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EXECUTIVE SUMMARY

There are numerous approaches for integrating multiple lines of evidence (MLOE) data
in a sediment quality triad assessment, but most rely at least partially on best professional
judgment, which can be problematic in application to large data sets or in a regulatory
setting where the assessment protocol needs to be transparent and consistently
reproducible. Here we present an approach for standardizing triad-based assessments and
evaluate the extent to which it captures and reproduces the assessments of experts
employing BPJ on the same data. The framework is based on integrating answers to two
questions: 1) Is there biological degradation at the site, and 2) Is chemical exposure at the
site high enough to potentially result in a biological response? The efficacy of the
framework was assessed by applying it to data from 25 sites and comparing the site
classifications to that of six experts that were provided the same data. The framework
produced an answer that better matched the median classification of the experts than did
five of the six experts. Moreover, there was little bias in response, as the errors were
relatively evenly divided between sites classified as more impacted or less impacted than
the median expert classification. The framework was also applied and found to
distinguish well sites from known degraded and reference areas within California. While
the framework suggested here is not the only one possible and should be supplemented
with BPJ when additional data beyond that included in the framework are available, the
framework provides a validated means for using a triad based approach in large-scale
assessments, such as those for 305b programs or regulatory decisions, where
transparency in the decision process is critical.
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INTRODUCTION

Sediment quality is frequently assessed using a triad of chemical concentration, sediment
toxicity, and benthic infaunal community condition (Long and Chapman 1985). These
are used in combination because sediments are a complex matrix and chemical
concentration data alone fails to differentiate between the fraction that is tightly bound to
sediment and that which is biologically available. Toxicity tests improve on chemical
measurements because they integrate the effects of multiple contaminants, but toxicity
tests are typically conducted under laboratory conditions using species that may not occur
naturally at the test site, making it difficult to interpret ecological significance of the
results when used alone. Benthic community condition is a good indicator because these
are resources at risk from sediment contamination, but their use alone is problematic
because they are potentially affected by other factors, such as physical disturbance or
hypoxia.

Multiple approaches for integrating these multiple lines of evidence (MLOE) data have
been developed (Chapman et al. 2002). These integration approaches mostly rely on a
similar suite of indicators for each LOE, but differ in how the LOEs are combined into a
single assessment. Some are based on combinations of binary responses for each LOE,
while others use a more complex statistical summarization. Additionally, some
approaches weight the three LOEs equally, while others place differing weight among
them. Even within an integration framework, thresholds need to be determined for each
LOE. Consensus thresholds for these LOEs don’t yet exist and these threshold decisions
are particularly important when the integration is based on a binary decision for each
LOE.

As a result, most triad applications rely on some degree of best professional judgment
(BPJ) (Burton et al. 2002, Chapman and Anderson 2005). Despite the many decisions
inherent in integration of LOEs, BPJ has been found to be reasonably repeatable for
interpretation of triad data (Bay et al. in press). Thus, BPJ can be an acceptable means of
integration for site-specific assessments, but it is not easily applicable to large-scale
assessments where many sites are involved. It is also problematic in a regulatory setting,
where the assessment protocol needs to be transparent and consistently reproducible over
time and space (Forbes and Calow 2004). The State of California is developing a
framework for standardizing such triad-based assessments as part of establishing
sediment quality objectives. Here we describe that framework and evaluate the extent to
which it captures and reproduces the assessments of experts employing BPJ on the same
data.
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METHODS

Integration Framework

The framework for integrating the three lines of evidence (LOE) to create a station
assessment involves a three-step process (Figure 1). First, the response for each LOE is
assigned into one of four response categories: 1) no difference from background
conditions, 2) a small response that might not be statistically distinguishable from
background conditions, 3) a response that is clearly distinguishable from background, and
4) a large response indicative of extreme conditions.

Second, the individual LOEs are combined to address two key elements of a risk
assessment paradigm: 1) Is there biological degradation at the site and 2) Is chemical
exposure at the site high enough to potentially result in a biological response? To answer
the first question, the benthos and toxicity LOE are integrated to assess the severity of
effect (Table 1). Benthos is given greater weight in this assessment, as it is the ultimate
endpoint of interest (Chapman 2007). The second question arises because the biological
response may be attributable to factors other than chemical contaminants. The potential
that effects are chemically mediated is assessed using the sediment chemistry and toxicity
LOE (Table 2). Chemistry is the more direct measure, but toxicity is given equal weight
because of the potential that unmeasured chemicals are present and because of
uncertainties in thresholds used to interpret chemical data (Ingersoll et al. 2005).

The final data integration step combines the severity of effect and potential for
chemically-mediated effects to assign a site into one of six impact categories:

e Unimpacted. Confident that sediment contamination is not causing significant
adverse impacts to aquatic life living in the sediment at the site.

¢ Likely unimpacted. Sediment contamination at the site is not expected to cause
adverse impacts to aquatic life, but some disagreement among the LOE reduces
certainty in classifying the site as unimpacted.

e Possibly impacted. Sediment contamination at the site may be causing adverse
impacts to aquatic life, but these impacts are either small or uncertain because of
disagreement among LOE.

¢ Likely impacted. Evidence for a contaminant-related impact to aquatic life at the
site is persuasive, even if there is some disagreement among LOE.

¢ (learly impacted. Sediment contamination at the site is causing clear and severe
adverse impacts to aquatic life.

¢ Inconclusive. Disagreement among the LOE suggests that either the data are
suspect or that additional information is needed before a classification can be
made.

The decision process for determining the station assessment category is based on a
foundation that there must be some evidence of biological effect in order to classify a
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station as impacted (Table 3). Additionally, there must be some evidence of elevated
chemical exposure in order to classify a station as chemically-impacted.

Application of the framework

Application of the framework requires measuring sediment chemistry, toxicity, and
benthic community condition at each site using standardized methods. The response of
each measurement is compared to thresholds to categorize each of the individual LOEs
into one of the four possible response categories.

Chemistry

A combination of two sediment chemistry indices was used to determine the magnitude
of chemical exposure at each site: the CA LRM (Bay et al. 2007) and the CSI (Ritter et
al. 2007). The CA LRM was developed using the logistic regression modeling approach
that estimates the probability of toxicity based on the chemical concentration (Field et al.
2002, USEPA 2005). The CSI uses the chemistry data to predict the occurrence and
severity of benthic community disturbance. Index-specific thresholds were applied to
each index to classify the result into one of four chemical exposure categories. The
resulting exposure categories were then combined to provide an overall chemistry LOE
category.

Toxicity
The 10-day amphipod survival test using Eohaustorius estuarius was used to determine
the magnitude of sediment toxicity at each site (USEPA 1994). Thresholds based on

percentage survival and statistical significance were applied to classify the test result into
one of four toxicity categories (Bay et al. 2007b).

Benthos

A combination of four benthic community condition indices was used to determine the
magnitude of disturbance to the benthos at each site (Ranasinghe et al. 2007). The
indices include approaches based on community metrics and abundance of individual
species. The benthic indices are:

Benthic Response Index (BRI), which was originally developed for the southern
California mainland shelf and extended into California’s bays and estuaries
(Smith et al. 2001, Smith et al. 2003). The BRI is the abundance-weighted
average pollution tolerance score of organisms occurring in a sample.

Index of Benthic Biotic Integrity (IBI), which was developed for freshwater
streams and adapted for California’s bays and estuaries (Thompson and Lowe
2004). The IBI identifies community measures that have values outside a
reference range.

Relative Benthic Index (RBI), which was originally developed for California’s
Bay Protection and Toxic Cleanup Program (Hunt ez al. 2001). The RBI is the
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weighted sum of: (a) several community metrics, (b) the abundances of three
positive indicator species, and (c) the presence of two negative indicator species.

River Invertebrate Prediction and Classification System (RIVPACS), which
was originally developed for British freshwater streams (Wright ef al. 1993, Van
Sickle et al. 2006) and adapted for California’s bays and estuaries. The
RIVPACS index calculates the number of reference taxa present in the test sample
and compares it to the number expected to be present in a reference sample from
the same habitat.

Thresholds specific to regional assemblages were applied to the results in order to
classify each benthic index result into one of four disturbance categories. The resulting
disturbance categories were then combined to provide an overall benthos LOE category.

The response category results for each LOE were used to determine the assessment
category for each station, based on the relationships shown in Tables 1-3. The station
category corresponding to each of the 64 possible combinations of the LOE results is
shown in Table 4.

Evaluation of the framework

The efficacy of the framework was assessed in two ways. The first was by applying it to
data from 25 sites and comparing the site classifications to that of six experts that were
provided the same data. The experts were selected to represent a diverse range of sectors
(industry, academia, government), with each having at least 15 years of experience in
conducting sediment quality assessments and advising national, state, and local agencies
with regards to sediment management and remediation decisions (Bay et al. in press).
The experts were asked to classify the sites into one of the six categories of absolute
condition described above.

The 25 sites were selected from a California database by rank ordering them according to
overall chemical concentrations based on the mean effects range median quotient
(ERMgq; Long et al. 2006) and then randomly selecting from quartile groups, so that a
range of exposure conditions were represented. Twenty-one of the sites were located in
euryhaline coastal bays in southern California; 4 sites were located in polyhaline areas of
the San Francisco Bay.

The data provided to the experts included depth, percent sediment fines, percent total
organic carbon, chemical concentrations, toxicity, and benthic infaunal condition. The
chemical concentration data were for 11 metals, 21 polycyclic aromatic hydrocarbons
(PAHS), chlorinated pesticides (DDTs and chlordanes), and total PCBs (sum of
congeners). The toxicity data were from a ten-day Eohaustorius estuarius mortality test
conducted according to standard methods (USEPA 1994). Because not all of the MLOE
experts had familiarity with California benthos, benthic infauna data were provided as a
four-category condition assessment developed by consensus of benthic experts (Weisberg
et al. in press); the benthic species abundance data were also made available on request.
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Agreement between the experts and the framework was quantified in two ways. First, the
number of impact categories for which the framework’s site assessment differed from the
median categorical assessment of the experts was calculated for each site and then
summed across sites to indicate the overall rate of disagreement. Second, the bias of the
framework was quantified as the net of positive and negative differences from the median
expert, calculated by incorporating a sign into the sum of the category differences from
the median. For perspective, the framework agreement results were compared to the
agreement of each of the individual experts with the median of the other experts.

The second evaluation approach involved applying the framework to geographic regions
that have previously been designated as toxic hotspots by the State of California and
comparing that with results when applying the framework to reference areas. The hotspot
regions were identified by the State’s Bay Protection and Toxic Cleanup Program
(BPTCP) as the worst in the state based on a BPJ assessment of sediment chemistry,
toxicity and benthic community condition (Anderson et al. 2001, Fairey et al. 1998,
Phillips et al. 1998). The reference sites were selected from areas that were distant from
known sources of contamination (e.g., outer portion of embayments) and for which
previous surveys had consistently shown low toxicity (defined as >80 % amphipod
survival) and low chemistry (defined as a mean ERM quotient <0.5). The data sets used
for evaluating the framework were independent of the data sets used to identify either the
hot spot or reference areas.
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RESULTS

The framework evaluation results for the 25 stations produced an answer that differed
from that of the median expert for only 5 of the samples (Table 5). There was only one
sample where the framework and median expert assessments differed by more than a
single category. This compares favorably with agreement among the experts (Table 6).
Only one of the six experts had a lesser number of disagreements with the median than
did the framework, although a second expert had a comparable error rate. The remaining
experts disagreed with the median at approximately twice the error rate of the framework.

The framework also had little bias, with three of the samples rated as less impacted
compared to the expert median and two more impacted. The overall net bias, which
incorporated both the number and sign of the category differences, was —2. Only two of
the experts had a lesser bias, while three of the experts had 5x greater bias and more than
80% of these errors in a single direction.

The framework also did a good job of differentiating the BPTCP hot spots from reference
areas. Almost 90% of the samples from predicted reference areas were classified as
Unimpacted or Likely Unimpacted and none of these samples were classified as Clearly
Impacted (Figure 2). In contrast, more than 80 % of the samples from predicted hot spot
areas were classified into one of the impacted categories, with more than 50 % of the
samples classified as Likely or Clearly Impacted.
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DISCUSSION

There are potential shortcomings of a formulaic approach to data integration, as there will
occasionally be additional information about a site that would be factored in by experts
but which are not included in a more structured assessment. However, the formulaic
approach also offers some advantages. It is transparent, so that all parties will reach the
same conclusion using the same data. Moreover, it is not prone to the individual biases
associated with use of BPJ. Such biases, or the need for employing a large team of
experts to average out individual biases, would be problematic for large-scale
assessments.

The selected framework employs unequal weighting among LOEs, which differs from
that of the earliest triad integration frameworks (Chapman 1990). We also attempted a
framework based on equal weighting and found it did not perform as well in reproducing
results from the experts. Subsequent discussions with the experts revealed that few of
them placed equal weighting in their assessments. Most of them placed greatest
emphasis on the benthos because it is the ultimate endpoint of interest and weighted
chemistry the least because of potential exposure from unmeasured chemicals. The two-
phased assessment approach and its inherent weightings of the different LOEs effectively
mimicked the expert’s thought process.

The framework ranks each LOE on a four-category scale, in contrast to the binary
framework that was prevalent in the initial triad integration approaches (Long and
Chapman 1985). A multi-category scale improves upon the binary approach because it
lessens the all-or-none nature of thresholds that are established, and often measured, with
great uncertainty (Batley et al. 2002). The use of five categories for such applications is
prevalent in Europe, but ultimately the number of categories becomes a tradeoff between
placing great importance on a small number of thresholds and having more thresholds
than there are philosophical bases on which to establish them. We chose four categories
because we could identify a unifying concept for threshold selection across LOEs. The
first threshold is one at which differences from background initially become apparent.
The second threshold is where the differences become substantial enough that they can be
detected with statistical certainty. The last threshold is one where the difference from
background is severe. The last threshold is the most subjective and establishing
additional thresholds beyond that seemed increasingly artificial.

Our application of the framework involved using multiple indices to summarize the
complex benthic infauna and chemical data. The framework is not dependent on use of
multiple indicators within an LOE, but it proved helpful in reducing variability associated
with individual indices and eliminated some inconsistencies with the experts that would
have resulted from extreme values associated with a single index. We did not use a
multiple indicator approach for the toxicity LOE because the data sets contained only a
single toxicity test. However that integrating multiple toxicity tests is also advisable in
order to reduce uncertainty in the evaluation of this line of evidence (Burton et al. 1996).
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The framework is structured to yield six categories of possible answer. This differs from
Chapman’s original integration framework, which provided a separate interpretation for
each combination of LOEs. There is an advantage to having a large array of answers that
incorporate a causality explanation, but the categories used here were selected in
consultation with managers from the regulatory, regulated and public advocacy sectors.
Their input was that information should be reduced to a linear scale that ranks sites, at
least categorically, from best to worst. Linearization is scientifically challenging because
it confounds several factors: confidence that there is an effect, magnitude of the effect,
and likelihood that the effect is chemically-mediated. The two-phased assessment
approach provides the management community with the linear response they needed for
large scale assessments while retaining the scientific underpinnings for interpreting data
from an individual site.

The framework suggested here is not the only one possible. There have been numerous
other suggested MLOE integration approaches, including those based on multivariate,
statistical summarization, logic models and scoring systems (Burton et al. 2002,
Chapman et al. 2002). It is also clear that when other data for a site are available, such as
toxicity identification evaluations or bioaccumulation testing, they should be incorporated
into the assessment process (Chapman and Hollert 2006). However, California’s
proposed framework was shown to reproduce the assessments of experts provided with
the same data and provides a means for using a triad-based approach in large-scale
assessments, such as 305b programs, or in a regulatory context where transparency in the
decision process is critical.
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Table 1. Severity of effect classifications, derived from the benthos and toxicity LOEs.

Toxicity LOE Category
High
Nontoxic Low toxicity Mrodgrgte Toxicity
oxicity
Low
Reference Unaffected Unaffected Unaffected .
Effect
Low Unaffected Low Effect Low Effect Low
Disturbance Effect
Benthos
LOE
Category Moderate Moderate Moderate Moderate Moderate
Disturbance Effect Effect Effect Effect
High Moderate High High High
Disturbance Effect” Effect Effect Effect

* Extreme disagreement between LOE is present that may indicate atypical conditions or suspect
data. Review of additional information about the site before making an assessment is
recommended.

Table 2. Potential that effects are chemically mediated classifications, derived from
chemistry and toxicity LOE.

Toxicity LOE Category
. - Moderate . -
Nontoxic Low Toxicity Toxicity High Toxicity
Minimal Minimal Minimal Low Potential Moderate
exposure Potential Potential Potential*
Low exposure Minimal Low Moderate Moderate
Chemistry P Potential Potential Potential Potential
LOE
Category Moderate . Moderate Moderate Moderate
Low Potential . : .
exposure Potential Potential Potential
. Moderate Moderate . : High
High exposure Potential* Potential High Potential Potential

* Extreme disagreement between LOE is present that may indicate atypical conditions or
suspect data. Review of additional information about the site before making an
assessment is recommended.
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Table 3. Multiple lines of evidence station classifications, derived from intermediate
classifications described in Tables 1 and 2.

Severity of Effect

Unaffected Low Effect | Moderate Effect | High Effect
Minimal . Likely Likely :
potential Unimpacted Unimpacted Unimpacted Inconclusive
Potential . . Likely Possibly Possibly
That Effects Low Potential Unimpacted Unimpacted Impacted Impacted
Are Possibl
Chemically- | Moderate Likely Im 0asé:stledyor Likely Impacted Likely
Mediated Potential Unimpacted P . yimp Impacted
Inconclusive
. . . Likely Clearly Clearly
High Potential Inconclusive Impacted Impacted Impacted

E3
Inconclusive category applies when chemistry = minimal exposure, benthos = reference, and toxicity=

high. Other LOE combinations represented by this cell are classified as Possibly Impacted.

10
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Table 4. Relationship of individual LOE categories to chemical exposure, biological effects, and final MLOE station assessment
categories. Arrows indicate the sequence of classification.
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Toxicity | Chemistry
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Chemically
Mediated Effects

Station Assessment
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Moderate Effect

Benthos

Moderate

Toxicity

Moderate Effect

Moderate

Moderate

Likely Impacted

Low Effect

Low

Likely Impacted

Low Effect

Likely Impacted

Moderate Potential

Likely Impacted

Low

Moderate

Moderate

Moderate Potential

Likely Impacted

Moderate Potential

Likely Impacted

Moderate Potential

Likely Impacted

Moderate Potential

Likely Impacted

Low

Moderate Potential

Likely Impacted

Low

Moderate

Moderate Potential

Likely Impacted

Low

Moderate Potential

Likely Impacted

Low Effect

Moderate Effect

Low

Moderate

Moderate

Moderate Potential Likely Impacted Moderate Effect Moderate
Low Moderate Moderate Potential Likely Impacted Moderate Effect Moderate Low
Moderate Low Moderate Potential Likely Impacted Moderate Effect Moderate | Moderate
Low Moderate Moderate Potential Likely Impacted Moderate Effect Moderate Low
Moderate Moderate Potential Likely Impacted Moderate Effect Moderate

Low

Moderate

Moderate Potential

Likely Impacted

Moderate Effect

Moderate Potential

Likely Impacted

Moderate Effect

Moderate Potential

Likely Impacted

Moderate Effect

Moderate

Moderate

Moderate Potential

Likely Impacted

Moderate Effect

Moderate
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Table 4. Continued

Chemically
Mediated Effects Station Assessment Benthos
Possibly Impacted
Possibly Impacted
Possibly Impacted
Possibly Impacted
Possibly Impacted
Possibly Impacted
Possibly Impacted
Possibly Impacted
Possibly Impacted
Possibly Impacted
Possibly Impacted
Possibly Impacted
Possibly Impacted

Possibly Impacted

Toxicity | Chemistry Biological Effects Toxicity

12
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Table 4. Continued

Chemically

Toxicity | Chemistry Mediated Effects Station Assessment Biological Effects Benthos Toxicity

Inconclusive
Inconclusive

Inconclusive

13



Table 5. Individual station results for expert and MLOE framework assessments.
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Station

Expert Median

MLOE Framework

© 0O N O g A WODN =

N DN D D DD = m wm ek ek ek ok ok ok o
a A WO N - O ©W 0N OO & O D = O

Unimpacted
Possibly Impacted
Likely Unimpacted
Likely Unimpacted
Likely Impacted
Unimpacted
Likely Unimpacted
Likely Impacted
Possibly Impacted
Likely Impacted
Clearly Impacted
Possibly Impacted
Possibly Impacted
Likely Impacted
Likely Impacted
Possibly Impacted
Possibly Impacted
Unimpacted
Clearly Impacted
Clearly Impacted
Clearly Impacted
Clearly Impacted
Unimpacted
Unimpacted

Unimpacted

Unimpacted
Possibly Impacted
Possibly Impacted
Unimpacted

Likely Impacted
Unimpacted

Likely Unimpacted
Likely Impacted
Possibly Impacted
Likely Impacted
Clearly Impacted
Likely Unimpacted
Possibly Impacted
Clearly Impacted
Likely Impacted
Unimpacted
Possibly Impacted
Unimpacted
Clearly Impacted
Clearly Impacted
Clearly Impacted
Clearly Impacted
Unimpacted
Unimpacted

Unimpacted

14
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Table 6. Summary of categorical assessments for experts and MLOE framework.
Differences in the number of sites are due to the exclusion of sites classified as
inconclusive. Disagreement values for experts represent the total number of category
differences between the expert’s assessment and the median of all other experts’
assessments. Framework disagreement is the number of category differences between
the framework and median of all experts. Bias values reflect the net of positive or negative
assessment differences, with positive numbers indicating a bias toward rating the site as
more impacted.

Expert1 Expert2 Expert3 Expert4 Expert5 Expert6 Framework

# Sites 25 22 25 19 25 22 25
Disagreement 7 16 13 10 15 5 6
Bias 1 -12 11 4 -15 -1 -2

15
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Level of Potential for
Biological Chemically
Effect Mediated Effect

N/

Site Condition

Figure 1. Conceptual model for the integration of multiple lines of evidence (MLOE) in the
assessment framework.

16



Draft Report for Review Purposes Only

100 Stations Predicted as Unimpacted
80
[%2]
o
o
E 60 -
©
7]
©
& 40 -
o
[0)
o
20
0 T T T T T
3 3 3 3 3
na o na e na
R AV N AN
W oo W€ e
60 - Stations Predicted as Impacted
50
3
2 40 -
£
©
w
%5 30 4
c
[0}
o
5 20
o
10 -
O T T T T T
3 3 3 3 3
e 9\ e e c\e
o @™ e e
\;\\(\e\\! o 09,‘5{0 \;\\(\e Q\e?‘

Figure 2. Distribution of MLOE assessment categories for California stations located in
either unimpacted or impacted embayment locations. n=38 for the unimpacted samples;
n=39 for the impacted samples.
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