had normal develop-
ment, 1 indicates death at 24 h, 0.95 is assigned to death at 5 dpf,
and each sublethal endpoint is 0.045, so that the sum of all
19 sublethal outcomes is 0.855. The scores of all of the embryos
in a treatment can be used in spatial and temporal comparisons
of developmental toxicity.

Statists: Spatial and temporal comparisons

All univariate statistical analyses and graphing were per-
formed using Sigma Plot 11.0 (Systat Software). Nonparametric
tests were used for data that did not pass the Shapiro-Wilk
normality test (p< 0.05). Mann-Whitney rank sum tests were
used for two-way comparisons of chemical characterization and
toxic effects. Kruskal-Wallis one-way analysis of variance on
ranks, followed by the Dunn’s test for pairwise multiple com-
parisons when there are unequal treatment group sizes, was
used to determine differences in chemical profiles and toxic
effects between multiple groups. Comparisons of the incidence
of individual endpoints were carried out using maximum like-
lihood ratios, which allows for the analysis of binary data.
Correlations between variables were tested using Spearman
rank order.

Multivariate modeling for bridging environmental exposure
and toxic effects

A variety of multivariate modeling techniques were explored
with the goal of unraveling links between chemical components
of environmental mixtures in PSD extracts and associated
biological effects in exposed zebrafish embryos. Relationships
that are embedded in multivariate data can often be initially
explored with data visualization methods, then further charac-
terized using, preferentially, robust, easy-to-interpret formal
numerical comparison methods [33]. Multivariate analyses
were carried out using PRIMER software (Ver 6, PRIMER-
E, United Kingdom) and included principle component analysis
(PCA) with and without loading vectors, nonmetric multiple
dimensional scaling (MDS) and MDS using similarity matrices
and nonmetric comparisons of similarity matrices to investigate
significant correlations between two data types.

Principal component analysis. When information about a
set of samples is in the form of multiple measured quantities
(variables), meaningful relationships between samples can be
difficult to deduce by direct analysis of these variables. The goal
of PCA is to describe relationships between samples by sum-
marizing the information contained in the combination of many
variables in terms of a few new variables called principle
components (PCs). Principal components represent variation
in the original data set; the first PC represents the maximum
amount of variation possible in one dimension, the second PC
represents the maximum amount of the remaining variation in
one dimension perpendicular to the first PC, and so on for all
remaining PCs. Samples can be plotted as points on a graph,
with PC pairs as the axes instead of pairs of original variables;
this is a nonquantitative visualization tool. Often a small

number of PCs explain most of the variation in the original
data set. In the present study, PCA plots were used to visually
show relationships between samples that may not have been
obvious when working with the original data [34].

One option available with the PRIMER software package is
to overlay loading vectors on PCA plots. The loading vectors
depict the original variables in terms of the pair of PCs plotted.
The direction of a vector indicated a direction of increasing
values for that variable. The vector length represents the
importance of the relative contribution of the variable to the
plotted PC axes in comparison with all possible PCs. The circle
depicted around the loading vectors represents the maximum
length of any loading vector; if the vector reaches the perimeter
of the circle, then it contributes all of its value to one or both of
the plotted PCs. The degree to which the vectors are parallel
to one another indicated the degree of correlation between the
variables in terms of the displayed PCs [35].

Multiple dimensional scaling. The goal of MDS is similar to
PCA, namely, showing visual relationships between samples in
two dimensions. However, whereas PCA is based on partition-
ing variation, MDS directly preserves pairwise relationships
between samples in multidimensional space, allowing for these
relationships to be visualized in two-dimensional graphs.
For analyses presented here, similarities between samples are
presented as a distance in high-dimensional space, and these
distances are tabulated in a lower triangular matrix, called a
similarity matrix, which is a kind of correlation matrix. Multiple
dimensional scaling shows interrelationships between samples
on a graph where the rank of the distances (as opposed to
the distances themselves) between samples is preserved. This
method is nonparametric and makes no assumptions about
multivariate normality [35].

A hierarchical clustering method was another tool that was
used for visualizing the results of MDS. Dendograms, which
show MDS distances between samples based on similarity
matrices, are created by successively fusing samples and groups
of samples (based on the distance between them) into larger
clusters, until all of the samples belong to a single cluster. The
distance between the nodes, or connecting lines perpendicular
to the distance axis, represents the distance between the samples
or groups [35].

Rank correlation coefficient methods were used to quantify
the relationship between a set of samples expressed in terms of
one set of variables and the same set of samples expressed in
terms of a different set of variables. In this case, the environ-
mental samples had a set of chemical variables and another set
of toxicity variables associated with them, and associations
between chemical and toxicity profiles were assessed by com-
paring similarity matrices. Rank correlation coefficients, known
as Mantel coefficients, were computed by element-to-element
matrix comparisons using Spearman’s Rho (r) method. Mantel
coefficients of r¼ 1 indicate perfect correlation, and r¼ 0
means no correlation. The statistical significance of the r value
is calculated by randomly permuting one set of sample labels
relative to the other many times. With each permutation, a r
value is calculated. A histogram of these randomly generated r
values represents the null hypothesis that there is no correlation.
If, for example, there were 99 permutations and the real r value
was greater than all 99 randomly generated r values, then the
empirically observed significance, or p value, would be less
than 0.01 [36].

Another application of MDS is determining a subset of
variables that produces the best correlation with the other
corresponding paired variable set. The present study examined
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which PAH compounds were most associated with the observed
toxic effects. To determine this, every possible similarity matrix
of a subset of five PAH variables was compared with a toxic
effects similarity matrix. The subset of PAH variables that
produced the highest r value and the corresponding statistical
significance of the correlation were determined [35].

Data pretreatment. Data pretreatment was applied to
improve the robustness of the statistical methods, meet the
assumptions of statistical tests, or improve graphical visual-
ization of the data. In the present study, data normalization
refers to expressing each variable as its Z-score, which is
calculated by subtracting the mean and dividing by the standard
deviation for each variable. This assures that the data are on a
common scale that does not span orders of magnitude. Analysis
with and without data normalization were carried out and are
specified in the results.

Root and log transformations were used for data that spanned
orders of magnitude or were skewed. These transformations are
all increasing functions that tend to deflate the effects of large
numbers in the data set. Root transformations are often pre-
ferred over log transformations because they do not require
adding a 1 to the argument to guard against taking the log of a
small number [35]. Where log transformations were used,
log(1þ x) was used in place of log(x). The main application
of transformations in this work was to generate PCA and MDS
graphs in which the data were less tightly clustered and easier to
visualize. Transformations are noted where applicable in the
results.

RESULTS AND DISCUSSION

Chemical characterization of samples used in zebrafish exposures

Passive sampling devices deployed in the Willamette or
Columbia River for 30 d sequestered significantly different
amounts of PAHs and other hydrophobic contaminants. The
PAH concentrations reported here are for the highest concen-
tration bioassay exposure solutions, which are 1% PSD extract
in embryo medium. Samples from RM 6.5 west consistently had
the highest concentrations of the sum of 33 PAHs (

P
33PAH),

except during August and October 2010, when the samplers
were lost from this site. The sample with the greatest

P
33PAH

concentration, 1,003 pg/ml, was obtained from RM 6.5 west in
September 2010. Samples from sites located within the Super-
fund had significantly higher concentrations of

P
33PAH than

the sites located outside of the Superfund (CRU, CRD, and RM
12E; p< 0.05). River mile 7 east, which underwent remediation
in 2006, had significantly lower

P
33PAH than the two nearest

sites (RM 7 west and 6.5 west; p< 0.05); however, it was not
significantly different from the Superfund sites as a whole or the
sites located outside of the Superfund (p> 0.05; Fig. 2). Fluo-
ranthene and pyrene were the most abundant PAH compounds,
accounting for 24 to 36% and 26 to 39% of the

P
33PAH

in every sample, respectively. Phenanthrene, retene, benz[a]-
anthracene, and chrysene each composed up to 14% of theP

33PAH, and other compounds, individually, made up 2%
or less of the total PAHs. Three PAH compounds were not
detected in any samples: 2,3- and 9,10-dimethylanthracene and
6-methyl-chrysene.

Significant temporal and seasonal differences in theP
33PAH were also observed in the samples obtained from

the harbor. Multiple comparison of the data from each sampling
period indicated significant differences between events
(p¼ 0.038); however, given the variability across sites within
each sampling period, further characterizing these differences

was not possible with this analysis. Data were grouped into two
seasons based on the flow of the Willamette River. September
2009 and July, August, and September 2010 (n¼ 36) were
considered dry season sampling events because the flow of the
Willamette River was significantly lower than the wet season,
which included samples from October 2009 and October 2010
(n¼ 18). The

P
33PAH concentration was significantly greater

in samples obtained during the dry season (131 pg/mL median)
than the wet season (55.7 pg/mL median; p¼ 0.015). This
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Fig. 2. Chemical characterizationof passive samplingdevice (PSD)extracts
from Portland Harbor. The concentrations of the sum of 33 polycyclic
aromatic hydrocarbon (PAH) analytes in the highest dose (100�) exposure
solutions used in the zebrafish bioassay is shown on the left. The number of
chemicals of concern that were identified in samples from each site and
sampling event are shown on the right. The colors/patterns of the blocks
indicate which chemicals were identified in the samples. Asterisks indicate
when samples were not obtained. CRU¼Columbia River upstream.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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tendency toward higher concentrations of bioavailable contam-
inants during the dry season has been previously documented in
Portland Harbor [23,37].

Deconvolution reporting software screening of the environ-
mental samples for more than 1,200 chemicals of concern
identified 21 chemicals, not including the PAH compounds
previously quantified. This level of resolution in the chemical
characterization of environmental samples lends significant
additional depth to the assessment of links between the chem-
istry and toxicity of the samples. Chemicals identified with DRS
included nine polychorinated biphenyls (numbers 30, 49, 65,
101, 110, 118, 153, and 180), p,p0-DDE, o,p0-DDD, and p,p0-
DDD, which are intermediate breakdown products of the pes-
ticide DDT (1,1,1-trichloro-2,2-di[4-chlorophenyl]ethane), five
oxygenated PAH compounds (9-fluorenone, 9,10-anthraqui-
none, benzofluorenone, benzanthrone, and benzo[cd]pyrenone),
hexachlorobenzene (fungicide; persistent organic pollutant),
chlorfenapyr (pro-insecticide), pendimethalin (herbicide), tona-
lide (musks found in personal care products), and rabeprazole
(antiulcer pharmaceutical). The presence of these chemicals in
samples from Portland Harbor showed spatial and temporal
variability (Fig. 2). A greater number of chemicals of concern
tended to be detected in samples obtained from sites within the
Superfund area than upstream or on the Columbia River.

Developmental toxicity of PSD extracts

A total of 10,944 zebrafish embryos were exposed to four
concentrations of 50 different environmental samples, as well as

positive and vehicle controls. This highlights the truly high
throughput character of the BRIDGES bioanalytical tool.
Zebrafish embryos that were exposed to PSD extracts demon-
strated a range of responses, including normal development,
mortality, and a variety of morphological deformities (Fig. 3).
Univariate and multivariate statistical and modeling approaches
were applied to the data to help unravel associations between
the chemical components of environmental mixtures and ob-
served outcomes in zebrafish embryos exposed to the mixtures.

The average number of developmental endpoints observed
in embryos that showed sublethal effects at the 5-d observation
was six of the 17 assessed at that time point. Themedian number
of sublethal endpoints was three. A tendency for an all-or-
nothing response in the exposed zebrafish was seen throughout
the study, where normal development or complete deformity/
mortality were much more common results than an intermediate
number of sublethal deformities. This distribution of the num-
ber of expressed sublethal endpoints is likely attributable to a
biological threshold above which development is completely
disrupted, as well as the dosing regimen used in the present
study. In future work, performing dose range-finding experi-
ments for each sample before high-throughput analysis of
developmental toxicity may be necessary to procure exposure
dose–response curves that consistently capture sublethal mor-
phological deformities. Given the ‘‘all-or-nothing’’ character-
istics of the toxicity data in the present study, further analyses
are based on overall toxicity scores (described inMaterials and
Methods) as opposed to individual specific toxic endpoints.

Fig. 3. Morphological malformations observed in embryos exposed to chemical mixtures in passive sampling device (PSD) extracts at 5 d postfertilization (dpf).
The concentrations of polycyclic aromatic hydrocarbon analytes and presence of other chemicals of concern in exposure solutions composed of 1% PSD extract
obtained from siteswithin the PortlandHarbor Superfundare shown.Examples of developmental abnormalities in 5-dpf embryos exposed to PSDextract solutions
include mortality, yolk sac edema (YSE), pericardial edema (PE), and malformations of the body axis, trunk, notochord (NOT), jaw, and snout. Normal
development in an embryo exposed to the vehicle control is also pictured. Not all deformities pictured are labeled. DMSO¼ dimethylsulfoxide; RM¼ river mile;
PAH¼ polycyclic aromatic hydrocarbon. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Significant exposure dose–response relationships were
observed in some samples. However, this was most often seen
as a greater toxicity score for the highest exposure dose
compared with the other three doses, which were not signifi-
cantly different from one another (Fig. 4). A significantly
greater response at the highest exposure dose, compared with
the lower doses, was seen in samples from RM 6.5 west and 7
west in September 2009, all samples in July 2010, all samples
except CRU in August 2010, CRU and RMs 3.5W and 6.5W
in September 2010, and RMs 7 east, 7 west, and 12 east in
October 2010 (Fig. 4). Intermediate toxicity, greater than the
lowest two exposure doses but less than the highest exposure
dose, was seen at the second highest dosing level in three
samples: 12E in July 2012 and CRD and 7 west in August
2010. Further comparisons between samples are based on only
the highest exposure dose.

The developmental toxicity of the samples showed signifi-
cant spatial variability. All samples from September 2009,
except from 3.5 west and CRU, were significantly different
from the 1% DMSO control (p< 0.05). The samples from RMs
6.5 west and 7 west were significantly more toxic than the
sample from CRU, 3.5 west, 8 west, and 7 east (p< 0.05); CRD
and RM 3 east were significantly more toxic than CRU, 3.5
west, and 8 west (p< 0.05), and 12 east was more toxic than
CRU (p< 0.05). Only the sample obtained from RM 7 west was
significantly more toxic than the control in October 2009
(p< 0.05), and no differences were found between the sites.
All samples from July 2010 were significantly more toxic than
the control; however, no significant differences were found
between the sites. All of the samples obtained in August 2010,
except fromCRU, were significantly more toxic than the control
(p< 0.05), and samples from all other sites were more toxic

than CRU. All samples from September 2010 were more toxic
than the control (p< 0.05), and the sample from RM 3.5 west
was more toxic than RM 3 east. Samples from RMs 3.5 west,
7 east, 7 west, 8 west, and 12 east from October 2010 showed
significantly greater toxicity than the control as well as the
samples from CRU, CRD, and 3 east (p< 0.05; Fig. 4).

Differences in toxicity between the sites, including those that
are located very close to one another on the river, were observed
in a prior study [4]. The sites at RMs 7 west, 7 east, and 6.5 west
are all located within 0.5 km of each other. However, samples
from RMs 6.5 west and 7 west had higher

P
33PAHs in all

comparable sampling events and were more toxic than RM 7
east during two sampling events. This demonstrates the effects
of remediation at 7 east, the McCormick and Baxter site, on
chemical contamination and toxicity in the overlying water
column. These results demonstrate that toxicity can vary sig-
nificantly within a reduced spatial scale and highlight the
importance of using analytical methods that provide highly
resolved, site-specific information, such as the BRIDGES tool.

Significant temporal differences in toxicity were observed in
the present study. Similar to the

P
33PAH chemical data, the

toxicity scores of the samples obtained during the dry season
(July and August) in 2009 and 2010 were significantly greater
(n¼ 1,440; 0.72 median toxicity on a scale of 0–1) than those
obtained during the wet season (September and October;
n¼ 840; 0.0 median toxicity, p< 0.001). Samples from July
and August 2010 (0.810 median score for both) were signifi-
cantly more toxic than samples from all other months included
in the present study (0.23, 0.00, 0.36, and 0.18 median scores in
September and October 2009 and October 2010, respectively,
p< 0.001). Passive sampling device extracts from September
2009 and 2010 were more toxic than those from October 2009
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Fig. 4. Developmental toxicityof passive samplingdevice (PSD)extracts.Thedevelopmental toxicityof each samplewas scoredbasedon thepresenceor absence
of 21 toxic outcomes. Bars represent the average score of all embryos exposed to the sample (n¼ 40 per treatment), and lines represent the standard deviation.
Scores range from 0 to 1, where 0 is indicative of normal development and 1 represents mortality at the earliest time point. The highest concentration (100� ) was
1% PSD extract and the other exposure concentrations are successive fivefold dilutions of the extract (20� , 4� , and 0.8�). The average outcome of the 1%
dimethylsulfoxide control (Cont.) is shown on each graph for comparison. Asterisks indicate that samples were not obtained from the field. See Figure 2. 1 for the
location of the sampling sites. CRU¼Columbia River upstream. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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and 2010, and samples from October 2010 had greater toxicity
than those from October 2009 (p< 0.001).

Temporal changes in the concentration of bioavailable con-
taminants in the Willamette River have been recorded in
previous studies [23]. These results demonstrate that those
seasonal differences in contamination translate into differences
in the toxicity of PSD extracts obtained from the environment.
This is not a foregone conclusion, considering that PAHs are a
class of compounds with widely variable solubility and toxicity.
Therefore, changes in dissolved

P
33PAH levels are not neces-

sarily indicative of greater toxicity. As with the results that
demonstrate significant spatial differences in toxicity, these data
provide further support for the importance of applying environ-
mental monitoring tools that are capable of capturing temporal
changes in chemical concentrations and toxicity.

One aspect of this BRIDGES method that is a subject
of current research is the determination of uptake rates of
chemicals by the embryonic zebrafish. The present study uses
quantitative exposure doses based on the concentration of
chemicals in the PSD extract and the concentration of the
extract in the exposure solution. Knowledge of uptake rates
for the bioassay organism or improved methodology for
estimating dose could refine observed associations between
environmental mixtures sequestered by PSDs and the toxicity
of these mixtures to organisms and substantiate the compara-
bility of PSD-based chemical analysis and bioanalysis.

Associations between chemistry and biological
effects—Univariate analyses

Two characteristics of the data limited the ability to link
specific chemicals present in the environmental mixtures to the
toxic outcomes that they elicited: the all-or-nothing tendency
in the number of toxic effects seen in the zebrafish embryos
exposed to PSD extracts and the significant correlations
between the concentrations of individual analytes in a sample
and the total concentration of contaminants in the sample.
The chemical profiles of all of the samples were similar, and
diagnostic ratios between pairs of PAHs were not significantly
different in any of the samples obtained from Portland Harbor.
As a result, the magnitude of the concentration of analytes in the
samples was variable, but the composition was similar. This was
not the case in past studies in Portland Harbor [23]; however,
remediation efforts have had an apparent effect on the magni-
tude and chemical characteristics of contamination at former
hot-spots.

No significant correlation between the
P

33PAH in the
samples and the developmental toxicity score was observed
for the highest exposure–dose data. This could be partially
explained by the extremeness of the toxicity results and the
number of samples, with a wide range of PAH concentrations,
that elicited mortality in most of the exposed embryos. Tests of
correlations between incidences of specific developmental out-
comes and

P
33PAH showed no significant association between

analyte concentrations and the incidence of any developmental
endpoint. The presence/absence of chemicals of concern that
were identified using DRS did not show a significant correlation
with observed toxic outcomes in exposed embryos. However,
the greatest number of compounds identified by DRS were
detected in samples from RM 6.5 west, and this site consistently
showed elevated toxicity. The ability to screen for a large
number of compounds of concern in environmental samples
could help explain observed toxicity [5], but in this case the
relative similarity in the chemicals that were present at sites in

the Superfund area made it difficult to define specific links to
toxic outcomes.

Unraveling associations between exposures and
effects—Multivariate modeling

As noted, the PAH chemical profiles for samples obtained
from the lower Willamette River in the present study were
similar in spite of significant differences in the magnitudes of
the concentrations. Principal component analysis was used to
elucidate trends in the variability of the chemical profiles.When
the concentrations of the PAH analytes quantified in the present
study were grouped based on the number of rings in their
molecular structure and analyzed using PCA, spatial trends
that were not apparent in earlier analyses were visible (Fig. 5).
Principal component 1 explains 80.1% of the variability in the
data set, and a clear spatial trend occurs in the variability of the
PAH profiles along this axis; a gradient occurs from Superfund
site samples to samples from outside of the Superfund from left
to right along the PC1 axis. As seen in Figure 5, the four- and
five-ring PAHs are highly correlated (parallel-loading vectors)
and tend to increase from non-Superfund sites to Superfund
sites. They also show a tendency to increase from 12E and CRU
to CRD. The three-ring PAHs increase from non-Superfund to
Superfund sites, and six-ring PAHs show a similar tendency but
to a lesser extent. In terms of PC1 and PC2, the two-ring PAH
variable shows constant values for samples from RM 6.5 west
and little association with spatial trends in other sites (Fig. 5).
These trends in the chemical composition of the samples are
relevant to understanding the biological outcomes of exposure
to the environmental mixtures, because previous research has
demonstrated clear links between certain classes of PAHs and
specific toxic endpoints. Although the nature of the chemical
and toxicity data obtained in the present study limits our ability
to make direct connections between specific compounds, a
higher incidence of craniofacial, body axis, and cardiac mal-
formations in embryos exposed to extracts from superfund sites,
which showed higher relative concentrations of three-, four-,

Fig. 5. Principle component analysis of polycyclic aromatic hydrocarbon
(PAH) data. A plot of principal components (PC1 and PC2) for PAH
concentrations by ring size visually demonstrates variability in the chemical
characteristics of passive sampling device (PSD) samples fromdifferent sites
and sampling events along the lower Willamette River. See Figure 1 for the
locationof the sampling sites. PC1andPC2 represent 80.1%and14.3%of the
variability in the data set, respectively. Data were normalized to achieve a
common scale and fourth root transformed to reduce data clustering and
facilitate visualization. The vectors point in the direction of increasing
variable values in terms of PC1 and PC2, and their length represents the
relative contribution of the variable to the plotted axis, where the circle
indicates maximum contribution. CRU¼Columbia River upstream.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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and five-ring PAHs, is consistent with research that demon-
strates causative links between three- and four-ring PAHs and
these specific endpoints [38].

Multiple dimensional scaling was used to examine other
relationships between the chemical characteristics and toxicity
of the samples. Dendograms, showing the results of a hierarch-
ical clustering method, were used to visualize the results
of MDS (Fig. 6). Multiple dimensional scaling demonstrated
spatial and temporal trends in both chemical and biological
data, although the trends were not the same in both groups of
data. Based on the concentration of PAH analytes, the samples
fell into two groups, with one notable outlier (RM 3 east from
August 2010) and one group outlier (CDS from September
2009). In general, samples from unremediated sites within the
Superfund, from most sampling events, were similar to each
other, whereas samples obtained outside of the Superfund site
formed a separate group. Additionally, 12 samples that were
obtained from sites within the Superfund during the wet season
(September and October) showed more similarity with the
non-Superfund site samples than with the Superfund group
(Fig. 6A).

The similarity of the developmental toxicity of the samples
showed two distinct, distant groups defined principally by
sampling date as opposed to sampling site. The greater degree

of separation between the two groups of samples, in terms of
toxicity, is likely a reflection of the all or nothing tendency for
developmental effects discussed previously. With a few excep-
tions, samples taken in July and August (dry season) formed
one group and samples taken in September and October 2009
formed another group. Based on toxicity, samples from October
2010 fell into both groups with no obvious site-based tendency
(Fig. 6B). Together, this visual analysis ofMDS results suggests
that although PAHs are likely contributing to the observed
toxicity, they may not be the principal driver of observed
effects. The PAH chemical profile of the samples is dependent
on both spatial and temporal factors, whereas the toxicity of the
samples is apparently more driven by temporal changes.

Analysis of a dendogram of the results of the DRS screening
for chemicals of concern did not provide additional insight into
the connection between the chemical characteristics of the
samples and their toxicity. Based on other chemicals identified
in the PSD extracts, the samples did not cluster into well-defined
groups, with the exception of four samples from September
2009. Defining a clear spatial or temporal trend in the DRS data
based on this MDS analysis was not possible (Supplemental
data, Fig. S1).

In addition to using MDS to examine similarities between
samples based on chemical and toxicity variables, it was applied

Fig. 6. Dendograms of multiple dimensional scaling results for chemical and toxicity characteristics of environmental samples. Dendograms show the similarity
of samples to one another in terms of polycyclic aromatic hydrocarbon (PAH) analyte concentrations (A) and developmental toxicity (B). Distance is a high-
dimensional measure of similarity between samples withmultiple variable measurements. Polycyclic aromatic hydrocarbon similaritymatrices were constructed
using the concentrations of all quantified analytes at the highest exposure concentration, and data were normalized before analysis. The developmental toxicity
similarity matrices were constructed from the percentage of incidence of each observed developmental endpoint in embryos exposed to the highest concentration
passive samplingdeviceextract solution.Thesamplingdate and site labels for each sample are shown; symbolsare avisualizationguideonly.Repetitionof symbols
between date and site labels does not indicate an association. CRU¼ColumbiaRiver upstream;CRD¼ColumbiaRiver downstream. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]
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to examine correlations between sets of variables. In this case,
the correlation between the similarity matrices of the subset of
PAH variables and the subset of toxicity endpoints was exam-
ined. Three PAH analytes (9-methylanthracene, 9,10- dimethyl-
anthracene, and dibenzo[a,l]pyrene) were removed from this
analysis because they were detected at low levels in less than
10% of the samples and tended to skew the outcome of the
analysis. A significant correlation between the PAHs in the
samples and the observed toxicity was detected (p¼ 0.001),
with a r value of 0.208. This demonstrates that the PAHs are a
significant contributor to observed toxicity, though they are not
the only contributing factor.

An operation of the PRIMER software was used to identify
subsets of PAHs that show the best correlation with all of the
toxicity data. The 10 best subsets of five or fewer PAHs were
identified; all produced significant correlations (p< 0.05) and
r values between 0.324 and 0.334, which is greater than the
correlation between the similarity matrices of all of the PAH
and toxicity variables. The subset of PAH analytes that was
most highly correlated with the toxicity of the samples
(r¼ 0.324, p¼ 0.01) was naphthalene, retene, and benzo[a]-
pyrene. Other PAH analytes that were identified in one or more
of the 10 subsets most highly correlated with toxicity were
acenaphthylene and benzo[b]fluoranthene. The r values used to
quantify correlations between similarity matrices are not equiv-
alent to r2 values used in univariate correlations. This analysis
defined the PAH variables that are most associated with the
observed developmental toxicity of the samples. Future work
could focus on controlled exposures to these individuals and
sets of PAHs to quantify their toxicity without the influence of
other chemicals present in the complex environmental mixture.

Correlating chemical fingerprints to toxic outcomes has been
demonstrated in the past [39]; however, this approach may
require additional refinement before it can be applied to a data
set of this size, with a large number of analytes and samples with
similar chemical fingerprints. Future research should focus on
fractionating the samples to reduce the number of potential
analytes [5,40], and testing individual analytes that showed
significant associations with specific endpoints to further refine
the understanding of chemical components and biological
effects. Obtaining samples from sites with different chemical
contaminants may also help elucidate patterns in the biological
responses that are masked by the similarity in the chemical
profiles of the samples obtained for the present study. The
multivariate modeling used demonstrates powerful methods for
unraveling spatial and temporal trends in bioavailable chemical
contaminants and the toxicity of environmental mixtures.
Additionally, it provides tools for elucidating links between
complex chemical mixtures and multi-endpoint developmental
toxicity assessments.

CONCLUSION

The BRIDGES tool proved to be a sensitive, high-
throughput bioanalytical tool that was capable of detecting
highly resolved spatial and temporal differences in bioavailable
chemicals in the environment and the toxicity of those environ-
mental mixtures. Polycyclic aromatic hydrocarbons, one of
the principal contaminants of concern in the Portland Harbor
Superfund site, showed a significant correlation with the
toxicity of the samples; however, evidence indicated that other
chemical components of the mixtures were also significant
contributors to toxicity. A number of other contaminants were
detected in the samples in the screening for 1,201 chemicals

of concern; however, the nonquantitative nature of these data
made it unfeasible to unravel clear associations between spe-
cific chemicals and toxic effects. Having a tool that provides
spatially and temporally resolved information about bioavail-
able contaminants and toxicity is of standalone value; however,
refining the methodology used to define exposure doses in
future work with the embryonic zebrafish model could provide
a better understanding of links between components of chem-
ical mixtures and toxic effects. In addition, molecular tools
could be used to detect specific effects at very low doses and
may provide greater insight into toxicity than observations
of gross embryonic morphology [27]. Multivariate modeling
methods applied in the present study illustrated spatial and
temporal trends that were not clear in initial analyses. Addi-
tionally, MDS proved to be a valuable tool for examining
associations between paired sets of variables, such as the
chemistry and toxicity data for each sample in the present
study. It was also valuable for identifying small subsets of
PAH variables that were most strongly correlated with the
paired set of toxicity variables. The BRIDGES tool, pairing
passive sampling with the embryonic zebrafish developmental
toxicity assay, has great potential to be broadly applied to a
wide range of environmental monitoring projects and could be
refined and modified to meet specific study objectives.

SUPPLEMENTAL DATA

Supplemental data include detailed information about chem-
ical analyses as well as Figure S1, which shows a dendogram of
the MSD results for chemicals of concern that were identified in
the PSD samples. (138 KB DOC)
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