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Abstract—Sedimeni-quality guidelines {8QGs) have been pubhshed
ind theoretical approaches Empirically based guidelines have been developed using the screening-level conc

s fevel. and apparent e
oning approach Emp

ffects threshold approaches
rically-based guidelines were clas

ecause they est

Theoretically based guidelines have been developed s

v polychlonnated bm%eny s {(PCBs) using both enpm

the equilibrium-

ed into three general categories. in accordance with thew origal
ve intents. and used to Gevemp three consensus-based sediment effect concentrations (SECs) for total PCBs (tPCBs), including
old effect concentration, a midrange effect concentration. and an extreme effect concentration. Consensus-based SECs were
imate the central ;endez.cy of the published SQGs and.

thus, reconcile the gu‘eance vaiues that have been

derived using various approaches. Initially, consensus-based SECs for tPCBs were developed separately for freshwater sediments

and for marine and eszuarine seéir@cnts Bec:" use téﬁe resp
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are comparal
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A variety of theoretical and empirical approaches have been
used create sediment quality guidelines (8QGs) for polychior-
inated biphenyl (?CBO m freshwater. estuarine, and marine
Fb approaches include the iibrium-parti-

approach {1.24, scrﬂemng—}evei concentration
‘ects range approach {41, effects tevel approach
effects threshold (AET) approach 161 Ap-
approaches has resulte d in a wide range of
For example. the SQGs {or assessing the
s total (1PCBs) in freshwater sediments span
y three orders of magnitude [3.4,7-11} Symlarly, the

assessing the potenual effects of tPCBs 1 manne
ments span more than two orders of magnitude {5,12-15]
s among the numeric SQGs as well as guestions
g the bioavail abzmy of sediment contaminants. effects
of covarymmg ¢l is and chemscal mixtures. ecologic rei-
evance of certamn SQ@S ¢ determination of causality, how-

ecosyst
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Cab}s SECs. The three consensus—basec SE

wmi"ﬂs‘s of exxstmn SQus reﬁbcl causal ather than Lor:‘eim.ve
iinated sediments

Sediment guality guidelines

deriyz g 8QGs were sub-
ECs were then evaluated

ac»vate}y predict Bc,b ti"e pzexence and absence f\i .omc.tv in ﬁﬂd collected sed;mvms Lnnmtanﬁy.
dence of LJ,\mi\/ in cze;.aeb mcremem&i y thi‘ incr easmo concen zratwns of tD”Bs Mo*eover, :i}e co“saﬂsm based SECs

Sediment Toxicity

ever, have made it difficult for users of SQGs to select the
tools that are most relevant for thew specific application.
The purpose of this paper 15 to resolve some of these dif-
ficulues by providing a unifying synthesss of the published
freshwaier, estuanne, and marine SQGs for PCBs. To this end.

H

s for PCBs were assembled and classified

accordance with their narrative mntent, and the SQGs that fell
within three general categories were used o develop consen-
sus-based sediment effect concentrations (SHCs) Specifically,
a threshold effect concentration (TEC,; below which adverse
effects are unlikely to cccur), a mudrange effect concentraiion
(MEC; above which adverse sffects freguently occur), and an
exwreme effect concentration (EEC: above which adverse ef-
fects usually or always occur) were established. Consensus-
based SHCs were derived because they provide a means of
reconciiing SQGs that have been developed using the various
empirically based The consensus-based SECs
were then evaluated regarding their ability 1o predict sediment
LOXICHY 11

approaches.

ﬁ“:c‘—col»scie' sediments {rom various tocations in

the United Stwates The consens sed SECs wer “Ew eval-
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{with singie chemicais and simaple chenucal mix-
tures) and HgP modeis

The consensus-based SECs presented ip this paper are in-
tended to provide a b( sis for assessing the potential effects of
PCBs on sediment- ﬁmg ranisms. However, PCBs also
iate 1m the tiss of aguaiic organisms and cause
((}Ou web  Therefore. the consensus-
hased S}*Cﬁ shouid pot be used alone to assess sediment qual-
ity Other tools, such as bioaccumulation tests, ussue chemistry
data, and tsssue resydue gurdelines are also needed to evaluate
ihe potennal sffects of PCBs on both wildiife and human
health

MATERIALS AND METHODS
Derivarion of consensus-based SECs

A stepwise approach was used to develop the consensus-
based SECs for PCBs. First, published 3QGs for PCBs that
have been developed by various investigators to support qual-
iy assessments of freshwater, estuanne, and marnine sediments
were collected and collated. The published SQGs were com-
piled directly mnto spreadsheets in MS Excel® format (Micro-
soft Corporation, Redmond, WA, USA). The 5QGs that were
expressed on an organic carbon-normalized basis were converted
ic dry weight {dry wi)-normalized concentrations assuming
1% organic carbon. The 1% crganic carbon value was selected
because the average levels of organmic carbon in manne and
estnarine sediments [51 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 bener than,
the organic carbon-normalized SQGs {15,167 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
sedimnents and those that applied to marine and estuarine sed-
imenis were nitially grouped separately. Nexi, the SQGs were
grouped into three categories according to their original nar-
ratsve ntent, mcluding TECs, which were intended to identify
concentrations of PCBs below which adverse effects on sed-
iment-dwelling organisms were unlikely fo be observed;
MECs, which wdentify concentrations of PCBs above which
adverse effects on sediment-dwelling organisms are frequently
observed. and BECs, which identify concentrations of PCBs
above which adverse effects on sediment-dwelling orgamsims
are usually or always observed {1} Only the empirically de-
f,veri 50QGs were used to derve the consensus-based SECs
fe theoret «:c:dy derived SQGs were used subseguently o
determne f POBs are likely 1o cause,

or substantially con-

tribuie to. sediment toXICHY at concentralions greater than

MEBC and BEEC (rathes

than simply being associated with tox-
Several indicators of central tendency were considered for
cajculaling consensus-based SECs for PCBs
arthmet

sometric mean, and median i:acr:
antages and

mitations that ¢
ynsensus-based SECs
in this study.
caiculation of consensus
: S8QGs This idicator was
used because i tends (o m - the effect of single vajues
on the estimate of ceniraj ‘a‘szmency and because the distrit

the geometric
can
mzsed 5L

¥ YO CalCpory arith-

meuc mean 18 most appropriate for normally-disinbuted darg
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hree D;ECS mcluding a TRC an MBEC and an BEC, wey

Mer

derived both freshwaer and for marine and estuarine sed~
'E he resultant freshwater and marine SECs were they

g to derermine i they were stausucally simular, ag
indica b) a lack of staustical difference based on the resuig
of mod ic% szicm‘s ¢ tests Comparahility of fiw SECs for

the two widered to provide sufficient rac
mv,b-ng the undertying SQGs to support the dey
waiion of more generally apwzc”"a SECs. Final consensus-
based SECs were calculated only if three or more SQGs were
available m the pooled data set for a chem:cal substance or

group of substances

FEvaluation of consensus-based SECs

The reliability of the consensus-based SECs for assessing
sediment quai!ty conditions was evaluated in several ways: by
determuning thewr predictive ability (r.e.., their ability to cor
rectly classify sediment samples as toxic or not toxic [18],
by evaluating the degree of concordance between PCB con-
centrattons and the incidence of adverse effects on sediment-
dwelling organisms. and by determuning if the empirically de-
rived SECs agreed with the results of spiked-sediment toxciiy
tests and EgP-based SQGs (s.e., to determine if the SECs can
be used 1o deternune f PCBs are likely to cause, or substan-
tially contribute to. sediment toxicity)

To support the evaluation of predictive ability, matching
sediment chemistry and biological effects data were assembled
from a variety of freshwater. estuarne, and marine locations
1 the United States. Because the candidate data sets were
generated for a variety of purposes, each data set was critically
evaluaied to ensure the guality of the date used for evaluating
the predictive ability of the SECs [ 18]. Data from the foliowing
freshwater iocations were used: Grand Calumet River and In-
diana Harbor Ca*;a'i indiana, USA {19,20], Indiana Harbor,
Indiana, USA [16} Lower Fox River and Green Bay, Wis-
consin, USA [21]; Po{omac Ryver, Dustrict of Columbia, USA
[22-724}, Saginaw River, Michigan, USA [16], Trinity Ruver,
Texas, USA {251, Upper Mississippi River, Minnesota to Mis-
sourt, USA 116,261 and Waukegan Harbor Ihnows, USA
{16,277 These studies provided 10 datae sets (195 sediment
samples} with which to evaluate the predictive ability of the
SECs for PCBs Sediment samples were considered (o be toxic
i 2 statistically significant response was ohserved for any of
the following endpomts amphipod (Hy

sheble azteca) survival
growth, mayfly (Hexagenia limbota) survival mwidge
irononmis tentansor Chironomus riporns) survival and

a} survival
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5 total, information on the chemical composition and LOXICHLY
of 1,151 se dme& samples was Obzamea. in these studies,
sediment toxicily was assessed using the results of toxcity
(ests conducted on the amphipods Ampelisca abdita and Rhe-
p{)xvmu abronius.

in this study. predictive ability was defined as the ability
of the SECs to correctly classify sedument samples as bemg
roxic or nontoxse Predictive ability was calculated as the raty
of the number of samples that were Correc:iy classified as toxic
or nontoxic and the number of samples that were predicied to
he toxic of nontoxic using the vanocus SECs (predicuive ability
was expressed as a percentage). In this evaloation, samples
with PCE concentrations less than the TEC were predicted to
ke nontowac, whereas those with concentrations greater than
the MEC or the BEEC were predicied to be toxic. Samples with
PCRB concentrations between the TEC and MEC were neither
prﬁéicied to be toxic nor to be nontoxic {the SECs are not
intended to provide guidance within this range of concentra-
tons ).

Criterna 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
sediment quality if more than 75% of the sedimeni samples
WETE carreci}y m‘edicted to be nontoxic. Similarly, the EEC
was cons:dered to be reliable if more than 75% of the sediment
samples were ¢ Azectsy predicted te be toxic. T*}ez'efore, the
target level for both false-positive classifications (i.e., samples
incorrectly classified as being toxic) and fa}se—negauve clas-
sifications {1.e., samples incorrectly classified as being non-
toxic) was 25% using the TEC and EEC. Because the MECs
are miended to identify contaminant concentrations greater
than that at which adverse sffects 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
sedument toxicity was evaluated bv determining the incidence
of toxscity within the four ranges of concentrations defined by
the three SECs {(i.e., <TEC, TEC-MEC, MEC-EEC, and
>EEC).

Data from spiked-sedimnent toxicity tests and EgP models
provide specific information for identifying the concentrations
of sedirnent-associated PCBs that are likely to cause toxicity
fo sediment-dwelling organisms, either when the PCBs ocenr
alone or i simple ruxtures with other contamunants. To de-

ermine if the empincally derived SECs identified the cosn-
centrations of PCBs that are likely to cause adverse effects on
sedimeni-dwelling organisms (as opposed to merely being as-
sociated with such effecis), the TEC, MEC, and BEC were
Compared with the resolts of dose-response studies and HgP
models for PCBs. First, the results of spiked-sediment toxscily
tests and related toxicological data were reviewed to identify
chronic toxicity threshoids for PCBs Likewsse, the results
from EqP models were used to identify the concentrations of
PCBs sbove which adverse e‘f’f cts are likely to occur on sen-
sitive, sediment-dwells g organisms (r.e., during longer-ierm
EXposures) The consensus-based SECs were considered 10 be
Comparable to the chronic ﬁéf‘”‘ts threshoids if they agreed
Within a factor of three . & a factor of 3, as reconymended
by Lorenzato et al. [32
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Oe“fﬁ‘?’ipz.f{}iz and classification of existing 5QG for PCBs

Both empirical and theoretical approaches were considered
© support the derivation and evaluation of consensus-based

SECs for PCBs. vanious PCB nuxtures. andfor wdividual PCR
congeners, including the screeming level concentration ap-
proach, effects range approach, effects level approach, AET
approach. and EgP approach. Each of these approaches 1s de-
scribed i the literature, but some confusion remains concern-
ing how the SQGs are derived apd what they actually mean.
Therefore, a brief description of each approuch s offered to
provide sufficient background wnformatics to understand the
underlyimng SQGs that were used to derive the consensus-based
SECs. Each of the published 5QGs was classified as TEC,
MEC, or EEC, based on the descriptions of their parrative
mtents.

Screerng level concentration approach

The screening leve!l conceniration is a biological effects—
based approach that 1s applicable to the development of SQGs
for the pretection of benthic organisms. This approach uses
matching mological and chemistry data collected in field sur-
veys to calculate a screening level concentration {31, which is
an estimate of the highest concentration of a contaminant that
can be tolerated by a predefined proporiion of benthic infaunal
species.

The screening level concentration is determuned through
use of a database contaming information on the concentrations
of specific contaminants in sediments and on the co-cccurrenc
of benthic organisms in those same sediments For each %}entmc
organtsin for which adeguate data are available, a species
scresmng level concentration is calculated. The species screen-
ing level concentration is determined by plotting the frequency
distribution of the contaminant concentrations over gl the sites
at which the species occurs; information from at least 10 sites
is required to calculate a spsczw screemng level concentration.
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 2
frequency distribution to determine the concentration that can
be tolerated by a specific proporiion of the species. For ex-
ample, the fifth percentile of the disuibution would provide a
screening level concentration that should be tolerated by 95%
of the species. This concentration 1s termed the screening level
concentration of the contaminant.

Several junisdictions have uysed screening level concentra-
tions to derive numeric SQQGs. In the 8t Lawrence River, two
SQGs were developed for five groups of PCBs using the
screening level concentration approach, including a munimal
effect threshold and a toxic effect {hrec%ma {77 The mipimal
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 distitbution for each substance.
Therefore. the mumal effect threshold and toxc effect thresh-
oid are considered to provide protection for 85% and 10%,
respectively, of the s;zeczsa represented in the d&"a‘c%e Sim-
ilarly. Environmen! Ontario has develop a lowest effect jevel
and severe effect level for each of five groups o;” PCRBs by
using this approach {8}, Neff et al 137 also developed a screen-
g level concentration for tPCRBs g}rzmarziy by using data from
the Great Lakes.

For calculating consensus-ba

¢ SECs, the munimal effec
threshold. fowest effect level 'wd screening level concentra-
ton were considered 1o represent TECs, because they are ex-
pected to protect 85 to 80% of sediment-dwelling organssms



T‘w— woxic effect ti}rcs‘f’;oid and severe effect fevel were con-
sidered o zepresam EECs, because adverse effects are ex-
pected on $0% of s&d;men&dweihng species at greater than
such concentralions

Effects range approach

The effects range approach to derivation of 5QGs was de-
veloped ¢ provide informal tools for assessing the potential
for various coplanunanis, tested in the National Oceanic and
Aimospheric Admunsstratzon’s Nattonal Status and Trends Pro-
gram, to be associated with adverse effects on sedimeni-dwell-
myg orgamsms {4} First, a dalabase was compiled that con-
tained mformation on the e%ects of sediment-associated con-
taminants, mcinding data from spiked-sediment toxicity tests,
mawching sediment chemistry and biclogical effects data from
feld studies in the United States, and SQGs that were derived
using various approaches. All the information 1 the database
was weighted equally, regardless of the method that was used
to develop 1l

Candidate data sets from field studies were evaluated to
determane their applicability for incorporation into the database
[57. This evaluation was dssigned 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 critenia
wers incorporated into the database.

The database that was compiled incladed several 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 concordance between the observed effect and the con-
centrations of a specific chenucal (i.e., no effect, no or small
gradient, no concordance, or a hit, which indicated that an
sffect was measured wn association with elevated sediment
chemstry). Data from nontoxic or unaffected samples were
assumed to represent background conditions. Data that showed
1o concordsnce between chemical and biological variables

ere included in the database but were not used to calculate
the SQGs. Data for which a biclogical effect was observed in
association with elevated chemical concentrations (i.e., hifs}
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 op sensisve life stages andfor species
f}L(.“’iTrvd infrequently The effects range-median (i.e., 50th-
ercentile value) was considered to represent a second {%ne%hw
d value, above which adverse effects were frequently ob-
@ervc(; These two parameters were then used as informal
SQGs (4141 The US Environmental Protection Agency

{EPAY 116} used & sunilar approach 1o derive effects range—
iows (| 5th-percentile of the effects data set) and effects range~

medians (50th-percentile of the effects data set) for assessing
sediments {foan various freshwater locations. Similarly, Mac-
Donald [15] apphed the effects range approach to regionally
coilected field data 1o derive site-specific SECs for PCBs and
DIYTs in the Southern Califormia Bight. USA,

For calculating consensus-based SECs, the effects range—
tow values were considered (o represent TECs. because ad-
verse effects are expected to be observed only
concentrat

mnfrequently at
rons less than such SQGs In contrast. the effects
range-median {4.14} and SEC [15] values were considered to

&Y

represent MECS. because adverse effects are hk
served ai concenirations greater than such valu

:ly 1 be oh-
S

Effects level approach

The effects level approach 1s closely relaied w the effects
range approach described earlier. However, the effects level
approach s supported by an expanded version of the de
that was used to denive the effecis

fevels {4} This expanded
database contains matching sediment chemusiry and biological
is data from spiked-sediment toxicity tests and from field
studies conducted throughout North Amernica, including both

effects and no-effects data. The expanded dawbase 2lso con-
tains SQGs derived using vartous approaches. The information
contaiped in the expanded database was evaluated and clas-
sified in the same manner the orniginal Natienal Status and
Trends Program database was compiled.

In the effects-level approach, the underlymg information
in the datebase was used to derive two types of SQGs, m-
cluding threshold effect levels and probable effect levels The
threshold effect level, which 1s calculaied as the geometric
mean of the [5th percentile of the effects data set and the 50th
percentile of the no-effects data set, represents the chemical
concentration below which adverse effects occurred only -
frequently. The probeble effect level represents a second
threshold value, or the concentration asbove which adverse ef-
fects were freguently observed. The probable effect level 1
caiculated as the geometric mean of the 50th percentile of the
effects data set and the 853th percentile of the no-effects data
set. These arithmetic procedures have been apoaeé to the ex-
panﬁed database to derive numernic SQGs (i.e., threshold effect
levels and probable effect levels) for ""Eorf&a, USA, coastal
waters 5 : U.S. freshwater systems [91, and Canadian fresh-
water and marine systems [106].

Because adverse effects are expecied to be observed only
infrequently at concentrations below the threshold effect lev-
els, they were considered to represent TECs for calculating
consensus-based SECs. Similarly, the probabie effect levels
were considered to represent MECs, because adverse effects
are likely to be observed at concentrations above such values

AET approach

The AET approach to the development of SQGs was de-
veloped for use in the Puget Sound area of Washington state
{33}, The AET approach is based on empinically defined re-
ationships between measured concentrations of 2 contamunan
in sediments and observed biological effects This approach
18 sntended to define the comcentrauion o :
sediment above which significant (p = 0.05) brological effects
are always observed. Thesc b‘mog“ al effects mclude, but are

not imted {o, toxicity (o benthic and/or w

water-column species

(as measured using sedument toxicily tests). changes i the
abundance 0{ enthic specie Chaﬁgvﬁ i benthic
community 8 Puget Sound. ¥ ington. USA. for
example. fouwr Ab’i‘ values have been generated. wpelud;g

AETs for Microtox® { Azur, Carlsbad. CA. USA L oyster larvae,
¢ community. and amphipods The AET values are based
/ wi-normalized contaminant concentrations for ‘T‘@Ld§
and either dry wt or total organic carbon-normaliz
centrations for organic substances [6.34] The state of

‘t,a ~
s used the variocus Al

ty standards and mmimum
tamunants of concern in the state
Recently, Cubbage et al |

con
{111 refined this approach to sap-
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ot the development of probable AETs using matching sed-
et chemustry and toxicity data for freshwater sediments
fom the Slae of Washmgrion, USA Ingersoll et al. 19} and
me U.S EPA 1167 used 2 wumilar approach to develop fresh-
water AETS (termed no-effect concentrations in that study)
gsing data from vanous freshwater locations.

Ciassificatzon of AET values s challenging, because the

z (elpiive sensiivity of each eadpownt vanes for different chem-
N icals. In this study, AET-type values for iPCBy were classified
é into three categories to facilitate derrvation of consensus-based
h - gECs. The AET values for the most sensitive endpomnts (iden-
- sfiec here as low-range AETS), mcluding the freshwater AET
;, for Microtox. the Califormia AET for bivalve embryos, and
; e Puget Sound AET for Mucrotox. were classified as bemg
g TECs. because adverse effects are not expected at concentra-

soms less than these values. The AETs for the endpoints that
n sxhibited miermediate sensitivities {identified here as mid-
- range AETs) were considered to represent MECs, because ad-
e " yerse effects are kikely to be observed for most of the endpoints
e acasured &l concentrations greater than such values; these
B $0Gs included the freshwater no-effect concentrations , fresh-
8| water probable AETs for amphipods, California AETS for ben-
- ic community, and the Puget Sound AETs for oysters and
4 nenthic community. The AETs for the least sensitive endpoints
L identified here as high-range AETS), wncluding the freshwater
s AETs for amphipods, the California AETs for amphipods, and
2 the Puget Sound AETs for amphupods, were comsidersd to
a represent EECs, because adverse effects on all the endpoints

measured are expected at concentrations above such valuss
fie., lghrange AETs are greater than all the other AETs;
therefore, adverse effects can be expected on all the endpoinis
for which AETs were derived).

EgP approach

The water-sediment EgP approach has been one of the most
studied and evaluated technigues for developing SQGs for
aoppolar organic chenucals and metals [2,35-3%% This ap-
proach 1s based on the premmuse that the distribution of con-
{aminants among different compartments in the sediment ma-
rix (ie., sediment solids and interstitial water) 18 predictable
based on thewr physicochenucal properties, assuming that con-
tinuous-equilibrium exchange between sediment and intersts-
#ial water occurs. This approach has been supported by the
sults of spiked-sediment toxicity tests, which indicate pos-
Ve correlations between the biological effects observed and
© concentrations of contaminants measured 1n the mterstital
aler {2,39.401,

In the BgP approach. water guality criteria developed for
S protection of freshwater or marine orgamsms are used (o
port the SQOG derivation process As such, water guality
etz formulated to protect the water-column species are
tumed to be apphicable to benthic organisms {21 The SQGs
¢ caloulated using the appropriate water quality criteria. usu-
¥ the final chromic values or equivalent criteria {41}, in

Junction with the sediment/water partition coefficients for
© specific contaminants The final chronic value 15 derived
O the species mean chronic values that have been calculated
g published toxicity data, and 1t 1s mntended to protect 95%

f%qaat;c species. The calculation procedure for nonionic or-
BiC contaminants 15

W n B

\es

focedl

SQG = K, FCV

fere SOG 55 the sediment-quality guideline (pg/kg). K, 18

the partiion coefficient for the chemucal (L/kg). and FCV 13
the final chronic value (ug/L)

The &, is a function of the partiion coefficient for sediment
organic carbon (K ) of the substance under consideration and
the amount of organic carbon i the sediment under mvesu-
gatien {f,.}, where K, = K. [, 12] The K, for nononic
substances can be caiculated from its octanoi-water partition
coefficient (K.} 12} For PCRBs, the K, values that have been
measured for individual PCB congeners vary over several or-

lers of magniiude Therefore, denvauon of an SQU for total
PCBs using this approach necessitates selection of a X, that
1s representative of the compounds within this class (te, a K
for Aroclor® 1254 {Monsanto Chemical Company. Sauget. i1,
USAL which 18 a mixture of many PCB congeners)

The EgP approach provides a theoretical basis for idenu-

fying chronic effects thresholds for PUBs when they occur
lone i sediments. The EqP-based 50QGC were not used to
dertve consensus-based SECs. Instead, EqP-based SQGs were
used o evzluate consensus-based SECs in terms of thesr ability
to identify PCB concentrations above which PCBs would
cause. or sabstantially contribute to, sediment toxicity. Two
sets of BgP-based SQGs were identified for 1PCBs, mncluding
the freshwater and marine SQGs for New York state, USA
{423, and the more generally applicable SQG dertved by Bolton
et al. [36].

RESULTS
Derivation of consensus-based SECs

Bxusting SQGs for frechwater sediments that satisfied all
the selection criteria are presented iz Table !. Most of the
freshwater SQGs for (PCBs were comparable within a factor
of three. Of the eight SQGs considered to represent TECs, five
were withun a factor of three of each other Similarly, fve 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 SQCs for PCBs are presented in Table 2.
Examipation of the SQGs 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 5QGs 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
5QGs vaned by shghtly more then a factor of thres

Examination of the consensus-based SECs for tPCBs in-
dicated that the freshwater SECs were simular to the marine
SECs. in other words, the respecuve TEC, MEC. and EEC
values for freshwater and saltwater were not statistically dif-
ferent from each another based on the results of modified
Student’s 7 tests {(p < 0.05) Therefore. the fresbwater. estu-
arine, and manme SECs were combined to facilitate the de-
termination of comnsensus-based SECs that apply more gen-
erally o varnious types of waterbodies (Tabie 3} This decision
was supported by toxscological data mdicatmg that the range
of acutely lethal or effective concentrations of PCBs for salt-
water species {1.0-16.000 pg/l 1431 fully encompasses the
range reporied {or freshwater species (2.0-2400 g/t (4413
Similarty. the range of species mean acute values {or saltwater
crustaceans (10.5-12.5 ug/l) falls within the reported range
eported for freshwater crustaceans (10-46 pg/l 14410 That
the lower end of the effects range 1 sinular for saltwater and
freshwater organisms, combined with the high degree of over-
iap of the effects range. suggests there are no systematic dif-



Tabic | Consensus-based sediment effect concentrations of polychiorinated biphenyis (PCBs) for freshwater ecosystems®

Total PCBs Arcclor 10160 Aroclor 1248b Aroclor 12540 Arocior 12600

Category of SEC (mglkg dry wuy  {mgfkg dry wty  (mglkg dry wiy  {mg/kg dry wi)  (mg/kg dry wi} Reference

Thresheld effect concentrations
SLEC 0.003 [3}
LAET (Microtox 3021 PEH
TEL-HA28 0.032 {91
THL 0.034 110
aRL 6.050 14]
ERL-HAZS . 0.050 [9]
LEL 0.070 0.007 0.030 0.060 0.005 3]
MET 0.200 0100 ¢.050 3.060 0.005 171

Consensus-based TECs 0.035 NA NA NA NA

Standard deviation G.061 NA NA NA NA

Midrange efiect concentrations
NEC ¢.190 19]
PEL-HA28 0.240 {91
PEL . .277 110}
ERM 0.400 : {4}
PAET (amphipod} $.450 i1t
ERM-HA28 0.730 91

Consensus-based MECy 0.34

Standard deviation - 0.2¢

Exireme effect concentrations
HAET (amphipod) ’ 0.820 - {11}
TET 1000 $.400 0.600 4.300 0.200 {73
SEL 5.300 (3.530 1500 $.340 0.240 i8]

Consensus-based¢ EECs 1.6 NA N NA NA

Standard deviation 2.5 NA NaA NA NA

“Dry wi = dry weight; EEC = extreme effect concentration; ERL = effects range (low); ERM = effects range (median}, NEC = no-effect
concentration, PAET = probable-apparent-effects threshold; PEL = probable effect level; HAET = highest-apparent-effects threshhoid; HA28

1 = Hyalella azteca 28-¢ test; LAET = {owest-apparent-effects threshold: LEL = jowest effect level; MEC = moderate effect concentration;

(8T = moderate effect threshold: NA = not applicable; SEC = sediment effect concentration, SEL = severe effect level, SLC = screening-

I level concentration; TEC = threshold effect concentration; TEL = threshold effect level; TET = toxic effect threshold.

* Monsanto Chemical Company. Sauget, Hiinois, USA.

Fable 2. Consensus-based sediment effect concentrations of polychiorinated biphenyls (PCBs) for marine and estuarine ecosystems®

Tota! PCBs Arocior 016> Arocior 1248®  Aroclor 1254%  Aroclor 12600

Category of SEC (mglkg dry wt) (mg/kg dry wi} (mg/kg dry wt) (mg/kg dry wt)  (mglkg dry wi) Reference

Threshold effect concentrations
EL 0.022 {5}

HRL 0.623 {14}
SLC 0.043 {12}
LAEBT-C (bivalve) 0.088 [13]
LAFT-PS {Microtox) 0.130 {13}

Consensus-based TECs $.048

Standerd deviation 0.047

Midrange effect concentrations

ERM .180 fidy
PEL {.189 {51
MAET-C (benthie) 0.360 1131
SEC 0.835 {15]
MAFET-PS (henthic) LO00 {131
(oyster) 11066 0.400 1131
sensus-based MECS .47
{ deviation .42
Extreme effect concentrations
HAET-C (amphipod) 0.960 113}
HART-PS (amphipod) 3,100 113
Consensus-based EECs 17
Siandard deviation 1.5
¢ o= Califorma, dry wt = dry wexg%ﬂ‘ EEC = cxireme effect concentration ERL = effects range low ERM = effects range median, HAET
: hest-apparent-effects dweshold LAET = lowest-apparent-cffects threshold My t: moderate-apparen cts threshold © = omod-
erate cffect concentration. PEL = probable effea le S = Puget Sound, SEC = c‘ ment effect concen SLO = screemng-ievel
copcentration, TEC = threshold effect concentration hreshold effect level

7

" Monsanto Chemical Company. Sauget, iinois. USA



Consensus-based sediment effect concentrations of
polychiorinated biphenyls (PCBs)

Taple 3

Total PCBs

Category of SEC (mg/kg dry wt}  Reference

Threshoid effect concentrarons
SLC 0.003 {31
LAET (Microtox) 0.021 fiiy
TEL ) 0.022 151
ERL 0.023 {141
TEL-FHA28 0.032 91
TEL 0.034 {101
SLC 0.043 {121
ERL 0.050 {43
ERL-HAZS 0.050 91
LEL 0.07¢ 83
LAET-C (bivalve) 0.088 1131
LAET-PS {Microtox) 0.130 1131
MET 0.200 7]

Consensus-based TECs 0.040

Standard deviation $.054

Midrange effect concentrations
HRM 0.180 {14}
PEL 0.189 {53
NEC 0.190 91
PEL-HAZR 0.240 9]
PEL 0.277 {10}
MAET-C (benthic) 0.360 {133
ERM 0.400 41
PAET (amphipod) 0.450 {141
ERM-HAZ8 G.730 g}
SEC 0.835 {15}
MAET-PS (benthic) 1.000 113}
MAET-PS (oyster) 1.100 {133

Consensus-based MECs 0.40

Standard deviation 0.33

Bxreme effect concentrations
HAET-C (amphipod) 0.820 {133
HAET (araphipod) 0.960 i1
TET 1.0006 17}
HAET-PS (amphipod) 3.100 113}
SEL 5.360 {83

Consensus-based BECs 1.7

Standard deviation 2.0

iforpia; dry wi = dry weight; EEC = extreme effect con-
cis range low; ERM = effects range median;
Hyalella azteca 28-d test; HAET = highest-apparent-effects
threshold: LAET = lowest-apparent-effects threshold: LEL = lowest
effect level: MAET = moderate-apparent-effects threshold: MEC =
moderate effect concentration: MET = moderate effect threshold:
NEC = no-effect concentration; PAET = probable-apparent

sediment effect concentration: SEL = severe effect level: SLC =
screening-level concentration: TEC = threshold effect concentration;
i = threshold effect iével; TET = toxic effect threshold.

ferences in the sensitivities of freshwater and saliwater species
to PCBs. Therefore, the SQGs for both media types were
merged and used to calculate the consensus-based SECs for
tPCBs presented in Table 3.

Evaluation of consensus-based SECs

—~

Consensus-based SECs that were derived in this study were
svaluated to determine if they provided a reliable basis for
identifying the concentrations of PCBs that are likely to sub-
stantially coniribute to or cause sediment ioxicity. This eval-
uation consisted of four main slements: 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 SQQGs.

Predictive abiliry of consensus-based SECs. Matching sed-
iment chemistry and toxicity data (195 sediment samples in
total} were used to evaluate the predictive ability of the con-
sensus-based SECs in freshwater sediments. Within this in-
dependent data set, 76 of the 50 samples with tPCB concen-
trations less than the TEC (0.04 mg/kg dry wt) were nontoxic
{predictive ability, 84%). The incidence of adverse biological
effects was also low (3 of 42 samples, or 7%) when {PCB
concentrations were greater than the TEC but jess than the
MEC {0.40 mglkg dry wt). The incidence of toxicity to fresh-
water biota was much higher (43 of 63 samples, or 68.3%) at
tPCB concentrations greater than the MEC. The predictive
ability of the EEC (1.7 mog/kg dry wt) was even higher: 33 of
the 40 samples with tPCB concentrations in excess of this
value were toxic (predictive ability, 83%). The overall inci-
dence of toxicity in the entire freshwater database was 31%.

The predictive ability of the consensus-based SECs in ma-
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 mg/
kg dry wi), 527 were nontoxic based on results of the acute
amphipod toxicity tests (predictive ability, 88%). By compar-
ison, 128 of the 391 sediment samples (33%) with tPCB con-
centrations greater than the TEC but less than the MEC were
toxic. Most of the sediment samples with tPCB concentrations
greater than the MEC (0.40 mg/kg dry wt) were toxic (30 of
161 sediment samples; predictive ability, 56%). The incidence
of toxicity was higher when tPCB concentrations in sediment
samples exceeded the EEC (24 of 28 samples, or 86%). Over-
all, the incidence of toxiciry in all studies used to evaluate
predictive ability in marine and estuarine sediments was 25%:;
in other words, 290 of the 1,151 samples evaluated in these
studies were significantly toxic to amphipods.

. Evaluation of the predictive ability of the consensus-based sediment effect concentrations (SECs) in freshwater sedimenis?

No. toxic Predictive

Range of tPCB concentrations No. samples  sampies within  Incidence of ability of  Average survival
Consensus-based SEC defined by SEC within range range toxicity (%) the SEC (%) (%)
<TE 0.00-0.04 mglkg dry wi 36 i4 i5.6 84.4 83.8
TEC-MEC >0.04-0.40 mglkg dry wt 42 3 7 NA 81.9
>MEC-EEC >(3.40~1 7 mglkg dry wt 23 Y 43.5 NA 77
>MEC ~0.4 mglkg dry wt 63 43 68.3 68.3 70.4
>EEC >17 mglkg dry wt 40 33 82.5 82.5 697
Overall 165 60 30.8 NA 79.0
"Dry wi = dry weight. SBC = extreme effect concentrauon, MEC = woderate effect concentration. NA = no! applicable. TEC = threshold
effect concentration, tPCB = wotal polychlorinated biphenyi
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ologic effects data assembled to support evaluations of
predicuve 4b1§ ty of SECs was also used to determine rela-
tronships between contammani concentrations and sediment
toxicity Specifically. the three consensus-based SECs (Table
3) were used to delineate four ranges of (PCB concentrations.
<TEC, TEC-MEC, MEC-EEC. and >EEC. The incidence of
toxicity within these ranges generally increases with increasing
concentrations of tPCBs in freshwater sediments (Table 4).
This evaluation also demonstrates that the mcidence of toxicity
wm marine and estuarine sediments mcreases consistently and
markedly with increasing tPCB concentrations (Table 5) This
high degree of concordance between tPCB concentrations and
sediment toxicity ndicates that PCBs are strongly associated
with toxicity at concentrations greater than the MEC and the
EEC {Fig. 1.

Agreement with spiked-sediment toxicity tests. Dose-re-
sponse data for sediment-dwelling orgamisms provide a basi
for identifying the concentrations of sediment-associated con-
taminants that would be sufficient 1o cause sediment toxicity.
No wnformation was located on the toxicity of tPCBs per se,
bui data from five spiked-sediment toxicity tests using for-
mulated mixtures of PCBs provided relevant wmformation for
evaluating the consensus-based SECs {45-491. The results of
these studies indicate that PCBs are acutely toxic to sediment-
dwelling orgamisms at concentrations ranging from greater
than 0.78 vo 251 mg/kg dry wt. A median lethal concentration

LC50) of 8.8 mg/kg dry wi was reported for the amphipod
Rhepoxynuss abromus, wher PCBs (Aroclor 12545 alone were
[481 The U.8 EPA [44] reported an acule-to-
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upnnaeus based toxicity tests conducted with waterborne
PCBs This rauo is much lower than the acute-to-chronice ratios
{27-58) that can be caiculated from toxicity tests conducted
on the copepod Microarthridion littorale 149] Application of
an empirically derived acute-to-chronic vato for the freshwater
amphipod to the 10-d LTS5 for the marne amphipod suggests
that PCBs, when they are present alone in sediuments, are likely
to cause chronic toxicity to amphipods at concentrations in the
range of 0.8 mg/kg dry wi{r.e. 88 mglg dry wt = 11 = (.8
mglkg dry wi}

Spiked-sediment toxicity tests conducted under controlied
laboratory conditions can be seﬁ to determine ieihal or ef-
fective concentrations of many chemical substances However,

uch response thresholds could underestimate the ecological
wﬁ.cts that occur in the field because of the presence of con-
taminant mixtures i sediments {11 As such. sediments

taiung mixtures of contamunants could be more toxic
sediments containing PCBs alone.

To evaluate the possible interactive effecis of PCBs with
other contanunants, several investigalors have conducted
spiked-sediment toxicity tests with muxtures of contanunants.
The results of these studies indicate that sediments tend to be
more foxic when they contain mixtures of contaminants {1.e.,
PCBs and other substances} For example. Plesha et al. [47]
reported acute (oxiCity to amphipods (Rhepoxynius abronius)
i sediments containing
Arocior 1254
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1421 has deveioped chrone SGGs for PCBs o protect {resh-

;;Jaier and saltwater benthic aquatic }ife. These guidelines m-
dicate that thresholds for chropic toxicity in freshwater and
caltwater sediments are .19 and 0.41 mg/ke dry wt at 1%
organic carbogn. respecuvely An BqP-based SQG of 0.07 mg/
kg dry wi at }% organic carbon has also been dertved to
support the evaluation of sediment-guality conditions at fresh-
water and saltwater locations m the United States {361 To-
gether. these HgP-based SQUs suggest that chronic effects on
sediment-dwelling organisms are Hkely to occur at tPCB con-
centrations i excess of 0.07 to 0.41 mg/kg dry wi The lowest
FgP-based SQG is comparable to the TEC derived 1n this report
(0.04 myg/kg dry wi), whereas the other two EqgP-based 5QGs
are comparable to the MEC (.40 mg/kg dry wi) The EEC 15
higher than afl the available EagP-based SQGs.

DISCUSSION

Bvaluatmg the toxic effects of PCBs is complicated for
several reasons. First, these compounds cons:st of 209 different
congeners, each of which may have unique toxicological char-
acteristics [50-52) Second, much of the available dose-re-
sponse data on the toxicity of sediment-associated PCBs from
contrelied lzboratory studies have been generated on several
formulated PCB mixtures, including Arocior 1242 and Arocior
1254 However, sediments at any particular site under inves-
ngation could contain more PCB congeners than would be
represented by measurements of Aroclor 1242 or Arcclor 1254
concentrations alone (r.e., mono-, di-, and hepta-chlorobi-
phenyis may not be fully represented by these measurements).
Therefore, feld-coliected sediments could be more or less tox-
ic than would be indicated by, for example, Atoclor 1254
concentrations alone.

in feld-collecied sediments, PCBs always occur as complex
mixtures of the individual congeners. commonly in association
with other contaminants. Toxic effects on sediment-dwelling
organisms likely result from the cumulative effects of these
mixtures of contaminants. Therefore, SQGs for individual PCB
congeners that are developed through zxperimental determi-
nation of toxicological effects (i.e., sptked-sediment bioassays}
or with EgP modeis likely underestimate the ecological effects
that occur n the field. Similarly, SQGs for mdividual PCB
congeners that are developed using data from field studies
could overestimate the sffects that are actually caused by each
congener if 1t occurred alone n sediments. Swartz {1} used
the term nuxture paradox to describe the dilemma asscciated
with evaluaung the toxic effects of contaminant mixiures
(PAHS in that case). Swartz | 1] resolved this dilemma by de-
nving consensus-based SECs for puxtures of PAHs (1.2, total
PAHSs) Applying similar Jogic (o the assessment of PCB-con-
tarmnated sediments, it 18 reason 1o rely on SECs that cap
be apphied to muttures o {1.e.. tPCBs), provided that
such guidelines are relhiable

in this study. several types of mformation were used (o
determine the degree of confidence that can be placed m the
consensus~hased SECs for tPCBs First, the avaiiable data from
spiked-sediment itoxicity tests demonstiate that PCBs are
acutely toxic to sediment-dwelling orgamisms. which justifies
dervauion of effects-based SECs for this class of compounds.
Second. consensus-based SECs that were derived indepen-
dentiy for freshwater sediments and for manine sediments were
stmudar (r.e.. not statistically different from one another), which
Senerates confidence that the underlying guideline values are
broadly applicable. In additon. the incidence of toxicity gen-

1833

erally increasss with mcreasimg concentrations of $PCBs
freshwater, estuarme, and manne sediments, which mdicates
that PCBs are strongly associated with sediment toxicity in
freshwater, estuarine, and marine sediments Importantly, the
TEC, MEC, and EEC alse provided accurate tools for pre-
dicting ihe presence or absence of toxiCity in

1 freshwater, es-
tuarine, and marine sediments

Results from compansons of the consensus-based SECs
with the empirically and theoreucally derived chromic effects
thresholdy further mcrease the level of confidence that can be
piaced in the gundelines Specifically, the MEC (0.4 mg/kg dry
wi) and EEC (1.7 mg/kg dry wi) are both comparable to the
chronic effects threshold (0.8 mg/kg dry wi) that was estimated

from the results of toxicity tests conducted with PCB-spiked

sedimenis using an empirically derived acute-io-chronic ratio
of 11 The MEC and EBEC are also likely to be higher than

‘

he chronic effects thresholds for PCBs in sediments containing
mixtures of other contaminants. In addition, the TEC 18 com-
parable to the lowest chronic effects threshold that has been
determained using the EqP approach. Furthermore, the MEC
and EEC are comparable to, or higher than, all the chromc
effects threshoids (0.07-0.41 mg/kg dry wit) that were deter-
mined using the EgP approach.

When considered individually, the resulis of these evalu-
ations again mncrease the confidence that can be placed in the
consensus-based SECs derived in this study When considersd
together. however, they provide a weight of evidence for con-
cluding that sediment-associated PCBs are likely to cause, or
substantially coniribute to, adverse biological effects at con-
centrations in excess of the MEC or the BEEC. Furthermore,
PCBs are uniikely to canse, 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, Ingerscll et 2. [9] showed that
organic carbon normalization did not improve the performance
of SQGs. More importantly, the consensus-based S3ECs were
comparable both to the chromc toxicity thresholds that were
denived from EgP models and to spiked-sediment toxicity tests.
To the extent that such chronic toxicity thresholds are causally
based, the consensus-based SECs also refiect the concentra-
tions of PUBs that are likely 1o cause, or substantially con-
tribute to, sediment toxicity Therefore, use of dry wi nor-
malization does not reduce the religbility of the SECs.

The consensus-based SECs refisct the toxcuty of PCBs
when they ocour i muxtures with other contarmnants. There-
fore, these comsensus-based SHECs are likely to be directly

P

ments that are influenced by multiple sources of contaminants
Results from the evaluation of predicuve ability confirm the
apph ity of the SECs for assessing the quality of such PCB-

contaminated sediments.

Overall. results of the various evaluations demonstrate that
the consensus-based SBCs provide a umifying synthesis of ex-
isting SQUs, reflect causal rather than correlative effects, and
accoun! for the effects of contaminant mixiures 11} As such,
SECs can be used to identify hot spots regarding PCB con-
tarmination, to determine the potential for and spatial extent of
miury to sediment-dwelling organisms, 10 svaluate the need
for sedunent remediation. and to support the development of
WMORIONING pr further assess the exient of PCE con-
tamination and the effects of coaminated sediments on sed-
iment-dwelling orgamsms In these applications. the TEC




shouid be used to idenify sediments that are unlikely w be
adversely affected by PCBs. in contrast, the MEC and EEC
should be used to identify sediments that likely are toxic to
sediment-dwelling organisms. at least in part because of the
sresence of PCBs. However, these SECs do not consider the
potential for bicaccumulation of PCBs in agualic o*gam%m\
or the associated hazards 1o species that consume the aguatic
organisms {i.e.. wildlife and humans). Therefore, SE shouia
be used in comjunction with other tools. such as bicaccumu-
fation assessments, tissue chemusiry data, and lssue residue
gurdelines, 10 assess the potential environmental effects of
PCBs.
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