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AbstrAct

 Toxicity tests are often used in sediment assessment 
programs.  However, the choice of methods has been 
largely limited to acute tests.  Where sublethal methods 
have been employed, there has been little consistency 
among programs in the types of the sublethal tests used.  
The goal of this study was to develop a method for 
choosing a suite of acute and sublethal tests for use in a 
California statewide assessment program and to develop 
a set of method specific thresholds for classifying the 
degree of toxicity within a multiple line of evidence 
framework consisting of sediment chemistry, benthic 
community structure, and sediment toxicity.  A group 
of candidate methods was evaluated using feasibility 
and performance criteria.  Toxicity thresholds were 
calculated based on test variability and sensitivity.  
As a result of the evaluation, three acute toxicity 
methods using amphipods (Eohaustorius estuarius, 
Rhepoxynius abronius and Leptocheirus plumulosus), 
and two sublethal methods using a polychaete and 
mussel embryos (Neanthes arenaceodentata growth 
and Mytilus galloprovincialis embryo development 
at the sediment-water interface) were selected for 
recommendation.  Thresholds for toxicity categories 
corresponding to Nontoxic, Low Toxicity, Moderate 
Toxicity and High Toxicity were developed for each test 
method.  While these toxicity categories and thresholds 
provide a consistent framework for the interpretation of 
test results among different methods, additional research 
is needed to determine their effectiveness for predicting 
impacts to benthic communities. 

IntroductIon

 Toxicity tests have been widely used to assess 
sediment quality and are an integral part of the sedi-
ment quality triad used in many marine monitoring 

and assessment programs (Long and Chapman 
1985, Fairey et al. 1998, Hunt et al. 2001b).  The 
applications have included dredged material 
characterization, contaminated site assessments, and 
regional monitoring surveys such as the US EPA’s 
Environmental Monitoring and Assessment Program 
(EMAP; Strobel et al. 1995).  Much of the testing has 
employed acute amphipod survival methods using 
protocols established by the U.S. Environmental 
Protection Agency (USEPA 1994).  In Europe, the 
OSPAR Convention allows for the use of several 
different taxa for sediment toxicity testing protocols 
(OSPAR 2007).  However, there are not sublethal 
endpoints for any of the protocols, and the preferred 
method is the amphipod, Corophium volutator.  
 Many sediment quality assessment programs use 
a suite of two or more toxicity tests that include both 
acute and sublethal tests.  Some EMAP studies have 
used amphipod acute testing in conjunction with a 
variety of sublethal methods in different parts of the 
country (Ringwood et al. 1996, Bay et al. 1998).  For 
example, as part of the National Status and Trends 
Program multiple sublethal tests were conducted in 
concert with an amphipod acute test on sediments 
from the Biscayne Bay region of Florida (Long et 
al. 1999).  In addition, the State of Washington has a 
program for monitoring and assessing sediments that 
uses a combination of acute amphipod tests and two 
sublethal tests with other taxa (PSWQA 1995).
 A wide diversity of sublethal toxicity test 
methods have been used as part of marine sediment 
assessment programs.  Sublethal test methods 
always include measures of toxicity other than 
survival (e.g., growth, development), but organism 
survival may also be an additional endpoint used 
for data evaluation and interpretation.  There is little 
consistency among programs in the types of the 
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sublethal tests used; selection is often site-specific 
and is based on factors such as availability of test 
organisms, cost, laboratory staff and expertise, 
local interests, habitat type, and availability of 
collaborators.  Consequently, only a few sublethal 
methods have been used commonly; they include 
the amphipod Leptocheirus plumulosus 28-day 
growth and reproduction test (USEPA 2001), a 
20-day polychaete growth test using Neanthes 
arenaceodentata (PSWQA 1995), pore water or 
elutriate tests using echinoderm or bivalve gametes 
or embryos (PSWQA 1995, ASTM 2002a, Carr and 
Nipper 2003) and a sediment-water interface test 
using sea urchin or mussel embryos (Anderson et al. 
1996).  
 While test sensitivity is an important issue, 
the selection of sediment toxicity test methods 
requires a consideration of many other factors, 
depending upon the study’s objectives and design.  
Much diversity in method selection is found among 
research studies conducted on a small scale, as 
the emphasis is often on selecting methods to 
address site-specific scientific questions, method 
development, or building upon previous work by an 
investigator.  Additional factors must be considered 
when selecting test methods for use in large-scale 
monitoring or regulatory programs.  For example, 
the methods must be feasible for use by many 
different laboratories and at different times of the 
year, with a wide tolerance of habitat variables such 
as sediment grain size and salinity. Toxicity test 
method selection for these types of programs must 
consider factors such as test feasibility, relevance to 
program/policy objectives, data comparability, and 
cost, in addition to responsiveness.  
 The sediment quality objectives (SQO) program 
in the State of California provides an example of 
the many factors to be considered when sediment 
toxicity tests are used in a regulatory context.  This 
program uses toxicity testing, along with sediment 
chemistry and benthic infaunal analysis to assess the 
condition of bays and estuaries throughout the state 
(CSWRCB 2009).  The toxicity test methods for 
such a statewide regulatory program should be eco-
logically relevant and protective by using exposure 
methods with a well-understood linkage to sediment 
contamination and using test species that respond 
to contaminants at concentrations that are likely to 
cause ecological impacts.  These tests should also 
be standardized to ensure consistent application and 
be feasible for application in a variety of situations.  

In addition, a consistent and relatively simple 
method of toxicity data interpretation is needed so 
that station assessments conducted in one region can 
be compared to the results from other regions, both 
spatially and temporally.  Larger scale programs, 
such as EMAP and NOAA Status and Trends, have 
similar needs as a statewide program, but with the 
additional need to have data that are comparable 
over an even larger spatial scale.  Comparisons of 
sediment toxicity test methods have been conducted 
previously for freshwater species in Canada (Keddy 
et al. 1995) and for use in testing dredged materi-
als in Europe (Nendza 2002).  However, these 
comparisons have not addressed many of the issues 
of concern for a statewide program, were for use in 
different habitats, or were for a different subset of 
test methods.
 Selection of the thresholds used for sediment 
toxicity data interpretation is an important aspect 
of the test method that is frequently given little 
consideration with respect to application in large-
scale regulatory programs.  Most thresholds use some 
form of statistical evaluation, usually combined with 
individual judgment regarding the test acceptability 
or biological significance of the response (Thursby 
et al. 1997).  Data on control performance, test 
variance, and relationship of response to biological 
significance is needed to guide threshold selection, 
but such data may not be available for some methods, 
especially new methods/applications.  Consequently, 
data interpretation thresholds from other methods 
or programs are often adopted without evaluation 
as to whether they are appropriate for the current 
program’s objectives and design.  
 The current study had two principal objectives.  
The first objective was to evaluate a variety of 
acute and sublethal sediment toxicity tests in order 
to identify methods that were best suited for use in 
California’s SQO program.  To address this objective, 
a candidate list of potential tests was identified and 
evaluated with respect to feasibility, performance, 
and cost.  The second objective was to develop a 
consistent system to classify the toxicity results of 
each test method into multiple categories of effect, 
relative to the control response.  The approach to 
address this second objective included developing a 
conceptual data analysis framework and identifying 
a series of test-specific response thresholds that 
incorporated the magnitude and uncertainty in the 
test response.
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Methods

Protocol Comparisons
 A set of candidate acute and sublethal sediment 
toxicity test methods was selected for evaluation.  
The methods that were selected included direct expo-
sure to sediment, appeared to be technically feasible, 
and had data available that indicated sensitivity 
to contaminated sediments.  The test methods and 
species included those that have been recommended 
for use in other regulatory programs in California 
(USEPA and US Army Corps of Engineers 1998) or 
were documented in standard procedures developed 
by government or scientific agencies (e.g., EPA or 
ASTM).  Priority was given to methods using species 
resident in California and species representative of 
important infaunal groups.  In order to increase the 
diversity of life histories and biological endpoints 
evaluated, additional candidate methods were 
selected based on a review of the scientific literature 
and from recommendations by other scientists 
familiar with sediment toxicity testing.  
 The general strategy for evaluation of the test 
methods was to assess each one using a set of com-
mon parameters (Table 1).  Each test method was 
evaluated based on a set of characteristics relating 
to test feasibility, performance and cost.  The list of 
characteristics was established to include parameters 
used in previous test comparisons (Long et al. 
1990, Lamberson et al. 1992).  Evaluation within 
each parameter was either on a binary (+/-) basis 
or a categorical determination.   The three feasibil-
ity characteristics (organism availability, method 
description, and technical difficulty) were evaluated 
using the binary, pass/fail, scoring system.  These 
characteristics were deemed to be so important that a 
test was classified as not feasible if minimum criteria 
for these were not met (Table 1).  A similar strategy 
has been used in another study where certain evalu-
ation categories were deemed essential (Keddy et al. 
1995).  The performance and cost parameters were 
summarized into categories that reflected the relative 
level of attainment (e.g., poor, fair, good).
 The following test characteristics were evaluated 
with associated information coming from literature 
sources, as well as from contact with scientists 
having direct experience with the various methods, 
including the authors:  1) Organism availability.  
Ideally, test organisms should be available from 
multiple suppliers on a year-round basis with no 
seasonal variation in test sensitivity.  However, the 

minimum requirement was a single commercial sup-
plier.  2) Method description.  Methods had to have 
a detailed published protocol, with the availability of 
control acceptability criteria and quality assurance 
standards for parameters such as water quality in 
order to receive a “+” rating.  3) Technical difficulty.  
The difficulty was rated based on ability to obtain 
acceptable controls (i.e., relative number of test 
failures), the necessity of special techniques or equip-
ment that cannot be obtained with relative ease, and 
complexity of the exposure system.  4) Concordance 
of sublethal responses.  For the sublethal methods, 
there was an expectation that if a site was acutely 
toxic to a test organism, then an effect would also be 
seen for the sublethal test.  Conversely, if a site was 
considered to be in “reference condition” (i.e., low 
chemical concentrations and/or unaffected benthic 
community) then there would be an expectation 
that no toxicity would be observed.  To evaluate 
concordance, the response of an acute amphipod test 
was used as the basis for comparison.  5) Relative 
sensitivity.  Test sensitivity was evaluated relative 
to the acute amphipod test species most commonly 
used in California, Eohaustorius estuarius.  The logic 
behind this assessment was that if a test method was 
usually less sensitive than the most commonly used 
test, then its value in providing additional informa-
tion would be limited.  For many of the methods, 
no data were available, so a study was conducted to 
help fill this information gap (Greenstein et al. 2008).  
6) Variability among laboratories.  In addition to 
literature sources which compared interlaboratory 
variability, supplemental testing was conducted 
for the Mercenaria mercenaria growth test and the 
sediment-water interface test using mussel embryos 
(Bay et al. 2007).  7) Variability within labora-
tories.  Reference toxicant exposure data supplied 
by laboratories that routinely use the methods were 
applied to evaluate intralaboratory variability.  8) 
Precision.  This category was assessed by comparing 
between replicate variability among the methods 
from data in the literature or as supplied by labora-
tories.  9) Documentation of confounding factors.  
The methods were evaluated for the presence of 
toxicity information on non-contaminant factors, 
such as ammonia or sediment grain size.  10) Cost.  
The unit cost of each test was evaluated relative to 
the standard 10-day amphipod survival test, assumed 
to be approximately $800 per sample.  
 A weighting factor was established for each 
category based on its relative importance.  The 
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comparative sensitivity category was assigned the 
highest weight: a factor of 4.  The high weight 
given to this category was based on the importance 
of having test methods that are more responsive to 
contaminant-related toxicity than the acute toxicity 
methods currently in use.  The precision parameter 
was deemed to be the least important since it can 
be somewhat ameliorated by changing the level of 
replication and was therefore assigned a weighting 
factor of 1.  All of the remaining categories were 
considered to be of intermediate importance and 
were assigned a weighting factor of 2.  The acute 
and sublethal test methods were evaluated separately 
during the assessment process since some of the 
comparisons were made relative to the acute tests.  
 A numeric value was assigned for each of the 
performance and cost characteristics.  The values for 
each category ranged from 0 to 3 and corresponded to 
the narrative categories (3 equaling the best perfor-
mance within a category) assigned based on the data 
review.  For most of the categories, scores ranged 
from 1 to 3 unless no data could be located, in which 
case a zero was assigned.  For the sensitivity and cost 
categories, a four level classification was made with 
zero being the lowest possible score.  This was done 
due to the wide range of data in these categories and 
the judgment that the poorest performance for them 
was highly undesirable.  Each value was multiplied 
by its respective weighting factor to produce a score 
for the characteristic.  The scores were then summed 
to obtain a final score for each candidate test method.  
The test methods that both met the feasibility criteria 
and had the highest scores were recommended for 
use in the SQO program.

Toxicity Threshold Calculations
 An ordinal scoring system consisting of four 
categories of response was developed for each 
of the recommended tests.  The use of multiple 
categories, as opposed to a simple binary approach 
(nontoxic/toxic) retains more information about the 
toxicity response and thus provides greater potential 
resolution when combining the toxicity data with 
other lines of evidence in a sediment quality triad 
approach.  This four-category system is an adapta-
tion of the three-category system that is often used 
to classify sediment toxicity (Long et al. 2000), 
where the test response is classified as nontoxic, 
marginal, or toxic.  Each category was based on a 
narrative description of condition that incorporated 
both the degree of confidence that a toxic effect was 

present and the magnitude of response: 1) Nontoxic: 
Response not substantially different from that 
expected in sediments that are uncontaminated and 
have optimum characteristics for the test species; 2) 
Low Toxicity: A response that is of low magnitude; 
the response may not be greater than between test 
variability; 3) Moderate Toxicity: High confidence 
that a statistically significant effect is present; 4) 
High Toxicity: Highest confidence that a toxic effect 
is present and the magnitude of response is among 
the strongest effects observed for the test.  The four 
toxicity categories were intended to classify the 
response relative to the range of response observed 
for each method.  These categories were not intended 
to represent levels of biological response expected in 
the field (e.g., change in benthic community condi-
tion), because the biological response data needed 
to calibrate such relationships were not available for 
some methods. 
 Classification of the test response was accom-
plished by applying a series of numeric thresholds 
(based on magnitude of response) and statistical 
criteria in a stepwise process (Figure 1).  This 
approach relies on the comparison of the test result 
(e.g., % survival) to thresholds corresponding to 
the upper bound of the response range for the Low 
Toxicity, Moderate Toxicity, and High Toxicity 
categories.  The thresholds were developed using 
test-specific characteristics, such as test variability 
(minimum significant difference (MSD)) and the 
distribution of historical toxicity response magni-
tudes.  A statistical criterion was also used in the 
classification scheme (Figure 1).  Samples qualifying 
for the Low or Moderate categories based on test 
response magnitude were classified into the next 
lower category if the response was not significantly 
different relative to the control (t test, p ≤0.05).  A 
statistical significance criterion was not applied to 
the High Toxicity category because the derivation of 
this threshold already incorporated a high degree of 
statistical confidence.
 The threshold separating the Nontoxic and Low 
categories was defined as the lowest acceptable con-
trol response value (e.g., survival or growth) for the 
given test.  This threshold was based on the rationale 
that any response that fell within the range expected 
of animals exposed to optimum sediment conditions 
(i.e., controls) should indicate a nontoxic condition 
in the test sample.  The response value is defined 
as the mean value for the endpoint for a given test 
method (i.e., survival, growth).  Any sample having a 
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response value that is greater than or equal to the low 
threshold will be classified as nontoxic, regardless of 
whether a statistical difference from the control exists 
(alpha=0.05, Figure 1).  Since this threshold is not 
based on comparison to the control response within 
a sample batch, it is the only threshold for which the 
data are not control normalized before comparison.

 The intent of the Moderate Threshold is to 
distinguish between samples producing a small 
response of uncertain statistical significance and 
larger responses representing a reliably significant 
difference relative to the control.  This threshold 
was based on the MSD, which was specific to each 
test method.  The MSD represents the minimum 

Figure 1.  Conceptual approach for assigning the category of toxic effect from exposure response (e.g., percentage 
survival or growth) data.
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difference between the control and sample response 
that is necessary to be statistically different at p≤0.05 
level with α=0.05.  The moderate threshold was 
equal to the 90th percentile of the MSDs for a given 
toxicity test method.  This approach for calculating a 
toxicity threshold has been used by other researchers 
(Phillips et al. 2001).  Use of the 90th percentile 
results in a threshold demonstrating a high degree 
of confidence that the sample is different from the 
nontoxic condition.  
 The MSD values were calculated using the 
replicate control and sample data from many toxicity 
tests.  Details of this calculation can be found in 
Phillips et al. (2001).  For each combination of a 
control and a sample, the variance of the replicates, 
number of replicates, and the one tailed t-critical 
value for the pair were used to calculate a single 
MSD value.  All of the MSD values in the dataset for 
each toxicity test method were then sorted in rank 
order.  The 90th percentile value of this set of data 
was then calculated (MSD90).  The MSD90 values 
were calculated using all available data for each 
toxicity test method.  Finally, the moderate threshold 
value was calculated by subtracting the MSD90 from 
100% in order to produce a value that could be 
compared to the control-adjusted test response value.  
 Sample response values (i.e., survival or growth) 
between the low and moderate thresholds are classi-
fied as Low Toxicity if they are significantly different 
from the control response (Figure 1).  Sample 
response values that are less than the moderate 
threshold (i.e., lower survival) and are signifi-
cantly different from the control are categorized as 
Moderate Toxicity.
 The intent of the High Toxicity threshold is 
to identify samples producing a large and highly 
significant effect from those samples producing lesser 
effects.  This threshold was based on a combination 
of two characteristics: test variability and cumulative 
percent distribution of response values for toxic 
samples.  The test variability portion of the threshold 
ensured high likelihood of statistical significance of 
the high threshold.  Incorporation of the distribution 
of the toxic sample data ensured that the high toxic-
ity threshold represented a magnitude of response 
expected to occur infrequently and only in the most 
contaminated samples.
 The 99th percentile MSD value was used to 
link the high threshold to test variability.  A sample 
having a response value (i.e., survival or growth) 
that falls below this limit would be expected to be 

significantly different from the control 99% of the 
time.  This value therefore represents a response that 
is associated with a very high level of confidence of 
statistical significance.  The 99th percentile MSD for 
the high threshold was calculated using the same data 
and methodology described for the calculation of the 
MSD90 for the moderate threshold.  
 The response distribution component of the 
high threshold was based on the distribution of 
toxic samples from California.  For purposes of this 
calculation, toxic samples were defined as samples 
having a mean response that was significantly differ-
ent from the control response.  The toxic samples in 
the database were ranked in descending order based 
on the control-adjusted mean response.  The 75th 
percentile of the data was selected for the response 
distribution component.  The value obtained from 
this calculation represents the response associated 
with the most strongly affected 25% of the toxic 
samples found in California.  Data for this calculation 
were based on stations within California in order 
to obtain a response value that was relevant to the 
characteristics of sediments likely to be evaluated 
with the test.  
 Both the variability and data distribution 
response values represented important, but different, 
aspects of the high threshold.  Therefore, the mean of 
the two values was used as the high threshold.  

results And dIscussIon
 The initial process of method selection led to 
the identification of six candidate sublethal methods 
for evaluation (Table 2).  In addition, four amphipod 
species recommended by the USEPA for testing 
acute sediment toxicity were also included on the 
list (USEPA 1994).  The methods were a mixture 
of commonly used protocols, such as the amphipod 
tests, and some sub-lethal methods that had been 
used sparsely, such as the lysosomal stability 
test.  However, each method had published results 
that showed their promise for use in sediment 
toxicity assessments.
 The evaluation of the candidate acute and 
sublethal tests identified five methods that had the 
best overall combination of technical feasibility and 
relative performance.  These methods include three 
acute amphipod and two sublethal test methods 
(Table 3).  The evaluation process identified several 
key differences among the test methods that were 
important in the final selection.
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Acute Tests
 Analysis of the acute amphipod methods found 
that E. estuarius, L. plumulosus or R. abronius were 
the best choices to recommend for use in California 
sediment assessments.  The four acute amphipod test 
species were similar in regards to the test feasibility 
characteristics of organism availability, method 
description, and technical difficulty (Table 3).  All of 
the amphipod species were scored as having met the 
feasibility criteria.  Both E. estuarius and R. abronius 
consistently received the most favorable category 
classifications for reproducibility, documentation of 
confounding factors, and cost.  E. estuarius has an 
extensive history of use in toxicity testing studies 
on California sediments (Anderson et al. 1997, Bay 
et al. 2000, Bay and Brown 2003, Bay et al. 2005).  
The method has shown to have good reproduc-
ibility between laboratories (Bay et al. 2003b).  
The amphipod R. abronius has also been used in 

California sediment toxicity programs (Long et al. 
1990, Anderson et al. 1998, Anderson et al. 2001).  
These studies found the R. abronius method to have 
equal or better sensitivity to contaminated sediments 
as compared to other methods when tested simultane-
ously.  An interlaboratory comparison exercise using 
this method found good agreement amongst the 
testing laboratories (Mearns et al. 1986).  Sediments 
with a silt-clay content of ≥ 80% have been shown 
to be a confounding factor for R. abronius (DeWitt 
et al. 1988), which might make this species less 
desirable for use in embayments where finer grained 
sediments are common.  A slightly lower total score 
was obtained for the acute test with L. plumulosus 
(Table 3), which was due to lower reproducibility 
within and among laboratories.  The L. plumulosus 
10-day test has been conducted in California on a 
much more limited basis.  However, it has long been 
used in other parts of the country, especially on the 

Table 3.  Ranking matrix of acute and sublethal sediment toxicity methods.  Final score is sum of ratings (maximum 
score = 45).  Weighting factors for performance and cost are in parentheses. 
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Gulf coast for monitoring and assessment studies.  In 
studies using diluted, contaminated field sediments or 
spiked sediments, it has been shown that L. plumu-
losus has a sensitivity similar to the other species 
(Schlekat et al. 1995, Boese et al. 1997, DeWitt et al. 
1997).  A desirable attribute of L. plumulosus is that 
it is easily cultured in the laboratory and therefore 
available year round from commercial suppliers.
 The final amphipod species, A. abdita, was 
assigned the lowest total score among the four acute 
test species.  This species has been used in several 
monitoring and assessment studies within California 
(Bay et al. 1998, Hunt et al. 2001a, USEPA 
2006).  The low score was driven by relatively 
low responsiveness compared to E. estuarius and 
a lower reproducibility among laboratories (Table 
3).  Specifically, paired tests of California sediments 
frequently found a lack of toxic response in A. abdita 
for samples causing greater than 20% mortality to 
E. estuarius (Figure 2).  This may be due to the fact 
that A. abdita does not burrow in sediment, but lives 
in a tube-like structure and does not ingest sediment 
(Anderson et al. 2008).  The A. abdita test was also 
rated the most technically difficult of the 10-day tests 
based on the experience of some California laborato-
ries that have encountered a higher test failure rate, 
based on control survival, than for other amphipod 
species (B. Phillips, personal communication).  A. 
abdita is widely used as a sediment toxicity indicator 
in many monitoring programs and the data have been 
used to characterize sediment quality on a national 
scale (Long 2000, USEPA 2006).  Laboratories 
outside of California have had a high rate of success 
in conducting tests with A. abdita and technical 
difficulties reported in California should not preclude 
the use of the test in other regions.

Sublethal Tests
 The candidate sublethal tests were more variable 
in regards to feasibility, performance, and cost than 
the acute methods (Table 3).  Three methods met 
all feasibility criteria and the highest and similar 
ranking scores, covering a narrow range of 31-33 
out of maximum total of 45 (Table 3).  However, 
based on the results of this analysis, two sublethal 
methods were chosen to be recommended for use in 
the California SQO program, the N. arenaceodentata 
28-day growth test and the sediment-water interface 
test with mussel, M. galloprovincialis.  The third 
method, 28-day L. plumulosus test, is also a feasible 
test, but was judged to be less desirable because the 

test is more costly to perform, provides no increase 
in taxonomic diversity and its sensitivity relative 
to the 10-day survival test with the same species 
is uncertain.  
 The N. arenaceodentata growth and survival 
test was tied for the highest ranking of the feasible 
sublethal tests (Table 3).  It is fairly well established 
with an ASTM method (ASTM 2002b), although the 
method documentation is currently under revision 
to reflect some changes in the procedure.  It has 
been used in multiple field studies and individual 
chemical exposures to spiked sediments (Dillon 
et al. 1993, Green et al. 1999, Lotufo et al. 2000, 
Lotufo et al. 2001b, Moore et al. 2003, Kennedy 
et al. 2004, Kennedy et al. 2009).  The N. arena-
ceodentata 28-day test has also been the subject of 
considerable refinement efforts considering animal 
age, test duration and food ration (Bridges and 
Farrar 1997, Bridges et al. 1997).  For the methods 
comparison study using California sediments, the N. 
arenaceodentata test was the second most sensitive 
test (Figure 3) and more sensitive than the survival 
test with E. estuarius.  However, other studies have 
reported lower sensitivity compared to E. estuarius.  
While the N. arenaceodentata test is one of the 
more expensive to conduct, it has relatively high 
sensitivity (among the sublethal tests), reliability, and 
technical feasibility.  
 The sediment-water interface (SWI) test using 
mussel embryos received the same total score as the 
N. arenaceodentata test (Table 3).  The exposure 
protocol for this procedure is published in a well 
respected compendium of toxicity test methods 
(Anderson et al. 1996) and the embryo testing 
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Figure 2.  Comparison of mortality data between A. ab-
dita and E. estuarius on split samples.
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methods are based on standard EPA procedures 
(USEPA 1995).  The protocol has previously been 
successfully employed in multiple studies within 
California (Hunt et al. 2001b, Bay et al. 2004, 
Brown and Bay 2011).  The cost of conducting the 
test is relatively low and the mussels are available 
in spawning condition year round from multiple 
suppliers.  The test protocol also addresses an 
important pathway of toxicant effects: exposure of 
water column organisms to chemicals released from 
contaminated sediments.  The relative sensitivity 
of this protocol compared to amphipod acute tests 
is uncertain since the results of side-by-side testing 
have been mixed (Figure 3; Bay et al. 2004).  
 The L. plumulosus 28-day test received a rela-
tively high total score that was only two points below 
the N. arenaceodentata and SWI test methods.  This 
test is both well established and documented (USEPA 
2001).  The method has been used in multiple field 
studies and individual chemical exposures to spiked 
sediments (DeWitt et al. 1997, McGee et al. 1999, 
Lotufo et al. 2001a, McGee et al. 2004, Kennedy et 
al. 2009).  During a study of California sediments, 
the L. plumulosus 28-test experienced a test failure 
and variability in the reproduction endpoint caused 
that data to be unreliable (Greenstein et al. 2008).  
Inconsistent reliability of the L. plumulosus 28-day 
test reproductive endpoint has also been reported 

in another study (Kennedy et al. 2004).  In a study 
of sediments in Chesapeake Bay, it was found that 
the 28-day test did not provide more information 
regarding toxicity than the 10-day test with the same 
species and that the 10-day test data had a better 
correlation with changes in the benthic community 
(McGee et al. 2004). 
 The remaining three sublethal test methods had 
limited method documentation, organism availability, 
or a high degree of technical difficulty that resulted in 
an overall rating of not feasible for use in a statewide 
assessment program at this time.  These methods 
were the bivalve M. mercenaria growth test, the co-
pepod A. tenuiremis life-cycle test, and the lysosomal 
destabilization test using the oyster C virginica.  
 The M. mercenaria growth test received the 
highest total performance score of any of the 
methods, based on average to slightly above ratings 
in all of the categories (Table 3).  However, there 
is not a single, cohesive document that completely 
details the protocol and there are no test acceptability 
criteria.  The test is economical and is not technically 
difficult to perform.  The method exhibited fair 
reproducibility between laboratories in a round-robin 
study (Bay et al. 2007).  In a previous study in the 
EMAP Carolinian Province, the clam growth test 
found no toxicity in reference areas, but was able 
to identify areas that were clearly degraded as toxic 
(Hyland et al. 1999) and was the best of the toxicity 
tests conducted at predicting expected bioeffects (Van 
Dolah et al. 1999).  However, in testing on California 
sediments the clam test proved to be less sensitive 
than the E. estuarius 10-day test and was one of the 
least sensitive tests overall (Figure 3).
 The life-cycle test with the copepod A. tenuiremis 
was by far the most sensitive of the sublethal 
methods compared to amphipod acute tests (Figure 
3 and Table 3).  This method was also shown to be 
very sensitive compared to an amphipod acute test 
in a previous study in Florida (Long et al. 1999).  
Nevertheless, the A. tenuiremis test did not pass 
either the animal availability or technical difficulty 
feasibility criteria.  Only one laboratory in the 
country maintains a culture of the animals that can be 
used by other laboratories to start their own cultures.  
The necessity to culture the animals in individual 
laboratories leads to increased technical difficulty.  In 
order to conduct this toxicity test, a laboratory must 
maintain the copepod culture, and cultures of three 
algal species used to feed them.  The A. tenuiremis 
life cycle test is also approximately three times 

Figure 3.  Percentage of stations that were identified 
as being toxic by the standard amphipod survival test 
and sublethal sediment toxicity methods.  Number of 
samples tested is in parentheses.  SWI = sediment-water 
interface (Greenstein et al. 2008).
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more expensive than other tests and has received no 
interlaboratory testing to document reproducibility.  
 The oyster lysosomal destabilization test had 
the lowest total score of any of the test methods 
(Table 3).  Besides the low ranking, this test method 
does not have a complete protocol that is published 
(Table 2).  In preliminary testing of the procedure, 
we also found the endpoint determination to be very 
difficult to discern without significant training from 
someone very experienced in the procedure, leading 
to the acceptability failure for technical difficulty.  
Further, this method has had very limited testing 
with individual chemicals and had not been used 
in field studies alongside other test methods.  In 
a multi-species comparison, the oyster lysosomal 
destabilization test was less sensitive compared to an 
acute amphipod test (Figure 3).

Threshold Calculations
 The thresholds derived in this study represent a 
combination of established and new approaches to 
achieve the goal of being able to classify sediment 
toxicity into multiple clearly delineated categories.  
By incorporating both magnitude of response and 
statistical confidence, these categories represent the 
two factors that are essential to describing a toxicity 
test response for these assessments.
 The low threshold for each of the toxicity test 
methods was based on the control acceptability 
criteria for the given protocol (Table 4).  For the N. 
arenaceodentata growth endpoint, the threshold is 
based on animal weight data, according to a revised 
ASTM protocol that is in preparation (J. D. Farrar, 
personal communication).  For the sediment-water 

interface test using M. galloprovincialis embryos, 
the low threshold for normal-alive was based on the 
control criterion established by the Marine Pollution 
Studies Laboratory, Granite Canyon (B. Phillips, 
personal communication).  
 The moderate thresholds were all based on MSD 
calculations using various datasets (Table 4).  For 
the E. estuarius and R. abronius 10-day survival test 
and the sediment-water interface test with M. gal-
loprovincialis embryos the moderate threshold was 
calculated using data from the California Sediment 
Quality Objectives database (ftp://ftp.sccwrp.org/pub/
download/TOOLS/SQO/sqo.zip), which included 
876, 264, and 118 samples, respectively.  The thresh-
old for the L. plumulosus 10-day survival test was 
calculated using data from tests on sediment from 
throughout the U.S., provided by multiple laborato-
ries.  Few of the 199 samples in the L. plumulosus 
dataset were from stations located in California.  The 
threshold of the N. arenaceodentata growth test was 
calculated from tests of 92 samples from throughout 
the United States, as relatively few data from tests on 
sediments from California were available.  
 The M. galloprovincialis sediment-water 
interface test low and moderate thresholds appear to 
represent a very narrow range of response (Table 4).  
However, this response window is not as small as it 
first seems because the low and moderate thresholds 
are expressed differently.  The low threshold value 
is not control adjusted while the moderate threshold 
is adjusted.  The average control value for M. gal-
loprovincialis SWI tests in the statewide database is 
85% normal-alive. Therefore, the control-adjusted 
value of 77% for the moderate threshold represents 

Table 4.  Response threshold values for the recommended sediment toxicity test methods.  
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a noncontrol-adjusted value of 65% (77% of 85% is 
65%), representing a response window of about 15% 
for the low toxicity category.
 The high threshold calculation produced a greater 
range of values (42% for M. galloprovincialis to 70% 
for R. abronius) between test methods than did the 
low and moderate thresholds (Table 4).  This greater 
range is indicative of the range of sensitivities of the 
various test methods.  The MSD99 values (expressed 
as the control normalized percentage response) ranged 
from 46% for N. arenaceodentata to 73% for R. 
abronius (Table 5).  The 75th percentile ranged from 
24% for M. galloprovincialis to 66% for R. abronius.  
The toxic data distribution approach could not be used 
for the L. plumulosus and N. arenaceodentata tests 
since most of the samples in the dataset were from 
outside of California.  For L. plumulosus, the 75th 
percentile value of 57% from the E. estuarius dataset 
was substituted for the threshold calculation.
 Thresholds based on minimum significant 
difference (MSD90) values have been used by others 
to establish a threshold representing a test response 
associated with moderate to strong toxicity (Phillips 
et al. 2001, Field et al. 2002).  Control acceptability 
criteria are also frequently used to characterize test 
responses.  This study represents the first application 
of the MSD99 and 75th percentile of toxic samples for 
classifying samples in a High Toxicity category.  
 The thresholds developed for this study are 
similar to comparable thresholds calculated by others.  
The calculated moderate threshold value of 82% for 
the E. estuarius test is within the range of thresholds 
of 83% calculated for the Bight’03 regional 

monitoring project in southern California (Bay et 
al. 2005) and 75% for data from the California Bay 
Protection and Toxic Cleanup Program (Phillips et 
al. 2001).  The moderate threshold of 77% for the 
sediment-water interface test with M. galloprovin-
cialis is similar to the MSD value of 80% reported 
by Phillips et al. (2001) for a larger dataset for M. 
galloprovincialis that included pore water and water 
column data.  
 The analyses described here were used to select 
a suite of toxicity test methods for use in a multiple 
line of evidence sediment assessment framework in 
California.  This suite represents test methods that 
had the best relative combination of feasibility and 
performance.  Several data limitations were encoun-
tered in the course of this study that either restricted 
the suite of suitable test methods or complicated the 
calculation of the classification thresholds.  These 
limitations included a shortage of test data for the 
L. plumulosus and N. arenaceodentata sublethal 
methods and a narrow range of available sublethal 
test methods from which to choose.  Further develop-
ment of the methods for the M. mercenaria and A. 
tenuiremis, as well as other sublethal methods, is 
recommended for future evaluation for use in large 
scale assessments.
 The response classification thresholds developed 
in this study were developed for application within 
a multiple line of evidence framework and should 
not be used as stand-alone predictors of biological 
impairment.  These thresholds were based on statisti-
cal parameters unrelated to ecological responses, and 
the categories of Low, Moderate, and High Toxicity 
describe response relative to the test control, not 

Table 5.  Data used in calculation of high threshold values for selected acute and sublethal sediment toxicity test 
methods.  The high threshold is the mean of the two response values shown in the table.
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benthic infauna in the field.  Toxicity tests and ben-
thic community assessment measure different aspects 
of sediment quality and there is no a priori expecta-
tion that toxicity test results will correspond to effects 
on biota in the field, although such a relationship may 
be incorrectly assumed (Chapman and Wang 2001, 
Hose et al. 2006).  Investigations of the relationship 
between acute toxicity to marine amphipods and 
benthic community effects demonstrate that such 
toxicity tests are ecologically relevant, as responses 
characteristic of the Moderate and High Toxicity 
categories correspond with adverse effects on benthic 
infauna, but the relationship is highly variable 
(McGee et al. 1999, Anderson et al. 2001, Long et al. 
2001, Bay et al. 2003a).  Similar comparisons cannot 
be made for marine sublethal tests due to limited 
data.  As more data become available, the thresholds 
developed in this study should be reevaluated in 
order to confirm that they perform as intended and 
to document their correspondence with impacts to 
benthic infauna.
 It is unlikely that any one test method is going 
to be sensitive to all of the individual contaminants 
that may be present at a given location.  For example, 
E. estuarius is insensitive to copper (McPherson and 
Chapman 2000), while N. arenaceodentata is quite 
sensitive (Pesch and Morgan 1978).  Conversely, 
E. estuarius is more sensitive to acenaphthene than 
N. arenaceodentata (Horne et al. 1983, Swartz et 
al. 1995).  It is therefore recommended, that at least 
two of the tests be used together, preferably one 
acute and one sublethal.  By combining the results 
of two methods, the reliability of the toxicity line of 
evidence is increased.
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