
ABSTRACT
Toxicity-based sediment quality guidelines

(SQGs) are often used to assess the potential of sedi-
ment contamination to adversely affect benthic
macrofauna, yet the correspondence of these guide-
lines to benthic community condition is poorly docu-
mented.  This study compares the performance of
five toxicity-based SQG approaches to a new SQG
approach based on changes in benthic community
condition.  Four of the toxicity-based SQG
approaches, effects range median (ERM), logistic
regression modeling (LRM), sediment quality guide-
line quotient 1 (SQGQ1), and Consensus, were
derived in previous national studies, and one was
developed as a regional variation of LRM calibrated
to California data (CA LRM).  The new SQG
approach, Chemical Score Index (CSI), was derived
from southern California benthic community condi-
tion data.  The chemical-specific guidelines for each
approach were applied to an independent validation
set of matched chemical concentration, amphipod
mortality, and benthic macrofauna abundance data
for southern California.  Respective results for each
SQG approach were then combined into a summary
statistic describing the overall contamination magni-
tude (e.g., mean quotient) and assessed in accor-
dance with a set of thresholds in order to classify sta-
tions into four categories of biological effect.
Results for each SQG approach were significantly
correlated with changes in sediment toxicity and
benthic community condition.  Furthermore, cumula-
tive frequency plots and effect category thresholds
for toxicity and benthic community condition were
similar, indicating that both types of effect measure
had similar sensitivity of response to contamination

level.  The benthos-based CSI had the highest per-
cent agreement for benthic community condition;
differences were relatively minor by comparison to
differences observed for other SQG approaches.   

INTRODUCTION
Resource managers often use SQGs to interpret

contamination data with respect to impacts on sedi-
ment dwelling organisms.  The most widely used
SQGs are empirical guidelines based on the statisti-
cal analysis of matched sediment chemistry and bio-
logical effects data.  Although the benthic communi-
ty is often the focus of concern in sediment quality
assessments, few SQGs based on benthic community
effects are available; those that are available are typi-
cally based on data sets with limited geographic
scope (e.g., Puget Sound, Hong Kong) and may not
be applicable to other regions (Barrick et al. 1988,
Leung et al. 2005, Kwok et al. 2008).  Consequently,
SQG development is usually based on the analysis of
large databases that use laboratory sediment toxicity
tests as the primary measure of biological effects
(Wenning et al. 2005).  

Various statistical approaches have been used to
develop empirical SQGs.  Commonly used
approaches include ERM (Long et al. 1995), LRM
(Field et al. 1999, Field et al. 2002), SQGQ1 (Fairey
et al. 2001), apparent effects threshold (AET;
Barrick et al. 1988), and consensus (MacDonald et
al. 2000, Swartz 1999).  ERMs are chemical values
corresponding to the 50th (median) percentile of bio-
logical effects concentrations compiled from a vari-
ety of study types and sources.  LRM indicators
model the probability that a sample will be toxic at a
given chemical concentration.  An individual LRM is
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developed for each chemical in the analysis.  The
SQGQ1 is calculated using SQGs compiled from
multiple sources.  Consensus guidelines combine
several types of SQGs in order to reduce the uncer-
tainty of using a single SQG approach.  

The association of empirical SQGs with toxicity
has been documented in many studies (summarized
in Wenning et al. 2005).  Association is often
demonstrated by a high incidence of toxicity when
multiple guidelines are exceeded (Long et al. 1998).
A stronger association is obtained when an integra-
tive SQG index based on an empirical approach,
such as the mean ERM quotient (mERMQ), is used
to describe the magnitude of contamination (Long et
al. 2000, Long et al. 2006). 

The relevance of toxicity-based SQGs for assess-
ing the potential for benthic community effects is
uncertain due to a paucity of analyses and differ-
ences in methodology between studies.  Although
studies have demonstrated that contamination indices
derived from toxicity-based SQGs are well correlat-
ed with benthic community disturbance (Hyland et
al. 2003, Wenning et al. 2005), the characteristics of
this relationship have been documented for only a
few SQG approaches, often using dissimilar methods
of analysis.  Recent studies also indicate that benthic
community degradation may be occurring at much
lower contaminant levels than those associated with
increased incidence of toxicity identified by labora-
tory toxicity tests (Hyland et al. 2003, Kwok et al.
2008), suggesting that toxicity-based SQGs and com-
monly used thresholds for their interpretation may
not be protective of benthic communities. 

Two strategies are available to increase confi-
dence in the assessment of sediment contamination
effects on benthic community condition.  First, the
accuracy of existing toxicity-based SQGs might be
improved through site-specific calibration.  Second,
benthos-based SQGs can be developed for regions of
interest; such region-specific indices would then pro-
vide more relevant and accurate methods for assess-
ing the potential that chemical contamination will
impact benthic communities.  The goal of this study
was to evaluate these two strategies using California
sediment contamination data.  This study used a data
set of matched chemistry, toxicity, and benthic
macrofauna measurements to develop a new sedi-
ment quality index based on the response of
California benthic community assemblages to con-
tamination.  These data were also used to calibrate
five types of toxicity-based SQG indices with respect

to benthic community responses.  Each type of index
was then evaluated based on its ability to describe
the potential for sediment contamination to impact
benthic communities. 

METHODS

This study assessed the relationship of six empir-
ical SQG approaches by applying them to matched
chemical concentration, amphipod mortality, and
benthic macrofauna abundance data for southern
California (Figure 1).  Five of the approaches were
based on toxicity responses: four approaches were
developed in previous national studies (ERM, LRM,
SQGQ1, and Consensus); one approach was a
regional variation calibrated to California data 
(CA LRM).  The sixth approach, CSI, was developed
for this study and based on the association between
chemical concentration and benthic community dis-
turbance.  An index of overall contamination (i.e.,
mean quotient, mean score, or maximum probability
of toxicity) was calculated for each approach.
Thresholds relating each SQG index to toxicity or
benthic response categories were derived using a
standardized statistical approach.  Each SQG index
was evaluated by determining two measures of 

Figure 1.  Schematic of data analyses.
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association: correlation, and percent agreement
between the calculated effect categories and
observed biological endpoints.

Data 
Data consisting of 441 samples of matched toxi-

city, chemistry, and benthic macrofauna abundance
data were compiled across 6 regional monitoring and
research surveys in southern California embayments.
The data were screened to select high quality and
comparable information.  All stations were located in
enclosed bays or harbors at subtidal depths, and only
data from surficial sediment (top 30 cm or less) were
selected.  The database included stations from Santa
Barbara Harbor, in the north, to San Diego Bay, in
the south.  More information on the studies used to
populate this database can be found at
http://www.sccwrp.org/view.php?id=519.

Toxicity data was obtained by solid phase 10-day
amphipod survival tests using Rhepoxynius abronius
or Eohaustorius estuarius and standardized methods
(USEPA 1994).  Toxicity data were screened to
ensure that mean control survival was at least 85%
and overlying water ammonia concentrations were
below species-specific criteria (USEPA 1994).
Amphipod survival was normalized to the control
response for each test batch by expressing the results
as a percentage of the control survival.  Each toxicity
result was assigned to one of four categories of toxi-
cological response; categories were based on classifi-
cation systems used in other studies (Long et al.
2006).  The toxicity categories specific to each test
species were based on analyses of minimum signifi-
cant difference and magnitude of response (percent
of control survival; Bay et al. 2007).  The categories
for E. estuarius were: Nontoxic (≥90% survival),
Low Toxicity (≥82%), Moderate Toxicity (≥59%)
and High Toxicity (<59%).  The categories for
R. abronius were: Nontoxic (≥90% survival), Low
Toxicity (≥83%), Moderate Toxicity (≥70%) and High
Toxicity (<70%).  The magnitude of toxicity varied
widely in the dataset; however, most samples were
classified as Nontoxic or Low Toxicity (Figure 2).

Benthic community condition was determined
based on species abundances collected from 1-mm
sieves.  Taxonomic inconsistencies among programs
were eliminated by cross-correlating species lists,
identifying differences in nomenclature, and resolv-
ing discrepancies by consulting the taxonomists from
each program.  The benthic community condition of
each sample was classified into one of four cate-

gories of biological response: Reference, Low
Disturbance, Moderate Disturbance, and High
Disturbance.  The condition categories were deter-
mined by the median of four benthic indices calibrat-
ed to southern California embayments (Ranasinghe
et al. 2007): Benthic Response Index (BRI; Smith et
al. 2001, Smith et al. 2003), Index of Benthic Biotic
Integrity (IBI; Thompson and Lowe 2004), Relative
Benthic Index (RBI; Hunt et al. 2001), and River
Invertebrate Prediction and Classification System
(RIVPACS; Wright et al. 1993, Van Sickle et al.
2006).  All categories of benthic condition were rep-
resented in the database, but most samples were clas-
sified as Reference or Low Disturbance; only 4%
had High Disturbance (Figure 2).

The chemistry data selected for analysis had to
meet several screening criteria that included a review
of the data quality assessment by the study authors,
use of comparable extraction/digestion methods, and
measurement of a minimum suite of contaminants
that included multiple metals and polycyclic aromat-
ic hydrocarbons (PAHs).  Standardized sums of
PAHs, dichloro diphenyl trichloroethane and degra-
dation products (DDTs), polychlorinated biphenyls
(PCBs), and chlordanes were calculated using a con-
sistent methodology for all samples.  Low molecular
weight PAHs were calculated as the sum of ace-
naphthene, anthracene, biphenyl, naphthalene,
2,6-dimethylnaphthalene, fluorene, 1-methylnaphtha-
lene, 2-methylnaphthalene, 1-methylphenanthrene,
and phenanthrene.  High molecular weight PAHs
was the sum of benzo(a)anthracene, benzo(a)pyrene,
benzo(e)pyrene, chrysene, dibenz(a,h)anthracene,
fluoranthene, perylene, and pyrene.  Total PAHs was

Figure 2.  Distribution of sediment toxicity and benth-
ic community disturbance categories in the data set.
N = 441.



the sum of Low PAH and the High PAH values.
Total PCBs was calculated from the sum of con-
geners 8, 18, 28, 44, 52, 66, 101, 105, 110, 118, 128,
138, 153, 180, 187, and 195.  The congener list was
a subset of that used by the National Oceanic and
Atmospheric Administration (NOAA) Status and
Trends program; the sum was multiplied by a correc-
tion factor of 1.72 to approximate the value obtained
using the larger NOAA list.  Total DDTs represented
the sum of p,p'-DDT, o,p'-DDT, p,p'-DDE, o,p'-DDE,
p,p'-DDD, and o,p'-DDD.  

Data were estimated for values reported as
below reporting limits based on multiple regression
imputation, using SAS PROC MI (SAS Institute Inc,
NC,).  Imputation produces lesser bias than conven-
tional approaches for estimating nondetect data, such
as substituting one-half of the reporting limit (Helsel
2005).  Estimation was conducted in a sequential
stepwise fashion by contaminant type.  Metal data
were estimated first, followed in order by pesticides,
PAHs, and PCBs.  Estimated values were con-
strained to always be less than the study reporting
limit.  The imputation method was also used to esti-
mate total organic carbon (TOC) for the purposes of
calculating the SQGQ1 and Consensus quotients.
Estimated values were not used in calculations for
any other analytes missing in the data sets, except
when needed to calculate standardized sums of
PAHs, PCBs, or pesticides.  For example, a value for
phenanthrene was estimated for a sample that con-
tained data for other PAHs in order to use the stan-
dardized method to calculate the PAH sums, but the
estimated phenanthrene value was not used individu-
ally to calculate summary SQG values for that sample.

The cumulative frequencies of samples with sed-
iment toxicity or benthic community disturbance
(i.e., affected) and those without biological effects
(unaffected) were plotted in relation to the mERMQ
(see below for calculation method).  For this analy-
sis, samples classified as Nontoxic or Low Toxicity
were regarded as “unaffected” for sediment toxicity.
Samples classified as Reference or Low Disturbance
were regarded as unaffected with respect to benthic
community condition.  Affected samples were
defined as those with either a moderate or high cate-
gory of biological effect.

The resulting data set contained a 1 to 2 orders
of magnitude range of concentration for each con-
stituent (Table 1).  Approximately two-thirds of the
data (293 samples) were used for SQG development
and threshold calibration.  An independent validation

data set, containing one-third of the data (148 samples)
randomly selected from throughout the range of ben-
thic community response, was used for performance
evaluation of the SQG approaches.  

Toxicity-based Sediment Quality Indices
National SQGs

The ERM values used in the analyses were
obtained from Long et al. (1995).  The mERMQ for
each sample in the data set was calculated by divid-
ing each chemical concentration by its respective
ERM and averaging the individual quotients (Long
et al. 2000).  The subset of ERM values used to cal-
culate the mERMQ (Table 2) was the same as that
used in previous mERMQ performance studies
(Long et al. 2000).  The SQGQ1was calculated as
described by Fairey et al. (2001).  The SQG values
used in the analysis are listed in Table 2.   

The Consensus SQG values for PAHs and PCBs
were midpoint effect concentrations obtained from
Swartz (1999) and MacDonald et al. (2000), respec-
tively.  Values for DDTs, dieldrin, arsenic, cadmium,
chromium, copper, lead, mercury, nickel, silver, and
zinc were obtained from Vidal and Bay (2005).  The
mean Consensus quotient was calculated by dividing
each chemical concentration by its respective SQG
(Table 2) and averaging the individual quotients.  

The LRM approach was based on the statistical
analysis of paired chemistry and amphipod toxicity
data from studies throughout the United States (Field
et al. 1999, Field et al. 2002).  The logistic model is
described by the following equation:
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Table 1.  Distribution of chemical contaminants in the
southern California data set.



p = eB0+B1 (x) / (1 + e B0+B1 (x))

where:  p = probability of observing a toxic
effect; B0 = intercept parameter; B1 = slope
parameter; and x = concentration or log con-
centration of the chemical.

The chemical-specific models used in this study
were based on an analysis of the accuracy for pre-
dicting toxicity for 37 candidate models.  Models for
18 chemicals having low rates of false positives were

selected for use (Table 3).  The maximum probability
of toxicity obtained from the individual models (Pmax)
for each sample was used as the index of overall
contamination.  

Regional SQGs
A version of the LRM approach calibrated using

California data (CA LRM) was also evaluated, as
recent analyses showed that the CA LRM had greater
association with toxicity in southern California sedi-
ments relative to other SQG approaches (Bay et al.
2008).  Regional calibration consisted of developing
logistic regression models for individual chemicals
based on California data sets using the methods
described in USEPA (2005).  These models used
<80% control-adjusted amphipod survival as the def-
inition of a toxic sample.  The specific models
included in the CA LRM approaches were selected
from a library of candidate models that included
national models (Field et al. 2002), as well as models
derived using the California data sets.  The selected
models were chosen based on the goodness of fit with
the observed probability of toxicity (Table 3). Models
with high false positive rates were not included.  

Benthos-based Sediment Quality Index 
CSI was derived using matched chemistry and

Southern California benthic macrofauna data.  The
CSI describes the overall level of chemical exposure
in terms of the potential for benthic community dis-
turbance.  Two types of data are combined to calcu-
late the CSI: a set of individual chemical exposure
scores that describe the association between the con-
centration and benthic community disturbance, and a
set of weighting factors that reflect the relative
strength of each chemical-benthos association.  The
index is the weighted average of scores for 13 chem-
ical contaminants:  

CSI = (Σw * score) / Σw

where: score = chemical score based on the
concentration of a contaminant, and  w =
weighting factor for that contaminant.

Chemical scores are determined by comparing each
chemical concentration to a set of three chemical-
specific guidelines (G1, G2, and G3) that classify
chemical concentration into one of four exposure
categories that correspond to four levels of commu-
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Table 2.  Chemical values for individual sediment qual-
ity guidelines used for data analyses.  Values for the
effects range median (ERM) were taken from Long et al.
(1995).  Mean sediment quality guideline quotient
(SQGQ1) values taken from Fairey et al. (2001).  Con-
sensus midpoint effect concentration values taken from
Swartz (1999); MacDonald et al. (2000); and Vidal and
Bay (2005).  Concentrations are on a dry weight basis
except where noted.
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nity disturbance defined by the BRI: Reference
(≤G1), Low Disturbance (>G1 and ≤G2), Moderate
Disturbance (>G2 and ≤G3), and High Disturbance
(>G3).  The chemical exposure categories are given
a numerical score of 1, 2, 3, or 4 corresponding to a
category of Reference, Low, Moderate or High,
respectively.  The chemical score for each contami-
nant is then multiplied by a weighting factor that
corresponds to the strength of association between
the chemical and biological effect.  These products
are then summed across the 13 constituents in the
sample and divided by the sum of weighting factors,
producing the mean weighted CSI.  An example of
the CSI calculation is shown in Table 4.

The CSI chemical-specific guidelines were
selected by applying an optimization procedure
based on maximizing the agreement between chemi-
cal scores and the four effect levels of the benthic
response index (Ranasinghe et al. 2007).

Agreement was measured by the weighted kappa
statistic (Cohen 1960, 1968) with weights based on
the linear weighting scheme of Cicchetti and Allison
(1971).  These weights are commonly used with
ordinal data (i.e., ordered categorical data) and are
the default in many statistical programs including
SAS.  With this weighting scheme, the highest
(full) weight is given to perfect agreement (e.g.,
chemical score = 2 and BRI = Low Disturbance.
A relatively high weight (i.e., more partial credit) is
given when the disagreement is relatively small
(e.g., chemical score = 2 and BRI = Moderate
Disturbance), while a lower weight is given when
disagreement is relatively large (e.g. chemical
score = 2 and BRI = High Disturbance).

The guideline optimization procedure was con-
ducted on multiple subsamples of the development
data set.  The subsampling procedure relied on boot-
strapping, where approximately even distributions of
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Table 3.  Logistic regression parameters for the regional and national approaches compared in this study.  Nation-
al values are taken from Field et al. (2002), CA LRM values are from Bay et al. (2008).  B0 = intercept; B1 = slope;
T50 = calculated concentration corresponding to a toxicity probability of 0.5.  Concentrations are on a dry
weight basis. 



unaffected (i.e., Reference or Low BRI category) and
affected (Moderate or High BRI category) samples
were randomly subsampled for analysis.  This step
was necessary in order to reduce the tendency of
skewed data distributions to provide misleading
kappa results (Kraemer and Bloch 1988, Fienstein
and Cicchetti, 1990).  Kappa is least susceptible to
providing misleading results when distributions are
even (Canran et al. 2005, Lantz and Nebenzahl
1996). PROC SURVEYSELECT was used to ran-
domly select (with replacement) 60 affected and 
60 unaffected samples from subsampled data.  The
subsampling process, (i.e., bootstrapping) was
repeated 50 times in order to ensure that nearly all
samples were represented in at least one subset.  

The optimal set of three guideline values (G1,
G2, G3) for each chemical in each bootstrap sample
was selected by computing weighted kappa statistics
for a large set of possible candidates.  These candi-
dates were selected by choosing all permutations of
three guidelines, taken at 5% increments of the con-
centration range.  In addition, distances between
individual guidelines within each set were con-
strained to be no less than 10% of the range for each
chemical.  These conditions ensured that optimiza-
tion converged and resulting guidelines within a set
were not too close to one another.  For each data
subset, the set of three guidelines that yielded the
highest kappa statistic was selected.  The median of
the guidelines across all subsets was chosen to be the

final guideline value for the Low (G1), Moderate
(G2), and High (G3) categories. 

The CSI weighting factor for each chemical was
determined by applying the final set of guidelines to
all 50 bootstrap samples and computing the weighted
kappa for each sample.  The median kappa was cal-
culated, representing the overall relative strength of
association between the variations in chemical con-
centration and benthic community condition.  The
kappa values were then normalized to the largest
median kappa across 13 chemicals for use as weight-
ing factors in calculation of the CSI.  

Threshold development for all SQG indices
Determining the agreement of sample classifica-

tion based on SQGs with those based on toxicity or
benthos requires the application of category thresh-
olds for each SQG index.  Such thresholds are gener-
ally unavailable for these SQG approaches or vary in
the method of development.  The thresholds used in
this study were developed for each SQG approach
using a consistent methodology so that differences in
performance would reflect inherent differences
among approaches, rather than variations in how
thresholds were assigned.  

Two sets of three thresholds were established for
each SQG approach.  One set of thresholds defined
four ranges of index values that corresponded to toxic-
ity categories based on amphipod survival: Nontoxic,
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Table 4.  Example of the calculation of the CSI from a chemistry data set; the chemical scores were obtained using
the guidelines listed in Table 5.
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Low Toxicity, Moderate Toxicity, and High Toxicity.
The other set of thresholds was based on benthic
community condition categories (median of four
indices): Reference, Low Disturbance, Moderate
Disturbance, and High Disturbance.  Each set of
thresholds was selected on the basis of optimizing
the percent agreement between the four index ranges
and the corresponding biological effect categories
and used the same methodology as described for CSI
guideline selection.  

Selection of the benthic community-based SQG
index thresholds used the SQG development data set
described previously.  The toxicity-based thresh-
olds were based on a larger development data set
(n = 887), which was used for a related study to cali-
brate and evaluate various toxicity-based SQG
indices (Bay et al. 2008).  This data set contained
many of the same samples contained in the benthic
community data set and also additional samples from
the same water bodies for which benthic community
data were not available.  This larger data set was
used to provide the most robust set of threshold opti-
mization analyses possible and to enhance compara-
bility between the two studies.  

SQG index evaluation
SQG index performance was evaluated by quan-

tifying the strength of association between chemistry
and biological effect (i.e., toxicity or benthic com-
munity condition) in terms of both correlation and
categorical classification accuracy. Correlation was
measured as the nonparametric Spearman’s correla-
tion coefficient between the SQG index value (i.e.,
mean quotient, mean score, or Pmax) and amphipod
mortality or community condition category.  

Categorical classification accuracy was quanti-
fied as the percent agreement between the four SQG
index categories (determined by applying the thresh-
olds derived using the development data set) and the
biological effect categories (toxicity or benthos).
Percent agreement was calculated as: 

A = (Nc/Nt)*100

where: A = percent agreement; 
Nc = number of samples correctly classified;
and Nt = total number of samples.

The percent agreement analysis assessed agree-

ment between two sets of four categories, resulting
in an expected value of 25% when the agreement
was solely due to chance.  Values above 25% indi-
cated the magnitude of improvement in classification
accuracy due to the SQG index. 

The analyses were conducted across 50 bootstrap
samplings of 40 unaffected and 40 affected samples.
The 90th percentile confidence limits of the highest
correlation or percent agreement value were deter-
mined from the bootstrap samplings and used to
identify the best performing SQG indices.  All analy-
ses were conducted using the same independent vali-
dation data set, which consisted of data that was not
used for the development of benthic community-
based guidelines or SQG indices.  

RESULTS

CSI Development
There was substantial variability in the relation-

ship between individual chemical concentrations and
benthic community condition.  Spearman correlation
coefficients were highest for some metals (e.g., copper
and zinc) and lowest for DDE and DDT (Figure 3).
Markedly different correlations were obtained for
some contaminants when compared to toxicity.  For
example, increased cadmium concentration showed a
relatively high correlation with increased amphipod
mortality but a low correlation with increased benth-
ic community disturbance.

The plots of the cumulative frequencies of sta-
tions with and without biological effects against the
mERMQ showed a high degree of similarity for toxi-
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Figure 3.  Correlation of chemical concentration with
toxicity or benthic community disturbance.
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city and benthic condition (Figure 4).  Within each type
of biological effect measure, values of the mERMQ
were always higher for affected samples at equivalent
cumulative frequency values.  The difference in quo-
tients (i.e., mERMQaffected – mERMQunaffected) for
a given percentage was also similar between each
type of effects measure, indicating a similar ability
of the mERMQ to discriminate between affected and
unaffected samples.  For example, at a cumulative
percentage 50%, the difference in quotients for toxic-
ity and benthic condition was 0.062 and 0.072,
respectively.  Quotients corresponding to low, mod-
erate, and high probabilities of effects (i.e., 10, 50,
90% cumulative frequency) were also similar for
toxicity and benthic condition.  For example, quo-
tients corresponding to the 10th percentile of effects
were 0.083 and 0.074 for toxicity and benthos
respectively. The main differences between the fre-
quency plots occurred at a mERMQ of ≤0.07, were
there was a somewhat higher proportion of affected
benthos than affected toxicity samples and also rela-
tively little discrimination between affected and
unaffected benthic samples. 

Plots of representative results from the CSI guide-
line development analyses are shown in Figure 5 for
copper, which had one of the strongest correlations,
and high molecular weight PAHs (weak correlation).
Analyses for each contaminant usually showed a
trend of greater frequency and severity of communi-

ty disturbance at higher concentrations.  A poor rela-
tionship was present at low chemical concentrations,
where benthic community condition was highly vari-
able, ranging from Reference to High Disturbance
(Figure 5).  High BRI scores at low concentrations
may indicate the presence of samples impacted by
stress due to noncontaminant factors, such physical
disturbance.  

A set of guideline values was developed for 
13 contaminants using the statistical optimization
procedure (Table 5).  The guidelines for copper, lead,
and zinc produced the highest kappa values, indicat-
ing that classifications based on these metals had the
greatest concordance with benthic community distur-
bance (BRI score) than guidelines for other chemi-
cals.  The lowest kappa values and therefore the least
concordance with benthic community condition were
obtained for the high and low molecular weight
PAHs and DDT. Variation in kappa values was gen-
erally similar to the pattern observed for Spearman
correlation coefficients.  The normalized weighting
factor for each contaminant, which was based on
kappa, varied from 100 (copper) to 5 (low molecular
weight PAHs).  

SQG Index Associations with Toxicity and
Benthos

All of the SQG indices were significantly corre-
lated with changes in sediment toxicity and benthic
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Figure 4.  Cumulative percentage of samples showing toxicity or benthic community disturbance versus mean
ERM quotient.
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community condition (Table 6).  The correlations
were similar, both among indices and between bio-
logical effects measures.  The toxicity correlations
ranged from 0.42 (SQGQ1) to 0.55 (CA LRM), while
the correlations with benthic community condition

ranged from 0.46 (Consensus) to 0.53 (National
LRM).  The correlation between benthic condition
and the new CSI approach was intermediate (0.49).  

Each of the indices was also significantly corre-
lated with each other.  Pairwise correlations ranged
from 0.73 (Consensus vs. SQGQ1) to 0.95
(Consensus vs. mERMQ).  Correlations of the CSI
with the other indices ranged from 0.80 to 0.88.

While overall correlations were similar, the toxi-
city and benthos data showed a different distribution
with respect to the SQG index values.  Results for
the mERMQ (Figure 6) are typical of those for the
other indices.  At low index values (e.g., mERMQ
<0.1), a low incidence of toxic samples is evident
but a greater incidence of samples with an affected
benthic community is evident.  An opposite pattern
is present among samples with the highest mERMQ
values: the incidence of affected benthic samples is
greater than the incidence of toxic samples.

The SQG index category thresholds developed
based on benthic condition were similar to the toxici-
ty-based thresholds (Table 7).  The toxicity-based
thresholds were almost always lower than those
based on benthos, but the differences were small
(usually less than 10%).  The two High SQGQ1
thresholds showed the greatest variation: 0.80 for
High Toxicity versus 1.26 for High Disturbance.

Each of the SQG approaches had similar percent
agreement for each type of biological effect (Table 6).
All of the agreement values were substantially higher
than 25%, the value expected solely on the basis of
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Figure 5.  BRI data distributions and CSI guideline val-
ues (vertical dashed lines) for copper and high molecu-
lar weight PAHs.

Table 5.  Guideline values and weighting factors used in the calculation of the mean CSI score.  Weights are based
on the kappa obtained during threshold optimization for each chemical, normalized to the largest kappa value.



chance.  The CSI had the greatest percent agreement
for both toxicity (50%) and benthic community con-
dition (53%).  The SQGQ1 had the lowest percent
agreement for each effects measure.  Results for the
other SQG indices varied within a relatively narrow

range.  There was no consistent trend in percent
agreement between the effects measures.  Percent
agreement was higher for benthos than for toxicity
for CSI, CA LRM, and National LRM, but the trend
was reversed for the other SQG approaches.  

DISCUSSION

Each of the SQG indices investigated in this
study showed utility with respect to describing the
potential for impacts on the benthic community,
regardless of whether the SQGs were developed and
calibrated to toxicity or benthos.  This effectiveness
was demonstrated by the presence of significant cor-
relations and moderate percent agreements (>25%
expected from chance) among four levels of biologi-
cal impact.  These results are consistent with studies
conducted in other locations in the United States
(Long et al. 2006).  Mean SQG quotients based on
ERMs have been shown to be predictive of marine
benthic community disturbance in Florida
(MacDonald et al. 2004), along the Atlantic and Gulf
Coasts (Hyland et al. 2003), and in Washington
(Long et al. 2005).  This study documents for the
first time that the new CSI index, as well as SQG
indices derived from logistic regression models and
consensus guidelines, relate comparably to benthic
community impacts.

Each of the SQG indices illustrated similar lev-
els of association with toxicity and benthic commu-
nity disturbance, regardless of the SQG approach
(e.g., ERM, LRM) or type of biological data under-
lying the guidelines (i.e., toxicity or benthos).  Such
similarity may have been related to two factors: 1)
the robust nature and general applicability of empiri-
cal SQGs, and 2) the use of consistent methods for
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Table 6.  Correlation and classification accuracy of SQG index values with respect to toxicity or benthic commu-
nity condition.  Cells marked with an asterisk are within the 90th percentile of the largest value across 50 boot-
strap samplings.

Figure 6.  Biological effect data distributions relative to
mean ERM quotient.
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index evaluation.  Since the empirical SQGs were
developed using large and diverse data sets, these
SQGs tend to describe general trends in the data set
that are common to multiple regions rather than site-
specific variations in contaminant mixtures or
bioavailability.  As a result, contamination indices
based on these SQGs (e.g., mean ERM quotient)
would be expected to have a similar (albeit relatively
low) degree of association with various measures of
biological effect.  The use of consistent methods for
threshold selection and SQG index evaluation in this
study minimized the potential for differences in
analysis method to influence the evaluation results.
Had thresholds obtained from the literature been
used for evaluating the national SQG indices, it is
likely that the agreement with biological effects
would have been lower and not representative of the
maximum performance of each approach.  For exam-
ple, a mERMQ of >1.5 has been identified as indica-
tive of a high risk of biological effects (Long et al.
2000) yet the threshold providing the highest concor-
dance between mERMQ and the highest category of
southern California sediment toxicity was much
lower (0.4).

The cumulative frequency and classification
thresholds for toxicity and benthic community condi-
tion were nearly identical, indicating that these labo-
ratory and field biological effects measures had simi-
lar sensitivity in their response to sediment contami-
nation.  This finding differs from other studies,
where benthic community responses were reported to
be more sensitive.  For example, Hyland et al.
(2003) determined a very high level of risk to the
benthos occurred at a mERMQ of >0.361, whereas
Long et al. (1998) determined that a mERMQ of

>1.5 corresponded to a high risk of toxicity.  Kwok
et al. (2008) determined probable effect concentra-
tions for Hong Kong benthos that were lower than
most current SQGs.    

The disparity in relative sensitivity reported in
other studies may be related to several factors.  One
factor is a difference in the source of the toxicity
response thresholds used for comparison.  Both
Hyland et al. and Kwok et al. compared benthic
community effect thresholds that they derived from
regional data sets to toxicity effect thresholds
derived by others from different data sets and
regions.  The toxicity and benthic community thresh-
olds compared in this study were developed using
similar data sets and identical statistical approach.  

Differences in relative sensitivity of toxicity or
benthic community SQG thresholds among studies
may also be related to variations in test species or
benthic community indices.  The toxicity data used
by Long et al. (1998) to identify SQG thresholds is
dominated by survival tests using the marine amphi-
pod Ampelisca abdita, whereas the southern
California analyses were based on the survival of two
other species: E. estuarius and R. abronius. Tests of
split samples indicate that A. abdita is less responsive
to sediment contamination than E. estuarius or 
R. abronius (Bay et al. 2007), suggesting that the
similarity of toxicity and benthic based thresholds in
this study may be due to the use of a more sensitive
test species.  Different benthic indices were used in
each study and their relative sensitivity to contami-
nation may potentially influence threshold selection.

The CSI had the highest percent agreement of
the SQG indices evaluated, although the improve-
ment was relatively small compared to the LRM
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Table 7.  SQG index thresholds based on toxicity or benthic community condition.  na = not applicable; CSI thresh-
olds were not developed for toxicity.



approach.  The high percent agreement for CSI may
have been related to several unique attributes: the
approach was developed using southern California
data and therefore incorporated regional differences
in contaminant mixtures or bioavailability, the
approach was calibrated directly to a measure of
benthic community response instead of toxicity, and
finally, the contribution of individual contaminants
to the final index value was weighted in proportion
to the strength of association with biological effects.  

The results of this study suggest three strategies
for increasing the utility of SQG indices in the evalu-
ation of sediment quality with respect to benthic
community effects.  First, the performance of estab-
lished approaches such as the ERM can be enhanced
through the use of thresholds calibrated to local ben-
thic community response patterns.  A second strategy
is to use a SQG index developed specifically for
benthic macrofauna responses, instead of a toxicity-
based index.  A third strategy consists of using a
combination of SQG approaches, where multiple
SQG indices based on either toxicity or benthos are
combined to describe the overall potential for biolog-
ical effects.  A similar multiple-index approach is
frequently used in sediment quality assessments,
where various toxicity-based chemical indices are
integrated in order to interpret sediment chemistry
data (Chapman et al. 2002, McDonald et al. 2007).  

Integrating the results of various types of SQG
indices is likely to be the most reliable strategy for
assessing the potential for sediment contamination to
impact benthic communities.  Use of this strategy
strengthens the conceptual relationship between sedi-
ment contamination and benthic community
response, while preserving the ability of the analysis
to assess the potential for toxicity, an independent
and widely used measure of contaminant effects.
The need for a combined analysis supported by the
results of this study, which found different chemical-
specific and station-specific patterns of response for
toxicity and benthic community condition.  The
greater effectiveness of a multiple index approach
has recently been documented for the analysis of
benthic community condition, where the integration
of results from multiple indices provided a more
accurate determination of benthic community condi-
tion compared to the use of a single index
(Ranasinghe et al. 2007).  Such a multiple-index
approach may provide a more confident method to
assess the significance of chemical contamination,
considering the limitations of current SQG approach-

es to predict the bioavailability and biological effects
of contaminants under diverse conditions.  
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