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Abstract—This paper describes the use of logistic-regression modeling for evaluating matching sediment chemistry and toxicity
datz. Contaminant-specific logistic models were used io estimate the percentage of sampies expected to be toxic at a given
concentration. These models enable users to select the probability of effects of concern comresponding to their specific assessmment
or management objective of to estimate the probability of shserving specific biological effects at any comtaminant concentration.
The models were developed using a large database (7 = 2,524) of matching saltwater sediment chemistry and toxicity data for
field-collected samples compiled from a number of different sources and geographic areas. The models for seven chemicais selected
as examples showed a wide range in goodness of fit, reflecting high variability in toxicity at tow concentrations and limited data
on toxicity at higher concentrations for some chemicals. The models for individual test endpoints (e.g., amphipoed mortality) provided
a better fit to the data than the models based on all endpoints combined. A comparison of the relative sensitivity of two amphipod

species to specific contaminants illustrated an important application of the logistic model approach.

Keywords—Sediment toxicity Logistic regression

INTRODUCTION

Recognition of the importance of sediment quality relative
to the protection of aquatic biota in freshwater, estuarine, and
marine ecosystemns has led to the increased use of sediment
toxicity testing to support contaminated sediment assessment
and management programs [} Although such toxicity test
results typically have been used to support site-specific sedi-
ment management decisions, these data can also be used in
broader applications. For example, a regional database of
matching sediment chemistry and toxicity data for Puget
Sound {Washington, USA) was used to develop sediment qual-
ity guidelines (SQGs) using the apparent effects threshold
(AET) approach [2]. These SQGs were subsequently used to
estabiish sediment management standards for the state of
Washington, USA [3]. Similarly, effect ranges, Jow (ERLs}
and effect ranges, median (ERMSs) for priority contaminants
in coastal sediments were developed for use in the National
Oceanic and Atmospheric Admimistration (NOAA} National
Status and Trends Program (NSTP) from a large database that
contained matching sediment chemistry and biological effects
data from field studies with a variety of test endpoints. The
NSTP datsbase also used results from spiked sediment bio-
assays and equilibrivm-partitioning models [4-6]. A similar
approach was used to develop threshold effect levels (TELSs)
and probable effect levels (PELs) for priority substances in

* To whom correspondence may be addressed
(jay.field@noaa.gov).

The views expressed in this paper are thoss of the authors and do
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Sediment-quality guidelines

coastal sediments in Florida, USA [7] and in freshwater sed-
jments [8]. The SQGs developed from these databases have
been used in a variely of applications, including screening
contaminants of concern in ecological risk assessments, setting
priorities for further investigations, designing monitoring pro-
grams, and establishing target cleanup Jevels at contaminated
sites.

Establishment of direct cause-and-effect relationships be-
tween sediment-associated contaminant concentrations and
toxicity to aquatic organisms using field-collected data that
contain mixtures of contaminants is difficult. Nonetheless, the
results of previous studies have demonstrated that such as-
sociative data can be used to develop SQGs that reltably predict
the presence or absence of adverse effects of sediment-asso-
ciated contaminants [2,6-9]. Although this high fevel of pre-
dictability makes the SQGs relevant for use in numerouns ap-
plications, it may be possible to make further use of matching
sediment chemistry and toxicity data in various site-specific
and general applications.

The primary obiective of this study is to present an alter-
native approach for using matched sediment toxicity and chem-
istry data in evaizations of sediment quality. Rather than de-
veloping another set of SQG values, our approach uses a large
database of matching sediment chemistry and toxicity data to
develop simple logistic-regression models that estimate the
probability of observing specific toxic effects at a wide range
of concentrations of individual contaminants for selected tox-
icity test endpoints. These models enable users to select the
probability of effects of concern corresponding to their specific
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Table 1. List of data sources, geographic areas, and mumber of test samples in the saltwater database

Data source® Geographic area Number of samples® Reference
NSTP Long Island Sound, New York 2352 [15}
NSTP Fudson—Raritan Eshuary, New York/New Jersey 170 [16}
NSTP Boston Harbor, Massachusetts 90 [17]
NSTP Tampa Bay, Florida 138 [18]
NSTP San Diego Bay, California 173 [19]
NSTP Los Angeles/Long Beach Harbors, California S0 28
EMAP Virginian Province (9 selected estuarics) 239 [21,22]
SEDQUAL Puget Sound, Washington (17 studies) 671 [23]
BEDS All 3 coasts of North America (22 studies) 701 [7]

+NSTP = NOAA National Status and Trends Program; EMAP = 1.S. EPA Environmental Monitoring and Assessment Program; SEDQUAL
= State of Washington Department of Ecology Puget Sound Database; BEDS = MacDonald Environmental Sciences, Biological Effects Database

for Sediments.
*Total number of samples 2,524,

objective or to estimate the probability of observing specific
biological effects at any contaminant concentration,

METHODS
Data acquisition and evaluation

The matching sediment chemistry and toxicity data used
in this study were obtained from four primary sources, in-
cleding the NSTP, U.S. Environmental Protection Agency
(U.S. EPA} Environmental Monitoring and Assessment Pro-
gram (EMAP), State of Washington Department of Ecology
Puget Sound Database (SEDQUAL), and MacDonald Envi-
ronmental Sciences Biological Effects Database for Sediments
{BEDS) (Table 1). The data from thesc sources encompassed
many geographic areas along the Atlantic, Gulf, and Pacific
coasts of North America and included information on many
different toxicity endpoints. The standard 10-d amphipod sur-
vival toxiciy test [1], with either Ampelisca abdita or Rhe-
poxynius abronius, was the most commonly used sediment
toxicity test endpoint (Table 2). Althongh the database includes
freshwater, estuarine, and marine data, only estuarine and ma-
rine data are discussed in this paper.

Data cotlected as patt of the NSTE, EMAP, and SEDQUAL
programs followed the standard protocols for sediment chem-
istry and toxicity testing developed for each program. Can-
didate data sets identified from the marine and estuarine BEDS
included studies that used a variety of protocols and test end-
points [7]. Individual studies were evaluated for acceptance
based on their experimental designs and endpoints, test pro-
tocols and environmental conditions, sample handling proce-

Table 2. Number of test sampies for standard amphipod sediment
bioassays {dmpelisca abdita and Rhepoxynius abronius, 10-d survival
endpoints only) and other test species and endpoints in the saltwater

database
Data source® Ampelisea Rhepoxynius Other
BEDS 36 125 540
NSTP 212 166 535
EMAP 239 NAP NA
SEDQUIAL NA 406 265
Total 487 697 1,340

s NSTP = NOAA National Status and Trends Program; EMAP = U.S,
EPA Environmental Monitoring and Assessment Program; SED-
QUAL = State of Washington Department of Ecology Puget Sound
Database; BEDS = MacDenald Environmental Sciences, Biological
Effects Database for Sediments,

*NA = no data available.

dures, control responses, and asalytical methods that were con-
sistent with general established procedures [6.7]. All of the
data that met the above screening criteria were incorporated
into the project database.

Data analysis

The first step in the process of determining relationships
between contaminant coucentrations and sediment toxicity in-
volved extracting data from the database into separate tables
for individual contaminants. The substances used in this eval-
nation included lead, mercury, nickel, zine, fluoranthene, phen-
anthrene, apd total PCBs. Contaminants were sclected to in-
clade representative chemicals from three major classes of
environmental contaminants (i.e., metals, PAHs, and PCBs).
The contaminant-specific data tsbles included the chemical
concentration in each sample (normalized either to dry weight
or total organic carbon) and the toxicity test results (toxic or
nontoxic) for each toxicity test endpoint. The data were sorted
in order of increasiog concentration, similar to the ascending
data tables described by other investigators {4,7,101.

Evaluating the relationship between the concentration of
an individual contaminant and toxicity in field-collected sed-
iments is frequently complicated by the presence of multiple
contantinants, many of which may be present at very low
concentrations. Consequently, the data on samples that were
identified as toxic were further screened before inclusion in
the analyses for each individual contaminant, so as to minimize
the potential for including samples in which the selected con-
taminant did not contribute substantially to the observed tox-
icity. Following the screening approach used by Ingersoll et
al. [8] and similar to that used by othess [4,5,7], the concen-
tration of the selected chemical in each foxic sample was com-
pared with the mean of the concentration of that substance in
the nontoxic samples collected in the same study and geo-
graphic area. If the concentration of a chemical in an individual
toxic sample was less than or equal to the mean concentration
of that chemical in the nontoxic samples from that study area,
it was considered highly unlikely that the observed toxicity
could be attributed to that chemical. Therefore, these toxic
samples were not included in the screencd data set used for
model development for that chemical, All rontoxic samples
were included. Samples from field reference stations were
treated the same as any other sample and included in the anal-
ysis.

In most cases, data analyses were conducted using two
primary data groupings: the entire marine database (including
samples tested using all species and all endpoints), and marine
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Fig. 1. Proportion of toxic samples in concentration intervals and logistic model plots for screened and unscreened data for lead (mgkg, dry
weight), amphipod survival endpoints only, The individual points ropresent the median of the sample concentrations within the interval and the
fraction of the semples within the interval that was identified as foxic for the selected test endpoint. Each point represents a pHnimum of 15
individual samples, except for the highest concentration nterval, which may have included as fow as 10 samples. The horizontal bars for the

screened data represent the 95% CI for T10, T50, and T90 values.

amphipod survival only (limited to those samples tested with
either A. abdita or R. abronius in 10-d lethality tests). Data
for the two amphipod species were generally combined to
increase the sample size for the data analysis.

Individual samples were designated as toxic or nonioxic
according to the results reported by the investigator in the
original study. This was usually based on a sfatistical com-
parison to a negative conirol. For the data from the Puget
Sound database, however, toxicity was determined statistically
by comparing toxicity test results with those for field reference
stations rather than a negative control. In addition, the Puget
Sound amphipod (R. abronius) toxicity data required both
statistical significance and a minimum of 25% mortality before
a sample was defined as toxic. For the other data sets, no
additional evaluations (such as defining 4 minimum effect level
or comparing control-adjusted values to a minimum effect lev-
¢l) were conducted for any of the tests, Because the primary
focus of this study was to illustrate the potential applications
of the logistic model method, differences in the approach used
to classify toxic samples were not considered in most of cur
analyses. Potential implications of ignoring these differences
are discnssed in a later section of the paper.

Concentration-interval plots

Concentration-interval plots, which display a summary of
the matching data on sediment chemistry and toxicity for se-
lected contaminants, were prepared by calculating the pro-
portion of toxic samples within discrote conceniration inter-
vals. Unless otherwise noted, these plots were based on the
screened data sets. The points shown on the concentration-
interval plots represent the median of the sample concentra-
tions within the interval and the fraction of the samples within
the interval that was identified as toxic for the selected test
endpoint(s) (i.e., Fig. 1}. Each point on the figures represents
a minimum of 15 individual samples, except for the highest
concentration interval, which may bave included as few as 10
samples. In many cases, more than 15 samples were included
within a concentration interval (i.e., if multiple samples had
the same reported concentration of the contaminant). The range
represented by each concentration imterval was determined
from an ascending list of unique sample concentrations for
each contaminant, with the number of intervals determined by

the total munber of unique sample concentrations for the se-
lected comtaminant.

Logistic modeling

Fitting statistical models o these screened data provides a
means of deriving a relationship between the probability of
toxicity (p) and the concentration of the chemical of interest.
The concentratiop-interval plots generated data distributions
that resembled typical sigmoidal doseresponse curves. The
shape of these curves indicated that it might be appropriate to
ese a logistic-regression model, which is commonly used for
dose-response data with a binary outcome (i.e., toxic or non-
toxic), to model these data distributions [11].

Logistic regression is typically applied to dose-response
data, such as that generated by spiked-sediment bioassays. The
data screening procedures used in this study were intended to
identify the chemicals that plausibly could be considered to
be associated with the observed toxic response in individual
sediment samples. Therefore, the screening procedures provide
a basis for transforming the underlying data into a form that
is more consistent with traditional uses of logistic regression
modeling,

In its simplest form {i.e., with a single independent vari-
able), the logistic model can be described using the following
equation:

_ exp[Bb + Bi{x)]
P 1¥ exp[BO + Bl(x)]

where p = probability of observing a toxic effect, BG = ia-
tercept parameter, B1 = slope parameter, and x = chemical
concentration or log chemical concentration.

This logistic model was applied to the complete screened
data (not the concentration-interval snummarized data) for a
number of substances to evaluate its utility for modeling
matching sediment chemistry and toxicity data. For each of
these substances, the intercept (B0}, slope (B1), and chi-square
statistic {—2 log likelihood) were determined. The chi-square
statistic provides valuable information on the statistical sig-
nificance of the slope parameter and a measure of how well
the model fits the data. All of the logistic regression analyses
were conducted using the SAS Institute’s logistic procedure
[z,
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Fig. 2. Proportion of toxic samples in concentration. intervals and logistic model plots for screened and unscreened data for phenanthrene (ng/g,
dry weight), amphipod survival endpoints only. The horizontal bars for the screened data represent the 95% CI for T10, T50, and T90 values.

Data for each chemical were modeled independently, rather
than building & model that analyzed the concentrations of mul-
tiple chemicals simultaneously. Thus, only a single concen-
tration variable {x) was used in each individual chemical mod-
el. However, for sach model, it is possible to consider the
addition of various covariates, such as test species or end-
points. If such a covariate is considered, then & scparate in-
tercept term, a separate slope term, or both a distinct intercept
and a distinct slope term can be fit for each level of the co-
variate.

In the logistic model, the slope parameters describe how
the probability of a positive response (toxic effect) increases
as the independent variable increases. In the simplest appli-
cation of the model with a slope, Bl(x), an increase in the
concentration (x) by a specific amount {#x) will increase the
probability of observing a positive {toxic) response (/{1 —
PN by a factor of exp{B1(dx)]. The slope and intercept param-
cters for the model were estimated using the maximum-like-
likood approach. After the parameters are estimated, the model
can be inverted to estimate the concentrations that vield a
certain response probability. The notation Tp (e.g., T50) is
used to denote the concentration that would give a response
of “p” percent according to the model (e.g., the probability
that 50% of the samples would be toxic}. Confidence intervals
for Tp were derived using the delta method, which 1s based
on a truncated Taylor series expansion that utilizes the vari-
ance-covariance matrix derived from the maximum-likelikood
fit and the derivative of the function of interest (in this case,
T10, T50, and T90 were used as examples) with respect to
each parameter [111.

The chi-square statistic provides useful information for in-
terpreting the results of the logistic modeling. Specifically, the
chi-square statistic was used to determine if the slope param-
eter, B1, was significantly different from zero. For all of the
models generated, the probability (p value) associaled with the
slope parameter was <0.0001; therefore, the null hypothesis
(slope = 0} can be rejected. Additionally, the chi-square sta-
tistic can be used to assess how well the model fits the data.
For data sets with similar sample sizes, a larger chi-square
statistic indicates a better fit of the model to the data. Note,
however, that for a similar fit, the chi-square statistic increases
with sample size, and thus cannot be used to compare the fit
of data scts that are not roughly the same size. For this reason,
the chi-square statistic was normalized to the sample size (N}
to provide a goodness-of-fit measure that could be applied
across all the data sets.

RESULTS
Database composition

The assembled database includes data on a large number
of samples with a range of chemical concentrations and many
different biocassay endpoints. In total, the datbase inciudes
data for nearly 1,200 samples tested with the amphipod 10-d
survival toxicity tests (Table 2). In addition to the amphipod
tests, the compiled studies also evaluated numerous other end-
points, including the responses of bioluminescent bacteria (Mi-
crotox®), the survival and normal development of bivalve and
echinoderm larvae, and the fertilization success of gastropads
and echinoderm gametes. The combined saltwater database
included information from studies conducted in more than 40
geographic areas on the Atlantic, Gulf, and Pacific coasts of
North America. _

Toxic effects were reported in 43% of 487 samples tested
with 4. abdita and in 38% of 697 samples tested with R.
abronius. Of the 1,340 samples tested with other endpoinis,
approximately 40% were identified as toxic. Percent total or-
ganic carbon in test sediments ranged between (0.62 and 29.4,
with 2 mean concentration of 1.9 {95% CI of 1.79-2.01) for
1,265 test samples, This combined database was used for the
analyses discussed in the following sections.

Effects of data-screening procedure

Before applying the logistic model or plotting the data for
individual contaminants, the data for each contaminant were
screened {as described previously). The data-screening pro-
cedure was designed to exclude toxic samples for which the
observed toxicity could not be reasonably considered to be
associated with the chemical under consideration. The effects
of this data-screening procedure on the data distributions for
lead (Fig. 1) and phenanthrene (Fig. 2) arc illustrated in the
concentration-interval plots, which summarize the percentage
of toxic samples within discrete concentration intervals. In
each case, the respective logistic regression model for the un-
screened and screened data was plotted to provide a frame of
reference for comparing the data distributions.

Visual inspection of these plots reveals that inclusion of
the data for those toxic samples in which the chemical of
concern is unlikely to contribute to the observed response tends
to scatter and skew the data distributions. The plots of the
unscreened data for lead (Fig. 1) and phenanthrene (Fig. 2)
show very few intervals with <20% effects. Importantiy, the
nnscreened data for phenanthrene show no relationship be-
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tween chemistry and toxicity for concentrations <1,000 ng/g
dry weight and the incidence of effects were approximately
20 to 60% balow that concentration {Fig. 2). However, few
differences were found between the distributions of the
screcned and unscreened data at higher concentrations. These
results suggest that the data-screening technique used in this
study helps to clarify the relationship between contaminant
concentrations and biclogical effects in field-collected sedi-
ments, particularly at low and intermediate concentrations.

Logistic model with no covariates

The logistic model applied to the screened data sets was
used to evaluate relationships between contaminant concen-
trations and adverse effects for selected coptaminants. Con-
taminants were selected to represent different chemical classes
{inetals, PAHs, and PCBs) and a range of expected quality of
conceniration—response relationship, that is, based on earlier
studies [6,7]. In general, using log(concentration} as the in-
dependent variable, rather than concentration, resulted in high-
er chi-square values; thus only the results for the models using
log(concentration) are presented.

Based on the normalized chi-square statistic, the logistic
model provided the best fits of the amphipod toxicity data for
phenanthrene (Fig. 2), zinc (Fig. 3), and mercury {Fig. 3). The
data for nickel (Fig. 3), fluoranthene (Fig. 3), and total PCBs
(Fig. 3) provided poorer fits with the logistic model based on
chi-square analyses (Table 3). The organic carbon-normalized
data models for fluoranthene (Fig. 4) and phenanthrene (Fig.
4) did not fit the data as well as the dry weight-normalized
model. The chi-square statistics (normalized for sample size)
were similar for both dry weight- and total organic carbon-
normalized models for total PCBs (Figs. 3 and 4) and were
among the lowest overall.

The concentration-interval plots provide additional insight
into the relationship between concentration and the probability
of toxicity. For example, although the normalized chi-square
for zinc was relatively high, only 50 to 60% of the samples
were toxic in the three highest concentration intervals. For
fluoranthene, the rather flat slope of the model appeared to
underestimate the percentage of toxic samples for the highest
concentiration intervals, probably because of the high vari-
ability at the low concentrations. Most analyses of the selected
chemicals appeared to have only limited data from the higher
concentration ranges, as evidenced by the lmited number of
concentration intervals in which >80% of the samples were
toxic.

The chemical concentrations that corresponded to the 10,
\50, and 90% effects levels (designated as the T10, T50, and
{T90 levels) for amphipod survival were determined, along with

. their confidence intervals (FTable 4) and are plotted in Figures
1 to 4. Note that the confidence intervals for the TS0 values
are wider for most chemicals compared with the T50 or T10
values, with several ranging over an order of magnitude. The
concentration-interval plots for virtually all of the chemicals
examined indicated that the analyses were limited by the
amount of data available for the higher chemical concentra-
tions (i.e., toxic samples were >80% in only a few concen-
tration intervals).

Among all of the selected chemical-specific models, except
for PCBs, the logistic model for amphipod toxicity data alone
provided a better fit than for ail test endpoints combined (Table
5). The T50 effect-level concentrations derived using all end-
points and tests combined were higher than those calculated
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for amphipod survival alone for all of the chemicals tested,
except PCBs. This suggests that most of the other information
in the databasc inciuded endpoints and species that were less
sensitive than amphipod survival.

Comparison of toxicity test endpoinis

The database used in this study contains information on the
effects of sediment-associated contaminanis for a wide range
of aquatic organisms and test endpoints. Compilatior of this
information into 2 single database facilitates comparisons of
the relative sensitivities of the organisms tested and the various
endpoints investigated. To demonstrate how the logistic-re-
gression model approach can be used to compare the sensitivity
of differcnt toxicity test species or endpoints, the mode! was
applied to the data on the toxicity (10-d survival endpoints
only) of various chemicals fo the amphipods R. abronius and
A, abdita, with the fest species treated as a covariate (Table
6). Note that these comparisons do not require that the same
sample be tested concurrently with both amphipod species.

Using the logistic-regression model, it is possible to fit a
separate slope, intercept, ot both for cach of the two amphipod
species. The results of this analysis indicated that the additional
intercept term was statistically significant {(at the ¢ = 0.03
level) for all of the chemicals considered (Table 6). However,
the distinct slope term was not significant at this a-level for
lead, mercury, zinc, and phenanthrene. For nickel, fluoran-
thene, and PCBs, both terms {distinct slope and intercepl) were
significant, but mest of the increase in the goodness of fit came
from the addition of the intercept tetm. Thus, for all of these
chemicals the results of the common slope-distinet intercept
model were used to caleulate the specific Tp concentrations
for each species (Table 7). These results can be compared with
the results in Tables 3 and 4, which apply to the combined
data for both species.

These analyses suggest differences between the two marine
amphipod species in their sensitivities to sediment-associated
contaminants, For example, the logistic models developed for
lead, mercury, zinc, and phenanthrene (Fig. 5) illustrate this
apparent difference hetween the two species. Comparison of
the T10, T50, and T90 values derived for each of these species
also suggests that 4. ebdifa is more sensitive to the effects of
sediment-associated contaminants than is R. abromius. These
apparent differences in sensitivity were relatively small {a dif-
ference of less than a factor of three in T30 values) for the
metals tested (e.g., lead, mercury, nickel, and zinc), but were
almost an order of magaitude different for flvoranthene, phen-
anthrene, and total PCBs.

Although the results of these evaluations suggest systematic
differences in the sensitivities of these two amphipod species,
a closer examination of the data revealed that the differences
may be attributable to differences in classifying marginally
toxic samples. A sample classified as toxic in the Puget Sound
R. abronius data, which represented more than 408 samples,
was required to have <75% sarvival. In contrast, almost 40%
of the A. abdira samples classified as toxic, based on statistical
comparisons to the negative control, had >80% control-ad-
justed survival (where control-adjusted survival represents the
ratio of the mean test-sample survival to the mean control
survival). These samples almost certainly would have been
classified as nontoxic in the Puget Sournd study.

To further investigate this spparent difference, we con-
ducted two additional comparisons using the data for the four
contaminants (lead, mercury, zinc, and phenanthrene) with the
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Fig. 3. Logistic model with 95% CI for Tt0, T50, and T90 values and proportion of samples toxic in concentration intervals for amphipod
survival cadpoints only: mercury (mg/ke), nickel {(mp/kg}, zinc (mg/kg), fluoranthene (ng/g), and total PCBs (ng/g).

Table 3, Results of logstic model for log chemical concentration {dry wt. and organic carbon, both normalized) and toxicity data for amphipod

(dmpelisca abdita and Rhepoxynins abronius) 10-d survival test endpoints

Intercept Slope Chi-square
Chemical Unifs® (BOY {BH Chi-square value No, of samples value/V
Lead mykg, DW -4.35 1.91 156.31 911 0.17
Mercury mg/kg, DW —0.06 2.03 172.86 796 0.22
Nickel mg'kg, DW ~4,84 2.61 97.88 890 0.11
Zinc mg/kg, DW —7.15 275 17949 925 0.19
Fluoranthene nglg, DW -3.46 0.95 94.23 743 0.13
Phenanthrene ng/g, DW —4.19 1.33 145,11 751 0.19
PCBs, total ng/g, DW —-2.78 1.01 78.43 806 0.13
Fluoranthene mgkg, TOC 2,49 1.01 75.43 L5 011
Phenanthrene mg/kg, TOC —2.72 1.38 169.51 721 0.35
PCBs, tota} mg/kg, TOC —1.72 1.42 63.5% 584 0.11

:DW = Dry weight, normalized; TOC = Total organic carbon, normalized.
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Fig. 4. Logistic mode] with 93% CI for T10, TS50, and TS0 values and proportion of samples toxic in concentration intervals for amphipod
survival endpoints only for TOC-normalized concentrations (mg/kg, OC) of fluoranthene, phenanthrene, and total PCBs.

highest normalized chi-square statistics in the original models.
To make the treatment of the data more similar, we reclassified
the 4. abdita data using a control-adjusted minimum signifi-
cant difference (MSD) approach [13]. In this approach, sam-
ples are ¢lassified as toxic if they significantly differ from the
negative control and if the conirol-adjusted survival is <80%;
all other samples are classified as nontoxic. Because of limi-
tations in the available data, we were unable to reclassify the
toxicity data using the same approach for classifying samples
as toxic and nontoxic for both species. However, the MSD
approach is similar to the approach that was used for Rhe-
poxynius in Poget Sound. Logistic-regression models were

used to compare the original classification method (based on
a statistically significant difference from the negative control)
with the control-adjusted MSD appsoach for three chemicals
(Table 8). The results showed that the control-adjusied MSD
approach yielded T50 vahues that were higher than those de-
rived using the original method, The difference between the
models was largest at lower concentrations (Fig. 6).
Comparison of models for Ampelisca {using the control-
adjusted MSE approach fo classification of toxic samples) and
R. gbronius (using the Puget Sound classification approach)
reveals that neither the separate intercept nor the separate in-
tercept and slope model fit the data statistically better than the

Table4. Logistic model point estimates of T10, T50, and T90 effect concentrations with 93% Cls for amphipod (dmpefisca abdira and Rhepoxynius
abronius) 10-d survivei test endpoints®

T10 150 T90
Chemical Units Value (95% CI) Value (95% CI) Value (95% CI)
Lead mg/kg, DW 13.4 9.5-19.1) 191 (146-249) 2,700 (1,400-5,300)
Mercury mykg, DW 0.09 (0.06-0.12) 1.1 (0.82-1.39) 13 (7-25)
Nickel me'kg, DW 10.2 {17-13.7) 7 (57-90) 495 (262-933)
Zinc mgke, DW 63 (50-80} 395 (328477 2,500 {1,550-3,975)
Fluorenthene ng/e, DW 215 (9.0-51) 4,450 £2,400--8,300) 920,000 (160,000--3,200,000)
Phenanthrene ne/g, DW 311 (17.6-55) 5,400 (930-2.100) 61,000 £22,00-175,000)
PCBs, total ngfy, DW 3.8 (1.4-10.1) 581 (328-1,036) $8,500 (16,600—499,000)
Fluornthene mgikg, TOC 19 (0.9-4.4) 292 (149572) 44,100 (7.100-275,000)
Phenznthrene megrkg, TOC 2.4 (1.4-4.2) 95 {60150} 3,750 (1,130-12,200)
PCBs, fotal mg/kg, TOC 0.4 (0.2-0.9) 35 (19-63) 3,150 (550-18,000)

= The notation Tp (e.g., T50) is used to denote the concentration that would give a response of “p” percent according w© the modei (e.g., the
probability that 50% of the samples would be toxic. DW = dry weight, normalized; TOC = total otganic carbon, normalized.
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Table 5. Comparison of logistic model estimates of TS0 effect concentrations with 95% Cls and normalized chi-square statistic (chi-sg/N) for
amphipod (dmpefisca abdite end Rhepoxynius abronius) 10-d survival test endpoints and for all test endpoints combined®

Amphipod survival only All test endpoints

Chemical Units T50 (55% Cl} Chi-sq/¥V T50 (95% CI) Chi-sq/V
Lead mgkg, DW 191 (146-24%) 017 217 (177-266) 0.14
Mercury mg'kg, DW 1.1 (6.8-1.4) 022 i6 {1.2-2.1) 0.1
Nickel mg/kg, DW Ti {57-90} 0.11 i1l {81-152) 0.06
Zinc mg/kg, DW 395 {328-477) 0.19 4381 (403-573) 0.14
Fluoranthene ng/g, DW 4,450 (2,400-8,300} .13 4,756 (3,130-7,2080} 0.12
Phenanthrenc ng/g, DW 1,400 {930--2,100) 0.19 2,100 (1,450--3,000) 0.15
PCBs, total ng/g, DW 581 (328-1,030} 0.13 440 (319-607) 9.13

2 See Table 4 for definition of T50. DW = dry weight, normalized.

commnion intercept and common slope model for all four chem-
jcals evaluated (Table 9). This indicates that the mull hypothesis
{i.e., that the two species have the same logistic concentration-—
tesponse curve) cannot be rejected (at the & = 0.05 level) for
these chemicals. The results of these comparisons suggest that
the two amphipod species have essentially the same sensitiv-
ities to these four chemicals when comparable methods of
classifving toxic samples were used.

Using the models to compare existing guidelines

The contaminant-specific logistic models provide a means
of comparing the performance of existing SQGs using a large
database of matching sediment chemisiry and toxicity data.
By using the individual SQG values as input parameters, the
logistic medels for individual chemicals can be used to esti-
mate the proportion of samples expected fo be toxic at specitic
contaminant concentrations {Table 10). For example, 15 1o
31% of the samples with contaminant concentrations equal to
ERLs would be toxic to amphipods, based on the results ob-
tained for six selected substances. By comparison, 38 to 53%
of the samples would be toxic to amphipods at contaminant
concentrations equal to the ERMs. A higher incidence of tox-
icity to amphipods would be expected at contaminant concen-
trations equal to the amphipod AETs (i.e., 66-94%).

DISCUSSION
Evaluation and application of logistic-model approach

The statistical analyses conducted in this study indicate that
logistic-regression models can be used to describe the rela-

Table 6. Statistical comparisens between three logistic-regression
models for survival toxicity test of two amphipods (dmpelisca abdita
and Rhepoxynius abronius) using the chi-square statistic (-2 log
likelihood). Model A = common siope, common intercept combined
meodel for both species: Model B = common slope, separate intercept
model; Model C = separate slope, separate intercept model

Model comparison

Model B Model C
Chi-square siatistic VOrsus  versus
Model A Model B

tionships betwesn sediment chemistry and measures of bio-
logical effects. As a result, it may be possible to use models
like these to predict the probability of observing adverse ef-
fects at measured concentrations of sediment-associated con-
taminants. An evaluation of the predictive ability of these mod-
els with independent data is an essential next step.

Despite the benefits attributable to the database and asso-
ciated analytical procedures, some limitations could restrict
the application of these tools. Importantly, only a limited
amount of data is available for high concentrations of many
of the chemicals represented in the database. Hence, the upper
portions of the curves fitted by the logistic medel are poorly
defined, which generates substantial uncertainty in the highest
effect concentrations calculated (e.g., T90s).

Another chalienge associated with these analyses concerns
the inconsistent treatment of marginally toxic samples, partic-
ularly the many marginaily toxic samples classified as toxic
in the 4. abdita survival assays. Classifying these samples
either as toxic or nontoxic i the analyses may cause toxicity
to be over- or underestimated and thus create a bias in the
resuliant model. To adequately compare the sensitivity of dif-
ferent toxicity test species or endpoints, it is imperative to
standardize the treatment of the toxicity classification. The
results presented here do not suggest that one approach is
superior to the other, because the models for the different
approaches to classification of toxic samples for 4. abdita had
similar goodness-of-fit measures.

The presence of contaminant mixtures makes it difficult to
use matching field-collected data on sedimnent chemistry and
toxicily to derive universally applicable concentration-re-
sponse relationships for individual chemicals. For a given
chemical, toxicity in field-collected samples may be observed
at low concentrations where toxicity would not be expected
(false negatives) or may not be observed at high concentrations
where toxicity would be expected according to the model (false
positives). In the former case, where the observed toxicity may
be caused by other contaminants, the data-screening method
(comparing the concentration of the toxic samples with the
mean of the concentrations of the nonfoxic samples) was de-
signed to filter out many of those samples for a particoiar
chemical before performing the logistic regressions. However,

Cheinical Model A Model B Model C  (p-value) (p-value) A ; '
for chemicals such as fluoranthene and PCBs, this screening
Lead 156313 176101 177.006 <0001  0.34 process did not effectively eliminate high variability at low
Mercury 172,858 179.497 179.501 0.010  0.95 concentrations, and the resultant models did not provide as
Nickel 97.876 133.081 153.238 <{(.001 <0.001 . : )
Finc $179.494 205266 205267 <0001 057 good a fit to the data compared with the other models based
Fluoranthene 94231 124518 133294 <0.001 0.003 on screened data.
Phenanthrene  145.113  177.180 177195 <0.001 0.94 For several of the contaminants evaluated, some samples
PCBs, total 78425 104277 1225836 <0001 <0001

with very high concentrations were not toxic to amphipods.
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Table 7. Logistic model point estimates of effect concentrations (T19, T50, and T90) and chi-square statistic for selected chemicals using the
common slope/separaie intercept species covariate model for two amphipod species (Ampelisea abdita and Rhepoxynius abrovifus)®

Rhepoxynius Ampelisca
Chi-square
Chemical Enits Ti0 T50 T90 T1¢ T50 TG0 value®
Lead mgkg, DW 22 257 3,027 9.3 110 1,293 19.8
Mercury mg/kg, DW G.1 1.3 15.5 0.1 0.8 9.0 6.6
Nickel mg'kg, DW 17 28 446 8.1 41 216 352
Zinc mgkg, DW 91 509 2,857 46 256 1,439 25.8
Fluoranthene ngfg, DW 73 8,734 1,046,099 8.0 957 114,597 30.3
Phenanthrene ng/g, DW 20 2316 57,271 15 437 12,682 321
PCBs, total ng/g, DW 8 1,120 70,578 2.57 162 10,222 259

aQpe Table 4 for definition of T10, T50, and T90. DW = dry weight, normalized.
® Chi-square statistic i5 for logistic model with separate intercept term for each species (1 df).

These may represent samples where the contaminants were not
in a bioavailable form (e.g., PAHs in coal particles or metals
present in slag or paint chips). Compiling a large database
helps to reduce the influence of a small number of samples
with highly ¢levated but nonbioavailable contaminant concen-
trations. Compiling data from many different areas with suf-
ficient numbers of samples with high concentrations may make
it possible to minimize the effect of these samples on the
results. However, for most of the chemicals selected as ex-
amples, only limited data were available for highly contami-
nated samples.
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Using the models to estimate effect concenirations

The logistic-model approach described in this report pro-
vides a statistical method for estimating effect concentrations
using the information contained in the database. The model
permits users to select appropriate effect concentrations for
their specific application. For example, T10, T15, or T20 val-
ues could be calculated and used to identify contaminant con-
centrations for which the predicted incidence of effects would
be 10, 15, or 20%, respectively. Similarly, contaminant con~
centrations for which a high probability of observing adverse
effects exists could be estimated by calculating, for example,
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Fig. 5. Comparison of common slope/different intercept logistic model results for lead (mgfkg, dry weight), mercury {mg/kg, dry weight), zine
(mg/ke, dry weight), and phenanthrenc {ng/g, dry weight) with toxicity data for the two amphipod species (dmpelisca abdita and Rhepoxynius
abronius) treated as covariates.
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Table 8 Comparison of logistic model estimates of T50 effect concentrations with 95% confidence intervals and normalized chi-square statistic
{chi-sq/N) for two methods of classifying samples as toxic for Ampelisca abdita 10-d survival test endpoints®

Significance only Significance and >MSD

Chemiical Units 150 (95% CH Chi-sq/V TS0 (95% CT) Chi-sg/N
Lead mgtkg, DW 118 {82-171) 017 210 {130-292) .21
Mercury mgrkg, DW 0.8 0.5-1.1) 0.28 1.4 {1.0-2.0) 0.32
Zinc mgfg, BW 256 (205-320) 0.24 437 {338-565) 0.21
Phenanthrenc ngfe, DW 434 (273--690) 0.28 1,145 (704-1,860) 0.27

a See Table 4 for definition of T50, MSD = minimum signficant difference; DW = dry weight, normalized.

T70, TRG, or T9O values. An important advantage of this ap-
proach is its ability to calculate confidence intervals for a
selected effect conceniration, making it easier to evaluate un-
certainty associated with fitting the model. However, it should
be noted that greater uncertainty occurs away from the median
{T50) response.

Evaluation of site-specific data

Hazardous waste-site evaluations often involve the collec-
tion of sediment chemistry and toxicity daia. Logistic-regres-
sion models, derived from a large database of samples from
many geographic regions, can serve as a frame of reference
for evaluating site-specific data. That is, the logistic models
provide a basis for determining if evidence exists of differences
in the bioavailability of contaminants due to regional geo-
chemistry, If the site-specific data are consistent with the data
from other areas, it would be reasonable to use the models
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derived from 2 large database to further ovaluate the hazards
posed by sediment-associated contaminants at the site under
consideration.

The existing SQGs (e.g., ERLs, ERMs, TELs, PELs, AETs)
provide threshold values for evaluating sediment quality. For
a selected contaminant, the concentration in a sediment sample
is either above or below the threshold; however, it 1s difficult
to determine the increase in risk associated with the extent to
which the threshold is exceeded. Although use of these existing
S0Gs is possible to calculate a hazard quotient (HQ; the ratio
of the sample concentration to the threshold concentration),
the concentration—response relationships for each contaminant
cannot be assumed to be necessarily the same {14]. Thus,
depending on which chemicals were considered, an HQof 3
might have different implications for the Hkelihood of toxicity.
In contrast to the existing SQGs, the logistic-model approach
allows a user to establish the risk level of comcern (i.c., the
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Fig. 6. Comparison of logistic mode! results for lead {(mg/kg, dry weight), mercury (mgrkg, dry weight), zinc (mg/ke, dry weight), and phenanthrens
{ng/g, dry weight) with toxicity data for dmpelisca abdita, with toxic samples based on significance only (Sig Only) or significance and control-
adiusted mortality greater than the minimum significant difference {Sig & MSD).
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Table 9. Statistical comparisons of the logistic regression models for

Ampelisca abdita (toxic samples with control-adjusted survival less

than 80%) and Rhepoxynius abronius (toxic samples with survival

less than 75%) using the chi-square statistic (-2 fog likelihood). Moedel

A = cominon slope, common intercept combined model for both

species; Model B = common slope, separate intercept model; Model
C = separate slope, separate intercept model

Model comparison

Model B Model C
VErsus  versus
Model A Model B

Chi-square statistic

Chemical Medel A Model B Model € (p-vaiue) (p-vaine}
Lead 197.4 i98.2 201.8 0.371 0.059
Mercury 2173 220.8 2245 0.062 0.955
Zing 2023 202.3 204.8 0.865 114
Phenanthrene 196.1 198.3 199.9 (.133 0,207

probability that a sample would be toxic) and estimate the
comresponding concentration for each chemical of concern.

Using the models 10 compare sensitivities of species
and endpoints

With sufficient data, contaminant-specific logistic models
can be derived for individual foxicity test species and end-
points. Although not the same as comparing endpoints based
on toxicity tests conducted on the same samples, the jogistic-
model comparisons provide an objective basis for evaluating
the relative sensitivity of different tests (including both fresh-
water and saltwater tests) to different contaminants. The same
approach could alse be used to compare models for the same
toxicity test from different geographic regions to evaluate re-
gional differences in conditions that could affect toxicity test
results. The comparisons between the two amphipod species
also demonstraie the importance of using a consistent approach
to classify samples as toxic or nontoxic.

Framework for evaluating existing SQGs

Available SQGs have different narrative objectives, For
example, ERLs are intended to represent chemical concentra-
tions below which toxicity would occur only rarely. Endpoint-
specific AET values represent concentrations above which tox-
. icity would be always expected for that endpeint. Although
the SQG derivation methods are well described and are con-
sistent for all of the chemicals within a given type of SQG,
no straightforward way exists for the user to either evaluate
the degree to which individual SQGs meet their objectives or
to evaluate the reliability of individual SQGs. The logistic-
model approach provides a way to put the individual SQG
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valies into perspective with a large amount of field-collected
data and a measure of goodness of fit.

CONCLUSIONS

This paper illustrates the potential applications of the lo-
gistic-modeling approach for evaluating matched sediment
chemistry and sediment toxicity data. Compilation of a large
database, including data from different geographic areas and
contamination gradients, provides sufficient numbers of sam-
ples and ranges of concentrations to test the logistic-model
approach. This database also makes it possible to evaluate
individual toxicity test endpoints to reduce the vartability as-
sociated with combining data from different tests. However,
the lack of consistency in classifying toxic samples among the
studies included in the database increased the variability in the
data. The models for amphipod survival endpoints alone con-
sistently provided a better fif to the data than did models based
on multiple toxicity test species and endpoints. Likewise, the
models for dry weight-norroalized values for three nonpolar
organic contaminants appeared to be more reliable than the
equivalent organic carbon-normalized models. Further work is
nezded to evaluate the ability of logistic-regression models o
predict foxicity in environmental samples using independent
data sets.

The combined concentration-interval and logistic-model
approach provides several advantages relative o previous ap-
proaches: concentration-interval plots display a summary of
the screened matching data on sediment chemistry and toxicity
for the selected contaminant, allowing the user to see the dis-
sribution of the data; the user can either sclect the desired
effect level(s) (e.g., T50) or use the model to predict the prob-
ability of effects associated with specific sediment concentra-
tions; the methods permit the calculation of confidence inter-
vals for a selected effect level; the comparative reliability of
the individual models can be assessed using the goodness-of-
fit statistic; different toxicity test endpoints and sediment-nor-
malization approaches can be compared in a consistent and
unbiased manner; and the method provides a framework to
independently evaluate existing or proposed SQGs, using a
large database of matching sediment chemistry and toxicity
data.

Based on our pretiminary results, the logistic-modeling ap-
proach is a useful tool for evaluating matching sediment chem-
istry and toxicity daia. However, several refinements would
improve the applicability of the database and analytical pro-
cedures in the future. For example, a consistent definition of
toxic and nontoxic should be established for each endpoint.
Because of the importance of the screening procedure, farther
investigation into the effects of variations in the screeming

Table 10. Logistic mode! {amphipod only) estimated proportion of samples with toxic effects for ERL, ERM, and AET (1994 amphipod)
concentrations for selected chemicals®

SQG values

Estimated proportion foxic

Chemical Units ERL ERM AET ERL ERM AET
Lead mgrkg, DW 46.7 218 1,200 0.24 0.53 0.82
Mercury mg'ky, DW 0.15 0.7 23 G.15 0.41 0.66
Zinc mg'kg, DW 150 410 3,800 0.24 0.51 0.54
Flupranthene ngig, DW 600 5,160 36,000 6.31 0.52 0.59
Phenanthrene ng/g, DW 240 1,500 21,000 0.26 0.51 0.83
PCBs ng/g, DW 22.7 180 3,100 .20 0.38 0.68

"ERL = effect tanges, low; ERM = effect ranges, medium; AET = apparent effects threshold; 8QG = sediment quality guideline.
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approach is needed. Including additional data on the biological
effects of sediment-associated contaminants to freshwater or-
ganisms would facilitate the development of logistic models
that apply to freshwater sediments. Also, datz from both fresh-
water and marine locations with high concentrations of con-
taminants would help to define the upper portions of the data
distributions. Similarly, calculation of alternative ecotoxicol-
ogic thresholds may help to overcome some of the existing
limitations of the data (i.e., minimal! data on upper range of
contaminant concentrations). Finally, the development of sim-
ple toxic-unit models may provide a means of accounting for
contaminant mixtures in sediment qguality assessments. We
hope to explore these and several other questions during the
next stages of this study.
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Abstract—Individual chemical logistic regression models were developed for 37 chemicals of potential coucern in contaminated
sediments to predict the probability of toxicity, based on the standard 10-d survival test for the marine amphipods Ampelisca abdita
and Rhepoxynius abronins. These models were derived from a large database of matching sediment chemistry and toxicity data,
which inchudes contaminant gradients from a variety of habitats in coastal North America. Chemical coneentrations corresponding
0 2 20, 50, and 80% probability of observing sediment toxicity (T20, T50, and T80 values} were calculated to illustrate the potential
for deriving application-specific sediment effect concentratiens and to provide probability ranges for evaluating the reliability of
the models. The individual chemical regression models were combined into a single model, using either the maximurn {Py,,, model)
or average {P,., model) probability predicted from the chemicals analyzed in 2 sample, to estimate the probability of toxicity for
a sample. The average predicted probability of toxicity (from the Py, medel) within probability quartiles closely matched the
incidence of toxicity within the same ranges, demonstrating the overall relizbility of the Py, model for the database that was used
to derive the model. The magnitude of the toxic effect (decreased survival) in the amphipod test increased as the predicted probability
of texicity increased. Users have 2 number of options for applying the logistic models, inchading estimating the probability of
observing acute toxicity to estuarine and marine amphipods in 10-d toxicity tests at any given chemical concentration o estimating

the chemical concentrations that correspond to specific probabilities of observing sediment toxicity.

Keywerds—Sediment toxicity Sediment guldelines Logistic regression

INTROBUCTION

The contribution of contaminated sediments to effects on
sediment-dwelling organisms (including planis and inverte-
brates), aquatic-dependent wildlife {(amphibians, reptiles, fish,
birds, and mammals), and human heaith has become more
apparent in recent years [1,2]. Many toxic contaminants (such
as metals, polycyclic aromatic hydrocarbons {PAHs], poly-
chlorinated biphenyls [PCBs], chlorophenols, and pesticides)
are found in only frace amounts in water but can accunmulate
o elevated levels in sediments [3]. As such, sediments can
serve both as reservoirs and as potential sources of contami-
nants to the water column. In addition, sediment-associated
contaminants can adversely affect sediment-dwelling organ-
isms by causing direct toxicity or altering benthic invertebrate
community structure [4]. Furthermore, contaminated sedi-
ments can adversely affect fish and wildlife species, either
through direct exposure or through bicaccumulation in the food
web, While carefully designed monitoring programs can detect
effects on sediment communities, fish, and wildlife, the con-
centrations of chemicals in sediments can provide useful in-
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formation for evajuating risks to sedimeni~dwelling organismms,
wildlife, or human health from releases of toxic or bivaccu-
mulative substances into the enviromment.

A variety of indicators provide information on the status
of marine and estuarine sediments relative to ecological re-
ceptors [3]. These indicators inchude sediment chemistry, sed-
iment toxicity, benthic invertebrate comrounity status, and bio-
accumulation assessments. While the results of sediment fox-
icity tests and benthic invertebrate community assessments can
be used directly to evaluate or infer effects on sediment-dwell-
ing organisms, effective interpretation of sediment chemisiry
data requires tools that link chemical concentrations to the
potential for observing adverse biological effects [5]. Numer-
jcal sediment quality guidelines (SQGs) are commonly used
in this capacity [6-8]. '

The logistic regression model (LRM) approach described
in this paper is similar to other empirical approaches for de-
riving SQGs because it relies on matching feid-collected sed-
iment chemistry and biological effects (e.g., sediment toxicity
or benthic invertebrate community siructure effects) data, Tn
conirast to other approaches to developing SQGs, however,
the LRM approach does not develop threshold values. Instead,
the approach develops models that enable users to select the
probability of observing sediment toxicity that corresponds to
their specific objectives or o estimate the probability of ob-
serving effects at a particular chemical concentration {5].
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Tabie 1. Number of samples and percentage of samples toxic summarized by amphipod species and
data source. Samples were classified as toxic if significantly different from control and less than 90%
survival (S1G only) and if significantly different from control and less than 80% control-adjusted survival
(SIG and MSD). NA = no data

Ampelisca abdita Rhepoxynius abronius

Percentage toxic Percentage toxic

No. of SIG and No. of SIG and
Data source samples SIG only MSD samples SIG only MSD
EMAP: 1,203 222 9.3 NA NA NA
NS> 649 237 15.6 NA NA NA
MLMLE*® 43 1.6 7.0 465 72.7 52.3
SEDQUALS NA NA NA 594 63.5 34.0
BEDSe 117 41.0 30.8 152 36.8 322
Total 2,012 o238 12.6 1,211 63.7 40.8

s EMAP = U.8. Envircnmental Protection Agency Estuarine Monitoring and Assessment Project.

P NST = National Oceanic and Atmospheric Administration Status and Trends program.

e MLML = Moss Landing Marine Laberatory, California, USA.

¢ $EDQUAL = Washington State Department of Ecology. Sediment Quality Database,
*BEDS = MacDonald Environmental Sciences, Biological Effects Database for Sediments.

Logistic regression models require a large database of
matching sediment chemistry and toxicity data that includes
a broad range of concentrations. Since the preliminary logistic
models were developed [3]. the underlying sediment toxicity
database has been substantially expanded from 1,200 to 3,200
samples. The primary objectives of this paper are to describe
the development of individual chemical logistic regression
models for an expanded list of analytes, based on the standard
marine and estuarine amphipod 10-d lethality toxicity test end-
point, and to combine these mdividual models into a single
model for predicting toxicity in field-collected sediment sam-
ples. In addition, the paper illustrates the applications of the
individual logistic models for evaluating sediment quality
guidelines and the use of the combined models o predict tox-
icity for.an independent data set,

METHODS
Data acquisition and evaluation

This investigation compiled synoptically collected sedi-
ment chemistry and sediment toxicity data from throughout
North America. The primary sources of these data included
the National Oceanic. and Atmospheric Administration’s
{(NOAA) National Status and Trends program {NST), U.S. En-
virommental Protection Agency's (U.S. EPA) Environroental
Monitoring and Assessmeni Program (EMAP), Moss Landing
Marine Laboratory {(MLML, which coropiled data for the state
of California), State of Washington Departroent of Ecology’s
Puget Sound Database (SEDQUAL), and MacDonald Envi-
ronmenial Sciences’ Biological Effects Database for Sedi-
ments (BEDS; Table 1). Many geographic areas along the At-
lantic, Gulf, and Pacific coasts are represented in the database.
Although the database includes informaticn on a variety of
toxicity endpoints, only data from the American Society for
Testing Materials (ASTM) standard 10-d amphipod survival
toxicity tests with Ampelisca abdita and Rhepoxynius abron-
ius were used in the analyses discussed in this paper.

All the candidate data sets considered for inciusion in the
database were critically evaluated. Acceptance criteria applied
to individual studies provided a basis for determining whether
experimental designs and measurement endpoints, sample col-
lection and handling procedures, toxicity testing protocols and
environmenta! condifions, control responses, and analytical

methods were consistent with established procedures [5-7.9].
In the case of the data sefs from the NST, EMAP, and SED-
QUAL sources, the standard protocols established under cach
program were evaluated, and individual studies were generally
examined to identify possible deviations from these protocols.
All the data that met the acceptance criteria were incorporated
into the project database, Toxicity data were not included in
the database if negative control survival was less than 85%.
Data that were compiled in the database were verified against
the original data source to ensure that project data quality
objectives were met. For data that were acquired efectronically
(the majority of the data), 2 minimum of 10% of the data were
compared to the source files. All data that were obtained from
hard-copy materials {reports and journal articles} were com-
pared to the sonrce documents,

Data treatment and analysis

To support subsequent data analysis, the total concentra-
tions of PCB was calculated for each sediment sample rep-
resented in the database. In certain studies, only total concen-
trations of ene or more of these substances were reported; in
these cases, the reported values were used directly. The con-
centrations of total PCBs were determined using procedurss
that depended on the data reported in the original study. If the
concentrations of Aroclors {e.g., Aroclor 1242, Aroclor 1248)
were reported, then the concentrations of the individual Ar-
oclors were summed 1o determine the concentration of total
PCBs. When the concentrations of individual congeners were
reported, these values were siunimed to determine the total PCB
concentration. If fewer than 20 congeners were reported, the
sum of the congeners was multiplied by 2, following the ap-
proach used by NST [10]. if both Aroclors and congeners were
measured, total PCBs were based on the congener concentra-
tions. In calculating the total PCB concentration, below-de-
tection-limit values were treated as zero values. If all the in-
dividual chemicals to be summed were below detection or if
the detection limit of any one nondetected chemical exceeded
the sum of detected values, the highest detection limit of the
chemical constituents for the sample was used as the total value
and qualified as a below-detection-limit value.

Various methods have been used fo designate individual
sediment samples as toxic er nontoxic. In this study, individual
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sediment samples were designated as toxic if the sample was
statistically significant compared io the negative conirol and
survival was less than 90% (the wpper limit of the response
level based on acceptable negative control response in 10-d
marine amphipod toxicity tests [91). We also evaluated a sec-
ond commonly used approach for designating individual sed-
iment samples as toxic, based on statistical significance com-
pared to a negative control and a minimum significant differ-
ence (MSD) from the control (control adjusted survival of

<80% [111}. The individual chemical models that were derived.

using the significance-only approach described previously are
used for the analyses presented in this paper. These models
consistently provided slightly beiter fits to the matching sed-
iment chemistry and toxicity data.

The presence of multiple contaminants, many of which may
be present at very low concentrations, frequently complicaies
evaluating the relationship between the concentration of an
individual contaminant and toxicity in field-collected sedi-
ments. Consequently, the data for sarples that were identified
as toxic in this investigation were farther screened before being
used to develop the logistic models for each individual con-
tarninant [5]. This screening process excluded toxic samples
in which the selected contaminant was unlikely to contribute
substantially to the observed toxicity. Following the general
screening approach used by Ingersoll et al. [12] and similar
to that used by others [1,7,13], the concentration of the selected
chemical in each toxic sample was compared with the mean
of the concentration of that substance in the nontoxic samples
collected in the same study and geographic area. If the con-
centration of a chemical in an individual toxic sample was less
than or equal to the mean concentmation of that chemical in
the nontoxic samples from that study area, it was considered
unlikely that the observed toxicity could be atiributed to that
chemical. Therefore, these toxic samples were not ircluded in
the screenad data set used for developing the logistic model
for that chemical, All nonfoxic samples were included in these
analyses. Samples from reference stations were treated the
same as other samples and included in the analysis, The data
for chemical concentrations that were less than the reported
detection limit were not used to develop the logistic models.

Concentration-interval plots

Concentration-interval plots summarize the matching sed-
iment chemistry and foxicity data for individual contaminants.
These plots were prepared by calculating the proportion of
toxic samples within discrete concentration intervals. The in-
dividual points represent the median of the sample concentra-
tions within the interval and the fraction of the samples clas-
sified as toxic within the interval. Each point on the plots
represents a minimum of 15 individual samples (a greater num-
ber of samples was included in the interval if more than one
sample had the same concentration). The range represented by
each concentration interval was determined from an ascending
list of unique sample concentrations for each contaminant, with
the number of intervals determmined by the total number of
unique sample concentrations for the selected contaminant.

Logistic regression modeling

The individual chemical logistic regression rodels were
developed from the screened data set for each chemical, ac-
cording to the methods described in Field et al. [3]. The data
for each chemical consist of the chemical concentration and
the toxicity test result {toxic or nonfoxic). The model param-
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eters {slope, intercept) define the shape of relationship between
the chemical concentration (logi0) and probability of a toxic
result. Tn its simptest form, the logistic model can be described
using the following equation:

_ _exp(B, + Bi(x))
1 + exp(B, + B;(xp

where p = probability of observing a toxic effect, B, = in-
tercept parameter, B, = slope parameter, and x = chemical
concentration or log chemical concentration,

This Jogistic model was applied to the complete screened
data (not the concentration-interval summarized data) for a
aumber of substances to develop relationships between the
sediment chemistry and the sediment toxicity data. For cach
of these substances, the intercept (B), slope {B,}, and chi-
square statistic {—2 log likelihood) were determined. The data
for each chemical wers modeled independently rather than
building a model that analyzed the concentrations of multiple
chemicals simultaneously. Thus, only a single concentration
variable (x) was used in each individual chemical model. All
the logistic regression analyses were conducted using the Sta-
tistical Analyses System {SAS®) Institute’s logistic procedure
[14).

After estimating the model paratneters, the model was in-
verted to estimate the concenirations that yield a certain re-
sponse probability [3]. The notation T, (¢.g.. T50) is used to
denote the concentration that would give a response of p per-
cent according to the model (e.g., the T50 represents the chem-
ical concentration at which 50% of the samples would be pre-
dicted to be toxic). Confidence intervals for these effoct con-
centrations were derived to describe the uncertainty associated
with fitting the model.

‘The chi-square statistic provides useful information for in-
terpreting the results of the logistic modeling. Specificaily, the
chi-square statistic was used to determine whether the slope
parameter, B., was significantly differcnt from zero. For all
the models generated, the probability (p value) associated with
the slope parameter was <0.0001; therefore, the null hypoth-
esis {slope = 0) can be rejected. Additionally, the chi-square
statistic can be used to assess how well the model fits the data.
Normalizing the chi-square statistic to the sample size (V)
provides a goodness-of-fit measure that could be applied across
all the data sets. Models that had a normalized chi-square value
of <0.15 were considered a poor fit and were not used [5}.

Multichemical models

Individual chemical logistic regression models were com-
bined to provide a single probability of observing toxicity
using two approaches; the maximum probability model (Py,.,),
which was derived from the individual chemical model with
the highest probability for a sample, and the average proba-
bility model {(P,..), which was derived from the arithmetic
mean of the probabilities for all the chemicals with models
measured for a sample. The results for both approaches were
plotted using the interval approach described earlier, with the
difference that the x-axis for these plots represented the median
of either the maximum or the mean probability (instead of the
concentration) for each interval and included a minimum num-
ber of 50 samples per interval. The relationship between the
maximum (or mean) probability of toxicity from the individual
chemical models and the proportion of toxic samples was de-
scribed by a least-squares binomial regression model of the
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interval data. These binomial models were used to estimate
the probability of toxicity for individual sampies.

Model evaluation

We used three approaches to evaluate models with accepi-
able goodness-of-fit values (normalized chi-square value of
<{.13). First, we evaiuated the internal reliability of the chem-
ical-specific models by comparing the model predictions of
the probability of the toxicity to all the information contained
in the project database on the toxicity of conlaminated sedi-
ments to marine amphipods {the data that were screened out
of the logistic model development process were included in
the relisbility evaluation). A similar approach was used to
evaluate the reliability of the Py, model. Second, we compared
spiked sediment bioassay median lethal concentration (LC50)
values from the literature with individual model results. Third,
we calculated the probability of observing toxicity for an in-
dependent daia set {(one not used to derive the models) using
the Py, model. Model results were compared with toxicity
test oufcomes by comparing the proportion of foxicity test
results observed with that predicted from the models.

RESULTS

Database composition

The database is composed of matching sediment chemistry
and toxicity data from the Atlantic, Gulf, and Pacific coasis
of North America. The database includes data from 10-d tox-
icity tests with two specics of amphipods (R. abronius and A.

- abdita), for which survival is the endpoint that was measured

{Table 1). Overall, roughly 39% of the 3,223 sediment samples
in the database with matching chemistry and toxicity were
toxic to amphipods (percentage survival was <90% and sig-
nificantly different from the negative conirol). For 4. abdita,
24% of the 2,012 samples were toxic in 10-d tests (Table 1}.
A higher proportion of the samples (64% of 1,211 samples)
tesied with R. abronius were identified as toxic (Table 1).
Using the MSD approach to classifying samples as toxic (per-
centage control-adjusted survival was <80% and significantly
different from the negative control), 12.6% of the A. abdita
samples and 40.8% of the R. abronius samples were classified
as toxic.

The sediment toxicity database iacludes information on the
concentrations of over 300 chemicals of potential concern at
contaminated sediment sites. For many of these chemicals, the
assembled data span a broad range of chemical concentrations.
Table 2 presents the distributions of the chemistry data {10th,
50th, and 90th perceniiles) for metals, PAHs, PCBs, and sev-
eral organochlorine pesticides. These data show that the 10th-
to SOth-percentile concentrations of the individual contami-
nants typicaily span two to three orders of magnitude, with
ranges often spanning four to six orders of magnitude. Per-
centage total organic carbon in test sediments averaged 1.92%
(standard deviation = 2.05, » = 3,117) and ranged from 0.01
io 29.4%.

Logistic regression models for individual chemicals

We derived logistic regression models for individual chem-
icals to evaluate the relationships between chemical concen-
trations and sediment toxicity. Data to generate acceptable
logistic models were available for 37 substances, including 10
trace metals, 22 individuai PAs, total PCBs, and four or
ganochlorine pesticides (Table 3). In this paper, all the logistic
models were generated using dry weight-normalized chemical
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concentration data because previous analyses indicated that
such models fit the amphipod toxicity data as well or better
than the organic carbon-normalized models for nonpolar or-
ganic contaminants [5]. The data for arsenic, chromiwm, nickel,
and p,p’-DDE (dichlorodiphenyldichlorocthylene} provided
relatively poorer fits with the logistic model. Nevertheless, the
normalized chi-square statistic exceeded 0,15 for 37 substanc-
es for which logistic models were generated, indicating that
the models provide good fits of the amphipod toxicity data.

Concentration-interval plots provide additional information
for evaluating the relationships between chemical concentra-
tion and the probability of observing sediment toxicity in the
screened data set used to derive the model. For example, the
plots for lead and mercury confirm that logistic models provide
good fits of the underlying amphipod toxicity data (Fig. 1).
Importantly, the range of concentrations represented in the
database appears to span the effects range, as demonstrated
by the low incidence of toxicity (0%) at the lowest concen-
trations and the high incidence of toxicity (90--100%) at the
highest chemical corcentrations. Similar results were obtained
for fiuoranthene and phenanthrene; however, the incidence of
toxicity tended to be somewhat lower (roughly 90%) at the
highest concentrations of these substances.

While the logistic models provide effective tools for esti-
mating the probability of observing sediment toxicity at var-
ious chemical concentrations, point estimates of sediment ef-
fect concentrations are aiso useful for assessing sediment qual-
ity conditions. As an example, the chemical concentrations
that corresponded to the 20, 50, and 80% proportion of toxic
samples for amphipod survival were determined and desig-
nated as the T20, T50, and T80 values, respectively (Table 4).
These values.provide a framework for evaluating the reliability
of the individual models.

Reliability of individual chemical logistic models

The reliability of the chemical-specific logistic models was
evaluated by comparing the model predictions of the proba-
bility of the toxicity to all the information contained in the
project database on the toxicity of contaminated sediments to
amphipods. For example, the data screened out of the logistic
model development process were included in the reliability
cvaluation. In this evaluation, the T values derived for each
substance were used to define four ranges of chemical con-
centrations (=7T20, >T20-T50, >T50--T80, and >T8N), and
the percentage of samples that were toxic within each con-
ceatration range was determined (Table 5). The logistic models
and associated point estimates were considered reliable if the
observed incidence of toxicity was consistent with the pre-
dicted incidence of toxicity. In this evaluation, chemical con-
centrations below the T20 value were predicted to be asso-
ciated with a low incidence of foxicity (<20%)}. Similarly, a
high incidence of toxicity (>80%) was expected when chemn-
ical concentrations exceeded the T80 values. Moderately low
(20-50%) and moderately high (50--80%) incidences of fox-
icity were expected at concentrations between the T2{ and
T30 values and between the T50 and T80 values, respectively.

The results of this evaluation indicate that the logistic mod-
els and associated point estimates of sediment effect concen-
trations generally provide a reliable basis for estimating the
incidence of sediment toxicity in the project database (Table
5). The largest number of samples for each chemical had con-
centrations in the range below the T20 value, and the number
of samples decreased within each of the subsequent ranges.
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Table 2. Distribution of the sediment chemistry concentrations for the sediment samples with matching
toxicity data

No. of 10th 50th 90th
Chemical samples percentile percentile percentife
Metals (mg'kg dry wi)
Antimony 2,173 017 0.67 29
Arsenic 2,844 2.2 7.4 19
Cadmium 2,958 0035 0.3 19
Chromium . 2,827 9.1 50 130
Copper 3,091 2.6 26 160
Lead 3.010 5.5 23 130
Mercury ' 2,788 0.02 0.1 0.79
Nickel 2916 2.4 19 44
Silver 2,552 0.03 0.21 i9
Zinc 3,013 16 89 300
Polycyclic aromatic hydrocarbons (pg/kg dry wt)
1-Methyinaphthalene 1,677 0.50 6.5 60
1-Methyiphenanthrene 1,697 0,30 11 130
2,6-Dimethyinaphihalene 1,505 0.40 6.3 67
2-Methyinaphthalene 2,077 0.77 12 130
Acenaphthene 1,795 0.20 7.0 130
Acenaphthylene 1,747 0.18 7.8 120
Anthracene 2.268 0.47 20 410
Benz{alanthracene 2,574 1.2 40 766
Benzo{a]pyrene 2,526 1.2 33 910
Benzofblfuoranthene 1,645 0.86 48 1,000
Benzofghilperylene 2,210 11 46 550
Benzofklfluoranthene 1,691 0.50 26 620
Biphenyl 1,507 0.47 6.8 54
Chrysenc 2,650 1.7 53 1,000
Dibenz[w, Alanthracene 1,886 0.29 14 179
Fluoranthene 2,734 3.0 gl 1,400
Fluorene 2,611 0.35 1 160
Indenof 1,2,3-cdlpyrenc 2,212 0.94 47 6800
Naphthatene 2,201 1.8 16 220
Perylene 2,174 1.5 36 370
Phenanthrene 2,658 1.7 44 660
Pyrene 2,708 32 87 1,509
Polychlorinated biphenyls (PCBs; pgkg dry wi)
Total PCBs 1,989 2.6 3% 640
Organochlorine pesticides (pg/kg dry wi}
Pieldrin 770 0.4 .79 5.1
p.p’-DDDe 1.672 0.084 1.8 20
.o -DDE* 1,899 0.080 2.2 59
p.p'-DDTs 1,176 0.058 1.2 18

: pDD = dichlorodiphenyldichlorocthane.
*DDE = dichlorodiphenyldichloroethylene.
cDDT = dichlorodiphenyltrichloroethane.

The incidence of amphipod toxicity was underestimated for
concentrations below the T20 value for all 37 chemicals, al-
though 35 of 37 were within [0% of the top of the range.
Between the T20 and T50 values, the incidence of toxicity for
most (30 of 37) of the chemicals was within the predicted
range of 20 to 50% toxicity. The incidence of toxicity between
the T50 and T80 values was within the predicted range 50 to
80% toxicity for all 37 chemicals. The observed incidence of
toxicity was below the T80 value for 11 chemicals, but most
were within 10% of the predicted range. The exceptions in-
cluded arsenic and p,p’'-PDE. The models for these chemicals
would be most likely to overestimate toxicity.

Among the various classes of contaminants, the logistic
models for PAHs were the most relisble. For 16 of 22 PAHs,
the actual incidence of toxicity to amphipods was correctly
predicted within three of the four concentration ranges defined
by the T values; however, a higher-than-predicted incidence
of toxicity was observed above the T20 values for all PAIs

{Table 3). Among the trace metals, the logistic models for
chromium, copper, lead, mercury, and zinc were the most re-
liable, as indicated by the level of agreement between the
predicted and observed incidence of foxicity to amphipods.
Likewise, the logistic modet for total PCBs provided an ac-
curate basis for predicting toxicity to amphipods in the data-
base. A somewhat lower level of reliability was observed for
the organochlorine pesticide models,

Individual chemical models and spiked-sediment bioassay
LC50 values

Dose—response data from laboratory-spiked sediment bio-
assays provide perspective on the concentrations of individual
chemicals that can be coasidered to cause toxicity. Most of
the studies in the literature on spiked-sediment toxicity report
LC50s. An LC50 value represents the concentration corre-
sponding to 50% survival of test organisms. In this study, many
samples were classified as toxic with much higher test survival.
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Table 3. Logistic regression model parameters, normalized chi-square
values, and number of samples in the screened database for
individual chemicals

Chi-
No. of Intercept Slope square

Chemical samples (Bg) {B;) value/N
Metals {mg/kg dry wt)
Antimony 1,718 —6.90 2.41 0.25
Arsenic 2,336 —4.14 317 0.17
Cadmium 2,413 ~{3,34 2.51 0.31
Chromium 2,399 —G.44 3.80 0.20
Copper 2,580 -379 293 0.38
Lead 2,481 -545 2.77 0.27
Mercury 2,296 G.80 2.55 0.32
Nickel 2,450 —4,61 277 0.18
Silver 2,103 —G.11 197 0.25
Zing 2,516 —7.98 3.34 0.28
Polyeyelic aromatic hydrocarbons {(pg'kg dry wt)
t-Methylnaphthalene 1,368 —4.14 2.1¢ 0.24
i-Methylphenanthrene 1,401 —3.59 1.75 0.28
2,6-Dimethylnaphthalenc 1,249 —~4.05 1.9¢ 0.20
2-Methynaphthalenc 1.704 —-3.76 1.78 0.25
Acenaphthene 1,424 -3,62 175 0.33
Acenaphthylene 1,447 —2.96 1.38 0.23
Anthracene 1,823 ~3.66 1.49 0.29
Benz[alanthracene 2,099 —4.20 1.58 0.30
Benzolaipyrene 2,053 ~4.30 1.38 0.30
Benzo[bHiuoranthene 1,348 —4.54 1.4% 0.27
Benzo[ghiiperylene 1,818 -4.28 1.59 0.25
Benzofkifluoranthene 1,376 —4.28 1.57 0.29
Biphenyl 1,226 ~4,11 2.21 0.26
Chrysene 2,126 4,32 1.54 0.29
Dibenz[a, Alanthracene 1,546 -3.63 1.77 0.33
Fluoranthene 2,189 —4.46 1.48 0.26
Fluorene 1,668 -3.71 1.81 0.32
Indenof1,2,3-cdipyrenc 1,837 —4.37 1.62 0.27
Naphthalene 1,816 —-3.78 1.62 0.24
Perylene 1,823 4,68 176 0.22
Phenanthrene 2,173 —4.46 1.68 0.30
Pyrene 2,240 -4.71 1.56 0.29
Polychlorinated biphenyls (PCBs; pgikg dry wi)
Total PCBs 1,617 —3.46 135 0.27
Organochlorine pesticides (pg'kg dry wt)
Dicldrin 633 -1.17 2.56 0.35
p.p' DD 1,360 -1.90 1.49 0.27
p.p -DDE? 1,552 —1.84 0.91 0.16
p.p'-DDTe @31 —1.77 1.68 0.34

= DDD = dichiorodiphenyldichloroethane.
*DDE = dichlorodiphenyldichloroethylene.
= DDT = dichlerodiphenylirichloroethane.

Thus, for comparisons with the individual chemical Jogistic
regression models, LC20 values would be more consistent with
the method used in this study to classify samples ag toxic, but
these values were not generally available. Consequently, re-
ported LC50 values for 10-d spiked-sediment toxicity test con-
ducted with marine amphipods were compared to the proba-
bility of toxicity estimated from the individual chemical mod-
els (Table 6). Using the logistic models, the probability of
toxicity at the reported LC50 values ranged from 0.54 for zinc
to 0.97 for mercury, with most estimates of the probability of
toxicity within the range of 0.8 to 0.9.

Multichemical models

The logistic regression models for individnal chemicals
were combined in two ways to estimate the probability of
toxicity for the mixture of contaminants in a given sample:

L.J. Ficld et al.

Phenanthrene
! T
P
_ " W
8 g3 . o}f. :
2o £ o5 e
2 k- CPY
E y g 0a weeneh
H
.. 02
o i
[T i w1 10 100 102 108 10t 105 108
Concemration (mg/kg) Concentration (ng/g)}
Mercury Fluoranthene
1 T T 4 T
H H d' H
08 |- S N— 0.8 -
o
g 4 . 2
s; 06 " g 06
] 3 £
g : 2
g 04 : £ oa : 4
& H
a E i
0.2 - s} 0.2 i
L L]
v :
o hd t

1] i
ol 198 1! 10?1 10t 108 et
Concettration (ng/g)

i 1
[T AT T O TUNT
Concentratisn (mgkg)

Fig. 1. Logistic regression models and proportion of samples texic in
concentration intervais in the screened database for lead (mg/kg),
mercury (mg/'kg), phenanthrene {ng/g), snd fuoranthene {ng/g). The
individual poinis represent the median of the sample concentrations
within the interval and the fraction of the samples toxic within the
interval.

uging either the maximum (P, model) or the mean (P,
medel} probabilities from the individual models (Fig. 2). The
combined models are derived from the probability-interval
plots, which summarize all the data in the database. In order
to minimize the potential impact of samples with partial chem-
istry, only sampies with at feast 10 chemicals analyzed were
included in the data set used to derive the multichemical mod-
els. Unlike the methods used for deriving the individual chem-
ical models, all the samples with matching chemistry and tox-
igity were included in the evaluation (no additional data screen-
ing procedures were employed). The multichemical models
are derived from the probability-interval plots, which sum-
marize ali of the data in the database. The parameter estimates
shown in Table 3 were used to develop the multichemical
models, except for PCBs. A correction in PCB uniis for 15
samples resulted in a minor change in the PCB model. How-
ever, because the effects of the correction on the mulfichemical
models were extremely small (the maximum differences in
predicted probability of toxicity were 0.0025 for the Py, model
and 0.029 for the P,,, model), the multichemical models were
not changed.

The results of this evaluation show that both combined
models accurately predict toxicity to amphipods. Above a max-
inwm probability of about €.2, the maximum probability is
somewhat higher than the corresponding proportion toxic (Fig.
2). The Py, model calibrates the maximum probability to ac-
count for the difference between the maximum probability
from the individual chemical models and the observed pro-
portion toxic for samples within the same probability interval.
For exampie, for a maximum probability of 1.0 from the in-
dividual chemical models (x-axis), the observed proportion
toxic {and the predicted probability from the Py, model} is
0.84. The data used to derive the P,,, model show the opposite
situation, where mean probability values correspond to a high-
er proportion toxic {underestimate toxicity). Thus, using the
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Table 4. Logistic model point estimates of T20, T30, and T80 concentrations and 95% confidence intervals (CI) for individual chemicals. The
notation T, {e.g., T50) is used to denote the concentration that would give a response of p percent sccording to the model {e.g., the probability
that 50% of the samples would be toxic)

T20 T50 T8G
Cherpical Lower CI T valee UpperCl LowerCI T value Upper CI Lower CI T value Upper CI
Metals (mg/kg dry wi)
Antimony 0.55 0.63 0.72 2.0 2.4 2.8 6.6 8.9 12
Arsenic 6.3 7.4 8.1 18 20 23 45 56 69
Cadmium 0.34 (.38 0.43 1.2 1.4 1.5 4.0 4.9 6.0
Chromium 44 49 53 126 141 158 329 410 510
Copper 29 32 35 86 94 103 239 280 328
Lead 27 30 33 84 94 104 244 97 360
Mercury 0.12 0.14 0.15 0.43 0.48 0.54 1.4 1.7 2.1
Nickel i3 15 16 42 7 32 118 147 185
Stver 0.19 .23 0.26 0.98 1.1 1.3 4.4 58 76
Zinc 87 24 102 224 245 267 342 636 746
Polyeyclic aromatic hydrocatbons (pg/kg dry wi)
I-Methylnaphthalene i7 21 25 73 94 122 281 433 669
1-Methylphenanthrone i5 i8 23 88 112 143 454 696 1,067
2,6-Dimethylnaphthaiene 20 25 31 96 133 185 413 713 1,231
2-Methylnaphthalene 18 21 26 102 128 161 514 767 1,145
Acenaphthene i3 19 24 90 116 148 469 714 1,083
Acenaphthylene il 14 18 162 140 194 799 1,418 2,517
Anthracene 27 34 42 228 299 369 1,630 2,486 3.792
Benz{alanthracene 50 51 75 382 466 567 2,491 3,535 5017
Benzolalpyrene 57 69 85 428 520 633 2,754 3,908 5,546
Benzolf]fluoranthene 100 130 169 814 1,107 1,306 3,925 9,413 16,035
Benzolghilperylene 54 &7 82 395 497 625 2,444 3,710 5,631
Benzolkliluoraathene 55 70 90 405 537 713 2,541 4,121 6,685
Bipheny! i4 17 21 37 73 93 206 310 466
Chrysene 67 82 99 529 650 799 3,595 5,186 7,479
Dibenzfa Alanthracene 15 19 23 92 113 i39 475 685 G88
Fluoranthene 98 119 146 832 1,034 1,284 6,066 8,952 13,212
Fluorene i6 19 24 92 114 140 465 665 451
Indeno[1,2,3-cd]pyrenc 56 68 84 393 488 607 2,350 3,482 5,159
Naphthalene 25 30 37 170 217 278 1,022 1,565 2,409
Perylene 62 74 89 358 453 572 1,819 2,767 4,209
Phenanthrenc 57 68 81 377 455 550 2,181 3,056 4,263
Pyrene 103 125 150 768 932 1,132 4,942 6.952 9,863
Polychlorinated biphenyls (PCBs; pg/ke dry we)
Total PCBs 27 35 44 282 368 481 2,412 3,926 6,393
Organochlorine pesticides (pg/ky dry wt)
Deldrin 0.65 Q.83 1.0 23 29 3.6 6.9 16 15
pp-DDD 1.7 2.2 2.8 14 19 25 o5 159 267
pp'-DDE? 2.2 31 4.4 61 103 176 1,278 3,414 %119
pp-DDTe 1.3 1.7 22 8.3 11 15 45 76 129

¢DDD = dichlorodiphenyldichloroethane.
*DDE = dichlorediphenyldichioroethylene.
sDDT = dichlorodiphenyltrichloroethane,

P,., model, mean probabilities of 0.5 and ©.75 correspond to
proportion toxic of 0.7 and 0.9, respectively.

A major advantage of the Py, model is that it is less sen-
sitive to the number of chemicals measured in each sample.
For example, the P,,, model incorporates the output from mod-
els for 22 individual PAHs. Since individual PAHSs are likely
to co-occur in environmental samples, the P,,, may be influ-
enced more by the concentrations of PAHs than by the con-
centrations of other chemicals. Although both the P, and
P... models provide a good fit to the data, we will discuss
only the Py, model in the remainder of this paper.

The average predicted probability of toxicity (from the Py,
model) within probability quartiles closely matches the inci-
dence of toxicity within the same probability quartiles (Fig.
3), demonstrating the overall reliability of the Py, model with-
i the database that was used to derive the model. In addition,
the magnitede of the effect {deercased survival) in the am-

phipod test increases as the probability of toxicity increases
(Fig. 4). Toxic samples with a probability of toxicity less than
or equal to 0.25 have an average control-adjusted survival of
grealer than 75%, while samples with a probability of texicity
greater than 0.75 have an average control-adjusted survival of
less than 50%. This demonstrates that samples that are esti-
mated to have the highest probability of toxicity are also likely
to be extremely toxic.

The number of chemicals in a sample that have a high
probability of toxicity (e.g., p > 0.75) makes a difference in
how well the model predictions match the observed perceniage
of the samples that are toxic (Fig. 5). As shown, when only
one chemical in a sample has a probability of toxicity greater
than 0.75, the P, model tends to overestimate the probability
of toxicity. The difference between the predicted probability
of toxicity and incidence of toxicity can be considered to be
a measure of the false-positive rate. As the number of chem-
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Table 5, The percentage of toxic samples within ranges defined by logistic model T20, T50, and T80
vatues and the aumber of samples in the database used to derive the logistic model for cach chemical

No. of
Chemical <T20 T20-T50  T50-T80 >T8&0 samples
Metals (mg/kg dry wt}
Antimony 30.3 48.5 67.9 82.5 2,173
Arsenic 30.0 43.8 56.3 69.7 2,844
Cadmium 27.6 30.% 62.7 78.7 2,958
Chromium 24.5 427 55.7 80.0 2,827
Copper 22.1 50.6 64.9 85.0 3,091
Lead 28.5 45.0 60.6 943.0 3,010
Mercary 25.5 49.6 66.1 79.4 2,788
Nickel 253 447 604 NA2 2,916
Silver 25.6 525 60.7 73.7 2,552
Zine 236 413 67.8 71.3 3,013
Polyeyclic aromatic hydrocarbons (ug/kg dry wi}
1-Methrylnaphthalene 237 48.3 60.3 75.0 1,677
1-Methylphenanthrene 247 45.8 65.5 80.0 1,697
2,6-Drimethylnaphthalene 23.5 422 574 NA 1,508
2-Methyinaphthalene 254 47.5 61.1 8890 2,077
Acenaphthene 232 56.3 67.7 91.4 1,795
Acenaphthylene 24.0 44.7 67.6 NA 1,747
Anthracene 26.5 48.8 66.9 T 2,268
Benz[ajanthracene 28.5 45.3 65.0 829 2,574
Benzo{d]pyrene 27.7 48.5 64.2 838 2,526
Benzo{ blfluoranthene 24,0 46.3 674 NA 1,645
Benzo{ghi|perylene 253 46.6 63.6 86.7 2,210
Benzolklfluoranthene 255 442 68.3 93.3 1.691
Benzofluoranthenes, total 252 46,3 56.7 833 1,507
Biphenyl 28.7 47.8 64.8 g6.1 2,650
Chrysene 239 49.0 65.3 85.7 1,886
Dibenz{a, ilanthracene 284 47.1 64.9 879 2,734
Fluoranthene 221 484 68.2 87.2 2,011
Fluorene 25.6 44.5 64.9 90.5 2,212
Indenof1,2 3-cdipyrene 26.4 43.8 64.1 887 2,281
Naphthalene 26.9 394 59.8 NA 2,174
Perylene 28.2 47.3 64.1 857 2,688
Phenanthrene 283 46.2 65.0 872 2,768
Pyrene 23.7 483 603 750 1,677
Polychiorinated biphenyls {PCBs; pgike dry wi)y
Total PCBs 26.8 460.3 727 81.5 1,989
Organochlorine pesticides (pg/kg dry wt)
Tricldrin 20.2 53.8 66.7 78.8 770
p.p'-DDDY 259 49.4 64.7 80.5 1,672
o.p'-DDE: 225 534 54.9 57.6 1,899
.o -DDT 25.6 56.5 66.7 6.7 1,176

ANA = fewer than 10 samples.

" DDD = dichlorodiphenyldichloroethane.
< DDE = dichlorodiphenyldichloroethylene.
$DDT = dichlorediphenyttrichiorocthans,

Table 6. Estimated probability of toxicity from chemical-specific logistic regression models for median
lethal concentration (LCS50) values (dry wt) reported from 10-d spiked sediment amphipod toxicity tests

Probability of

Chemical LC50 toxicity Source
Cadmium (mg/kg) 9.81 0.90 Mearns et al. [24]
8.8-10.0 0.88-0.90 Kemp et al. {25}
8.2-11.5 0.88-0.91 Robinson et al. [26]
6.9 0.85% Swariz et al. [27]
Mercury {mg/kg) 13.1 .97 Swartz et al. [17]
Zinc (mg/kg) 276 0.54 Swartz et ai. [17]
Fhyoranthene (mg/ks) 4.2 6.71 Swariz et al. [17]
3.3-10.5 0.68-0.82 Swartz et al. [28]
Phenanthrene {mg/kg) 3.68 0.82 Swartz et al. [29]
Totel PCBs* (mgfkg) 8.8 087 Swartz ¢t al. [17]
2.0 -DDT (ng/g) 15.2-125 0.50-0.85 Word et al. [30]

* PCBs = polychlorinated biphenyls.
"DDT = dichlorodiphenyitrichloroethane.

L.J. Field et 2k
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median sample probability of a minimum of 50 individual samples
within the interval and the fraction of the samples toxic within the
mterval.

icals in a sample with a high probability of toxicify increases,
the false-positive rate decreases.

Application of the models to independent data (data not
used in model derivation} is an important step in evaluation
of the models. The Py, model was applied to a small inde-
pendent data set {# = 65) consisting of two studies from the
Calcasieu Estuary in Louisiana, USA, that had matching sed-
iment chemistry and toxicity data for 4. abdita {16}, unpub-
lished data set provided electronically by P. Crocker, 1.5, EPA,
Region 6, Dailas, TX, USAJ]. These data were not incladed in
the database used to derive the modeis. Although the data set
has a limited number of samples, data from a wide range of
contaminant concentrations are represented. The average pre-
dicted probability of toxicity within probability quartiles was
within 25% of the measured incidence of toxicity for each
quartile, indicating that the Py, model generally was able to
successfitlly classify the samples as toxic or not toxic {Fig.
&). With the exception of the third quartile (0.5 < p < 0.75),
the P,., model underestimated the toxicity observed in Cal-
casien Estuary samples.
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Fig. 3. Average predicted and proportion toxic within probability
quartiles for P, model.
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Fig. 4. Percentage control-adjusted survival for toxic samples within
probability quartiles for Py, model.

DISCUSSION
Evatuation of the logistic regression modeling approach

The results of this investigation indicate that logistic re-
gression models provide an effective basis for describing re-
lationships between the concentrations of sediment-associated
contaminants and toxicity to two species of marine amphipods,
The chemical-specific models that were derived in this inves-
tigation provide a basis for estimating the proportion of sam-
pies expected to be toxic for 37 individual contaminants over
a wide range of contaminant concenirations. As such, these
models help users select sediment effect concentrations that
most directly meet the needs of their specific application. For
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Fig. 5. Average predicted and proportion toxic by number of chemicals
per sample with probability of toxicity from individual chemical mod-
els >0.75.
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Fig. 6. Average predicted and proportion toxi¢ within probability
quartiles for an independent data set from the Caleasicu Estuary (LA,
USA) (n = 65),

example, T10, T13, or T20 values could be calculated and
used to identify concentrations for individual contaminants that
are likely to be associated with a relatively low incidence of
sediment toxicity (10, 15, or 20%, respectively). Such point
estimates of minimal effect concentrations might be used in a
screening assesament to identify sediments that are relatively
uncontaminaied and have a low probability of sediment tox-
icity. Similarly, contaminant concenirations for which there is
a high probability of observing adverse effects could be es-
timated by calculating T70, T80, or T90 values. These higher
point estimates could be used to identify sediments that are
highly likely to be foxic to amphipods and have a greater
magnitude of effect (higher percentage mortality). The T val-
ues can be used in much the same way as other sediment
guidelines, with the difference that the T value is associated
with a specific probability of observing toxicity and an esti-
mate of variance based on the fit of the model.

The individual models derived in this study have lower TS0
vahies for all the seven chemicals that were modeled in our
garhier study [5]. The most likely explanations for this differ-
ence include standardization of the approach used to classify
satnples s toxic and the large increase in the size of the
database. In the previous study, loxicity was classified by the
original investigators. For example, in the carlier study, sam-
ples from the Puget Sound database were classified as toxic
if significantly different from a field reference and less than
75% survival; in the present study, these samples were clas-
sified as toxic if significantly different from the negative con-
trol and less than 90% survival. This change resulted in a
greater number of samples classified as toxic in data from
Puget Sound than in the carlier study.

The Py, model is based on the individual chemical with
the highest probability of toxicity. For approximately 70% of
the samples, one of the 10 metals for which individual re-
gression modeis had been developed had the maximum prob-
ability used in the Py, model. This should not be construed
to imply that metals are causing toxicity in these samples. It
indicates only that metals appear to be a good predictor of

1.J. Field et ak

toxicity in field-collected samples where mixtures of contam-
inants are likely to be present. It is not possible to determine
from the models alone whether the metals or the other chem-
icals considered in this evaluation make a substantial contri-
bution to the observed toxicity in any individual sample.

Comparison of the model results to spiked-sediment bio-
assays reported in the literature indicates that LC50 values are
equivaient to T8C to T values for several chemicals. This
is consistent with the observation that control-adjusted sur-
vival is approximately 50% in samples with a high probability
of toxicity. It may be more appropriate to use LC15 or LC20
values for comparisons to the chemical-specific models since
the models are based on whether samples are classified as toxic,
which does not require 50% mortality. Unfortunately, the LC15
or LC20 values are rarely reported in the literature.

Estimating the probability of toxicity for sediment quality
guidelines

The individual chemical logistic models can be used to
estimate the probability of observing toxicity to amphipods at
the chemical concentrations that are defined by the SQGs.
Examples are shown in Table 7 for three commonly used sets
of SQGs that represent a range of threshold values: threshold
effect levels (TEL), probable effect levels {PEL [7]; effect
range low [ERL} and effect range median [ERM] {13]), and
apparent effect thresholds (AET) for marine amphipods [151
Both ERLs and TELs represent chemical concentrations below
which toxicity would occur infrequently (<25%) [1,7], while
effects are expected to be frequently observed at concentra-
tions exceeding PEL and ERM concentrations. In conirast,
endpoint-specific AET values represent concentrations above
which toxicity is always expected for that endpoint.

The results are generally consistent with the narrative intent
of the SQGs for most of the chemicals for which SQUs had
been derived. For the TELs, the probability of observing sed-
iment toxicity at these concentrations ranged from 10 t041%
{depending on the chemical under consideration), with the
probability of toxicity below 25% for 24 of 27 chemicals con-
sidered (Table 7). The probability of observing sediment tox-
icity was generally higher at the ERL concentrations {ranging
from 11-47%), with a median value of 33%. The predicted
incidence of toxicity was hi ghﬁer for the PEL and ERM values,
with median values of 55 and’ 72%, respectively. The highest
probability of chserving toxicity to amphipods was noted for
the amiphipod AETs, with the estimated proportion of the toxic
samples ranging from 45 to $9% and the median value of 90%.

Although derivation methods for the different SQGs are
well described and are consistent for all the chemicals within
a given type of SQG, no straightforward method exists that
enables the user to either evaluate the degree to which indi-
vidnal SQGs meet their objectives or evaluaie the reliability
of individual SQGs. The logistic model approach provides a
way to put the individual SQG values into perspective by
estimating the probability of toxicity fo amphipods. In addi-
tion, the goodness of fit for each model provides an objective
measure of the quality of the models for individual chemicals.

Multichemical models

One of the major challenges in assessing the ecological risk
associated with exposure to contaminated sediments is the
presence of chemical mixtures. Swartz et al. [17] demonstraied
that mixtures of two to four contaminants produced greater
toxicity to a marine amphipod than the individual chemicals
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Table 7. Estimated proportion of samples toxic to amphipods at the
chemical concentrations defined by sediment quality guidelines (5QG)

Chemical ERL* ERM' TEL: PEL¢Y AET*
Metals
Antimony NAT NA  NA NA 099
Arscnic 022 0385 020 073 099
Cadmium 046 089 032 077 093
Chromium (total) 033 078 022 054 094
Copper 021 079 041 054 097
Lead 03¢ 073 020 055 o096
Mercury 022 060 019 060 085
Nickel 028 053 022 048 092
Silver 047 073 041 059 0381
Zinc 033 0.8 027 0354 098
Polycyclic aromatic hydrocarbons
2-Methyloaphthalene 039 078 019 059 089
Acenaphthene 018 075 010 045 o090
Acenaphthylene 033 071 013 049 0.79
Anthracenc 031 070 024 047 o692
Benz[alanthracens 046 070 022 0357 oxd
Benzo[alpvrene 047 068 023 057 099
Benze[ghilperylene NA NA NA NA 078
Chrysene 041 073 023 054 091
Dibenz[a klanthracene @39 066 010 053 090
Fluoranthene 041 074 019 036 o090
Flucrene 0.20 077 021 055 094
Indeno[1,2,3-cdlpyrene NA NA NA NA 083
Naphthalenc 045 083 022 060 084
Phenanthrene 039 070 023 053 094
Pyrene 044 067 022 057 038
Polychlorinated biphenyls {(PCBs)
Total PCBs 016 040 016 040 0.78
Organochlorine pesticides
Dieldrin NA NA 018 061 0.55
p.p -DDDs NA  NA 015 036 960
.p’-PER 8.18 037 017 062 045
.y -DDT NA  NA 016 035 031

*ERL = effect range low 1L

?ERM = effect range median 1],

¢ TEL = threshold effect level [71.

4PEL = probable effect level [71.

* AET = apparent effect threshold for amphipod survival [15].
TNA = no SQG vahue available.

$DDD = dichlorodiphenyldichloroethane,

"DDE = dichiorodiphenyléich!orocthyicnc.

iDDT = dichlorodiphenylirichloroethane.

alone. Most evaluations of the effects of mixtures on aquatic
toxicity endpoints such as survival and growth have focused
on two empirical models of noninteractive joint action: con-
centration addition and response addition [18]. Concentration
addition, which is also referred to as simple similar action,
assumes that contaminants act independently but by similar
mode of action, Toxic unit models, which are a specialized
case of concentration addition, have been applied to the as-
sessment of the toxicity of PAH mixwures in sediment [19—
21] but are unlikely to be applicable o complex mixtures of
contaminants commonly found in the environment that may
represent different modes of action. Response addition, or in-
dependent action, is expected to apply to cases where contam-
inants have a different mode of action and toxicity would be
predicted only when one or more contaminants exceeds their
toxicity threshold,

The Py, model can be considered to be similar to a response
addition model, where toxicity is predicted on the basis of the
individual chemical model that has the highest probability of
toxicity. However, because the individual models themselves
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were derived from field-collected sediments that include mix-
tures of contaminants rather than individual dose-response
relationships, to some extent the individual models incorporate
the overall toxicity of the mixtures,

The multichemical models provide an estimate of toxicity
for individusl samples based on the ouiput from the individual
chemical models. The Py, model, which is based on the high-
est predicted probability from any of the individual chemical
models, is less sensitive to the number of chemicals analyzed
than a model based on the mean value (P sy model). However,
because the predicted probability of toxicity is based on a
single chemical, a greater potential may exist for false positives
because of the application of less reliable individual models
for some chemicals or unusual conditions. The individual mod-
els for nickel, p.p'-DDE, and a few other chemicals were
shown (Table 5) to have a lower incidence of foxicity at con-
centrations exceeding T80 values. Thus, the probability of tox-
icity could be overestimated for any sample where the chemical
with the maximum probability value had a high rate of false
positives. In addition, a greater tendency exists for false pos-
itives when high probability predictions are based on only one
or two chemicals having a high probability of toxicity. These
results are similar to the analysis presented by Long et al. 22
that demonstrated an increasing incidence of toxicity as the
number of ERMs or PELs exceeded in individual samples
increased. This supports the concept that empirical approaches,
such as the one described in this papet, are not defining dose~
response relationships for individual chemicals but serve as
indicators of toxicity based on chemical mixtures.

Application of models 1o evaluations af site-specific or
regional data

Hazardous waste-site evaluations often involve the collec-
tion of substantial quantities of sediment chemistry data, For
example, information on the magnitude and areal extent of
sediment contamination is frequently collected to support
screening-level ecological risk assessments. In the past, sed-
tment assessors have used numerical 3QGs (s.g., ERLs, ERMs,
TELs, PELs, AETs, andior others) o evaluate such data. While
such 80Q0s are nseful for identifying thresholds below which
sediment toxicity is unlikely to be observed and above which
sediment foxicity is likely to ocear, it ig difficult to determine
the extent to which risk increases with the magnitude of ex-
ceedance of the SQGs. Caleulation of hazard quotients (HQ,
the ratio of the measured concentration of a contaminant in
sediments to the corresponding toxicity threshold) for each
chemical using the SQGs can provide additional information
for assessing risk to sediment-dwelling organisms. Several in-
vestigators have applied mean 8QG quotients to evaluate mix-
fures of conteminants in field-collected sediment samples
{8.22,23]. However, such evaluaiions are based on an as-
sumption that concentration-response relationships for sach
chemical are similar. The logistic regression models approach
avoids this assumption and provides a way to apply separate
concentration response relationships for each chemical.

The models described in this paper were derived from a
large database of matching sediment chemistry and toxicity
that included data from many different coastal areas of North
America and many different contamination gradients. Because
the models require a large amount of data for their derivation,
data from an individual site are rarely sufficient to derive site-
specific models. Rather than deriving site- or regional-specific
models. we recommend applying the models to data from the




2004 Environ. Tovicol Chem. 21, 2002

site or region to determine how well the models fit the local
data. The evaluation of the independent data set from the Cal-
casieu Estuary provides an example of how this could be ac-
complished. By comparing the percentage of toxic samples
with the mean predicted probability of toxicity within discrete
probability ranges (e.g., probability quartiles as shown in Fig.
6), the performance of the wodels with data from the site can
be evaluated, If the models predict a higher percentage of toxic
samples than observed (false positives), then issues related to
bioavailability may be investigated further. The individual
chemical models could be used to determine whether specific
chemical models are associated with the high false-positive
rate. If toxicity ccours at a much higher frequency than pre-
dicted (false negatives), then it may be important to consider
chemicals not accounted for (ao models avaiiable) or issues
related to the sediment matrix (e.g., grain size effects),

CONCLUSIONS

A large database of matching sediment chemistry and tox-
icity data for marine amphipod survival, which includes many
different contaminant gradients from a wide variety of habitats
in coastal North America, was used to derive logistic regres-
sion models for 37 individual chemicals, The logistic regres-
ston models do not represent dose-response relationships for
individual chemicals but can be considered to be indicators of
toxicity based on field-collected sediment chemical mixtures,
Combining the individual models into a single model, using
either the maximum or the average probability predicted from
the chemicals analyzed in a sample, provides a single value
for estimating the probability that a sample will be toxic. These
models enable users to select sediment quality guidelines that
match the fevel of protectiveness {as measured by the prob-
ability of toxicity) appropriate for the objectives of thejr as-
sessment and to estimate the uncertainty associated with the
chosen level of protectiveness.

The LRM approach provides a useful framework for con-
ducting screening-leve! assessments that require classifvia g or
prioritizing samples on the basis of sediment chemistry but
should not be considered as a substityte for direct effects as-
sessment (e.g., toxicity tests). Because the models do not con-
sider potential differences in bicavailability or exposure, the
probability of toxicity may be over- or underestimated for some
locations. Application of the models to additional independent
data sets will provide the best measurs of the ability of the
models to predict toxicity in different environments and con-
taminant gradients.
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Abstract—Cause—effect sediment-guality benchmarks for the protection of benthic invertebrates are needed for polychlorinated
biphenyls (PCBs) to support predictive risk assessments and retrospective evalnations of the causes of abserved sediment toxicity.
An in-depth evaluation of PCB aquatic toxicity and organic carbon partitioning was conducted to predict sediment effect concen-
trations using the equilibrivm partitioning (EqP) approach. This evaluation was limited to invertebrate toxicity data, because PCBs
may exert loxicity to invertebrates and fish via different toxicological mechanisms. As a result of differences in organic carbon
partitioning among PCBs of differing levels of chlorination, the estimuted EqP benchmarks increase with increasing degree of
chiorination for various commercial and environmental PCB mixtures. Siudies of spiked sediment toxicity using PCBs were reviewed,
and their results generally were consistent with EqP predictions. Additionalty, toxicity and benthic community datz were reviewed
" for eight PCB-contaminated sites; these data also showed agreement with EqP predictions. None of these lines of evidence supports
previously proposed, empirical sediment-quality guidelines for PCBs. Reasons for the lack of agreement between cause~effect and
assoctation-based benchmarks are discussed, and areas of future research to further refine EqP predictions for PCBs are identified.

Keywor&s—PoEychlorinﬁled biphenyls
meni-quality guidelines

INTRODUCTION

The development of cause—effect sediment-quality bench-
marks to assess potential effects on benthic invertebrates from
polychlerinated biphenyls (PCBs) has lagged behind similar
efforts regarding polycyclic aromatic hydrocarbons and metals
[1,2]. This can be attributed, in part, to a focus on PCB bio-
accumulation and toxicity to piscivorous wildlife, arguably the
most sensitive endpoint for PCB-related effects. However, in
our experience, cause—efiect benchmarks for PCBs are needed
specifically for benthic invertebrates to support both predictive
ecological risk  assessments and retrospective evaiuations of
the causes of observed sedument toxicity, For example, in
smaller bodies of water, PCB bioaccumulation is limited be-
cause of the lower trophic status of the aquatic community,
and wildlife exposure also may be limited by the size of the
affected arca relative to overall wildlife foraging ranges. In
such cases, benthic invertebrates often are the most exposed
organisms, and their protection may determine cleanup deci-
sions. Because the assessment and remediation of even small
sites with contaminated sediment can cost millions of dollars
and involve significant disruption of physical habitat, it would
be valuable o improve the efficiency and accuracy of PCB
risk assessments for benthic invertebrates by better under-
standing expected concentration-response relationships. Sim-
ilarly, improved methods are needed to support identification
of causative agents in sediments that are found to be toxic to
benthic invertebrates. The consequences of incorrectly iden-
tifying causes of toxicity include failure to target source control
efforts appropriately {¢.g., resulting in recontamination of re-
mediated areas) as well as potential misallocation of liability.

* To whom correspondence may be addressed
{pfuchsman@environcorp.com).
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Most sediment-quality guidelines for PCBs have been based
on interpretations of large data sets of paired biological and
chemistry data collected from sites contaminated primarily
with chemicals other than PCBs [3—14]. These empirical guide-
lines were developed using methods that cannot discrimisiate
between noncausal associations and cause—effect, concentra-
tion—response relationships [15]. MacDonald et al. {16] preo-
posed “consensus” sediment effect concentrations for PCBs
based on a review and synthesis of such guidelines, including
a threshold value of (.040 mg/kg, a midrange value of 0.40
mg/kg, and an extreme value of 1.7 mg/kg. Increasingly, the
guidelines of MacDonald et al, [16] are being used by sediment
assessors and regulatory agencies, and in the present paper,
they serve as a focus for comparisens to empirical PCB sed-
iment guidelines in general. It is worth noting that the same
methods used to derive consensus guidelines for PCBs also
have been applied to metals [17], resulting in *‘threshold effect
concentrations’”” that are at or below natarally occurring back-
ground concentrations of metals in sediments and, thus, ob-
viously underestimate plausible, individual-chemical toxicity
thresholds [18].

MacDonald et al. [16] wried to demonstrate that their con-
sensus PCB guidelines reflect cause—effect rélationships be-
tween PCB concentrations and benthic toxicity by comparing
the consensus values to equilibrium partitioning (EqP) [19]
benchrarks and results of spiked sediment toxicity tests. How-
ever, in their review, the sole EqP benchmark identified [20]
is actually based on the U.S. Environmental Protection Agency
(U.S. EPA) water-quality criterion of 0.014 pg/L. This crite-
rion is not relevant to the prediction of benthic inveriebrate
toxicity, because it is calculated from a fish tissue PCB con-
centration for the protection of wildlife [21]. Also, MacDonald
et al. 116], in their evaluation of the results of spiked sediment
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tests. did not account for biases resulting from limited sedi-
ment-chemical contact time. Spiked sediment studies are ca-
pable of characterizing cause—effect relationships provided
that the bioavailability of the spiked chemical is understood
and can be compared to other sediments. Current guidance for
sediment spiking recommends a stabilization period to allow
partitioning (i.e., bicavailability) of the spiked chemical to
approach equilibrium [22]; otherwise, chemical bioavailability
and toxicity will tend to be overestimated compared to field
conditions {23]. Recent PCB-spiked sediment studies incor-
porating a sediment stabilization period were not included in
the review by MacDonald et al. [16].

In the presemt paper, we endeavor to provide a more thor-
ougl causal assessment of PCB-related risks to benthic in-
vertebrates, including the application of EqP methods using
aquatic life toxicity values and a review of spiked sediment
toxicity studies. Measures of biological effects for sites con-
taminated primarily with PCBs are then compared with both
the consensus PCB guidelines and the cause—effect bench-
marks to evaluate the predictive ability of these screening val-
ues. Uncertainties in our assessment also are discussed, both
to guide its application and to identify future research needs.

EQUILIBRIUM PARTITIONING ASSESSMENT
Overview

The EqP approach [19] uses the mass fraction of organic
carbon in sediment (f,)) and the chemical-specific partition
coefficient between water and organic carbon (K} to calculate
sediment-quality benchmarks as follows:

sediment-quality benchmark (n
= water-quality benchmark- K- f..

This approach is based on observations indicating that the
bicavailable fraction of nonpolar organic chemicals is equiv-
alent to the fraction of the sediment concentration that is freely
dissolved in interstitial water, and that the freely dissolved
fraction is determined primarily by the extent of partitioning
to organic carbon. The K, parameter typically is estimated
based on octanol-water partition coefficient (K.} values. Ad-
vantages of the EqP approach include the ability te incorporate
extensive aquatic toxicity data from controlled experiments
and the ability to interpret differences in bioavailability among
different sediments. The applicability of the EqP approach to
nonionic organic chemicals has been extensively validated
(see, e.g., £1,19,24,257).

Application of the EqP approach to PCBs is complicated
by the occurrence in sediment of as many as 209 individeal
PCB congeners, representing up to 10 fevels of chlorination
{mono- through decachlorobiphenyl homologues), Analyses of
all possible congeners are uncommon in both environmental
characterization and toxicity studies. Rather, PCB concentra-
tions typically are measured as total PCBs (quantified using
technical Aroclor standards) or as homologues. Thus, toxicity
thresholds and chemical partitioning properties identified for
Equation ! must apply to PCB mixtures. Toward that end, we
developed an EqP model for PCBs, as summarized in Figure
1. In the absence of adequate toxicity data for PCB homologues
or congeners, the aguatic toxicity component is addressed by
identifying a single water-quality benchmark applicable to total
PCB concentrations in pore water. Chemical partitioning is
addressed on a homologue basis to account for site-specific
differences in PCB mixture composition. Normalization of

P.C. Fuchsman et al,

Published aquatic Site-specific Published
toxicity data for PCB partitioning
Aroclor 1254; composition: . data:
Final acute value x Homologues as Average
Acute/chronic ratio = | | Percentage of log Kow by
Aroclor 1254 final total PCBs homologue
chronic value (FCV), ]
applied to total Eguation 2
PCBs ¥
Calculated log Koy for total

PCB mixture = log Kpc

|
v
FCV (gL} x Ko {Lkg) x 0.001 = SQB (ug/g) / foc

!

Sediment quality benchmark (ug/fg OC):
Apply using site-specific fraction organic carbon

Fig. 1. Concepiual overview of equilibrium partitioning model for
polychlorinated biphenyis {(PCBs). Note that site-specific PCB com-
position is considered in estimating partitioning, but not toxicity, be-
cause of limitations in available toxicity data. f,. = fraction organic
carbon; K, = organic carbon—water partition coefficient; K, = oc-
tanol—water partition coefficient; SQB = sediment-guality benchmark.

sediment PCB concentrations based on sample-specific organic
carbon measurements is assumed by expressing sediment-qual-
ity benchmarks on a microgram per gram of organic carbon
(rg/g OC) basis.

Water-quality benchmark derivation

Because the available water-quality criteria for PCBs are
based on piscivorous wildlife and human health endpoints, it
was necessary to derive an alternative water-quality bench-
mark for this assessment based on aquatic toxicity data. A
PCB water-quality benchmark was developed specifically for
invertebrates based primarily on data obtained from the U.S.
EPA online AQUIRE {Aquatic Toxicity Information Retrieval)
database. Original studies were obtained and reviewed to the
extent possible. The complete data set is available in the Sup-
plemenzal Information (see Supplemental Tables 1 and 2 and
supplemental references; SETAC Supplemental Data Archive,
Items ETC-253-10-002 to ETC-25-10-004, http://etc.allenpress.
¢om). Although the EqP approach typically uses aguatic tox-
icity data for both invertebrates and fish, the toxic mechanism
of action exerted by PCBs may differ significantly between
invertebrates and fish. Specifically, toxicity of planar PCB con-
geners to vertebrates is mediated by the aryl hydrocarban (Ah}
receptor and may be more potent (at least for some vertebrates)
than the toxicity from other PCB congeners. Invertebrates gen-
erally lack the Ah receptor and are not susceptible to this
mechanism of toxicity [26.27], Although acule toxicity to both
invertebrates and fish likely operates via narcosis, chronic tox-
icity in fish may be mediated by the Ah receptor, at least in
some cases. Therefore, only invertebrate toxicity data are con-
sidered for the present evaluation,

Acute toxicity values, representing concentrations lethal to
50% of test organisms (LC50s), are available primarily for the
commercial PCB mixtures Aroclor 1254 (21 species) and Ar-
oclor 1242 (nine species). Although individual species exhibit
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Derivation of Arocler 1254 final acute value for inveriebrates
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Test 50% Lethal Genus mean

Scientific name Common name Reference Methods  duration (h) concn, (pg/L) acute value
Palaemoneres pugio (adult)® Daggerblade {75] S, M 96 41-86 6.9
Palaemonetes pugio (juvenile) Grass shrimp S, M 96 6.1
Pulaemoneres pugio (juvenile} S, M 96 7.8
Corophium insidiosum Amphipod [76) NR, U 96 9 9
Uca pugilator Fiddler crab [771 R, U 96 10 10
Crangon septemspinosa Bay shrimp [78} S, M 96 12 12
Crangon crangon Common shrimp [29F R, U 48 3,000-10,000¢
Ampelisca abdita Amphipod [57] 5\ M 96 40 40
Elasmopus bampo Amphipod [7a6]¢ NR, U 96 40 40
Mysidopsis bahia Opossum shrimp [571 S, M 96 57 57
Orconectes nais Crayfish [79] S, U 96 100 100
Ischnura verticalis Damselfly [B0] 5 U 96 200 200
Macromia sp. Dragonfly [B1]¢ FEU 96 200 200
Procambarus sp. Crayfish [79] S u 96 >550 550
Capitella capitata Polychaete worm [82] S.uU 96 >1,008 1,000
Neanthes grubei Polychaete worm [821 5, U 95 . >1,000 1,000
Nereis arenaceadentate Polychaete worm |82% 5, U 96 >1,000 1,006
Ophryotrocha labronica Polychaete worm [82] 5, U 96 >1,000 1,000
Litapenaeus vannamei ‘White shrimp [83] S, U 48 1,640 1,640
Gammarus fasciatus Amphipod [84] 5, U 96 2,400 2,400
Gammarns pseudolimnaeus Amphipod {801 S, NR 96 2,400
Cerastoderma edule Cockle [29]¢ R, U 48 > 10,000 16,000
Hydra oligactis Hydra [85] R, U 72 20,000-22,000 21,000

Final acute value® 6.96 pg/l

+F = Bow-through; M = measured; NR = not reported; S = static; R = renewal; U = unmeasured.

» Genus mean acute valve for Paloemoneres pugio is calculated using the more sensitive lifestage (juvenile).

* Ag cited in U.S. Environmental Protection Agency online AQUIRE database (http://www.epa.gov/ecotox).

4The 50% icthal concentration for Crangen crangon is not used in the FAV calculation because of the wide concentration range, short test

duration, and availability of data for another species in this genus.
e Calculated according to Stephan et al. [30].

differences in sensilivity among commercial PCB mixtures,
Aroclors 1242 and 1254 exhibit similar toxicity based on com-
parisons of the most sensitive species and the overall distri-
butions of toxicity values. The limited data available for com-
mercial PCB mixtures containing lower {Aroclors 1221 and
1232} and higher {Arvoclors 1260, 1262, and 1268) chlorine
content suggest that these formulations are less toxic than
Aroclors 1242 and 1254 [28,291. Data for Aroclor 1254 were
interpreted using the U.S. EPA [30] methodetogy for caleu-
lating final acute valucs (FAVs). The FAV is designed (o es-
timate the fifth percentile of acute values for all possible genera
based on the“goal of protecting 95% of aquatic species from
acute toxicity. The FAV for Aroclor 1254 is caleulated as 6.96
pe/L (Table 1).

Because the available chronic toxicity data are more limited
than the acute data, a final chronic value (FCV) was calculated

from the FAV using an acute to chronic ratio (ACR). The ACR
was developed using all studies from the LC30 data set for
which an acute LC50 could be paired with a measure of test
organism development or reproduction after chronic exposure.
Three studies containing the requisite information were iden-
tified (Table 2). The acute value was divided by the chronic
value to yield an ACR for each pair of tests. The geometric
mean of these ACRs is 13, Dividing the FAV by this value
results in a FCV of 0.54 pg/L. This FCV is approximately
equal to the lowest chronic effect concentrations reported for
mortality (LLC50s for larvae and pupae of the midge Tanytarsus
dissimilis exposed to Aroclor 1254 [28}) and is lower than
most chronic values identified for reproduction, growth, or
development of various invertebrate species [28,31-33]. The
only exception is a measurable increase in larval abnormalities
in the clam Mercenaria mercenaria after 48-h exposure to

Table 2. Invertebrate acute to chronic ratio (ACR) for polychlorinated biphenyls

Acute  Chronic

Chemical Species Method® Chronic endpoint Reference  value®  value® ACR
Aroclor 1242 Gammarus pseudolimnaeus  F M Reproduction [28] 73 49 15
Aroclor 1248 Gammarus pseudolimnaens E M Reproduction [281 249 33 8.7
Aroclor 1254 Microarthridion linorale S, M Reproduction (spiked sediment test) [43} 4,380 190 44
Aroclor 1254 Uca pugilator R, U Development and chronic mortality  [77] 10 2.2 4.5

Final ACR® 13

Final Chroni¢ Value?

(pg/l} (.54

2 F = flow-through; M = measured; § = static; R = renewal; U = unmeasured.

b Geomeltric mean of available acute or chronic values. Units ate pg/L except for Microarthridion littorale (pglg organic carbon).
¢ Geometric mean of species mean ACR values.
¢ Final chronic value = Final acute value/ACR,
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Table 3. Percentage homologue composition and chronic sediment-quality benchmarks for selected U.S. corimercial and environmental
polychlorinated biphenyl (PCB) mixtures®

Commercial Aroclors

New Jersey

Homologue
PCB homologue log K,.° 1242 1248 1254 1260 Site A Site B Ohio site  Qregon site

Monochlorobiphenyls 4.64 1 0.5 0.4
Dichlorobiphenyls 5.12 13 I 3 7
Trichlorobiphenyls 5.62 45 21 1 14 31
Tetrachlorebiphenyls 6.04 31 49 15 25 30 34
Pentachlorobiphenyls 6.49 10 27 53 i2 44 24 24 1
Hexachlorobiphenyls 6.84 2 26 42 29 16 3 34
Heptachlorobiphenyls 6.98 4 38 2 7 0.8 43
Qctachlorobiphenyls 7.72 7 3 0.03 23
Nonzchlorobiphenyls 8.24 1 2 0.02
Decachlorobiphenyls 8.26 1
Total PCB log K,,.° 5.59 595 6.43 6.85 6.38 5.98 597 6.99
Sediment-quality

benchmark {ug/g

organic carbon) 210 490 1,500 3,800 1,300 510 320 5,300

» Homologue concentrations in commercial Aroclors are from DeVoogt and Brinkman [86]. Environmental data are from P.C. Fuchsman (un-

published data).

b Average homologue-specific log octanol-water partition coefficient (K,,) values are from Mackay et al. [38] and from Shiu and Mackay [371.

< Total PCB log K, values are calculated using Equation 2.

0.01 pg/L of Aroclor 1254 [36], reflecting a sensitivity mark-
edly greater than that in any other study we identified. Benthic
survey resulis for PCB-contaminated sites, which are discussed
further below, show generally good agreement with EgP pre-
dictions based on the FCV of 0.54 ug/L, indicating that the
much lower M. mercenaria lowest-effect concentration [36]
would not be a good predictor of ecologically significant ef-
fects, at least at the community level.

Because individual PCBs exhibit limited solubility in water,
the toxicity data for Aroclor 1254 also were evaluated to assess
whether the calculated FCV might be unduly influenced by
nominal {unmeasored) toxicity values. Solubility of PCBs de-
creases with increasing chlerination; for instance, solubility
limits have been reported as 1 to 100 pg/L for tetrachloro-
biphenyls, 4 to 20 pg/l. for pentachlorobiphenyls, and 0.4 to
1 pg/L for hexachlorobiphenyls [37]. Thus, at higher test con-
centrations, nominal exposures could overestimate true ex-
posure concentrations, particularly for the hexachlorobiphenyl
component of Aroclor 1254, As shown in Tables 1 and 2, the
highest LC50s reported for Aroclor 1254 (=100 pg/L) are all
based on nominal concentrations. However, most of the data
influencing the FCV calculation (ie., sensitive LC50s and
chronic data) are based on measured concentrations. Also, at
these lower exposures (=10 pg/l), solubility limitations
should not be a major concern based on the homologue com-
position of Aroclor 1254 (Table 3} and the large number of
individual congeners within each homologue (e.g., up to 42
hexachlorobiphenyls). Therefore, the FCV of (.54 pg/L ap-
pears to be a reasonable estimate of a chronic toxicity threshold
for sensitive invertebrate raxa,

Organic carbon—wuter partitioning

To apply this FCV to total PCBs in sediment, it is necessary
to quantify how PCBs partition between sediment organic car-
bon and interstitial water. This task is complicated by the fact
that PCB mixtures are comprised of multiple congeners, each
of which exhibits different partitioning characteristics. The X,
for the PCB mixture can be calculated based on the distribution
of PCB concentrations among difterent levels of chlorination
(homologues) as follows:

1

——— 2)
Z fhomo}ocuc i

Kowromres =

i Kow-hunmlagu: i

where K, juu ven TEPTEsents the overall K, for the PCB mix-
tUTE, fhomotosue; fEPTESENS the fraction of PCB mixture consisting
of homologue £, and K, pomatogne < 1S the K, for homologue /.
Homologue-specific log K, values are identified as averages
of available congener-specific values [37,38] (Table 3). Al-
though K, values differ somewhat among congeners within
the same homologue, these differences should tend to cancel
one another and are considered to be negligible relative to
ather uncertainties in the EqP model (e.g., relationship between
K, and K_)}.

The K, parameter is estimated to equal the calculated K,
values based on data presented by Bucheli and Gustafsson
[39]. Those authors compiled measured K. values of PCB
congeners in field-collected sediments (as opposed to labo-
ratory-spiked sediments) and related them to X, values. Ex-
cluding open ocean samples {in which much of the particulate
organic carbon consists of living organisms), the assumption
of equality of K, and K, represents a conservative (protective)
estimate of the actual K (Fig. 2). Note that this data set tends
to underestimate true K. values for PCBs in sediment for two
reasons. First, some studies included in the data set used mea-
surement techniques that overestimate freely dissolved PCB
concentrations (i.e., PCBs adsorbed to dissolved organic car-
bon were not distinguished from freely dissolved PCBs). This
bias most strongly affects the higher-chlorinated PCBs, as is
evident in Figure 2. Second, the data set includes partitioning
data for suspended sediments, which typically contain dia-
genetically younger organic matter with somewhat lower sorp-
tivity for hydrophobic organic compounds [39]. Even with
these biases, it is evident from Figure 2 that K, values for
PCBs often can exceed the K, of the compound. Strong sorp-
tion to soot or other hard carben is one likely explanation [40].
The assumption of a one-to-one relationship between K, and
K, is intentionally conservative; site-specific investigations of
PCB partitioning, where feasible, could provide more accurate
estimates of site-specific PCB bioavailability.
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Fig. 2. Comparison of octanol-water partition coetficient (X} and
orgamic carbon/water partition coefficient (K,) values for polychlo-
vinated biphenyls (PCBs) in different environmental compartments.
Circles indicate bedded sediments (Ketelmeer), triangles indicate sus-
pended sediments {Hudson, Detroit, and St. Clair rivers), and crosses
indicate suspended sediments (Lake Superior}. Data are from Bucheli
and Gustafsson [397.

EqP sediment-quality benchmarks

The estimated log K. values and sediment-quality bench-
marks for various PCB mixtures, including technical Aroclors
and site-specific example sediments, are shown in Table 3. All
these sediment-quality benchmarks are calculated based on the
FCV for Aroclor 1254, which introduces considerable uncer-
tainty in the assessment, especially for sediments contaminated
with less-chlorinated PCB mixtures. Because -higher-chlori-
nated PCBs partition more strongly to sediment, the compo-
sition of freely dissclved (bioavailable) PCB mixtures in sed-
iment is quite different than the PCB composition of the total
PCB mixture in sediment (Fig. 3). Thus, sediment contami-
nated with Aroclor 1242 would exhibit a PCB profile in pore
water more similar to that of Aroclor 1221 or 1232. Although
invertebrate toxicity data are very limited for PCB mixtures
with chlorine content tower than that of Aroclor 1242, Daphnia
magna reproductive data {28] suggest that these less-chlori-

B Sediment

t4 Porewater

A A N Y]

1 2 3 4 5 6 7 8

Number of Chlorines

Fig. 3. Homologue composition of polychlorinated biphenyls (PCBs)
sorbed to sediment {(measured) and dissolved in pore water (predicted
assuming equilibrium partitioning) at a site in Ohio, USA (PC. Fuchs-
man, unpublished data). The composition of PCBs sorbed 1o sediment
resembles thal of Aroclor 1248, whereas the composition of PCEs
dissolved in pore water resembles that of Aroclor 1232.
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nated PCB mixtures are less toxic than the mixtures used here
to represent the aguatic toxicity of PCBs. Despite potential
overestimation of PCB bicavailability and toxicity in our cal-
culations, the EqP approach provides sediment-quality bench-
marks for a wide range of PCB homologue profiles that con-
sistently exceed the consensus screening values of MacDonald
et al, {16]. For comparison, if ong assumes 1% organic carbon
in the underlying data set of MacDonald et al. [16], then the
consensus values are equivalent to 4 pg/g OC (threshold), 40
pgfg OC (midrange), and 170 pg/g OC (extreme), all of which
are lower than the EqP benchmarks presented in Table 3.

SPIKED SEDIMENT TOXICITY TEST

Spiked sediment toxicity tests are controiled experiments
that provide direct measurements of chemical toxicity in sed-
iment. Such studies provide valuable cause—effect data, al-
though chemical bioavailability may be unrealistically high if
the study design does not incorporate a stabilization period to
allow chemical partitioning to approach equilibrium [23]. Re-
sults of spiked sediment toxicity tests using PCBs are sum-
marized in Table 4. The majority of tests showed no adverse
effects at any test concentration (81-2,560 pg/g OC for PCB
mixtures and up to 50,000 pg/g OC for individual PCB con-
geners). Toxicity was observed only in certain studies that did
not incorporate a sediment equilibration period. For instance,
Swartz et al. [41] observed a LC30 for the amphipod Rie-
poxinins abronius of 2,900 pg/g OC, whereas Murdoch et al,
[42] observed no significant mertality in the samec specics
exposed to 2,560 pg/g OC after sediment equilibration.
DiPinto et al. [43] also observed reduced copepod reproduction
at 100 pg/g OC. However, this result was observed in only
one of two duplicate experiments, and the study did not in-
corporale an equilibration period. By comparison, spiked sed-
iment tests that incorporated an equilibration period and mea-
sured reproduction resulted in unbounded no-effect concen-
trations ranging from 2,560 pg/g OC for Neanthes arenaceo-
dentara [44} to 10,000 pg/g OC for Lumbriculus variegatus
[45] {although these species are not considered to be the most
sensitive to hydrophobic organic compounds). The available
results of spiked sediment toxicity tests with PCBs thus gen-
erally are consistent with the EgP benchmarks derived above,
but additional testing would be useful to better define dose—
response relationships and to compare the effects of differing
PCB mixtures.

It should be noted that spiked sediment toxicity test results
for individual PCB congeners or small numbers of congeners
[45-48] may reflect a sclubility cutoff (i.e., the Ferguson cut-
off), at which the aqueous solubility of the compound is lower
than the toxicity thresheld. This effect also has been observed
in high-molecular-weight PAHs, and it has been shown that
even though the individual compounds cannot cause toxicity,
mixtures of these compounds can [1]. The same phenomenon
also would be expected for PCBs and should be taken into
account in the design of future spiked sediment eoxicity studies
using specific PCB congeners,

In addition to the PCB-only spiking studies described
above, two spiked sediment studies have evaluated the toxicity
of chemical mixtures that included PCBs. Plesha et al. [49]
observed toxicity from mixtures of PCBs, DDT, hexachloro-
butadiene, and hexachlorobenzene. Because the reported DDT
and hexachlorobutadiene levels were close to concentrations
that could be toxic at equilibrium [50,51], and because the
study did not incorporate an equilibration period, those results
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Table 4, Spiked sediment toxicity test results for polyehlorinated biphenyls (PCBs)
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Reference

Concentration
{upglg organic carbon)

Effect

Exposure
duration

Equilibration
time®

Chemical

Species

[46]

{411

420
2,900
2.560

1d g d Survival unbounded NOEC
LC50

NR

PCB mixtures

Amphipod {Ponfoporein hoyi)

Hrad

Aroclor 1254

Amphipod {Rhepoxynins abronius)

{423
1781
{783
[43]

Survival/growth unbounded NOEC

Survival unbounded NOEC
Survival unbounded NOEC

LC50 (females/males)

10 420 d
4d
4 4

4 weeks
NR
NR

Aracior mixture!
Aroclor 1242

Amphipod {(Rhepoxynius abronius)

280
1,200
6,400/3,000

Shrimp {Crangon septemspinosa)
Strimp (Crangon septemspinosa)

Arocior 1254

NR

Aroclor 1254

Copepod (Microarthridion littorale)

[43]

100

Reproduction unbounded LOEC®

{47]

81
50,0008
10,000

Survival/growth unbounded NOEC

Survival unbounded NOEC

[43]
[45])
[44]

2,560

Reproduction unbounded NOEC
Reproduction unbounded NOEC

NR

Aroclor 1254

Copepod (Microarthridion lirtorale)

Varlable
NR

PCB mixture!

Bent-nosed clam (Macoma nasuta)
Zebra mussel (Dreissena polymorpha)

60 d
4 weeks

3.3',4,4" . Tetrachlorobiphenyl
3,3',4,4'-Tetrachlorobiphenyl

Aroclor mixture®

Oligochaete worm {Lumbriculus variegatus)
Polychaete worm {Neanthes arenaceodentata)

not reported (presumably no equilibration period used).

« LC50 = median lethal concentration; LOEC = lowest-effect concentration; NOEC = no-effect concentration; NR

b If spiked PCBs were not allowed te approach equilibrium partitioning before toxicity testing, bioavailability may have been exaggerated relative to field-contaminated sediment.

¢ Seven congeners.

4 22% Aroclor 1242, 66% Aroclor 1254, and 12% Aroclor 1260,

¢ Bffect was not reproduced in duplicate experiment.

T Thirteen congeners.

£ Sediment organic carbon not reported; concentration assumes 1% organic carbon.

P.C. Fuchsman et al.

provide little useful information specifically for PCBs. Swartz
et al. [41] demonstrated that various mixtures of PCBs, metals,
and PAHs could elicit toxicity when each component was pres-
ent at half the individual-chemical LC50 (previously deter-
mined using comparable methods). These effects appeared to
be subadditive. These results underscore the importance of
considering mixture effects for sediments containing multiple
constituents at concentrations approaching their individually
derived cause—effect toxicity thresholds.

BIOLOGICAIL EFFECTS AT PCB-CONTAMINATED SITES

Toxicity testing and biological survey results were reviewed
for seven major PCB-contaminated sites in the United States.
Although other chemicals are present in sediment at these sites,
PCBs are considered to be the primary chemicals of interest.
Information from such sites does not, by itself, establish cau-
sality, but it can provide valuable confirmatory data. In ad-
dition, an eighth site in northern Canada is discussed, because
this site contains PCBs but generally is remote from other
sources of contamination. Toxicity test and benthic survey
methods are summarized for the eight sites in Table 3. It is
notable that few of the toxicity studies assessed chronic re-
productive endpoints, because only recently have such test
methods been developed. However, for chemicals other than
PCBs, the difference in sensitivity between chronic reproduc-
tion and 10-d survival endpoints typically has been moderate
[52] to essentially nonexistent [8,53-55]. suggesting that any
increased discriminatory power of chronic reproductive tests
would be observed only for marginally toxic sediments. Eco-
logically significant chronic effects also should be observable
in benthic community investigations (when appropriately de-
signed), because such surveys directly measure the biological
community targeted for protection.

New Bedford Harbor

The 7,200-ha New Bedford Harbor Superfund site com-
prises an urban intertidal estvary and harbor in New Bedford,
Massachusetts, USA. Historically, PCBs entered the site
through waste discharges from electrical manufacturers. The
homologue composition of PCBs at the site [56] results in EqP
benchmarks of approximately 300 to 600 wg/g OC. Although
PCB and metal concentrations covary at the site, two toxicity
identification evaluation {TIE) studies indicated that metals
were not important contributors to toxicity (57,581, Specifi-
cally, a pore-water TIE identified PCBs as the most likely cause
of shrimp and amphipod toxicity [57], and a whoie-sediment
TIE [58] confirmed hydrophobic organic compounds as the
cause of toxicity to the same species. The latter study reported
a sediment concentration of 304 mg/kg dry weight of total
PCBs (2,500 ng/g OC; organic carbon estimated from a site-
specific correlation with total PCBs [59]). In a sediment di-
lution study, Zeng et al. {60] found that New Bedford Harbor
sediment containing 15,000 pg/g OC of total PCBs inhibited
sea urchin growth, whereas no effects were observed at 3,100
wglg OC. Nelson et al. [59] integrated extensive biclogical
monitoring data for the site, identifying three categories of
sampling stations. Among stations exhibiting neither amphi-
pod toxicity nor benthic degradation, average total PCB con-
centrations were 0.93 mg/kg dry weight (estimated as 90 pg/
g OC). Stations exhibiting some benthic degradation without
stgnificant amphipod mortality were characterized by an av-
erage of 12 mg/kg dry weight of total PCBs (estimated as 150
pglg OC); in these cases, it is unclear whether the benthic
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degradation reflects a low-level toxic effect or covariance be-
tween PCBs and physical habitat gradients. Among stations
exhibiting both amphipod toxicity (45% survival on average)
and benthic degradation, the average total PCB concentration
was 89 mg/kg dry weight (estimated as 900 pg/g OC). Overall,
these results generally are consistent with EgP predictions and
arc not consistent with empirical guidelines.

‘Fox River

The Fox River/Green Bay Superfund site in Wisconsin,
USA, includes a 63-km stretch of the Fox River as well as a
portion of Green Bay. The source of PCBs in this system is
related to past paper recycling (because of the historical use
of PCBs in carbonless copy paper). Other potential stressors
at the site include eutrophication, pesticides, PAHs, and metals.
Call et al. [61] conducted benthic community surveys, toxicity
testing, and chemical analyses of sediment and biota tissue at
i2 locations within the site as well as at an upstream reference
station. Total PCB concentrations in sediment ranged from 3.7
t0 340 pefg OC. By comparison, the homologue composition
reported for the site results in an EqP benchmark of 270 ug/g
OC. The benthic community throughout the study area was
considered to be characteristic of a degraded, eutrophied sys-
tem. In tests with several invertebrate species, toxicity was
observed, but it was attributed to high ammonia levels. When
ammonia was removed through vigorous acration or zeolite
treatment, no PCB-related toxicity was observed. Concentra-
tions of PCBs in tissue from the toxicity test organisms and
field-coliected invertebrates were determined to be below po-
tentially toxic levels [61]. Consistent with these findings, a
pore-water TIE study demonstrated that ammonia was re-
sponsible for toxicity observed in exposures to pore water
extracted from site sediments [62]. The biological data for the
Fox River thus generally arc consistent with EqP predictions
and are inconsistent with empirical guidelines.

Hudson River

The Hudson River PCBs Superfund site includes 320 km
of the Hudson River in New York, USA. The presence of PCBs
at the site is related to past manufacture of electrical capacitors.
The homologue composition of PCBs at the site (hitp:/
www.darp.noaa.gov/northeast/hudson/odf/hr577.pdf) results
in EqP benchmarks of approximately 200 to 400 pg/g OC.
The New York Department of Environmental Conservation
([63]; http:/fwww.dec.state.ny.us/website/dow/bwam/sed.html)
conducted amphipod and midge toxicity tests on six sediment
sampies from the site, containing 19 to 49 pg/g OC of total
PCBs. No sigrificant effects on survival or growth were observed,
A benthic community survey was conducted concurrently, but
it did not account for major physical habitat variables (e.g.,
the gradient from freshwater to estuarine habitat) and, therefore,
was inconclusive., A separate benthic community survey ([64];
htep:/fwww.epa.gov/hudson/reporis.htm#links2report) identi-
fied grain size characteristics as the likely explanation of differ-
ences among sample locations in the Upper Hudson River, where
total PCB concentrations ranged from 300 to 550 pg/g OC.
Survey resulis for the Lower Hudson River were considered to
be potentially confounded by physical habitat differences ([64];
hitp:/fwww.epa.gov/hudson/reports.him#links2report). Overall,
the Hudson River data show better agreement with EqP pre-
dictions than with empirical guidelines.

P.C. Fuchsman et al.

Housatonic River

The Housatonic River site, regulated under the Resource
Conservation and Recovery Act, includes 200 km of the Hou-
satonic River in Massachusetts and Connecticut (both in USA).
The sowrce of PCBs at the site is refated to past manufacture
and repair of electrical transformers. The site-specific homo-
logue composition of PCBs results in an EqP benchmark of
approximately 4,000 pg/g OC, which is within the range of
sediment PCB concentrations reported for the site. An exien-
sive investigation of the benthic invertebrate community was
conducted at the site, and a variety of toxicity tests were per-
formed for a subset of the benthic survey stations [65]. How-
ever, the relationship between sediment chemistry and biolog-
ical effects cannot be interpreted with confidence because of
extreme intrastation variability in reported PCB concentrations
(one to two orders of magnitude), which prevents even a rank
ordering of sediment PCB exposurcs among stations. In this
case, inverfebrate tissue concentrations should provide a more
useful measure of exposure, and indeed, the paired tissue data
for PCBs show better agreement with benthic survey resuits
among coarse-grain locations than do the sediment data, The
tissue data do not indicate any clear dose-respeonse relationship
between PCBs and toxicity test endpoints, however. Potentiaf
confounding factors include the presence of elevated PAH con-
centrations {not measured in tissue) and grain-size effects {fine-
grain reference station excluded from toxicity testing). Al-
though various putative sediment toxicity thresholds have been
extracted from this data set [65], we do not consider the Hou-
satonic River data to be a useful test of either EqP predictions
or empirical guidelines because of the variability associated
with the sediment PCB data.

Brunswick Estuary

The Linden Chemicals and Plastics Superfund site, focated
in Brunswick, Georgia, USA, is contaminated with PCBs and
mercury because of past releases from a variety of industrial
facilities. The site encompasses 220 ha, the majority of which
are tidal marsh, Highly chlorinated Aroclor 1268 was the pri-
mary PCB mixture released to the site, and the site-specific
homologue composition [66] results in an EqP benchmark of
12,000 ng/g OC. Winger et al. [67] observed no mortality of
freshwater amphipods exposed to sediments containing 1,100
to 2,300 ng/g OC of total PCBs (as well as 18-25 mg/kg of
mercury), although decreased leaf consumption was observed.
Horne et al. [68] observed no significant mortality or behav-
ioral effects on estuarine amphipods exposed to site sediments
containing up to 19,000 pg/g OC of total PCBs (and 170 mg/
kg of mercury), whereas with a longer test duration, the same
species exhibited increased mortality when exposed to 27,000
pg/g OC of total PCBs (and 972 mg/kg of mercury) but not
when exposed to 16,000 pg/g OC of total PCBs (and 570 mg/
kg of mercury) (TH. DeWitt et al., report PNWD-2384, Bat-
telle, Richland, WA, USA, unpublished data). A benthic com-
munity investigation showed increased dominance by poly-
chaetes and a shift toward surface feeders at PCB concentra-
tions of 4,400 pg/lg OC and higher, although covarying
gradients in orgaric carbon and mercury concentrations, as
well as unmeasured chemicals, complicate interpretation of
this result [68]. Wall et al. [69] evaluated salt marsh function
at lower trophic levels and found “only subtle indications™ of
impairment, the most notable being a disruption in the size-
versus-fecundity relationship for grass shrimp. Methylmercury
concentrations were more closely correlated to various mea-
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sures of salt marsh function than were PCB levels, The Bruns-
wick estuary findings show better agrecment with EqP pre-
dictions than with empirical guidelines.

Sheboygan River

The Sheboygan River and Harbor Superfund site includes
approximately 23 km of the Sheboygan River in Wisconsin, USA.
The primary source of PCBs at the site was related to the use of
hydraulic fluids in past die-casting operations. Toxicity testing
and benthic community surveys were performed for 12 locations,
of which two were selected to represent elevated PCB concen-
trations upstream of other major comtaminant sources ([70];
http://response.restoration. noaa.gov/resource-resourcetopic.
php?RECORDL.KEY %28resourcetopics %29=resourcetopicid&
resourcetopic-id(resourcetopics)=13). One of these locations,
containing 12,000 wg/g OC of total PCBs, was severely toxic to
amphipods and midges and exhibited benthic degradation. This
location was characterized by a predominance of di- and trichlo-
rinated homologues (similar to Aroclor 1232}, suggesting rel-
atively high PCB bioavailability and an EqP benchmark of
less than 200 ug/g OC. The remaining locations contained 4
to 33 pg/g OC of total PCBs, characterized as a combination
of Aroclors 1242 and 1254 (suggesting an EgP benchmark
between 200 and 1,500 pgl/g OC). These locations did not
appear to be adversely affected by PCBs, although two lo-
cations showed evidence of PAH-related toxicity. Because of
the very large difference in PCB concentrations between af-
fected and unaffected locations, the Sheboygan River findings
cannot discriminate between EqP predictions and empirical
guidelines.

Kalamazoo River

The Allied Paper/Portage Creek/Kalamazoo River Super-
fund site inciudes a [30-km stretch of the Kalamazoo River
in Michigan, USA, as well as upland propertics and a smali
tributary. Polychlorinated biphenyls were released into the site
during the histerical recycling of carbonless copy paper and
have migrated downstream over time. The homologue com-
position of PCBs at the site {[71]; http:/fwww kzooriver.com/
kalamazoo/filearchive/ri-report.pdfy results in an EqP bench-
mark of approximately 400 pg/g OC. Qualitative surveys in-
dicated “excellent”™ benthic community quality in the upper
portion of the site {72]; sediment chemistry was not evaluated
in these surveys. However, sediment data for the same reaches
indicate an average total PCB level of approximately 70 pg/g
OC ([73]; hup://www.michigan.gov/deg/0,1607,7-135-3311.
4109.4217-85234-,00.hitml). Sediment toxicity tests have not
been performed for this site. The limited data for the Kala-
mazoo¢ River indicate agreement with EqP predictions and not
with empirical guidelines.

Irving Whale Salvage Site

The Irving Whale Salvage Site is located in the Gulf of St.
Lawrence, Canada. In 1970, the oil barge Irving Whale sank,
. during or after which PCBs were refeased from the barge heat-
ing system. Recovery and salvage operations were conducted
in 1996. This site is of interest because it is remote from other
sources of contamination, although it is reasonable to expect
that PAHs zlse could have been released from the barge. Am-
phiped texicity tests and benthic community data showed ad-
verse effects only at total PCB concentrations of 9,800 ug/g
OC or higher. No effects were observed at PCB concentrations
up 1o 1,000 pg/g OC [74]. Although the homologue compo-
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sition of PCBs at the site was not reported, these biological
findings are consistent with the range of EqP benchmarks for
less-chlorinated PCB mixtures and are not consiseent with em-
pirical guidelines for PCBs,

DISCUSSION

The evident discrepancy between the cause—effect sedi-
men¢-quality benchmarks developed here and the empirical
consensus guidelines developed by MacDonald et al. [16] can
be explained by two key factors. First, the empirical assess-
ment methods underlying the consensus values necessarily
identify screening values that are within the range of the data
evaluated, regardless of whether a particular chemical actually
contributed significantly to toxicity in the evaluated sediments,
Second, covariance between multiple chemicals is the norm
in contaminated sediments; that is, PCBs rarely are found in
otherwise clean sediments. Thus, higher PCB concentrations
likely are associated with a higher probability of toxicity from
other chemicals, even when the PCB concentrations are not
elevated enough to contribute significantly to toxicity. Thus,
the consensus guidelines are viewed most appropriately as
indicators of the overall levels of sediment contamination as-
sociated with different probabilities of toxicity. Assessment
metheds that integrate empirical sediment-quality guidelines
for multiple chemicals can be useful for answering the question
whether a given sediment will be toxic. Cause—effect bench-
marks are more appropriate for answering quastions such as
what are the risks to invertebrates specifically from PCB ex-
posures or, conversely, might PCBs be a contributing stressor
in a sediment that exhibits toxicity to invertebrates.

The EqP benchmarks derived here provide an improved
framework for understanding cause—effect relationships be-
tween PCBs in sediment and effects on benthic invertebrates.,
However, ample room cxists for further research and refine-
ment. For instance, additional information regarding ACRs
{aquatic or sediment-based} would help to refine the toxicity
analysis developed here. Additional studies comparing dose~
response relationships for multiple, environmentally relevant
PCB mixtures would help to clarify whether a single aquatic
toxicity value is appropriate for broad application to total
PCBs. The utility of homologue-specific toxicity values merits
investigation, and sediment spiking studies also could be used
to validate further the predicted differences in PCB bioavail-
ability among mixtures of differing homologue composition.
The EqP analysis provided above should help to guide the
selection of exposure concentrations in such future studies so
that effects thresholds can be bracketed more effectively.

Finally, it must be emphasized that the EqP benchmarks
and analyses presented here are applicable only to beathic
invertebrates. Generic bioaccumulation-based screening val-
ues likely are lower than these EqP benchmarks, because they
are intended to be protective of piscivores in systems with
high bicaccumulation and exposure potential. Assessmenis of
risk to benthic invertebrates should be conducted in parallel
with appropriate. investigations of other relevant exposure
pathways.
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Katz, Eric (OC)

From: Daniel Fuchs [Daniel.Fuchs@doj.ca.gov

Sent: Friday, May 23, 2008 3:22 PM
To: Katz, Eric (OC)
Cc: Caryn Craig

Subject: SQ0s
Attachments: e-mail chain with oal.pdf: Withdrawal_Ntc.pdf

Eric:

In response to your oral Public Records Act request for communications between the State Board and the Office

- of Administrative Law, and pursuant to our conversation of this afternoon, I attach a pdf of the e-mail chain
between the State Board and OAL, as well as a scan of the notice of withdrawal sent by OAL to the State
Board. The e-mail chain is in reverse chronological order -- i.e., it reads up.

These attachments constitute the entire set of documents responsive to your request, Please contact me with
any questions. : '

Dan Fuchs

Deputy Attorney General
1300 I Street

P.O. Box 944255
Sacramento, CA 94244-2550
Tel 916-324-0002

Fax 916-327-2319

Cell 530-400-0963
daniel.fuchs@doj.ca.gov

9/3/2008

_—




>>> "Dale P, Mentink" <gdrmentink@oal.ca.oov> 4/14/2008 12:42 PM >>>
Thanks, I'll process that today. Just so you're not searching through

emails and opening/printing any that are not relevant, the three emails
containing questions/issues for follow-up or supplemental information or
amendment are: 4/2/08 at 10:05 a.m.; 4/4/08 at 2:34 p.m.; and 4/10/08 at
4:58 p.m. Please let me know if you have any other questions.

Dale Mentink

Senior Staff Counsel

Office of Administrative Law
300 Capitol Mall, Suite 1250
Sacramento, CA 95814
(916) 323-6817

FAX (916) 323-6326
drmentink@osl.ca.oov

-----Original Message--—-

From: Chris Beegan {mailio:chesgan@waterhoards.ca.gov]
Sent: Monday, April 14, 2008 9:54 AM

To: Dale P. Mentink

Cc: Bruce Fujimoto; Dominic Gregorio; Sheila Vassey
Subject: QAL file no. SWRCB_2008-0229-07 sediment quality

ti Dale: Thanks for the call this morning and your patience and

diligence during the review of the record referenced above. As we
discussed, I would like to withdraw the admininstrative record (OAL file

no. SWRCB_2008-0229-07 sediment quality) with the intent of resubmitting
& revised record ASAP after I have addressed those issues you identified

in previous emails. Again thank you for your time and patience.

Chris Beegan

SWRCB

Division of Water Quality :
Sediment Quality Objectives Development
1001 I Street, Sacramento Ca 95814
chesgan@waterboards.ca.aov

Office (916) 341-5577

Cell (916) 955-9262

>>> "Dale P, Mentink" <dmentink@oal.ca.gov> 4/11/2008 8:31 AM >>>
I promised to get back to you this morning re which comment that was
that mentioned the CWC and CWA,; it's number 499 on page 08657 of the
record. Thank you.

Dale, OAL

323-6817




>>> "Dale P. Mentink" <dmentink@ocal.ca.gov> 4/10/2008 4:57 PM >>>
Chris, I left a message for you this morning as to how things are going,
but maybe you're out today.

A couple of other questions came up from our rulemaking file review
committee. Two were just questions on the plan and one was a request
for some additional information in response to one of the comments as
long as I had asked about those other 14.

In terms of the plan, on page 08602 (page 8 of the plan), the committee
wondered what the standard will be for approval of the "other methods"
approved for use by the boards? In other words, if there are some
standards already in mind, those should be stated in the plar, or the

plan should simply expiain why that approval process needs to be case by
case.

On page 08614 (page 20 of the plan), what does the phrase "or other
waters of significant national importance" refer to?

The other response to comment (and I'll find the page in the record in

the morning) was just the one in which the use of the narrative as

opposed to numeric object was challenged and being responded to and you
mentioned that when numeric criteria are infeasible, the Water Code and
Clean Water Act authorize the use of narratives. Could you provide the
Water Code and Clean Water Act cites for that?

Thank you.

Piease let me know how things are going. We have a due date of 4/14.

>>> "Dale P. Mentink" <gdmentink@oal.ca.cov> 4/4/2008 2:33 PM >>>
Dear Chris:

I have finished my review of this file. In addition to the questions I

raised in my email to you of April 2, I identified a few other things in

the areas of the concise summary language for Title 23, the summary and
- response to comments, and the administrative record.

1. Concise Summary. Stressor Identification appears to be an
important part of the plan. It's mentioned in the Summary of the plan

at L.B. It's discussed for a number of pages in the Program of
Implementation section. It answered some of the commenters regarding
their objection to use of the empirical method rather than the
mechanistic, It's discussed in several other contexts. Is there a

reason why Stressor Identification was not mentioned specifically in the




Clear and Concise Summary which is going into Title 23?

2. Administrative Record. Because I spent a fair amount of time
with the file and Index and noticed some anomalies, I made a note of
them. I provide these &0 you only if they are of some use to you.

a. 00128 is not a blank page, it's the last page of the Wilson
memo although on back side.

b.  00193-00208 is not a second copy of settlement agreement, it
looks like a briefing paper.

o 00351-00352 are not indexed; it is a Notice of Public Hearing.
d.  00427-00429 are not indexed; they are Beegan to Bay email.
e. 00450 missing.

f. 00525 says it's a Cassette Tape (SQO Work Plan Adoption), but
there's no tape.

g. 05739-061%1 is dated 10/09/07 in the Index but 11/09/07 on the
document.

h.  00671-00690 not indexed and not in box.
i.  01577-01578 not indexed but are in box (sign in sheet),
i 03062-03122 not indexed but are in box.

k. 06779-06780 index has Richardson letter as only 06780 (actually
a two-page letter).

3. Summary and Response to Comments.

I found substantial compliance with the summary of public comments
consistent with 40 CFR Sec. 25.8. A comment that does not appear to

have been acknowledged is on page 06643: "Minimum sample size for
multi-station assessment of a single water body and minimum geographical
coverage extent for individual sampling events must be specified.” If

you are amending the summary and response to comments (see below), could
you summarize and respond to that one please?

In terms of responses, I identified 12 where the response was only that
Staff Disagrees, but the comment wasn't lacking in specifics or merely
rhetorical. Could you flesh out the responses to those 12 somewhat
please? They are on the following pages: 08717 (30), 08718 (228), 08719
(231), 08719 (557), 08727 (23), 08737 (257), 08739 (262), 08747 (20),
08777 (298), 08800 (366), 08805 (381), and 08805 (384).

On page 08725 (241), the comment contains a specific question [Does this
mean that significant differences for any two lines of evidence could
drive an impairment designation?] and a specific recommendation [We




recornmend that benthic community data must be one of the two lines of
evidehce suggesting adverse effects before an impairment designation is
assigned.]. The response is not really responsive. Could you flesh out
that response?

On page 08803 (375), the comment is that monitoring may be as infrequent
as once in five years and that such infrequent monitoring will allow
degradation. The response is that the language describing maximum
frequency has been deleted. There is nothing in the response
explaining/justifying the minimum frequency monitoring which the
commenter raised. Could you flesh out that response?

Please call or reply if you have any questions.

Dale Mentink, Office of Administrative Law, 323-6817.

>>> "Dale P. Mentink" <gmentink@oal.ca.gov> 4/2/2008 10:04 AM >>>
Chris:

Thank you for the DVD. It worked fine, I'm just trying to tick off

some items on my file review checklist and forgive me if I'm overlooking
the obvious or looking for something(s) not there. T suspect you don't
have another copy of this file there, but if you have the index as a
document on your computer, I was wondering if you could help me identify
a couple of things.

1. In terms of a Water Code 13147, 13244, and/or 40 CFR 25.5(b)
Notice document, prior to the 11/19/07 or 2/5/08 public hearings or the
11/30/07 comment deadline, what in the record would you refer me to?

2. The plan document presented to the public for public comment
prior to the 11/30/07 comment deadline is where in the record?

3. Is there a document or documents evidencing consultation with

Public Resources Code 21080.3, 14 CCR 15386 agencies, or a document
" evidencing that none of those agencies have jurisdiction?

4, Was there ever a vote of the Board approving the concise

summary text that is going into title 23 and is there a document showing
that?

Thank you for whatever assistance you can be.

Dale Mentink

" Office of Administrative Law

323-6817




>>> "Dale P, Mentink" <dmentink@oal.ca.goy> 3/19/2008 9:31 AM >>>
Hello, my name is Dale Mentink. I'm with the Office of Administrative
Law and am reviewing this file. I'm sorry if I'm unable to find

something obvious in the boxes, but I'm trying to do a sampling of
comments and responses review. I have the oral comment summary and
responses at pages 08639 through 08656. Is there a tape, minutes, or
DVD of that testimony that I can review to hear or see the comments? 1
have a DVD of the 2/19/08 meeting (p. 08899), but I believe the
testimony was taken on 2/5/08.

Also with regard to the summary and response to written comments at
pages 08657 through 08841, is there a way to determine which document in
the file contzins the comments of No. 1, or No. 102, or No. 499 (e.g.,

page 08657) and so forth?

Thank you very much for your assistance.




State of California
Office of Administrative Law

in re: NOTICE OF WITHDRAWAL
State Water Resources Contro! Board

Regulatory Action: Government Code Section 11349.3(c)

Title 23, California Code of Regulations . OAL File No. 2008-0229-07 S

Adopt sections: 3008
Amend sections:
Repeal section_s:

This notice confirms that your proposed regulatory action regarding Water Quality
Control Plan For Enclosed Bays and Estuaries, Part 1 - Sediment Quality was
withdrawn from OAL review pursuant to.Govemment Code section 11349.3(c). We wili
retain the rulemaking record you submitted in the event that you resubmit this regulatory
action,

Please contact me at (916)323-6817 or dmentink@oal.ca.gov, or the OAL Reference
Attorney at (916)323-6815, if you have any questions about the resubmittal pracess.
You may request the return of your ruiemaking record by contacting the OAL Front
Desk at (916)323-6225.

Date:  4/14/2008 W P27 e

Daie P. Mentink
Senior Staff Counsel

For: SUSAN LAPSLEY
Director

Criginal: Dorothy Rice
Copy: Chris Beegan







Mentink, Dale@OAL

From: Chris Beegan [cheegan@waterboards.ca.gov]

Sent: Wednesday, March 19, 2008 2:46 PM

To: Daie P. Mentink

Subject: Re: Sediment Quality, Part 1, OAL file no. 2008-0229-075
Attachments: Key to Comment Letters.xls; SQO index with Comment Abreviations.xlis

Hi Dale: Thank you for discussing the record with me today. I have created a smaller
spreadsheet (Key to comment letters) that encompasses just the comment letters and the
affiliation that is referenced in the responses to comments document. I have also amended
the index with the affiliations and highlighted those in yellow.

Chris Beegan

SWRCB

Pivisien of Water Quality

sediment Quality Objectives Development
1001 I Street, Sacramento Ca 95814
cbeegan@waterboards.ca.gov

Office (916) 341-5577

Cell (916) 955-9262

>>> "Dale P. Mentink"” <dmentink@oal.ca.gov> 3/19/2068 9:31 AM >>>

Hello, my name is Dale Mentink. I'm with the Office of Administrative

Law and am reviewing this file. I'm sorry if I'm unable to find something obvious in the
boxes, but I'm trying to do a sampling of comments and responses review. I have the oral
comment summary and responses at pages 08639 through ©8656. Is there a tape, minutes, or DVD
of that testimony that I can review to hear or see the comments? I have a DVD of the 2/19/08
meeting (p. ©8899), but I believe the testimony was taken on 2/5/08.

Also with regard to the summary and response to written comments at pages 68657 through
@8841, is there a way to determine which document in the file contains the comments of No. 1,
or No. 182, or No. 499 (e.g., page ©8657) and so forth?

Thank you very much for your assistance.

Dale Mentink

Senior Staff Counsel

Office of Administrative taw
300 Capitol Mall, Suite 1250
Sacramento, CA 95814

(916) 323-6817

FAX (916) 323-6826

dmentink@oal .ca.gov
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Mentink, Dale@OAL

From: Date P. Mentink

Sent: Wednesday, March 19, 2008 2:58 PM
To: '‘Chris Beegan' ‘
Subject: RE: Sediment Quality, Part 1, OAL file no. 2008-0229-07S

Thank you very much. I never asked you this on the phone, but if minutes or a tape or DVD of
the 2/5 hearing is something we need, was a recording of some kind made, or is there no
recording of it? Thanks, Dale

----- Original Message-----

From: Chris Beegan {mailto:cbeegan@waterboards.ca.gov]

Sent: Wednesday, March 19, 2008 2:46 PM

To: Dbale P. Mentink

Subject: Re: Sediment Quality, Part 1, OAL file no. 2008-2229-875

Hi Dale: Thank you for discussing the record with me today. I have created a smaller
spreadsheet {Key to comment letters) that encompasses just the comment letters and the
affiliation that is referenced in the responses to comments document., I have also amended
the index with the affiliations and highlighted those in yellow.

Chris Beegan

SWRCB

Division of Water Quality

Sediment Quality Objectives Development
1601 I Street, Sacramento Ca 55814
cheegan@waterboards.ca.gov

Office (916) 341-5577

Cell (916) 955-9262

»>»>> "Dale P. Mentink” <dmentink@oal.ca.gov> 3/19/2088 9:31 AM >>>

Hello, my name is Dale Mentink. I'm with the Office of Administrative

Law and am reviewing this file. I'm sorry if I'm unable to find something obvious in the
boxes, but I'm trying to do a sampling of comments and responses review. I have the oral
comment summary and responses at pages B8639 through ©8656. Is there a tape, minutes, or DVD
of that testimony that I can review to hear or see the comments? I have a DVD of the 2/19/68
meeting (p. ©8899), but I believe the testimony was taken on 2/5/88.

Also with regard to the summary and response to written comments at pages 88657 through
98841, is there a way to determine which document in the file contains the comments of No. 1,
or No. 102, or No. 499 (e.g., page B8657) and so forth?

Thank you very much for your assistance.
Dale Mentink

Senior Staff Counsel

Office of Administrative Law




308 (;apitol Mall, Suite 1259°
Saéramento, CA 95814

(916) 323-6817

FAX (916) 323-6826

dmentink@oal.ca.gov
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Mentink, Dale@OAL

From: Chris Beegan [cbeegan@waterboards.ca.gov]

Sent: Thursday, March 20, 2008 9:05 AM

To: Dale P. Mentink

Subject: RE: Sediment Quality, Part 1, OAL file no. 2008-0229-07S

Good morning Dale: I had the clerk of the Board make a DVD of the 2/5/68 Workshop. I don't
know how you want to handle this, but if you want to view it, I can drop it by after my 1@am
meeting is over.

s3> "Dale P. Mentink" <dmentink@oal.ca.gov> 3/19/2008 2:57 PM >>>

Thank you very much. I never asked you this on the phone, but if minutes or a tape or DVD of
the 2/5 hearing is something we need, was a recording of some kind made, or is there no
recording of it? Thanks, Dale

————— Original Message-----

From: Chris Beegan [mailto:cbeegan@waterboards.ca.gov]

Sent: Wednesday, March 19, 2008 2:46 PM

To: Dale P. Mentink

Subject: Re: Sediment Quality, Part 1, OAL file no. 2808-8229-075

Hi Dale: Thank you for discussing the record with me today. I have created a smaller
spreadsheet (Key to comment letters) that encompasses just the comment letters and the
aFfiliation that is referenced in the responses to comments document. I have also amended
the index with the

affiliations and highlighted those in yellow.

Chris Beegan

SWRCB

Division of Water Quality

Sediment Quality Objectives Development
1081 I Street, Sacramento Ca 95814
cbeegan@waterboards.ca.gov

Office (916) 341-5577

Cell (916) 955-9262

>>> "Dale P. Mentink" <dmentink@oal.ca.gov> 3/19/2808 9:31 AM >>>
Hellc, my name is Dale Mentink. I'm with the Office of Administrative
Law and am reviewing this file. I'm sorry if I'm unable to find
something obvious in the boxes, but I'm trying to do a sampling of
comments and responses review. I have the oral comment summary and
responses at pages 08639 through ©8656. Is there a tape, minutes, or
DVD of that testimony that I can review to hear or see the comments? I
have a DVD of the 2/19/08 meeting (p. ©8899), but I believe the
testimony was taken on 2/5/@8.

Also with regard to the summary and response to written comments at
pages 08657 through 08841, is there a way 1o determine which document in
the file contains the comments of No. 1, or No. 102, or No. 499 (e.g.,
page 08657) and so forth?

Thank you very much for your assistance.




Dale Mentink

Senior Staff Counsel

Office of Administrative Law
300 Capitol Mall, Suite 1258
Sacramento, CA 95814

(916) 323-6817

FAX (916) 323-6826

dmentink@oal.ca.gov
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Mentink, Dale@OAL

From: Dale P. Mentink

Sent: Thursday, March 20, 2008 9:50 AM

To: *Chris Beegan'

Subject: RE: Sediment Quality, Part 1, OAL file no. 2008-0228-07S

Or just mail it; it’'s not something that has to happen today or even this week. Thank you.
Dale Mentink, OAL

----- Original Message-----

From: Chris Beegan [mailto:cbeegan@waterboards.ca.gov]

Sent: Thursday, March 20, 2808 9:85 AM

To: Dale P. Mentink

Subject: RE: Sediment Quality, Part 1, OAL file no. 2008-8229-875

Good morning Dale: I had the clerk of the Board make a DVD of the 2/5/@8 Workshop. I don’t
know how you want to handle this, but if you want to view it, I can drop it by after my 1@€am
meeting is over.

>»> "Dale P. Mentink” <dmentink@ocal.ca.gov> 3/19/2888 2:57 PM >>>

Thank you very much, I never asked you this on the phone, but if minutes or a tape or DVD of
the 2/5 hearing is something we need, was a recording of some kind made, or is there no
recording of it? Thanks, Dale

----- Original Message-----

From: Chris Beegan [mailto:cbeegan@waterboards.ca.gov]

Sent: Wednesday, March 19, 2068 2:46 PM

To: Dale P. Mentink

Subject: Re: Sediment Quality, Part 1, OAL file no. 2008-9229-075

Hi Dale: Thank you for discussing the record with me today. I have created a smaller
spreadsheet (Key to comment letters) that encompasses just the comment letters and the
affiliation that is referenced in the responses to comments document. I have also amended
the index with the

affiliations and highlighted those in yellow.

Chris Beegan

SWRCB

Division of Water Quality

Sediment Quality Objectives Development
1001 I Street, Sacramento Ca 95814
cbeeganfdwaterboards.ca.gov

Office (916) 341-5577

Cell (916) 955-9262

»>> “"Dale P. Mentink” <dmentink@ocal.ca.gov> 3/19/2€08 9:31 AM >>>
Hello, my name is Dale Mentink. I'm with the Office of Administrative
Law and am reviewing this file. I'm sorry if I'm unable to find
something obvious in the boxes, but I'm trying to do a sampling of
comments and responses review. I have the oral comment summary and
responses at pages 08639 through @8656. Is there a tape, minutes, or
DVD of that testimony that I can review to hear or see the comments? I
have a DVD of the 2/19/028 meeting (p. 28899), but I believe the
testimony was taken on 2/5/08.

1




Also with regard to the summary and response to written comments at
pages 08657 through ©8841, is there a way to determine which document in

the file contains the comments of No. 1, or No. 102, or No. 499 (e.g.,
page 08657) and so forth?

Thank you very much for your assistance.

Dale Mentink

Senior Staff Counsel

Office of Administrative Law
38¢ Capitol Mall, Suite 1250
Sacramento, CA 95814

(916) 323-6817

FAX (916) 323-6826

dmentink@oal.ca.gov
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Mentink, Dale@OAL

From:
Sent:
To:

Cc:
Subject:

Chris:

Dale P. Mentink

Wednesday, April 02, 2008 10:05 AM

‘Chris Beegan’

Dale P. Mentink

OAL file no. SWRCB_2008-0229-07S sediment quality objectives

Thank you for the DVD. 1t worked fine. I’m just trying to tick off some items on my file review checklist and forgive me if
'm overlooking the obvious or looking for something(s) not there. | suspect you don’t have another copy of this file
there, but if you have the index as a document on your computer, } was wondering if you could help me identify a

couple of things.

1. interms of a Water Code 13147, 13244, and/or 40 CFR 25.5{b} Notice document, prior to the 11/19/07 or
2/5/08 public hearings or the 11/30/07 comment deadline, what in the record would you refer me to?

2. The plan document presented to the public for public comment prior to the 11/30/07 comment deadline is
where in the record?

3. Is there a document or documents evidencing consultation with Public Resources Code 21080.3, 14 CCR 15386
agencies, or a document evidencing that none of those agencies have jurisdiction?

4. Was there ever a vote of the Board approving the concise summary text that is going into title 23 and is there a
document showing that?

Thank you for whatever assistance you can be.

Dale Mentink

Office of Administrative Law

323-6817




Mentink, Dale@OAL

From: Dale P. Mentink

Sent: Friday, April 04, 2008 2:34 PM

To: ‘Chris Beegan'

Cc: Dale P. Mentink

Subject: QAL file no. SWRCB_2008-0229-07 sediment quality objectives
Dear Chris:

I have finished my review of this file. In addition to the questions | raised in my emait to you of April 2, | identified a few
other things in the areas of the concise summary language for Title 23, the summary and response to comments, and
the administrative record.

1

k.

3.

Concise Summary. -Stressor Identification appears to be an important part of the plan. it's mentioned in the
Summary of the plan at 1.B. It's discussed for a number of pages in the Program of implementation section. It
answered some of the commenters regarding their objection to use of the empirical method rather than the
mechanistic. It's discussed in several other contexts. Is there a reason why Stressor ldentification was not
mentioned specifica:lly in the Clear and Concise Summary which is going into Title 23?

Administrative Record. Because § spent a fair amount of time with the file and index and noticed some
anomalies, | made a note of them. | provide these to you only if they are of some use to you.

00128 is not a blank page, it's the Igst page of the Wilson memo although on back side.
00193-00208 is not a second copy of settlement agreement, it looks like a briefing paper.
00351-00352 are not indexed; it is a Notice of Public Hearing.

00427-00429 are not indexed; they are Beegan to Bay email.

00450 missing.

00525 says it’s a Cassette Tape {SQO Work Plén Adoption}, but there's no tape.
05735-06191 is dated 10/09/07 in the Index but 11/09/07 on the document.
00671-00690 not indexed and not in box,

01577-01578 not indexed but are in box (sign in sheet).

03062-03122 not indexed but are in box.

06779-06780 index has Richardson letter as only 06780 {actually a two-page letter).

Summary and Response to Comments.

1 found substantial compliance with the summary of public comments consistent with 40 CFR Sec. 25.8. A comment
that does not appear to have been acknowledged is on page 06643: “Minimum sample size for multi-station
assessment of a single water body and minimum geographical coverage extent for individual sampling events must
be specified.” If you are amending the summary and response to comments (see below), could you summarize and
respond to that one please?




.‘.

In terms of responses, | identified E where the response was only that Staff Du!agrees, but the comment wasn’t

* lacking in specifics or merely rhetorical. Could you flesh out the responses to those 12 somewhat please? They are

on the following pages: 08717 (30}, 08718 (228), 08719 (231), 08719 {557}, 08727 (23), 08737 {257), 08739 (262),
08747 (20), 08777 (298), 08800 (366), 08805 (381), and 08805 (384).

On page 08725 (241), the comment contains a specific question [Does this mean that significant differences for any
two lines of evidence could drive an impairment designation?] and a specific recommendation\{We recommend that
benthic community data must be one of the two lines of evidence suggesting adverse effects before an impairment
designation is assigned.]. The response is not really responsive. Could you flesh out that response?

On page 08803 {375}, the comment is that monitoring may be as infrequent as once in five years and that such
infrequent monitoring will allow degradation. The response is that the language describing maximum frequency has
been deleted. There is nothing in the response explaining/justifying the minimum frequency monitoring which the
commenter raised. Could you fiesh out that response?

Please call or reply if you have any questions.

Dale Mentink, Office of Administrative Law, 323-6817.




Mentink, Dale@OAL

From: Dale P. Mentink

Sent: Thursday, April 10, 2008 4:58 PM

To: 'Chris Beegan'

Cc: Dale P. Mentink

Subject: QAL file no. SWRCB_2008-0229-07 sediment qualily

Chris, 1 left a message for you this morning as to how things are going, but maybe you're out today.

_ A couple of other questions came up from our rulemaking file review committee. Two were just questions on the plan
and one was a request for some additional information in response to one of the comments as long as | had asked
about those other 14.

In terms of the plan, on page 08602 (page 8 of the plan), the committee wondered what the standard will be for
approval of the “other methods” approved for use by the boards? In other words, if there are some standards already in
mind, those should be stated in the plan, or the plan should simply explain why that approval process needs to be case
by case.

On page 08614 {page 20 of the plan), what does the phrase “or other waters of significant national importance” refer
to?

The other response to comment (and I'll find the page in the record in the morning) was just the one in which the use of
the narrative as opposed to numeric object was challenged and being responded to and you mentioned that when
numeric criteria are infeasible, the Water Code and Clean Water Act authorize the use of narratives. Could you provide
the Water Code and Clean Water Act cites for that?

Thank you.

Please let me know how things are going. We have a due date of 4/14.
Dale Mentink
OAL, 323-6817




Mentink, Dale@OAL

From: Dale P. Mentink

Sent: Friday, Aprit 11, 2008 8:32 AM

To: 'Chris Beegan'

Cc: Dale P. Mentink

Subject: OAL file no. SWRCB_2008-0228-07 sediment quality

| promised to get back to you this morning re which comment that was that mentioned the CWC and CWA; it’s number
499 on page 08657 of the record. Thank you. '

Dale, QAL
323-6817




Mentink, Dale@OAL

From: Chris Beegan fcbeegan@waterboards.ca.gov)

Sent: Monday, April 14, 2008 9:54 AM

To: Dale P. Mentink

Cc: Bruce Fujimoto; Dominic Gregorio; Sheila Vassey
Subject: OAL file no. SWRCB_2008-0229-07 sediment quality

Hi Pale: Thanks for the call this morning and your patience and diligence during the review
of the record referenced above. As we discussed, I would like to withdraw the
admininstrative record (OAL file no. SWRCB_2008-0229-87 sediment quality) with the intent of
resubmitting a revised record ASAP after I have addressed those issues you identified in
previous emails. Again thank you for your time and patience.

Chris Beegan

SWRCB

Division of Water Quality

Sediment Quality Objectives Development
168el I Street, Sacramento Ca 95814

cbeegan@waterboards.ca. EoV

Office (916) 341-5577
Cell (916) 955-9262
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. Clear and Concise Summary
Water Quality Control Plan for Enclosed Bays and Estuaries of California,
Part 1- Sediment Quality,
Adopted by the State Water Resources Control Board on February 19, 2008

Title 23, CCR Section 3006

On February 19, 2008, the State Water Resources Control Board (State Water Board)
adopted Resolution No. 2008-0014 adopting Part 1 of the Water Quality Control Plan for
Enclosed Bays and Estuaries of California (Part 1). Part 1 includes two narrative
sediment quality objectives and a policy to implement the narrative objectives. The
narrative objectives protect:

» benthic communities from direct exposure to toxic pollutants in sediment, and
» human health from pollutants in sediments that bioaccumulate in aguatic life to
levels that are harmful.

Part 1 includes an implementation program that describes how to interpret and to apply
the narratives in regulatory activities. The implementation program addresses:

¢ Determining exceedance of the sediment quality objectives

* Monitoring ambient sediment quality to determine whether beneficial uses are
protected or are at risk '

» Use of the sediment quality objectives as receiving water limits in Waste
Discharge Requirements/National Poliutant Discharge Elimination System
Permits '

» Violations of receiving water limits

* The application of the sediment quality objectives for dredging activities, and
The application of State Water Board Resolution No. 92-49 for cleanup actions
and cleanup levels.
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State of California
Office of Administrative Law

Inre:
State Water Resources Control Board

Regulatory Action:

Title 23, California Code of Regulations

Adopt sections: 3006
Amend sections:
Repeal sections:

NOTICE OF WITHDRAWAL

Govemment Code Section 11349.3(c)

OAL File No. 2008-0229-07 S

This notice confirms that your proposed regulatory action regarding Water Quality
Control Plan For Enclosed Bays and Estuaries, Part 1 - Sediment Quality was
withdrawn from OAL review pursuant to Government Code section 11349.3(c). We will
retain the rulemaking record you submitted in the event that you resubmit this regulatory

action.

Please contact me at (916)323-6817 or dmentink@oal.ca.gov, or the QAL Réference
Attorney at (916)323-6815, if you have any questions about the resubmittal process.
You may request the return of your rulemaking record by contacting the OAL Front

Desk at (916)323-6225.

Date: 4/14/2008

Original: Dorothy Rice
Copy: Chris Beegan

/Qfﬁ/ 2 e B

Dale P. Mentink
Senior Staff Counse!

For; SUSAN LAPSLEY

Director




DECLARATION OF MAILING

OAL File Number 2008-0229-07 S

| transmitted Notice of Withdrawn to Dorothy Rice, Executive Director of the State
Water Resources Control Board, at 1001 | Street , Sacramento, California 95814, on
4/14/2008 on behalf of the Office of Administrative Law, 300 Capitol Mali, Suite 1250,
Sacramento, California 95814 by depositing the documents in the United States mail at
Sacramento, California, enclosed in a sealed .envelope(s) with postage fully prepaid.

| declare under penalty of perjury under the laws of the State of California, that the
foregoing is true and correct and this deglaration was executed on 4/14/2008 at
Sacramento, California. O\Z} .

Vhe UWeltom

(Signature of the Declarant)
Lori Welion




