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INTRODUCTION ' 

this paper is to resolve some of these dif- 
ing a unifying synthesis of the published 
e, and marine SQGs for PCBs. To this end, 
r PCBS were assembled and classified in 
ir narrative intent, and the SQGs that fell 

apparent effects threshold (AET) approach [fj]. AP- within three general categories were ~ised to develop Consen- 
of these approaches has resulted in a wide range of sus-based sediment effect concentrations (SECS). Specifically. 

below which'adverse 
o 'occur), a midrange effect concentration 

ays occur) were established. Consensus- 
rived because they provide a means of 

the bioavailability of sediment contaminants, effects reconciling SQGs that have been developed using the various 
sensus-based SECs 

egarding their ability to predict sediment 
toxicity in field-collected sediments .from various locations in 
the United States. The consensus-based SECs ,were also eval- 
uated to determine if they reflected causal rather than correl- 
ative effects as indicated 11sino t h ~  r ~ ~ ~ t l t c  af r - :b -A  --+I:---. 
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toxicity tests (with single chemicals and simple chemical mix- 
tures) and EqP models. 

The consensus-based SECs presented in this paper are in- 
tended to provide a basis. for assessing the potential effects of 
PCBs on sediment-dwelling organisms. However, PCBs also 
bioaccumulate in the tissues 6f aquatic organisms and cause 
adverse effects in the food web. Therefore, the consensus- 
based SECs should not be used alone to assess sediment qual- 
ity. Other tools, such as bioaccumulation tests, tissue chemistry 
data, and tissue residue guidelines, are also needed to evaluate 
the potential effects of PCBs on'both wildlife- and human 
health. 

MATERIALS AND METHODS 

Derivation of consensus-based SECs 

A stepwise approach was used to develop the consensus- 
based SECs for PCBs. First, published SQGs for PCBs that 
have been developed by various investigators to support qual- 
ity assessments of freshwater, estuarine, and marine sediments 
were collected and collated. The published SQGs were com- 
piled directly into spreadsheets in MS Excel@ format (Micro- 
soft Corporation, Redmond, WA, USA). The SQGs that were 
expressed on aq organic carbon-normalized basis were converted 
to dry weight (dry wt)-normalized concentrations assuming 
1% organic carbon. The 1 % organic carbon value was selected 
because the average levels of organic carbon in marine and 
estuarine sediments [5] and in the' freshwater sediments [9] 
were similar to this level (1.2 and 1.5%; respectively). The 
existing SQGs were compiled on a dry wt-normalized basis, 
because the results of earlier studies have indicated that such 
tools predict sediment toxicity as well as; or even better than, 
the organic carbon-normalized SQGs [15,16] and because 
many of the underlying SQGs were expressed on a dry-weight 
basis only. 

The SQGs were then .classified to facilitate the derivation 
of consensus-based SECs. The SQGs that applied to freshwater 
sediments and those that applied to marine and estuarine sed- 
iments were initially grouped separately. Next, the SQGs were 
grouped into three categories according to their original nar- 
rative intent, including TECs, which were intended to identify 
concentrations of PCBs below which adverse effects on sed- 
iment-dwelling organisms were unlikely to be observed; 

.MECs, which identify concentrations of PCBs above which 
adverse effects on sediment-dwelling organisms are frequently 
observed; and EECs, which identify concentrations of PCBs 
above which adverse effects on sediment-dwelling organisms 
are usually or always observed [I]. Only the empirically de- 
rived SQGs were used to derive the consensus-based SECs. 
The theoretically derived SQGs were used subsequently to 
determine if PCBs are likely to cause, or substantially con- 
tribute to, sediment.toxicity at concentrations greater than the 
MEC and. EEC (rather than simply being associated with tox- 
icity). 

Several indicators of central tendency were considered for 
calculating consensus-based SECs for PCBs, including the 
arithmetic mean, geometric mean, and median. Each of these 
indicators has both advantages and limitations that affect their 
applicability for calculating consensus-based SECs; no perfect 
indic'ator of central tendency exists. In this study, the geometric 
mean was selected to support the calculation of consensus- 
based, SECs for each category of SQGs. This indicator was 
used because it tends to minimize the effect of single values 
on the estimate of central tendency and because the distribution 

,. , 

of the SQGs within each,category was unknown (i.e. 
metic mean is most appropriate for normally-distribut 
[171). 

Three SECs, including a TEC, an.MEC, and an EE 
derived both for freshwater and for marine and estuari 
iments. The resultant freshwater and marine SECs 
compared to determine if they were statistically 
indicated by a lack of statistical differenc 
of modified Student's t tests. Comparability of the S 
the two media types was considered to provide suffic 
tionale for merging the underlying SQGs to supp 
ivation of more generally applicable SECs. Final 
based SECs were calculated only if three or more 
available in the pooled data set for a chemical subst 
group of substances. 

Evnlrtotiort of corzsensus-based SECs 

The reliability of the consensus-based SECs for as 
sediment quality conditions was evaluated in several w 
determining ,their hredictive ability (i.e., their ability t 
rectly classify seaiment samples as toxic or not toxi 
by evaluating the degree of concordance between 
centrations and the incidence of adverse effects on 
dwelling organisms, and by determining if the empirical 
rived SECs agreed with the results of spiked-sediment to 
tests and EqP-based SQGs (i.e., to determine if the S 
be used to determine if PCBs are likely to cause, or 
tially contribute to, sediment toxicity). 

TO support the evaluation of predictive ability, mat 
sediment chemistry and biological effects data were asse 
from a variety of freshGater, estuarine, and marine loc 
in the United States. Because the candidate data sets : 

generated for a variety of purposes, each data set was criti 
evaluated to ensure the quality of the data used for evalu I 

the predictive ability of the SECs [18]. Data from the fo 
freshwater locations were used: Grand Calumet River 
diana Harbor canal, Indiana, USA [19.20]; Indiana 
Indiana, USA [16]; Lower Fox River and Green Bay, 
consin, USA [21];.Potomac River, District of Columbia 
[22-241; Saginaw River, Michigan, USA [16]; Trinity 
Texas, USA [25]; Upper Mississippi River, Minnesota to 
souri, USA '[16,26];. and Waukegan Harbor, Illinois, 
[16,27]. These studies provided 10 data sets (195 
samples) with which to evaluate the predictive ability 
SECs for PCBs. Sediment samples were considered tob 
if a statistically significant response was observed for an 
the following endpoints: amphipod (Hyalella azteca) surv 
and' growth, mayfly (Hexagenio lirnbata) survival, 
(Chironomrcs terltanFor Chirortornits riparirts) surviv 
growth, and daphnid (Ceriodaphnin dnbia) survival. 

Matching, synoptically collected sediment chemistry 
toxicity data were also compiled from several studies 
ducted in marine and estuarine locations, including Bisc 
Bay, Florida, USA [18; E.R. Long, published data]; Env 
mental, Monitoring and Assessment Program Virginian P 
ince [181; Hudson-Raritan Estuary, New York, USA [281; 
son-Raritan EstuaryINewark Bay, New YorWNew Jersey, 
[18; unpublished sediment chemistry and toxicity data]; 
Island Sound, USA [18]; Naragansett Bay, Rhode island, 
[29]; Puget Sound, Washington, USA [30]; San Diego 
California, USA [18]; San Francisca Bay, California, 
[31]; San Pedro Bay, California, USA [18]; South Car0 
and Georgia, USA .[181]; and Tampa Bay, Florida. USA [ 
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grbi,,,ent "Sect co~~centretions for PCBs 

lo 
information on thechemical compos,ition and toxicity 

,,151 sediment samples was obtained. In these studies, 
toxicity was assessed using the results of toxicity 

vS,, conducted on the amphipods Ampeliscn abdita and Rhe- 
n.nius nbronius. p, . In this study, predictive ability was defined as the ability 

of he SECS' to correc'tly classify sediment samples as being 
or nontoxic. Predictive ability was calculated as the ratio 
number of samples that were correctly classified as toxic 

nontoxic and the.number of samples that were predicted to 
toxic or nontoxic using the various SECs (predictive ability 

as a percentage). In this evaluation, samples' 
,irh pCB concentrations less than the TEC were predicted to 

nontoxic, whereas those with concentrations greater than 
,he MEC or the EEC were predicted to be toxic. Samples with 
PCB concentqations between the TEC and MEC were neither 
@icted to be toxic nor to be nontoxic (the SECs are not 
inlznded to provide guidance within this range of concentra- 
dons). , 

Criteria for evaluating the predictive ability of the SECs 
were adapted from'those of Long et al. [18]. Specifically, the 
TEC was considered to provide a reliable basis for assessing 
gdiment quality if more than 7590 of the sediment samples 
kere correctly predicted to be nontoxic. Similiirly, the EEC 
was considered to be reliable if more than 75% of the sediment 
samples were' correctly predicted to be toxic: Therefore, the 
target level for both false-positive classifications (i.e., samples 
incorrectly classified as being toxic) and false-negative clas- 
sifications (i.e., samples incorrectly classified as being non- 
~oxic) .was 25% using the TEC and EEC. Because the MECs 
are intended to identify contaminant concentrations greater 
rhan that at which adverse effects frequently occur, the MEC 
was considered to be reliable if the incidence of toxicity was 
more than 50% at.PCB concentrations greater than this level. 
The degree of concordance between PCB concentrations and 
sediment toxicity was evaluated by determining the incidence 
of toxicity within the four ranges of concentrations defined',by 
he three SECs (i.e., <TEC, TEC-MEC, MEC-EEC, and 
>EEC). 

Data from spiked-sediment toxicity tests and EqP models 
Provide specific information for identifying the concentrations 
of sediment-associated PCBs that are likely to cause toxicity 
lo sediment-dwelling organisms, either when the PCBs occur 
alone or in simple mixtures with other contaminants. To de-. 
Il.'rmine if the empirically derived SECs identified the con- 
centrations of PCBs that are likely to cause adverse effects on 

' sediment-dwelling organisms (as opposed to merely being as- 
"cialed with such effects), the TEC, MEC, and EEC were 
'ompared with the results of dose-response studies and EqP 
models for PCBs. First, the results of spiked-sediment toxicity 
'tsts and related toxicological 'data were reviewed to identify 
h n i c  toxicity thresholds for PCBs. Likewise, the results 
from EqP models were used to identify the concentrations of 
PCBs above which adverse effects are likely to occur.on sen- 
"live, sediment-dwelling organisms (i.e,, during longer-term 
'Wsures), The consensus-based SECs were considered. to be 
'qmparable to the chronic effects thresholds if they agreed 
k'thin a factor of three (i.e., t a factor of 3, as recommended 
by Lorenzato et al. [32]). 

De~criptiott and classification'of existing SQG for PCBs 

Both empirical and theoretical approaches were considered 
" Support the derivation and evaluation of consensus-based 
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SECs for PCBs, various PCB mixtures, and/or individual PCB 
congeners, including the screening level concentration ap- 
proach, effects range approach, effects level approach, AET 
approach, and EqP approach. Each of these approaches is de- 
scribed in the literature, but some confusion remains concern- 
ing how the SQGs are derived and what they actually mean. 
Therefore, a brief description of each approach is offered to 
providq sufficient background information to understand the 
underlying SQGs that were used to derive the consensus-based 
SECs. Each of the published SQGs was classified as TEC, 
MEC, or EEC, based on the descriptions of their narrative 
intents. 

Screening level concer~tration approach 

The screening level concentration is a biological effects- 
based approach that is applicable to the development of SQGs 
for the protection of benthic organisms. This approach uses 
matching. biological and chemistry data collected in field sur- 
veys to ca1,culat.e a screening level concentration [3], which is 
an estimate of the highest concentration of a contaminant that 
can be tolerated by a predefined proportion of benthic infaunal 
species. 

The screening 'level concentration is determined through 
use of a database containing information on the concentrations 
of specific contaminants in sediments and on the co-occurrence 
of benthic organisms in those same sediments. For each benthic 
organism for, which adequate data are available, a species 
screening level concentration is calculated. The species screen- 
ing level concentration is determined by plotting the frequency 
distribution of the contaminant concentrations over all the sites 
at which the species occurs; information from at least 10 sites 
is required to calculate a species screening level conceritration. 
The 90th percentile of this distribution is considered to be the 
screening level concentration for the species being investi- 
gated. Species screening level concentrations for all the species 
for which adequate data are available are then compiled as a 
frequency distribution to determine the concentration that can 
be tolerated by a specific proportion of the species. For ex- 
ample, the fifth percentile of the distribution would provide a . 

screening level concentration that should be tolerated by. 95% ' 

of.the species. This concentration is termed the screening level 
. 

concentration of the .contaminant. 
Several jurisdictions have used screening level concentra- 

tions to derive numeric SQGs. 1'n the St. Lawrence River, two 
SQGs were developed for five groups of PCBs using the , 

screening level con'centration approach, including a minimal 
effect threshold and a toxic effect threshold [7]. The minimal 
effect threshold was calculated as the 15th percentile of the 
species screening level concentrations, whereas the toxic effect 
threshold was calculated as the 90th percentile of the species 

, screening level concentration distribution for each substance. 
Therefore, the minimal effect threshold and toxic effect thresh- 
old are considered to provide protection for 85% and lo%, 
respectively, of the species representedAin.the database. Sim- 
ilarly, Environment Ontario has deveiop a lowest effect level 
and severe effect leve1,for each of five groups of PCBs by 
using this approach [ 8 j . , ~ e f f  et al. [3] also developed a screen- 
ing level concentration for tPCBs primarily by using data from 
the Great Lakes. 

For calculating consensus-based SECs, the minimal. effect - 

threshold, lowest effect level, and screening level concentra- 
tion.were considered to represent TECs, because they are ex- 
pected to protect 85 to 90% of sediment-dwelling organisms. 
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The toxic effect threshold and severe effect level were con- 
sidered to represent EECs, because adverse effects are ex- 
pected on 90% of sediment-dwelling species at greater than 
such concentrations. 

Effects range approach 

The effects range approach to derivation of SQGs was de- 
veloped to provide informal tools for assessing the potential 
for various contaminants, tes;ted in the National Oceanic' and 
Atmospheric Administration's National Status and Trends Pro- 
'gram, to be associated with adverse effects on sediment-dwell- 
ing organisms [4]. First, a database was compiled that con- 
tained information on the effects of sediment-associated con- 
taminants, including data from spiked-sediment toxicity tests, 
matching sediment chemistry and biological effects data from 
field studies in the United States, and SQGs that were derived . 
using various approaches. All the information in the database 
was weighted equally, regardless of the method that was used 
t6 develop it. 

Candidate data sets, from field studies were evaluated to 
determine their applicability for incorporation into the database 
[5]. .This evaluation was designed .to determine the overall 
applicability of the data set, the methods used, the endpoints 
measured, and the degree of concordance between the chemical 
and the biological data. Data that met the evaluation criteria 
were incorporated into the database. 

. 

The database that was compiled included seveial types of 
information from each study. Individual entries consisted of 
the concentration of the contaminant, the location of the study, 
the species tested and the endpoint measured, and an indication 
of any coricordance between the observed effect and the con- 
centratio~s of a specific chemical (i.e., no.effect, no .or small 
gradient, no concordance, or a hit, which indicated that an 
effect was measured in association with elevated sediment 
chemistry). Data from nontoxic or unaffected samples were 
assumed to represent background conditions. Data that showed 
no concordance between 'chemical and biological variables 
were included in the database but.were not used to calculate 
the SQGs. Data for which a biological effect was observed in 
association with elevated chemical concentrations (i.e., hits) 
.were sorted in ascending order of concentration, and the 10th- 
and 50th-percentile concentrations for each compound were 
determined. The effects range-low (i.e., 10th-percentile value) 
was considered to represent a lower threshold value, below 
which adverse effects on sensitive life stages andlor species 
occurred infrequently. The effects range-median'(i.e., 50th- 
percentile value) was considered to represent a second thresh- 
old value, above which adverse effects were frequently ob- 
served. These two parameters were then used as informal 
SQGs [4,14]. The U.S. Environmental Protection Agency 
(EPA) [16] used a similar approach to derive effects range- 
lows (15th-percentile of the effects data set) and effects range- 
medians (50th-percentile of the effects data set) for assessing 
sediments from various freshwater locations. Similarly, Mac- 
Donald [15] applied the effects range approach to regionally 
collected field data to derive site-specific SECs for PCBs and 
DDTs,in the-Southern California Bight, USA. 

For calculating consensus-based SECs, the effects range- 
low values were considered to represent TECs, because ad- 
verse effects, are expected to be observed only infrequently at 
concentrations less than'such SQGs. In contrast, the effects 
range-median 14,141 and SEC [15] values were considered to 

D.D. MocDonald cr ,I 
represent MECs, because adverse effects are likely to be ob- 1 'gfl th, 
served at concentrations greater than such values. I iglent 1 

Effects level approach 

The effects level approach is closely related to the effeqs 
range approach described earlier. However, the effects leve] 1 
approach is supported'by an expanded version of the database 
that was used to derive the] effects levels [4]. This expanded : 

database contains matching sediment chemistry and biological 
effects data from spiked-sediment toxicity tests and from field I, 
studies conducted throughout North America, including bolh i 
effects and noleffects data. The expanded database also con. 
tains SQGs derived using various approaches. The information 
contained in the expanded database was evaluated and class , 
sified in the same manner the original National. Status and , 
Trends Program database was compiled: 

In the effects-level approach.. the underlying information ( 
in the. database was used to derive two types of SQGs, in. ' 

cluding threshold effect levels and probable effect levels. The 1 
threshold effect level, which 'is calculated as the georne1.i 1 
mean of the  15th percentile of the effects data set and the 501h / 
percentile of the no-effects data set, represents the chemical : 
concentration below which adverse gffects occurred only in. 1 
frequently. The probable effect level represents a second I threshold value, or the concentration above which adverse el. 
fects' were frequently observed. The probable effect level is 
calculated as the geometric mean of the 50th percentile of ~ h t  

.'effects data set and the 85th perce~itile of the no-effects da~a 
set. These arithmetic procedures have been applied to the ex. 
p v d e d  database to derive numeric SQGs (i.e., threshold effec~ 
levels and probablc effect levels) for Norida. USA. coaslai 1 
waters, [5]; U.S. freshwater systems 191; and Canadian fresh- 1 

water and marine systems [lo].  
Because adverse effects are expected to be observed only 

els, they were considered to represent TECs for calcularine 

1 
infrequently at concentrations below' the. threshold effect lev i 

1 
consensus-based SECs.' Similarly, the probable effect levels 
were considered to represent MECs, because adverse effects 
are likely to be observed at conce~trations above such values. / 
AET approach 
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The AET approach to the development of SQGs was de 
veloped for use in the Pliget Sound area of Washington slaw, 
[33]. The AET approach' is based on empirically defined 
lationships between measured concentrations of a contaminan' 
in sediments and observed biological effects. This approach 

:. is intended to define the concentration of a contaminant 
. sediment above which significant ( p  1 0.05) biological effe 

are always observed. These biological effects include, but 
not limited to, toxicity to'benthic andlor'water-column species 
(as measured using sediment toxicity tests), changes in 
abundance of Various bk*thic species, and changes in benthic 
community structure. In Puget Sound, Washington, USA, fol 
example, four AET values have been generated, includ'?f 
AETs for Microtox" (Azur, Carlsbad, CA, USA), oyster larva' 
benthic community, and amphipods. The AET v a l ~ e s  arebad 
gn dry wt-normalized contaniinant concentrations for ?ela'' 

.. and either dry wt- or total organic carbon-normalized coB' 
centrations for organic substances [6,34]. The state of was' 
ington. USA, ha! used the various AET values io eitabli' 

, ' sediment-quality s t a n d i d s  and minimum clean-up levels 
contaminants of concern in the state. 

Recently, Cubbage et al. 111) refined this approach to s'* 



. , kinrni effect concentrations for PCBs 

the development of -probable AETs using matching sed- P' writ Chemistry and tqxicitj data for freshwater sediments 
the state of Washington, USA. Ingersoll et al. [9] and 

,wU.S, EPA [16] used a similar approach tb develop fresh- 
AETS (termed no-effect concentrations in that study) % data from various freshwater locations. 

, of AET values is challenging, because the 
"ve sensitivity of each endpoint varies for different chem- 

!$In this study. AET-type values fortPCBs were classified 
hree categories to facilitate derivation of consdnsus-based 

&, The AET values for the most sensitive endpbints (iden- 
dcd here as low-range AETs), including the.'freshwater AET 
iur yicrotox, the California AET for bivalve embryos, and 

puget Sound AET for Microtox, were classified as  being 
EC~,  because adverse effects are not expected at concentra- 
lions less than these values. The AETs for the endpoints that 
dibited intermediate sensitivities (identified here as mid- 

AETs) were considered to represent MECS, because ad- 
effects are likely to befbserved for moit  of the endpoints 

mcBsured at concentrations greater than such values; these 
SQGS included the freshwater .no-effect concentrations , fresh- 
,2ter probable AETs for amphipods, California AETs for ben- 
hit community, and the Puget Sound AETs .for oysters and 
knthic community. The AETs for the least sensitive endpoints 
{identified here as high-range AETs), including the freshwater 
.GTs for amphipods, the California AETs for amphipods, .and 
I& Puget. Sound AETs for amphipods, were considered to, 
 present EECs, because adverse effects on all the endpoints 
measured are expected at concentrations above such values 
ii.t.,'high-range AETs are greater than all the other AETs; 
therefore. adverse effects can be expected on all the endpoints 
for which AETs were derived). . 

The water-sediment EqP approach has been,one of the most 
audied and evaluated techniques for developing SQGS for 
nonpolar orianic chemicals and metals [2,35-39L This ap- 
proach is based on the premise that the distribution of con- 
hminants among different compartments in the sediment ma- 
'rin ke . .  sediment solids and interstitial water) is predictable 
based on their physicochemical properties, assuming that con- 
linu~us-e~uilibrium exchange between sediment' and intersti- 
tial water occurs. This approach has been supported by the 
t ~ s ~ l t s  .of spiked-sediment toxicity tests, which indicate pos- 
"IVe correlations between the.biologica1 effects observed and 
'he concentrations of contaminants measured in the interstitial 
!'J'rr 13,,39,40]. 

In.the EqP approach, water quality criteria developed for 
Protection of freshwater or marine organisms are used to 

"pPort the SQG derivation process. As such, water quality 
'"'rria formulated. to protect the water-column species are 
'''Um~d to be applicable to benthic organisms1 121. The SQGs 

calculated using the appropriate water quali/y criteria. USu- 
'I* the final chronic values or equivalent criteria [41]. .in 
Conjunction with the sediment/yater partition coefficients for 
" contaminants. The final chronic value is derived 

'lorn {he Species mean chronic values that have been calculated 
U"ng,~ublished toxicity,data, and it is intended to protect 95% 
Of quatic species. The calculation procedure for nonionic Or- 
ganic contaminants is 

SQG = K, - FCV 
SQG, is the sediment-quality guideline (pgkg) .  K,  is 

the panition coefficient for the chemical (Llkg), and FCV is 
the final chronic value (pg/L). 

The K, is a function of the partition coefficient for sediment 
organic carbon (K,) of the substance under consideration and 
the' amount of organic carbon in the sediment under investi- 
gation v,), where K,, = K ,  . f,, [2]. The K, for nonionic 
substances can be calculated from its octanol-water partition 
coefficient (K,,) [2]. For PCBs, the KO, values that have been 
measured for individual PCB congeners vary over several or- 
ders of magnitude. .Therefore, derivation of an SQG for total 
PCBs using this approach necessitates selection of a KO, that 
is representative of the compounds within this class (i.e., a KO, 
for Aroclora 1254 [Monsanto Chemical Company, Sauget, IL, 
USA], which is a mixture of many PCB congeners). 

The EqP approach provides a theoretical basis for identi-: 
fying chronic effects thresholds for PCBs when they occur 
alone in sediments. T h e  EqP-based SQG were not used to 
derive consensus-based SECs. Instead, EqP-based SQGs were 
used to evaluate consensus-based SECs in terms of their ability 
to identify PCB concentrations above which PCBs would 
cause, or substantially .contribute to, sediment toxicity. Two 
sets of EqP-based SQGs were identified for tPCBs, including 
the freshwater and marine SQGs. for New York state, USA 
[42], and the more generally applicable SQG derived by Bolton 
et al. [36]. I " 

RESULTS 

Derivation of consensus-based SECs 

Existing SQGs for freshwater sediments that iatisfied all 
the selection criteria are presented in Table 1. Most of the 
freshwater SQGs for tPCBs were comparable within a factor 
of three. Of the,eight SQGs considered to represent TECs, five 
were within a factor 'of three of each other. Similarly, five of 
the six MEC-type SQGs were within a factor of three of each 
other, and two of the three EEC-type SQGs fell within'a factor 
of three of each another. 

Existing marine SQGs for PCBs are presented in Table 2. 
Examination of the SQGT that were compiled indicates that 
the comparability of :the marine SQGs for tPCBs was 'some- 
what lower than that, for the freshwater SQGs. For example, 
three of the five TEC-type SQGs fell within a factor of three ' 

of each another. The MEC-type SQGs fell within two clusters, 
each of which had three comparable SQGs. The two EEC-type 
SQGs varied by slightly more than a factor of three. 

Examination of the consensus-based SECs for tPCBs in- 
dicated that the freshwater SECs were similar to the marine 
SECs. In other words, the* respective TEC, MEC, and EEC 
values for freshwater i n d  saltwater were not statistically dif- 
ferent from each another based on. the results of modified 
Student's t tests (p < 0.05). Therefore, the freshwater, estu- 
arine, and. marine SECs were combined to facilitate the de- 
termination of consensus-based S,ECs that apply more gen- , 

'erally to various types of waterbodies (Table 3). This decision 
was supported by toxicological data indicating that the range 
of acutely lethal or effective concentrations of PCBs for salt- 
water species (1.0-16.000 pg/L [43]) fully encompasses the 

'. range reported for,freshwater species (2.0-2400 kg& [44]). 
Similarly, the range of species mean acute values for saltwater 
crustaceans (10.5-1.2.5 p g L )  falls within the reported range 
reported for freshwater crustaceans (10-46 p g L '  [44]). That 
the lower end of the effects range is sirriilar for saltwater and 
freshwater organisms, combined with the high degree of over-. 
lap of the effects range, suggests there are no systematic dif- 



Table 2. Consensus-based sed~ment effect concentrations of polychlorinated biphenyls (PCBs) for marine and estuarine ecosystems" SEI 
Total PCBs Aroclor 101~5~ Aroclor 124gb Aroclor 1254b Aroclor 1260b 

Category of SEC 

IF 
(mglkg dry wt) (mgkg dry wt) (mgkg dry wt) (mgkg dry wt) (mgkg dry wt) Reference 1 : 

Threshold effect concentratlons 
i 

TEL 0.022 [5] 2 
ERL 0.023 [I41 j 
SLC 0.043 1121 < 

4 
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Category of SEC ' 

Threshold effect concentrations 
SLC 0.003 
LAET (Microtox) 0.02 1 

.q!p 
L$L [ I  11 

TEL-HA28 0.032 , [9] ,itM 
TEL 0.034 . [lo] ;? :;iz 
ERL 0.050 \ [4] :; ;ER 
ERL-HA28 0.050 . <n 
LEL 0.070 6.007 0.030 0.060 , 0.005 [81 t !$#F [9] , ? , 

LAET-C (bivalve) 
LAET-PS (Microtox) 

MET 0.200 0.100 0.050 0.060 0.005 [7] 
Consensus-based TECs 0.035 N A N A N A N A 
Standard deviation 0.061 N A N A N A N A 

Midrange effect concentrations 
NEC 0.190 ' 

consensus-bsed TECs 0.038 
Standard dev~ntlon 0.047 

M~drange effect concentrations 
ERM 0.180 

@La 
R ER 
j$ kR 
j p i ~  

Q,., 

PEL 
MAET-C (benthic) 
SEC 0.835 
MAET-PS (benthic) 1.000 

PEL-HA28 0.240 
'9] 1 

@.LA ,191 
PEL 0.277 [lo] ,@?? ,S 

MAET-PS (oyster) 
Consensus-based MECs 

ERM 0.400 [4] 
PAET (amphipod) 0.450 [I l l  , 

ERM-HA28 0.730 191 
Consensus-based MECs ' 0.34 

I .  
. Standard deviation 0.20 , , 

Extreme effect concentrations 

Standard deviation 0.42 

Extreme effect concentratlons 

.r .,- 
smc 
,$,":. 
Midr: 
pgk 

HAET-C (amphipod) 
HAET-PS (amphipod) 

@& 
sland IRLli.., 

0.088 , 

0.130, - 

0.189 
0.360 

.I.lOO, 0:400 
0.47 

0.960 
3.100. . . 

threshold; LAET = lowest-apparent-effects~threshold; MAET = moderate-apparent-effects threshold; MEC "'2 
PEL = probable effect level; PS = Puget Sound; SEC = sediment effect concentration; SLC = screen@-lc' < 

nrentra t inn.  TFI = thrrchnld rffprt lrvel 

HAET (amphipod) 0.820 [I l l  .! 

consensus-based EECS 1.7 
Standard deviation 1.5 1 

C = California; dry wt = dry ueigho EEC = extreme effect concentration; ERL = effects ra&e low; ERM = effects range median: 

TET 1 .OOO 0.400 0.600 0.300 0.200 [7] 
SEL 5.300 . 0.530 1 SO0 ,0.340 0.240 181 

Consensus-based EECs 1.6 N A N A N A N A 
, , Standard deviation 2.5 N A N A N A NA , 

Dry wt = dry weight; EEC = extreme effect concentration; ERL = effects range (low); ERM r effects range (median); NEC = no-effec~ 
concentration: PAET = probable-apparent-effects threshold; PEL = probable effect level; HAET ,=  highest-apparent-effects threshhold; HA28 
= H~~ale l la  azreca 28-d test; LAET = lowest-apparent-effects threshold; LEL = lowest effect.level;fMEC = moderate effect concen(ration: 
MET = moderate effect threshold; NA = not applicable; SEC = sediment effect concentration; SEL = severe effect level; SLC = screening- 
le~el~concentration; TEC = threshold effect concentration; TEL = threshold effect level; TET = toxic effect threshold. 
Monsanto Chemical Company, Sauget.Illinois, USA. 

\ 

= highest-apparent-effects 
erate effect concentration; 

, ' 

;shd 'v. ,Eft& 

rnnren~rrltinrr TFr = rhrpchnld rffert rn 
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3 .  Consensus-based sediment effect concentrations of ferences in the sensitivities of freshwater and saltwater species 
polychlorinated biphenyls (PCBsy to PCBs. Therefore, the SQGs for both media types were 

Total PCBs merged and used to calculate the consensus-based SECs for 
(mgkg dry wt) Reference tPCBs presented in Table 3. 

Evaluation of consensus-based SECs 

0.02 1 consensus-based SECs that were derived in this study were 
evaluated to d e t k i n e  if they provided a reliable basis for 
identifying the concentrations of PCBs that are likely to sub- 

0.032 [9] 
0.034 

. '  stantially contribute to or cause sediment toxicity. This eval- 
uation consisted of four main elements: determination of the 
predictive ability of the SECs; assessment of the degree of 
concordance ,between PCB concentrations and the incidence 
of sediment toxicity; determination of the level of agreement 
with the results of spiked-sediment toxicity tests; and assess- 
ment'of the level of agreement with the EqP-based SQGs. 

0.040 Predictive ability of consensus-based SECs. Matching sed- 
0.054 iment chemistry and toxicity data (.I95 sediment samples in 

total) were used to evaluate the predictive ability of the con- 
0.180 [I41 sensus-based SECs in freshwater sediments. Within this in- 
0.189 [5l dependent data set. 76 of the 90 samples with tPCB concen- 
0.190 P I  
0.240 [9] trarions less than the TEC (0.04 m g k g  dry wt) were nontoxic 

0.277 [lo] (predi"ctive ability, 84%). The incidence of adverse biological 
hlhET-C (benthic) 0.360 , [I31 effects was also low (3 'o f  42 samples, or 7%) when tPCB 

0.400 (41 concentrations were greater than the TEC but less than the 
0.450 [ I l l  
0.730 PI MEC (0.40 m g k g  dry wt). The incidence of toxicity to fresh- 

0.835 1151 water biota was much higher (43 of 63 samples. or 68.3%) at 
MAET-PS (benthic) 1 .OOO [ 131 tPCB concentrations greater than the MEC. The? predictive 
MXET-PS (oyster) 1.100 [ 131 ability of the EEC (1.7 m g k g  dry wt) was even higher: 33 of 

Consensus-based MECs 0.40 the 40 samples with tPCB concentrations in excess of this 
Standard deviation 0.33 value were toxic (predictive ability, 83%). The overall inci- 
Estrerne effect concentrations dence of toxicity in the entire freshwater database was 31%. 

0.820 [I31 The predictive ability of the consensus-based SECs in ma- 
0.960 rine and estuarine sediments is similar to that in freshwater 

sediments (Tables 4 and 5). Of the 599 marine sediment sam- 
ples with tPCB concentrations less than the TEC (0.040 mgl 
kg dry wt), 527 were nontoxic based on results of the acute 
amphipod toxicity tests (predictive ability, 88%). By compar- 

eight; EEC = extreme effect con- , ison, 128 of the 391 sediment samples (33%) with tPCB con- 
ow; ERM = effects range median; centrations greater than the TEC but less than the MEC were 

test; HAET = highest-apparent-effects toxic. Most of the sediment samples with tPCB concentrations 
arent-effects threshold; LEL = lowest greater than the MEC (0.40 mgkg dry wt) were toxic (90 of 
e-apparent-effects threshold; MEC = 
MET = moderate effect threshold; 161 sediment samples; predictive ability, 56%). The incidence 
; PAET = probable-appareht-effects of toxicity was higher when tPCB concentrations in sediment 

level; PS = Puget Sound; SEC = samples exceeded the EEC (24 of 28 samples, or 86%). Over- 
SEL = severe effect level; SLC = all, the incidence of toxicity in all studies used to evaluate 
EC = thresholdeffect concentration; predictive ability in marine and estuarine sediments was 25%; 
ET = toxic effect threshold. 

in other words, 290 of the 1 , I5  1 samples evaluated in these 
studies were significantly toxic to amphipods. 

Table 4. Evaluation of the predictive ability of the consensus-based sediment effect concentrations (SECs) in freshwater sedimentsa 

0.00-0.04 mglkg dry wt 90 14 15.6 84.4 83.8 
>0.04-0.40 mgkg dry wt 42 3 7.1 N A 8 L .9 
>0.40-1.7 mgkg dry wt 23 10 43.5 N A 7 1.7 
>0.4 mgkg dry wt 63 43 68.3 .68.3 70.4 
>1.7 mglkg dry wt 40 -33 82.5 82.5 69.7 

195 6 0  30.8 N 4 79.0 

I D r y  = dry weight; EEC = extreme effect concentration; MEC = moderate effect concentration: N A  = not applicable; TEC = threshold 
concentration; tPCB = total polychlorinated biphenyl. 
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Table 5. Evaluation of the predictive ability of the consensus-based sediment effect concentrations (SECs) in marine a 

No. toxic Predictive 
Range of tPCB concentrations No. samples samples within lncidence of ability of A 

Consensus-based SEC defined by SEC , within range ' range toxicity (70) the SEC (75)  

<TEC 0.00-0.04 mglkg dry wt 
TEC-MEC >0.04-0.40 mg/kg dry wt 
>MEC-EEC >0.40-1.7 mglkg dry wt 
>MEC >0.4 mgkg dry wt 
> EEC > 1.7 mg/kg dry wt 
Overall 

9 r y  wt = dry weight; EEC = extreme effect concentration; MEC = moderate effect concentration; NA = not applicable; TEC = thrrs 
effect concentration; [PCB = total polychlorinated biphenyl. 

Coricordarice betweerr PCB coi~centrarioils nild the iiici- ratio of 1 1 for the freshwater amphipod Garnnrarus p~[;~,d,,,. 
derrce of roxicify. The matching sediment chemistry and bi- inti~aeus based on toxicity tests conducted with waterbornt 
ologic effects data assembled to support evalua'tions of the PCBs. This ratio is much,lower than the acute-to-chronic ratio, 
predictive ability of SECs was also used to determine rela- (27-58) that can be calculated from toxicity tests conduclrd 
tionships between contaminant concentrations and Sediment on the copepod ~icroar fhr id io i~  iittorale [49]. Application l,f 
toxicity. Specifically, the three consensus-based 
3) were used 'to delineate four ranges of tPCB co 
CTEC, TEC-MEC, MEC-EEC, and >EEC. The incidence of that PCBs, when they are present alone in sedimen 
toxicity within these ranges generally increases with increasing to cause chronic toxicity to amphipods at concentrations in ' 

concentrations of tPCBs in freshwater sediments (Table 4). range of 0.8 mgkg dry wt (i.e., 8.8 rnglkg dry wt - 11 = 0.h 
This evaluation also demonstrates that the incidence of toxicity mgkg dry wt). 
in marine and estuarine sediments increases consistently and Spiked-sediment toxicity tests conducted under controlled 
markedly with increasing tPCB concentrations (Table 5). This laboratory conditions can be use 
high degree of concordance between tPCB concentrations and fective concentrationsof many ch 
sediment toxicity indicates that PCBs are strongly associated 
with toxicity at concentrations greater than the MEC and the 
EEC (Fig. 1). taminant mixtures i 

Agre,eri~ent with spiked-sediment toxiciry rests. Dose-re- taining mixtures of contaminan 
sponse data for sediment-dwelling organisms provide a basis sediments containing PCBS alone.. 
for identifying the concentrations of sediment-associated con- To evaluate the possible inte 
taminants that would be sufficient to cause sediment toxicity. other contaminants, several i 
No information was located'on the toxicity of PCBs  per se, spiked-sediment toxicity tests 
but data from five spiked-sediment toxicity tests using for- The results of these studies in 
mulated mixtures of PCBs provided relevant information for more toxic when they contai 
evaluating the consensus-based SECs [45-491. The results of PCBs and other substances). 
these studies indicate that PCBs are acutely toxic to sediment- reported acute toxicity to amphipods (R l~epoxyr~~us  abrorri~l 
dwelling organisms at concentrations ranging from greater in sediments containing seve 
than 0.78 to 251 mgkg dry wt. A median lethal concentration Aroclor 1254; the concentration of pCBs in these sedirnenu 
(LC501 of 8.8 mgkg dry wt was reported for the amphipod was 1 mgkg dry 
Rhepoqpnius abronius, when PCBs (Aroclor 1254) alone were kg dry wt of both Aroclor 1, 
tested [48]. The U.S. EPA [44] reported'an acute-to-chronic . toxic to amphipods ( ~ h ~ p  

indicate that PCB-conta 
when they also contain 

83.8% nants (e.g., polycyclic 
Considering the relationship between the acute LC50 for pC' 
(8.8 mgkg dry wt) and the conce?tration of PCBs in scud 

48.7% . 
toxic sediments containing both Aroclor 1254 and fluoranhe' 
(2.1 mgkg dry wt,'giving a ratio of'4.2), PCBS likely cM 
tribute to sediment toxicity at concentrations less thm 

<TEC TEC-MEC . MEC-EEC >EEC wt) derived in this stud 
0.04 0.4 

Range of tPCB concentration (rngkg DW) whereas the MEC (0. 

Fig. 1, Incidence of toxicity within the range of polychlorinated bi- 
phenyl concentrations defined by the sediment effects concentrations. ,,ides a theoretical basis for identifying chronic 
DW = dry weight; EEC = extreme effect concentration; MEC = 
midrange effecl concentri~tion; TEC = threshold effect concenlra~ion; for sediment-associated PCBs. Using this approa 
.n*a - .-,-I r.r~.sn~~,rr;nl,t,.rl h i n h ~ n u ~ q  New York State D 



' t  

ydiment eflccl conccntrntions for PCBs 

,, has developed chronic ~ ~ ~ s ' f o r  PCB; to protect fresh- 
' 

and saltwater benthic aquatic life. These guidelines in- 
'' ,, that thresholds for chronic toxicity in freshwater and 
d'waer sediments are 0.19 and 0.41 m g k g  dry wt at 1% 

c carbon, respectively. An EqP-based SQG of 0.07 mg/ 
dry wt at 1% organic carbon has also been derived to 

t the evaluation of sediment-quality conditions. at fresh- 
and saltwater locations in the United States [36]. To- 

[her, these EqP-based SQGs suggest that chronic effects on 
5iment-dwelling organisms are likely to occur at tPCB con- 
y,rratjons in excess of 0.07 to 0.41 m g k g  dry wt. The lowest 
&p.based SQG is comparable to the TEC derived in this report 

mgkg dry wt), whereas the other two EqP-based SQGs 
f l  to the MEC (0:40 mglkg dry wt). The EEC is 

than all the available EqP-based SQGs. 

..DISCUSSION 

~valuating.the toxic effects of PCBs is complicated for 
yyeral reasons. First, these compounds consist of 209 different 
,ngeners, each of which may have unique toxicological char- 
uieristi~~ [50-521. Second, mtich of the available dose-re- 
pnse  data on the toxicity of sediment-associated PCBs from 
ionlrolled laboratory studies have been generated on several 

PCB mixtures, including Aroclor 1242 and Aroclor 
ever, sediments at any particular site under inves- 
uld contain more PCB congeners than would be 

represented by measurements of Aroclor 1242 or Aroclor 1254 
concentrations alone (i.e., mono-, di-, and hepra-chlorobi- 
phenyls may not be fully represented by these measurements). 
Therefore, field-collected sediments could be more or less tox- 
ic than would be indicated by, for example, Aroclor 1254 
concentrations alone. 

In field-collected sediments, PCBS always occur as complex 
mixtures of the individual congeners, commonly in association 
with other contaminants. Toxic effects on sediment-dwelling 
aganisms likely result from the cumulative effects of these 
mixtures of contaminants. Therefore. SQGs for individual PCB 
angeners that are developed through experimental determi- 
ution of toxicological effects (ik., spiked-sediment bioassays) 
Or with EqP models likely underestimate the ecological effects 
$21 occur in the field. Similarly, SQGs for individual PCB 
'Ongeners that are developed using data from field studies 
could overestimate the effects that are actually caused by each 
:Ongener if it occurred alone in sediments. Swartz [I]  used 

term mixture paradox to describe the dilemma associated 
ailh 'evaluating the toxic effects 'of contaminant mixtures 
'PARS in that case): Swartz [ I ]  resolved this dilemma by de- 
n% consensus-based SECs for mixtures of PAHs (i.e., total 
PhHs). Applying similar logic to the assessmeniof PCB-con- 
binated sediments, .it is reasonable to rely on SECs that can 
he to mixtures of PCBS (i.e., tPCBs), provided that 
\UCh guidelines are reliable. 

In  this study, several types of information were used to 
'lermine the .degree of confidence that can be placed in the 
:O"sensu~-based SECs for tPCBs. First, the available data from 
'p'ked-sediment toxicity tests,  demonstrate that PCBs are 
h t r l ~  toxic to sediment-dwelling organisms, which justifies 
hivation of effects-based SECs for this class of compounds. 
Irc0nd, consensus-based SECs that were derived indcpen- 
dtn'ly for freshwater sediments and for marine sediments were 

i V'ilar(i.e.. not statistically different from one another), which 
Irnerates confidence that the underlying guideline values are 

Oadly applicable. In addition, the incidence o f  toxicity gen- 

-erally' increases with increasing concentrations of tPCBs in 
freshwater, estuarine, and marine sediments, which indicates 
that PCBs are strongly associated with sediment toxicity in 
freshwater, estuarine, ,and marine sediments. Importantly, the 
TEC, MEC, and EEq also provided accurate tools for pre- 
dicting the presence or absence of toxicity in freshwater, es- 
tuarine, and marine sediments. 

Results from comparisons of the consensus-based SECs 
with the empirically and theoretically derived chronic effects. 
thresholds further increase the level of confidence that can be 
placed in the guidelines. Specifically, the MEC (0.4 mgkg dry 
wt) and EEC (1.7 m g k g  dry wt) are both comparable to the 
chronic effects threshold (0.8 m g k g  dry wt) that was estimated 
from the results of toxicity tests conducted with PCB-spiked 
sediments'using an empirically derived acufe-to-chronic ratio 
of 11. The MEC and EEC are .also likely to be higher than 
the chronic effects thresholds for PCBs in sediments containing 
' mixtures of other contaminants. In addition, the TEC is com- 
parable to the lowest chronic effects threshold that has been 
determined using the EqP.approach. Furthermore, the MEC 
and EEC are comparable to, or higher than, all the chronic 
effects thresholds (0.07-0.41 rnglkg dry wt) that were deter- 
mined using the EqP ,approach. 

When considered individually, the results of these evalu- 
ations again increase th'e confidence that can be placed in the 
consensus-based SECk derived in this study. When considered 

. . together, however, they provide a weight of .evidence for con- 
cluding that sediment-associated PCBs are likely to cause, or 
substantially contribute to, adverse biological effects at con- 
centrations in excess of the MEC or the EEC. Furthermore, 
PCBs are unlikely to cause, or substantially contribute to, sed- 
iment toxicity at concentrations below the TEC. 

It has been argued that SQGs can not be causal unless they 
are normalized to account for the factors that influence bio- 
availability [40]. However, Ingersoll et al. [9] showed that 
organic carbon normalization did not improve the performance 
of SQGs. More importantly, the consensus-based SECs were 
comparable both to the chronic toxicity thresholds that were 
derived from EqP models and to spiked-sediment toxicity tests. 
To the extent that such chronic toxicity thresholds are causally 
based, the consensus-based SECs also, reflect the concentra- 
tions of PCBs that g e  likely to cause, or substantially con- 
tribute to, sediment ,toxicity. Therefore, use of dry wt nor- 
malization does not ,reduce the reliability of the SECs. 

: The consensus-based SECs reflect the toxicity of PCBs 
" 

when they occur in'mixtures with other contaminants. There- 
fore, these consensus-based .SECs are likely to be directly 
relevant for assessing freshwater, estuarine, and marine sedi- 
ments that are influenced by multiple sources of contaminants, 
Results from the evaluation of predictive ability confirm the 
applicability of the SECs for assessing'the quality of such PCB- 
contaminated sediments. 

Overall, results of the various evaluations demonstrate that 
the consensus-based SECs provide a unifying synthesis of ex- 
isting SQGs, reflectcausal rather than correlative effects, and 
account for the effects of contaminant mixtures [I]. As such, 
SECs,can be used to identify hot spots regarding PCB con- 
tamination, to determine the potential for and spatial extent of 
injury to sediment-dwelling organisms, to evaluate the need 
for sediment remediation, and to support the development of 
monitoring programs to further assess the extent of PCB con- 
tamination and the effects of contaminated sediments on sed- 

' 

iment-dwelling organisms. In these applications, the TEC 



should be used to identify sediments that are unlikely to be trations in marine and estuarine sediments. ~ l ~ i r o ~ i  Manugr 19: 
81-97. affected by PCBs. In the and EEC 

15. MacDonald DD, 1997 Sediment injury in the Southern Californir 
should be used to identify sediments that likely are toxic to . bight: Review of ihe toxic effects of DDTs and PCBs in sediments. 
sediment-dwelling organisms, at least in part because of the Technical Report. National Oceanic and Atmospheric Adminis. 
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38.. be used in conjunction with other tools, such as bioaccumu- .17. Sokal RR, Rohlf FJ. 1981. Bio)nrtr?, 2nd ed. W.H. Freeman fg, 
lation assessments, tissue chemistry data, and tissue residue Company. New York, NY, USA. 
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