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ABSTRACT. Procedu res ure Jiscnhcd for calciilating and evaluating sedirnerrt eJJecl concentrations 
(SECs) using laboratory dutu un the toxicfry of confaaminants associated with jield-colLec[cd sediment to 
the amphipod IIyalella azteca und 1 h 0  mi&e Chironomus riparius. SZCs are define+ us the cnnrmrrations 
of individual contuninun!s in sedirilcnt h h w  which to.ricity is rarely observed otrd ulrovc? which tnxisizy 
IsfreguentLy observed. The ulrjective nf thc.present stiidy was to develop SECs to clussfy !uxicity dutQ fnr 
'Great Lake seditirent sumplev tcsfcd with Hyalclla azteca h i d  Chirononius dyarius. lhis SEC darabaw 
inclirded smplesfroru additionul sites ncross the United Stutes in order to nuke [he datahmc nr robrut 
ns possible. Tlrrze iyptrs uf SECT were colcrrlared from these &tu; ( I )  Effect Range L a w  (ERL) and P f l i c ~  
Range Median (ERM), ( 2 )  ThreshnM Effcct Level (TELJ and Probable Effect Level (PEL), rurcl (3)  No 
Effect Concentratioti (Nh'C). Wc were nble to calcrilate SECs prittiarily. for tulul metals. simultnncously 
extracted metals. polyclilor,itirrutcd biphenyls (PCBs), und polycyclic arornafic hydroourbcmv (PA H,T). Thc 
rnnges of cor~centru[ivns in sedimcn.; )vt-re too narrow in our database to udequuicly cvuluaie SECT for 
butyliitis. methyl irwrcury. pulychlonnnrcd dioxins andfirizrr, or chlorinated pesticides. A 6 ~ 1  60 to RO% 
of the sedinlerat samples in Ihc dutaharc are correctIy classified as toxic or no( foxic depending on zypc of 
SEC eva[uabd. ERMY und EKLr arc Renerally as reliable as paired PEL OIW! TELs ut clnsiifying both 
ioxic and non-toxic sumples in our database. Reliability of tiw SECs in tenws of correc1ly clussifiinR s d i -  
ment samples is similar Irclwccn ERMs and NECs; however, ERMs rrrirrirnize Type I error wake positives) 
relative to E R L  and rriiriirriize Type IT error (false negatives) relative to NECs. Correct chwijkation of 
samples can be itliproved by using only the most reliable individual SECs jbr clicrnicuLv (be., zhnse with A 

higher percentage of correct cluss(fimri@n). SECs calculated using sedirnent concenlrulions n o m l i z e d  
to total organic carboti (1'OC) ciiriccnirorions did not iriiprove the rdiubility cumpard  TO SECs calcu- 
lated irsing dw-weight coticerttru~ions. The rnnge of TOC concentrotious in our dutuhure ICYLV relatively 
narrow conpared to the runges nf conraniinant concentrations. Therefore, twrinu1iziny dry-weight con- 
centrations to a relatively nurrow mngc of TOC concentrations laad little influence on rclufive concentra- 
tions of contaminants aniong sumpl,?s. When SECs are used to conduct u yrrliminury 'scrccninf: to predici 
the potential for  tosicify in the ahscncc of actrial. toxiciq testing, u low number u ]  SEC cxsecdnnccs 
.should be used to triiiiirnize [he pntminl .for false negatives; however. the risk o j  ucccpiing. higher false 
positives i s  increased. 
INDEX W0RI)S: Toxitio. sedirncnt, Grmr Lakes. thresholds. ornphipods, t n i d ~ e s ,  chironomids, 
Hyalclla. 
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Calculation y/Ssdinieni EjJict Concentrations 

JNTRODUC'IION 

over the past decade, a variety studies haw. re,- 
ofled toxicity associated with field-collccled sedi- 

~ , , , ~ s  ([JSEPA 1YY4, ASTM 1995, Burton et nl. 
1996). Ilowever, it is often difficult to dc.tcnrrine re- 
larions]~ips between Levels of conliimination and 
r,-,xicity in these and othcr studies becausc the sedi- 
ments iypically contuirr a variety 01' both organic 
and iriorganic contaminants. Sediment Effccl (::on- 
cerltratinns (SECs) huve heen uscd to determinc 
cOncentratioiis 6f individual contaminants in s d i  - 

below which toxicily is rarely observed and 
above which t.axicity is frcquenlly nbserved (Loiig 
et 01, 1995, MacDonald e t d .  1996). However, only 
a hniited number of SECs for i-resliwater sedirncrits 
have been publishcd (Pers:+iid et al. 1992, Hntts and 
Cubbage 1995). 'I'he objective of llie present study 
was to develop SECS to clxssify toxicity data for 
Great Lakes sediment sarnplcs tesled with Hyalalla 
azteca u ~ d  Chiionomus ripnrius. The SEC database 
included samples from additional sites across the 
United Slates <n order to make the database as ro- 
bust as possiblc. 

Ideally, SECs could be used to: ( I )  intcrpret his- 
torical sediment Lheinistry data, (2) identify chcmi- 
cals or areas of concern, (3) identify thc need for 
nioie detailed studies before an action i s  taken, (4) 
identify ii potential problem hefore dischtrrgi ng a 
cliemical, (5) cstablish a link betweeii a contami- 
nant sotirce and sediment qu;tlil.y, (6) mggcr regula- 
tory action, or (7) establish targel ixmediation 
objcct.ives. 'I'he strength of SECs generated tising 
data from studjcs wit.11 individud chemicals spikcil 
inlo seilirrierit or with an equilibrium piutilicrning 
(EQP) approach is (hat causc and dfect  relation- 
sirips can he establishcd (Di Toro et al .  1139 1 ,  
USEPA 1992). While, all sevcn of [lie uses listcd 
a h v e  lor SRCs could be satisfied with cillier of 
these approachcs, both the spiked-sediment and 
E(?' ilpprc:rilches were dcveloped primarily fur eval- 
uating the effectv ul' individual chemicals. However, 
contii 11 U Ilii k t 1  sediments typical 1 y contain cull 1111 ex 
mixtures of chcmicols which could x t  indepen- 
dently, iillriiti vely, synergistically, or antagonisiiuol Iy. 
'bcrefore. the. applii:ntion of SECs developed using 
these Lwo ijl)proaches is often iiiicertain in fielrl-col- 
lectcd'sediments (Swaitz and DiToro 1997). 

One a1  the main strengths of SECs gcnernted 
using data from tests conducted with field-collected, 
samples i s  t.lmt the potential effects of mixtures of 
chr.micals are cxplicitly addrcsse.d (Imi,: and Mor- 
gan 1991, LISEPA 1992, Ma(:Tmnld 1994, l -mg  et 
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'a/. .1995; sMacDonald-er d.- 1.996)..Howevei; .there . .. 
iire n number of limitations associaled with thc. co- 
occurrence-Imed approaches that have been used to 
generate SECs includgng causc' and effect is difli- 
cult to esl;rblish and usc of these SECs miity he re- 
stricted to the gengraphical area where the  
sediments were collectcd. Hence, thc last futir uses 
for SECs listed abvve are difficult to accommodate 
using co-occurrence-based approachcs such as a 
weight-of-evidence approach (Long and Morgan 
1991). For example, thcse SECs shouId not he  used 
independently to establish trigger levels for clcan 
u p  of scdiment. One o f  the iii'aior strengths or SECs 
developed with dkita on field-collected sediments is 
in their use fur predicting I.he potential for toxicity 
in held-collectcd sedi iiient sayple+; A primary use 
of SECs developed with I'jeld-collectcd sediments 
should be to provide guidance for delerinining sitcs 
which may require furthcr investigation (Long and 
Morgan 1991, Macllnnald 1994). Moreover. the 
ability of any sediment toxicity test or SEC tu pre- 
dicl lrenthic commuriity effects should be consid- 
ered bcfore any approach i s  used to routirlely. 
cvaliiote sediment quality (Canfield et ul; 1994, 
.1996a, 19!!6b). 

As part of the Assessment and R.eme@ation of 
Contaminated Sediment (ARC!S) program (Ross ei 
al. 1992, 'Fox and Tuchman 1996). whole-sediment 
toxicity tesh . were .conduc{ed with thc mphilmd 
Hycilclla atteca (14- aiid 2 8 4  tests) nnd.,the mjdgcb 
Chironomids ripai-ius (144 test) and Chirontrmus 
teniuns (10-d test) with sedimcnts cdlected froin 
three Great Lakes Areas ol',(lmcem: lndi&a Har- 
bur, TN; Buffalo Rivei-, Ny, and Saginaw River, MI 
(WSEPA 1993, Burton er crf. 1996). Only ;I limited 
number of samples were succcssfiiJly tested with C. 
tenrum: therefore, we did riot use thesc data ICI cal- 
ciilate SECs. Sediinent chemistry, benthic commn- 
nity analysis (Canficld (:1 ai. 1996a.), elutriate 
Iclxicity (Hall er nf. 1996). mutngenicity (Papoulitis 
and Buckler 1996, Papoulias et al. 1996), mrl toxic- 
i1.y ranking (Cd ie ld  et al. 1996i1, Wildhaber and 
Schmitt 19%) of sediment. samples were dso eval- 
iiated as part of the ARCS program (USEPA 1993). 
In additiori to the ARCS data, we evaluated tnxicity 
and chemistry di jh  generatcd wiLh sediments cul- 
lectcd frum the following sites: (1) Waukegaii Iar- 
hor, IL (Ingersull and Nelson lS9Oj; (2) the uppei. 
Mississippi River, MN (USEPA 1996); (3) the  
upper Clark Fvrk River, MT (Kerrible er al. 1!)94); 
(4) the Trinity Rivcr, 'I'X (USEPA 1996); ( 5 )  MO- 
bile Bay, AL (ITSEPA 1936), aiid (G) GalvcsI.nn 
Bay, 'IX (Roach er.01. 1993). 
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‘I hxi  c i ty Testing 
T,,xjCitY tests with the amphipod Hyclldhr azltri:u 

were cu&ctcd for 10 lo32 c l  following procedures 
,;tlirled in- lngersoll and Nelson (1990>, USEPA 
(,]y94), ;md ASTM (1995). Tests were generally 
staRcci within 3 weeks of sediment collection. The 
conlcol .sccliinent was a fine silt- and clay-particle 
.$,/.e soil obtained from an ngrh l tu rd  iuw. Twarily 
ampjl;pods were exposed in  200 mL of sediment 
with 800 nil4 of overlying water in l-L bcnkers. 
pour replicate beakers were t e s W  at 2OoC o n  a 
i&:RD photuperiurl nl n’light intensity of about 50 
to 100 fuot;candles. Overlying watcr was rcneweil 
daily and the amphipods wcre I d  n suspension of 
purina@ Kub.bi1 Chow three times a week. End- 
pints  measured at the end of the amphipod lesls 
were survival. growth (as length), or sexual niatura- 
tion. Toxicity tests with .the inidge Chironomus ri- 
purius were conducted for 13 to 14 d using similar 
procedutcs to those used in the tests with am- 
phipvrls except midges were 48-h old at ,the s@rt 
of the tests and midges wcrc fed a mixture ol algae, 

:Ccrophyl@, md Hiirtz@ Dog -Treats daily. Endpoints 
iiieasured at the end of, the. midge tcsts, wcre sur- 
vival and growth (as Icngth). A sarnple was desig- 
w t e d  iis “tuxic” if there was a statistically 
significamreduction in survival, growth. or miiliirii- 
lion rclativc to thc rcsponse in {lie control sediment 
(USEPA 1996). 

Physical characterizations of scdimcnts included 
organic carbon content, water content, ahd particle 
size. Chemical cIicu.acterizations .of sediments in- 
cluded total metals (Ag, As, Cd, Cr, Cu, Fe, Hg, 
&, .Ni, Ph, Se, ‘/n)7 orgoi~ilmetals (butyltins and 
methyl mercury), acid volatile sulfidc (AVS) and si- 
muhEOusly extracted metnls chloriilalzd 
Pesticides, tot a 1 polychlorinated biphenyls (PCBs), 
pWchlorinated dioxins and furans, or polycyclic 
aromatic hydrocarbons (PAHs). Metal concentra- 
tions in pore water were also measured in selected 
S~lPlcS (USEPA 1996). 

Sedi lrient toxicity &tlu were nhtained for the sites 
h c d  below (Tahle 1.). Suspected toxicants wcrc 
mixtwes of rnctals and organic computrrids except 
for the samples Irvm the upper Clark Fork River 
where suspected toxicancs wcrc primarily As, Cd, 
(-h Ph7 and Zn. 

Scdirnents were collected friiiil thiee Great Lakes 
Areiia CIJ Concet 11: Indiana Harbor (5 samplcs tcsled 
in August 1989). Butfnlo Kiver (6 s;iriilile< tested in 
October l989),  i i i i t l  Saginaw River (4 sarnplcs 
tested during Survcy 1 in December 1989 ;t11t1 8 
samplcs ccsred dunng Survey 3 I I I  June 1990). Toxi- 
city tests were conducted with H. azrecn (14- and 
28-d tests) and C. ripariiis (144 Lesl). All  of the In- 
dimti Harim samples were extremely toxic to nm- 
phipods in the 13-d tcst. Thcrefore, a 28-d l e b t  with 
amphipods wtis r i i r t  conducted. We assumed for thc 
c i ~ l ~ ~ l ~ ~ t i o ~ ~  of SECs that Indiana Harbor samples 
toxic to amphipods in it 14-11 test would also be 
toxic in 11 28-11 test. 

Waukqym H u r h r  

Toxicity tats wcre condiiclrxl wifh 4 sediment sam- 
ples h i l i  Waukegan Harbor, IL in November 1987 
(H. azteca 10- and 2 9 4  tcsts, C. ripmiits 1 3 4  test). 

Upper Mississippi River 
Tuxjcity tests were conducted with 5 sedimcnt 

samples from the upper Mississippi River near 
Minneapolis, MN in September 1987 (H. azteca 32- 
d test). 

Upper Clark Fork River 
Setiimen t samples were collected from Milltown 

Reservoir (8 samplcs tcstcd in July 1991) and the 
Clark Fork River, MT (7 samples tested in Septem- 
ber 1991). Toxicity tcsts wcrctonducted with H. 
aztecu (28-d test) ilnti (.’. riparizis(14-d test). 

? h i p  River 
Toxicity tests wcrc conducted with 5 sedjnient 

samplcs lroiri f f ie  Trinity River, near Dallas, TX in 
Julie 1988 (M, aztecu 10- and 32-d tcsts). 

Mobile Bay 
Toxicity tests were conducted with 6 sediment 

samples from Mobilc Bay. AL i r i  March 1988 (11. 
azreca 284 I ~ Y I ) .  ‘I’he test was conducted undcr.static 
conditions with 10% salinity in thc overlying water. 

Gaheston Bay 
Tux ic i ty tests were conducted with 5 scdiment 

samples from Galvcston Rily, ’I’X in July 1990 (11. 



\ 

-. azteca 28-d test): Thc test, was conducted under sta- 
iic conditions’ with”iOv/da salinily in the bverlyini 
water. 
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Classification of Effects and Minimum Data - 
Krqiiircmrnts for Use nf an SEC 

To increase the likelihood that associations be- 
tweeii sedimenl chenrislry i i l l d  luxicily would be 
observed, the data were screened to determine if at 
letid 11 10-fold diffcrcncc in conccntration for at 
least one chemical among the samples was met 
h m  cach sitc (Long and Morgan 1991, MacDonald 
1994). The clieinicals measured in each siirriplr. 
wcre classified in terms of their association with the 
observed tnxicity. Eiicli ul’ Ihe c:tiarnicals in  thc 
toxic samples were classified as an “effect” or “no 
coiicon1;irice” depending on whether thc ratio of thc 
concentration in the sample to the mean conceiitra- 
Lion in the non-toxic samplcs was > 1 or 5 1. Con- 
centrations of cheinicals in non-toxic samples were 
dcsignatcd as “no effects.” Samples designated with 
the no concordance descriptor’ were alsu included 
with the no-effect samples for calculation of SECs. 
imig airti Morg;in (1991), M,icDondd (1W4), Long 
et al. (1 993, MacDonald et a/.  (1996). and Smith ef 
(11. (1996) used u simil:u desipnntion; however, they 
considered a chemical to be associated with a toxic 
effect only if the mean concentration in toxic sam- 
ples at a site war; at least two fnld greater t l i an  the 
menn concentration in non-toxic samplcs at a site. 
We clime to I I S ~  a mlio uf > 1 inslead of > 2 LO CIS- 
sify a sample as an “effect” in order to minimize 
Type 11 error (toxic sample classified as not toxic). 
We used an SEC for a chemical only if (1) five or 
more of the samples were toxic for the chcmical 
and (2) the number of toxic samples with concen- 
trations nbovc thc SEC was grcntcr than thc numbcr 
of toxic samples with concentrations below the 
SEC. 

C:olciilntion oPEffect Range L o w  (Em) 
and Effect Range Median (EM) 

We calculated F,K 1,s und ERMs rising procedures 
described by Long and Morgan (1991) and Long et 
ui. (1995). Our ERLs tlnd ERh4s arc calculatcd for 
individual toxicity tests (e.g., the H. aztoccz 28.6 
test) io order itst: consistcnt cndpoints for dcrermin- 
ing a toxic response. In contrast, lmig atid Mnrgan 
(1!N1) mcrgcd data from about 75 sources. These 
sources included iiiarjiie and fresliwnter lizlrl sur- 
veys, spikcd-scdimcnt tests, and EQP. Effect ranges 

I 

-1  : 
were calculated by Long et af. (1995) for 9 mctals, 
13 individual PAHs, ’3 krbups of PAHs, and 3 syn- 
thetic organic contaminants. Strengths of the Long 
e t  a/. (1995) approach include: (1) ranges instead of 
absolutes (e.& AET) are calculated. (2) a prepon- 
dcrnncc of cvidcncc from diverse sources is used to 
generate the ranges (e.g., weight of evidence), and 
(3) probability of obscrving cffccts can be esti- 
mated. Limitations to the Long et al. (1995) ap 
proach includc: (1) thc quality of thc data was 
vcrtiahle, (2) different types of d a h  were merged 
(e.g., acute Icthality and benthic community struc- 
ture we1 e combined tn calculate effect ranges), ( 3 )  
concentrations were calculated on a dry-wcight 
b i i s i s  ( d ; i ~ n  I ) I I  serlinieiil organic cartion and AVS 
concentrations were not available for all data sets), 
iind (4) riu-e[lbct daIa ilre riot ,used i l l  Itle cnlculatiun 
of LRLs or ERMs. 
Long e t  nl. (1!195) cillctlliiIed ERLs i i l l d  ERMs 

using the following procedure. Concentrations ob- 
scrvcd or predicted by dilkrenl methods to he iisso- 
ciated with effects were sorted in ascending order, 
and thc lowcr 10 pcrccntilc (Em) and 50 percentilc 
(ERM) effect concentrations were calculated. An 
ERL was dcfincd by Long and Morgan (1991) imd 
Long CI UL (1995) a.. the concentration of a chemi- 
cal in scdimcnt bclow which advcrsc cffccts wcrc 
rarely observed or predicted among sensitive 
species. An ERM was defined as the cbnccntration 
of a chemical in sediment nbnve which effects are 
fiequently or always observed or predicted among 
tnost species. I Jse of percentiles iniiiiiiii7d the in- 
fluence of single data points (e.g., potential outliers 
nssocinleil with AH’l’s) OII SECS. Ni.i-r.ffect data 
were used to evaluate the reliability of ERLs and 
EKMs ctllcrlltiItd using t d y  ef1kcI dit t i l  ( L U I I ~  d. 
1995). We chose to calculate ERLs using the 15 
ptxcenllle rttlher than using the 10 percenlile of ef- 
fects to reduce the potential for Type II error (false 
negcilives; MticDontdd et nf. (1!N6; see below)). 
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CMculation of Threshnld Effect Level (TET,)  
and Probable Effect Level (PEL) 

We calculated TELs and PELS using procedures 
dcvcribcd by MacDondd (1994) and MacDonald et 
af. (1996). Our TELs and PELs are calculated for 
individual toxicity tcvts in ordcr usc consistcnt cnd- 
points for detemuning a toxic response. MacDanald 
(1994) and MacDonald er  nl. (1996) calculatcd 
TELs and PELs by expanding two to three fold the 
dutnbasc originally dcvcIopcd by Long and Morgan 
(1991) and by excluding freshwater data. Effect 
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ranges were culcirlated by MacDonald et a% ,(1996) 
for 9 metrils, 7 pesticidcs, 13, iiidividual PAHs; 3 
groups of PAHs, tv la l  PCBs, and one phthaiatc. 

A sirriilar procedure was used 10 calculate 
freshwater TELs and PE1.s for 8 metals,. 6 individ- 
ual pAIls, total PCBs, and 8 pesticidcs (Smilh e t  (11. 
1996). Strengths and limili~li.O~~s to this approach 
arc similar to (tie ERUEEW approach. Howcvcr. 
calculetion of TELs and PELS lake bath effect and 
,,o-effect datu inlo ccriisideration. ' 

Macllonald et a!. (1996) and Smi111 et ILL (1996) 
,-dculated TELs mil PEls using the following pro- 
cedure. Concentrations observed or predicted hy 
difierent methods to be nssociated with effects were 
sorted and the lower 15 pcrcentile (ERL) and SU 
pcentile (ERM) concenkhons nf the effects data 
Set were calculated. In addition, the 50 percentile 
(NO Effect Range Median; NERM) and 85 perl 
centile (No Effect Range High; NEW) concentra- 
ijiiiis of the no-cffcccs data set were calculated. The 
TEL witi calculated as the geomctric mean of the 
EKL and NERM, whcreas the PEL was calculated 
thc gcomrl.ric mean of the ERM and N E W .  The 
geometric mean was uscd rnther th,m Ihe arithmetic 
m c m  beciiiise t.he two data sets arc typically not 
normally distributed. An analogous pnxedure has 
bccn used IO &ulate Maximum Acccptablc Toxi- 
cant Concentrations (MATCs) from the geometric 
main UT the no-observnhle- and low-obscrvablc-cf- 
fect concentrations (LOEC and NOEC; MacDonald 
19!)4). For ,each of !lie values (Em, E M ,  NERM. 
and NERH), a series of perccntiles wits evdutitd to 
oplirrdze con~cct clilssii'ication of toxicity using thc 
TELs and PELS [MacDonald 1994). T h e  iip- 
pin;lches dcscribcd by Lorig cl al. (1995) and Mac- 
Donald et al. ('1996) have becn used by NOAA 
(Lnlig and Morgan 1?91), Hiivironment Canada 
(CCMB L995), and the state of Florida (MacDonnld 
1994) to dcrive scdimcnt cltliility guidelines. Addi- 
tional or~anizntions that are considering thc use of 
these approaches to dcrive seiliiiteiit quality guide- 
lints include the state of California (Lorcnzato et 
d. 1991), the International Coiir~cil for Exploring 
'tle Sea, and Itie National Rivers Authority in -thc 
United Kingdom (R. Flcming, W Hc, Marlow, 
Bllck, UniteiI Kirigi-iom, personal communication). 

Ctllculation of No Effect Concentration (NEC') 
wc alsrl C ~ I ~ C L I I ~ I I ~ I I  No Effect Concentrations 

(NECs) which are analogous to Apparent Effect 
T h h o l d s  (MTs). AII AET is defined as the sedi- 
'''en1 concentration of  a givcn chemlc:ll uhovt:  
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which stalistically significant cffecls (e .g . ,  sediinent 
toxicity) ~c always observed (Barrick et a2. 1988). 
If iIny cheirlical exceeds its AET for il piir(.jculnr re- 
sponse, an advcrsc effect' is expected for that rc- 
sponse. IC all concentrations of chcmicals  ut! helow 
their AET for a particular response, then no adversc 
effect i s  expected. The AET approach has beell all- 
plied to contaminated sediment. i n  marine environ- 
ments (e-g., in the Puget Sound, Barrick et 01. 1988, 
and in ,California. ,Becker et nl. 1989); however, the 
AET approach has rarely been used t o  cvalurrte 
freshwater sediments (Kemble ,et til. 1994). 

A N I X  is calculated as the maximum conccnlrii- 
tion of a chemical in a sediment that. did not signifi- 
cantly adversely affect the particular responsc (e.g., 
survival, grow.th. or maturittiun) coiili1ared to the 
control. We chose to use the t&m NEC instcad of 
AET because: (1) we calculated NECs for whole- 
scdiment or pore-water concentrations, whilc AETs 
are typically calculated for just wholc-sediment 
concentrations; (2) a minimum of 25 to 50 samplw 
is recommendcd- for calculating cui AET and we 
used < 25 siriiples to calculate some of our NECs; 
and (3) we calculated effects rel;+live to a control 
sediment., whereas AETs are typically calculated 
relative to rcfcrcnce sediments. 

Evdu:~ Liuris of SECq 
SECs were evaluatcd relative to their potential to: 

(1) correctly ckissify toxic samples as toxic (toxic 
sample that excccds an SEC I hit]); (2) correctly 
classify non-toxic sainples as not toxic (non-toxic 
sample that docs not exceed rm SEC [ r l n  hit]); (3) 
incorrectly cliissify non-toxic samples as toxic 
(Type I error; falsc positive; non-luxic sample that 
cxceeds CUI SEC Fit]); and (4) incorrectly classZy 
toxic samples as not toxic ('l'ype II error; false neg- 
ative; toxic simple that does not exceed an SEC [no 
hit]). The SECs wcre evaluated rehlive to their: (1) 
rclinbility in renris of correctly classifying thc toxi- 
city of sedimcnt samples .within 11ie data set, (2) 
predictwe uhili r y for correctly classifying thc toxic- 
ity of sediment samples from independent data sets, 
and (3) curnparahility within the data sct or lo ultiar 
published SECs. 

. 

KESULTS AND DISCUSSION 

Toxicity uf Serlirtieiit Samples 
l l ie percentage of sedimcnt stlmple:, identified as 

toxic are lisled J I I  Talk 1. Survival or growth of C. 
rrpurri.ts in 14-d tests (CR14) werr, cigiiificantly re- 

.. 
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ducetl io 24% of the 42 snmplcs tcsted. In &he CK14 
. . . . .  . .  . . tc.sts when both survivhl aiirl groWt'h were mcasiircd, 
. .  , .  siirviviil (24%). was rcduccd' more frequently t .hw 

; growth (9%). Setliirierils, Irom the Clmk Fork,River 
(.7%) were less toxic in the CR14 test than sediriierils 
from the GIE:~~, Lokes (37%). Survival, growth, or 
maturation of H. arteca in 14-d tests (HA14) were 
reduced i i i  41% of the 32 samplcs tcsted. In the 
HA14 tcst, survival (25%), growth (2W'tjo.A iinil mat- 
uration (24%) were reduced in a similar percentage 
of s&plcs. None of the Trinity River snrilplcs wcrc 
toxic; however, 48% of thc Great Lakes samples 
wcrc toxic in thebHAl4 test. Sur~ivill, growth. or 
iiialiiralion of H. areca in the 28-d tests (HAZ,) 
wcrc reduced in 39% of the 62 saiiiples latcd. In the 
HA28 test, survival (26%) and growth (34%) were 
rcduced in a higher percentage 01 siimplcs compared 

. to miiturntion (1 1%). None of the upper Mississippi 
River, Trinity River, or Mobile Bay samples were 
luxic; howevcr. 48 to 602 of the Great Lakes, Cllatrk 
Fork River, or Galvestnn Hay sumplcs were toxic in  
(he, HA28 tcst. 

In summary, bntli survival and growth endpoints, 
provided uniquc information for assessing seilimcnt 
toxicity and should tw .rrletiuurcd in either HA14 or 
HA28 tcsts. The HA28 test seldom ideiililied'toxic 
samples. that were rib1 idcntificd as toxic in the. 
HA14 tcst (USEFA 1996). However, the majoriq of 
the sari.lples used lo milkc thcse comparisons were 
highly contaminated. W e  have riot compared re- 
sponses i n  HA14 vs HA28 tests using moderately 
contaminated samples. Additional exposures con- 
ducted with rrluderatcly contaminated sediment may 
exhibit a higher percentage OK sublcthal effects in 
the HA28 test compared to I-IA14 test (Kernble et 
ai. 1994). Using CR14 lesl, only one additional 
sample wtis idcntified as toxic cniiipared. to re- 
sponses in the HA14 or HA28 tcsts (USEPA 199fi). 
A pi3irnmy consideration in selecting ~ I I  organism 
for toxicity testing shutilri bc its ability to 'identify 
toxic sumplcs (Burton et al. 1996). T n  C~~iure evalua- 
tions, it may be a inore ellicicnt use of resources tu 
test idditional samples with If. uzliicfi done rathcr 
than testing fewer sediments using both H. rr~ccca 
niicl C. ripariits. 

CHldation and Evaluation nf SECs 
Duc to space limitatioiis i r i  Ihe journal, only the 

HA28 X W s  calculated on a dry-weight basis are 
listcd in Table 2. IJSEPA (1996) lists SECs for 
HA14 n r d  CR14 tcsts. We were able L o  c:rlculare 
SECs primarily for total rnetals, simultancously ex- 

t m : t d  mctals (SEM metals), total PCBs (for rhc 
l IA28 test), 'bd'PAHd ('lhl.11e~2; USEPA 1996).'Thk 
riitlges of conccntrations in the samples were 100 
narrow or there \wire 1 . c ~ i  I w  mcusurcd concentra- 
t i vns  in our database to adequately, evaluate SEC's 
for butyltins, methyl uierwry, polychlorinated diox- 
iris iind furans. PCBs (for the CR14 or HA 14 tests), 
or chlorinated pesticiilw. Eithcr lcss than five sanl. 
pies wcrc toxic for these chemicals or the numbcr 
of toxic samples will1 concentrations above the SEC 
wits lcsv than the number of toxic sa:riyles with 
concentrations helow the SEC. 

For a particular chemical, ERMs were lypically 
higher than paired PELs und ERLs were typically 
lighcr than paired TELs (Table 2; T-JSEPA 1996). 
This resulted fimii ii  luwcr distribution of concea- 
lrrilions in non-toxic samples (e.g., low N E W  or 
NERH). Although 'the concentrations of these 
piired SECs differed, the percetitage of samplcs 
correctly classified by puircd SECs was similar for 
ilU thrcc toxicity iests (USEPA 1996). These umclly- 
ses indicated EKMs and E m s  were generally as re- 
liiible as priircd PELs and TELs at. classifying both 
toxic and non-toxic siimplcs in our database. There- 
tore. thc rcrnainder of the paper describes results of 
evaluations using HRLs w d  ERMs instead of TELs 
.or PELS. 

The SECs fnc n particular chemical vary consid- 
erilbly in ability to make correct or incorrect classi- 
fications of toxic or nun-toxic samples (Table 2; 
USEPA 1996).'Therefore, the relkihility of ditTerent 
types of 'SECs was evduatcd by plotting observed 
i d  :.cxpcctcd toxicity of samples basad on the mini- 
mum nuniher of excccdances of these individual 
SECs. For example, Figure la  i s  :i ph t  of the per- 
centage of saiiiples corrcctly classified as a function 
UT Lhc number .of individual ERMs exceeded. In the 
CRf4 test, i f  BII excecdztnce of-an ERM for only 
one chcmical is used to classify R simple as ;L hi[, 
about 65% of the siunplcs were correctly classified 
iis toxic or not toxic and about 30% oZ the non-tuxic 
samples were classilid as hits (Type I error; falsc 
yositivc). However, the Q p e  TT error was only 5% 
(toxi6 samples cIassiIied us no hit; fahe negative). 
As thc critcrion for a hit is increased to 2 or more 
ERM exceedances per samplc in the CR14 test, the 
Ixrrcentugc of samples correctly clamifieci increased 
to about 8096, Type I t  errur incrcased ro almost 
20%, iincl Typc I m o r  decreased to -= 5%. Ti1 the 
HA14 test, the highest wrrect classification of 
nhoiit. 75 tu 85% occurs in the range of  aI.mit. 2 to J 
E M  exceedances (Fig. la). Ln this range, Type I 
and 'I'ype I I  t'.rrcirs arc cqual (i.e., cross nver of the 

I 
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CUNC N TOX EFFECT HIT CORRECT TOXHIT NUrNOT NOTIIIT TOXNOT 

_I-_"_ 

Arornic (~&d 
CRL 13 

50 
1 1  

EN 
TEL 

41 
1M PEL 

NEC 
Cadmiurn (cldg) , 
ERL #.7# 
ERM 3.Y 
TEL 0.58 
PEL 3.2 
NEC 8.0 

25 
25 
25 
2s 
25 

52 
52 
52 
52 
s2 

h2 
61 
62 
62 
63. 

Chmmiuru (total; IIC!~) 
ERL 33 63. 
ERM 270 
TEL 36 
PEI. 120 
NEC 95 

Copper ( ~ d d  
EKL 41 

' 'M 190 

PEL 100 
' NEC 580 

Iron (46) 
m 20 
ERAA 28 

' T I L  19 
PEL 2s 
mc 29 

.i 28 

M w : a n =  (Irdg) 

PEL 1200 
NEC 4500' 
Nickel (pg/g) 
ERL 24 
EKM 45 
TEL 20 
PEL, 33 
NEC 43 

ERL 730 
EKM 1700 
7w 630 

62 
62 
62 
62 

52 
52 
52 
52 
52 

37 
37 
37 
37 
37 

44 
44 
4 4  
44 
44 

62 
62 
62 
G2 
62 

62 
62 
62 
62 
62 

I 1  
I 1  
II 
1 1  
1 1  

24 
24 
24 
3.4 
24 

24 
24 
21 
24 
21 

21 
'24 
24 
24 

' 24 

24 
24 
24 
24 
24 

22 
22 
22 
22 
22 

22 
22 
22 
22 
27, 

24 
24 
24 
24 
24 

24 
24 
24 
24 
24 

5 
5 
5 
5 
5 

16 
16 
16 
16 
16 

18 
18 
18 
18 
18 

13 
13' 
13 
13 
13 

21 
21 
21 
21 
21 

7 
7 
7 
7 
7 

I 1  
11 
11 
11 
11 

14 
14 , 

14 
14 
14 

19 
19 
19 
19 
19 

. ._. . 

23 
10 
2 J 
7 
1 

27 
11 
32 
11 
2 

35 
12 
35 
14 
8 

31 
7 

31 
7 
9 

26 
14 
29 
17 
3 

14 
5 

14 
6 
3 

18 
8 

9 
1 

20 
7 

24 
14 

Y 

26 
12 
S'L 
18 

8 

26 

44 
64 
44 
52 
57. 

67 
63 
62 
63 
54 

66 
71 
66 
74 
71 

60 
73 
60 
73 
73 

73 
69 
71 
71 
56 

57 
49 
57 
46 
43 

68 
5Y 
59 
61 
48 

68 
73 
65 
74 
7 3 

74 
74 
71 
77 
71 

40 
24 
36 
12 
Q 

31 
15 
35 
15 

7 

31 
15 
31 
18 
1 1  

24 
11  
24 
11  
13 

35 
21 
37 
2s 

4 

27 
11 
27 
I 1  

5 

30 
14 
34 
I6 
0 

13 
11 
21 
18 
13 

27 
16 
31 
23 
I 1  

4 
40 

tl 
41) 
52 

33 
48 
27 
48 
52 

'35 
56 
35 
56 
60 

32 
61 
35 
61 
60 

3s 
48 
35 
iKi 
52 

YJ 
38 
30 
35 
38 

39 
45 
25 
45 
48 

18 
61 
44  
56 
60 

17 
58 
40 
55 
m 

s2 
16 
48 
16 
4 

21 
6 

27 
6 
2 

26 
5 

26 
5 
2 

26 
0 

26 
0 
2 

15 
6 

19 
8 
2 

11 
3 

I f  
.5 
3 

11 
.5 
2.5 

5 
2 

13 
0 
18 
5 
2 

IS 
3 

2 1  
6 
2 

4 
20 
8 
32 
44 

15 
31 
12 
31 
44 

8 
24 
8 

21 
27 

15 
27 
1s 
27 
3.6 

12 
25 
10 
21 
42 

32 
49 
32 
49 
5 4 ,  

20 
36 
I6 
w 
su ' 

19 
27 
18 
21 
26 

11 
23 
8 

16 
27 
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TABLE 2. Contiqued. .. I ... . , - , - 
, I  SEC CONC N TOX EFFECT IlIT C O W C T  TOXIIIT NOTNOT NOTIIIT TOXNUT 

Zinc W g )  
EKL I10 
ERM 550 
TEL 98 
YEL 540 
NEC 1 . 7 0  
Naphthderw (tidg) 
RRI. 13 
ERM 98 
E L  15 
PP.1. 140 
NEC I400 
Flunrcnc (np,/g) 
ERL IO 
m 140 
TEr 10 
PEL I50 
NEC 3000 
Phenanthrene Inglg) 
ERL 27 
ER M 350 
TEL 19 
PEL 410 
NT?c 2 0  
Anthracene (ndg) 
EEU 10 
m 140 

10 'I'EL . .  
PEL 170 
NEC 2000 

67, 
62 
62 
62 
62 

62 
62 
62 
fi2 
62 

62 
62 
62 
62 
62 

62 
62 
62 
62 
62 

62 
62 
62 
62 
62 

62 
62 
62 
62 
62 

G2 
62 
62 
62 
62 

Benzo(a)wlLraeruc (rrdg) 
BRL 19 62 
ERM 300 62 
TEL 16 ti2 
PEL 280 62 
Nl?c 3 0  62 
Chrysene (ng/g) 
ERT.. 30 62 
E m  5uu 62 
'HiL 27 62 
PP.1. 410 62 
N I T  LIOWJ 62 
Bcnzn(a)pyrcne (ng/& 
nu 64 62 
EKM 170 62 
TEL 32 62 
PEL 320 62 
N I X  1wo 62 

24 
24 
24 
24 
24 

24 
24 
24 
24 
24 

24 
24 
24 
24 
24 

24 
24 
24 
24 
24 

24 
24 
24 
24 
24 

24 

24 
24 
24 

24 
24 
24 
21 
24 

24 
24 
24 
24 
24 

24 
24 
24 
24 
24 

21 
24 
24 
24 
24 

a4 

30 
20 
20 
20 
20 

1 1  
16 
18 
1 1  
18 

15 
15 
15 
15 
15 

'22 
22 
22 
22 
22 

17 
I7 
17 
17 
17 

20 
20 
20 
20 
20 

22 
22 
22 
22 
22 

13 
19 
1Y 
13 
19 

17 
I7 
17 
17 
17 

14 
14 
14 
14 
14 

37 
16 
59 
16 
7 

46 
I8 
43 
17 
6 

58 
16 
58 
15 
3 

36 
19 
38 
17 
z 

56 
18 
56 
1s 
4 

3') 
24 
37 
21 
3 

39 
22 
36 
21 
4 

38 
16 
39 
16 
6 

36 
11 
38 
16 
6 

25 
8 

31 
13 
6 

63 
74 
63 
74 
63 

5 5  
61 
56 
61 
66 

42 
61 
42 
60 
63 

65 
.66 
68 
63 
61 

45 
GJ 
45 
67 
65 

56 
55 
56 
56 
63 

60 
6 1  
5s 
63 
65 

5s 
G8 
56 
6 1  
G8 

52 
73 
53 
68 
68 

60 
71 
55 
71 
68 

31 
13 
32 
1Y 
IO 

34 
15 
32 
15 
8 

37 
13 
37 
11 
3 

31 
IS 
34 
15 
2 

37 
IS 
37 
13 
5 

27 
16 
27 
15 
3 

31 
18 
26 
18 
5 

27 
16 
29 
16 
8 

24 
15 
26 
16 
8 

I9 
11 
21 
IS 
8 

32 
5s 
31 
55 
60 

21 
47 
24 
4R 
60 

5 
4s 
5 

48 
60 

34 
48 
34 
4 x  
60 

8 
47 
a 

SO 
60 

29 
39 
29 
42 
60 

29 
44 
29 
45 
Fio 

27 
52 
27 
52 
60 

21 
5 8  
26 
52 
60 

4U 
60 
32 
56 
60 

ZY 
6 
31 
6 
2 

40 
15 
37 
13 
2 

5G 
13 
SA 
13 
2 

27 
13 
27 
13 
2 

S3 
15 
53 
11  
2 

32 
23 
32 
19. 
2 

32 
I8 
32 
16 
2 

34 
IO 
34 
10 
2 

34 
3 
1.5 
10 
2 

21 
2 
29 
5 
2 

8 
19 
G 
19 
29 

5 
24 
6 
24 
31 

2 
26 
2 

27 
35 

x 
21 
5 
24 
37 

2 
24 
2 

26  
34 

11 
23 
11 
24 
3s 

8 
21 
13 
21 
34 

11 
7 1  
10 
23 
31 

15 
24 
13 
23 
31 

19 
27 
18 
21 
31 
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SEC CONC N 'I'UX EFFECT HIT CORREm TOXHTT NOTNO?' NO'I'IIIT TOXNOT 

NEC 1200 62- 24 IS 
~ ~ ~ ~ ~ ~ h , k ) f l u " = ~ ~ ~ h ~ ~ ~  (it&& 
ERL 37 43 13 6 
ERM 71' 43 13 6 
TEL 27 43 13 6 
PEL 1 M* 43 13 6 
NET: 4000' , 43 13 h 

Dibenz(a,h)mtbrRmnC (ng/g) 
ERL 10 43 13 6 
ERM 15* 43 13 6 
E L  10 43 13 6 
PEL 28' ' 431 13 6 
NEC x7w 43 13 6 
polycyclic ArurnalkHydiPcarboos IPAn-total, ndg) 
w . 240 62 24 22 
EKM 2200 62 24 22 
TF.1. 260 6 2  24 22 
PEL 3400 62 21 22 

'PAH-low molecular wcight (rig/& 
EKL 80 62 24 . 7.1 
E M  650 62 24 21 
TEL 76 63. 24 21 
PEL I 200 62 24 21 
NJX 19000 62 24 21 
fAH-high iridecdar weight bg/g) 
ERL 170 62 24 22 
ERM 1700 62 24 22 
E L  I90 62 24 3.2 
WL 2300 62 24 22 
NEC 33000 62 24 22 
rol~cydic Aromatic Hydrucrrhus (PCB-total, ndg) 
ERL so 29 10 ' 5 
ERM 730 '19 10 5 
TEL 32 25, 10 5 
PEL 240 29 10 5 
NEC 1 YU 29 10 1 

N W ,  62000 , 62 ' 24 22 

32 
14 
33 
14 
6. 

40 
11 
3R 
14 
6 

1 Y  
14 
19 
10 

1 

40 
12 
40 
x 
1 

41 
24 
38 
20 
5 

37 
21 
31 
I6 
4 

42 
24 
38 
23 
6 

5, 
3 
9 
3 
4 

56 
67 
54 
67 
70 

57. 
'13 
52 
71 
68 

53 
SI 
S3 
S6 
67 

37 
56 
37 
56 
67 

56 
58 
55 
61 
66 

63 
63 
63 
61 
hS 

55 
58 
52 
60 
6t( 

G9 
76 
69 
76 
72 

25 
14 
25 
14 
9 

27 
15 
26 
16 
R 

14 
7 
14 
5 
0 

30 
7 
30 
2 
0 

11 
18 
27 
16 
6 

31 
1x 
31 
13 
5 

31 
18 
26 
18 
8 

17 
10 
17 
10 
Ill 

3 2. 
53 
30 
53 
61 

24 
Sb 
26 
5s 
60 

40 
44 
40 
51 
67 

7 
49 
7 
53 
67 

26 
40 
27 
45 
60 

32 
~ 45 
32 
48 
60 

21 
40 
26 
42 
60 

52 
cicj 
52 
66 
ti2 

32 
11 
33 
1 1  
2 

37 
3 
3.5 
6 
2 

30 
26 
30 
19 
2 

63 
21 
63 
16 
2 

35 
21 
34 

z 

23 
16 
29 
13 
2 

37 
21 
35 
1'1 
2 

14 
0 
14 
0 
3 

16 I 

12 
23 
12 
23 
28 

1 1  
24 
13 
23 
31 

16 
2.7 
16 
26 
30 

23 

2 i  
30 

8 
21 
11 
23 
32 

8 
21 
8 

26 
34 

8 
21 
13 
21 
31 

17 
24 
17 
24 
24 

*: UnreLiablc SEC' (e.&, less thsn fivc. of the snmple-$ were designated us luxic for the chemical or he. number of rnxic 
samplas wiL cuiiciituations below the SPC was greater than thc number of toxic samples with coiiccritiations above 
thc SEC). 
'l'otal number of samplcs used to cnlcolntc. mch SEC. 

Nurnbcr of toxic samples where h e  ounceritratiuii u i  a cl~euucal was grea1e.r than rhc mcan concenundon of dit: 
chemical in the non-toxic samplcs at n site. 
Number 0 1  ~i~irrples with concentrations greater than Ihc. SFC. 

N: 
TOX: Number oP luxic smiyles. 
EnECi: 

HrT : 
TOTAL 
CURRP.CT Pcrcentage samples corrrrriy clnssified as tonic. 
" ' O ~ I m ' :  
N6TN0T: 
NurHIT: 
TOSNOI': 

. 

Percaritqt: ol loxic samples correctly classitled as toxic (fa+ sdmple arid hit) .  
Pcrccntnge of non toxic samples currc:cUy classiiied as not toxic (non-roxic snmplc nnd no hit). 
Pcrcentase of non-Toxic snmplcs incorrectly cLs&d u.toxic (l'ype I emr .  non-toxic s m p l c  and hit [false positive]). 
Prrcaiitaye of ioxic samples incorrectly classificd as nntmxic (Type II ~ i i u i ' ;  toxic sunple and no hit ifalse negativc]). 



A1 2 Ingersoll ct  al. 

I . ?  3 4 5 0 ' 7  8 9 10 

MINIMUM NUMBER OF WEELWCES 

t N=62 I S - 2 5  

i 

N-32 I SEC-P t 'm J 

1 2  3 4 5 6 7 8 Q 10 

MNIMUM NUMBER OF E X E F M N a S  

Bo t N = P  I W-P 

1 2  S 4 5 6 7 B Q \O 

FIG. I .  Observed and expected toxicity of s m p b s  brued un the minimum number of EKM exceedancrrs 
using dry-weight concerrtralums. N = number of samples and SEC = number of SECs used Figure l a  
uses nll individual ERMs listed in USEPA (199t5) or Tuhli 2 regurdzess ofpercimtngc. correct classificdirm 
by these individual ERMs. Figure Ih uses only those chemicals for which individual E M S  correctly clas- 
siJ" 61190 ofthe samples. Figure IC uses oitly rhos8 chemicals for which individunl ERMs correctly clas- 
s l B  2 70% of ths saniples. 

_ *  

not tuxidhit line with thc toxiclno hit line). In con- 
trast, the highest correct classification of iibutlt 70% 
Tor ihe HA28 test occurs across 3 to 10 exceedances 
with Typc I equal to Type II error at almrl 7 ex- 
ceeda wes. less of percentage correct clsssificat.icm). 'I'k num- , 

Figurc l b  plots correct classification of samples ' 

as a function of ERM exceedilrus irsing only those 
chcmicals for which individual ERMs corrcclly 
classify 2 60% of the saniples (Fig. la ~rset.1 all thc 
individual ERMs rcportcd in USEFA (1996) rcgiiid- 

ber of ERMs trsecl in thc cdculations remaincd the 
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~anie for the CR14 arid HA14-tests (rig. l a  vs lb); 
however, selecting a criterion of 60% .reduced the 
numhar of E m s  used i n  the calculations from 25 
to 20 in  the HA28 tcst (Table 2; USEPA 1996). AS :i 
result, correct classification incressmi by about 5 to 
10% across 1 ti:, 10 cxcccdances in the HA28 tesi 
(pig. 1s vs lb). This increased cnl'recl classification 
resllltcd from n red'uction in Type I error (not 

Selecting a criteri13ll 01.70% corrcct classification 
for individtlill ERMs reduced the number nf EKMs 
used in the cdculation fmrn 22 to 21 in t h e  CR14 

HA14 lesis, und from 25 to 9 in the HA28 k s l  

i 

., 

' tOKic/hit). 

' 

(Fig. 1.3, y s  1 c; I'iihle. 2.; USEPA. 1.996). At (1 ERM 
cxcccdmce, correct classifications i wraiwed in all 
three tests hy.nhuut 10 to 20% and both Type I and 
Typc II mot  were only about 10% (Fig. lti vs IC).  
However, increiruing thc minimum number of ex- 
cccdances decreased 'correct classi Ficirtiuns of Sam- 
ples in the HA28 lest (Fig. IC). This drop in.correct 
classification results from i tlcl.ei>sed Type I1 crror 
(toxic/no hit) wf1,r.o kwcr ERMs are used in the cal- 
culation (Fig. la vs IC); 

In su~iimary, correct classification of samples caii 
bc improved by using ERMs with ;I highcr pcrcenr- 
age of correct clnssilication. For example, usiiig a 
70% critcrion for selection of EHMs, only 1 ERM 
had to be exceeded in any of the three tests to 
achicvc about 80 to 90% correct. .classification' of 
samples with niily i3bUllI 10% Q p e  I and Type TI er- 
rors. By lowering the criterion tn 60% for sclcction 
of ERMs, exceeding 2 to 5 ERMs still resulted in  
about 70 to 80% correct classificnliun ?E samples. 

Figure 2a plots cvrrect classification of saniples 
as a function of ERL exceedances (regurdlcss of 
percentage correct clitssification by individual 
ERLs). Typc LI error (false negatives) remains rela- 
tively low (c, 10%) ticross thc range of 1 to 10 ERT, 
excecdanccs. The highest co'rrect. clitssification of 
about 60 to 70% occurs at > 5 to 6 E R L  e x -  
ceedmccs. However, Type 1 erinr (litlsc positives) 
was always higher (> 20 to > 40%) compared to 
l ~ p e  II CKOK. resulting in' lower I.xrcentagc correct 
classification with, ERLY compared to ERMs (Fig. 
la vs 2a). 

Selecting a,criterion or. 60% did not substaritially 
improvc classification by EK1.s in thc CR14 or 
I-IA14 tests, but cnrrect classification increased 
about 10 to 30% in the HA28 test (Fig. 2a vs 2b; 
Table 2). Using 3 71)% critcrion for selection of 
EKLs, 70 to 9036 of the samples were corrcctly 
classified with 8 to 10 exceedances ip the CR14 and 
HA14 tests and with 1 to 2 exce,ei~l;inces in thc 
HA28 test (Fig. 2a YS 2c). Howcvcr, in the HA28 
lest only non-toxic samples are correct.ly clussificd 
at 3 or more Em' exceednllces bccause of the high 
Type 11 error (toxicho hit) resulting froin iisi.ug j u s t  
2 ERLs (Fig. 2c). In sunininvy, corrcct classification 
of simples can bc improved by using iiiiillipli: 
Ems with a high percentage 111- w m c t  classifica- 
t.ion. However, samplcs which exceeded iiiulti[~lt: 
ERLs were typically samples w h k h  idso cxceeded 
ERMs. Hence, exceeding a fcw ERMs or niultiple 
ERLs rcsultcd in similar correct cl;s?;silication of 
samples. 

For NECs. about 70 to 90% of salnplcs ~ I J C  cur- 
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1 I 3  4 5 8 7 8 9 i o  
'E& ' MlMMUM NLhW'4 OF EX!XEW& 

SAMm-Kr TEm-HAl4 WPTYP- W E S T -  HAW 

FIG 2. 
using dry-weight concenntmn'ons. See kgend of Figure J for D descriptwr& of Figure 2. 

Observed and expected t o x i c i ~  of samples bused on the minimum number r$ ERt exceedancr:.f 

rectly classified at 1 to 10 cxceednnces regardless if 
t i l l  the NFKs are used (Fig. 3) or if the 60% crite- 
i o n  or the 70% critcnon we used (USEPA 1996; 
'I'ilhle 2). 'Ilpe I and Type II errors are gencrally 
equal at about 1 to 3 exceedmces. Huwever, Type 
II error (false negatives) often starts at 5 to 10% 
with only 1 cxceedance. Incrusing (lit: iiiiiiiiiiiiiii 
nuniber of exceedances decrcascd corrcct clnssifi- 
cation of samples. T h i s  drup iir cnrrect classifica- 
tion results from increascd Typc I1 error if multiple 

~ X C ~ ~ ~ H I I C G S  of NECs are requircd to cl;issify 
samplc as toxic. 

Fig11i.e 4 directly compares corrccl cliissification, 
Typc I error, and Type 11 error as a function uf the 
iiiiniiiiuni number of ERL. ERM, o i '  NEC CX- 

ccednnces for the HA28 test listed in Tablc 2. KRLs 
only classify a h u t  40 to 60% (JI. l l ie sarnples Col- 
rectly. The higher Type I error associatccl with 
ERLs comparcd to cither EHMs o r  NECs results in 
fhis lowar. correct classification by ERLs. Em5 
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iUd NEiCs conectly classify a s i m i l ~  percentage c$ 
samples; however, Type I1 error is consistently 
llighcr with NECs comparcd to either ERMs 01' 

ERLs. in Siirnrnary, Lhese aualyses indicate the reli- 
alrility of COneCt  classifications is situiliir tietween 
ERMs and NECs; Itowever, ERMs minimize Typc I 
error rclativc to ERLs and minimize Type TT error 
i'clative to NE& The high Type I error typically 
assuciatcd with ERLs is the prirriirry reasnil Long et 
d. (1995) aid MacDonald et a!. (1996) recommend 
ERMs and PELS, but not ER1,s or TELs should be 
Used to predict toxicity of samplcs. However, EH I..s 

8 

; 

. 
! 
, 

1 
. .  

! 

. sAMppIp=BTTEST~HA14 

N-32 i S E C = I  

1 2 3 4 5 ' 6  7 8 9 W 

M N l M v M ~ o F o ( c E E D L M s  

FZC 3. Observed and expected f r i c i i y  of sam- 
p les  bused n n  t ke  minimum number of NEC 
exceedances using dry-weigh: concentrations and 
using oll ir idividd NECs regardless of the per- 
cent correct classifii:ufirm. See legend of Figure 1 
fur u description of Figure 3. 

and TELs can be used to efficiently identify con- 
centrations below which toxicity is rarely observed. 

Tablc 2 tint1 CISWA (1996) List SECs for PAHs 
ijlld total PCBs calculatcd using dry-weight curii:e~i- 
trations USEPA (1996) also lists SECs for PAHs 
and total PCBs calculatcd using seclirnenl c:i-mceii- 

, 
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"i m 

F1G 4. Observed and expected toxicio of HA28 
santples based on the minimum numhrr of NEC, 
ERM, mid EM exceedances using dry-weight con- 
cenbntions regardless of percmtugc cnrrcct clnssi- 
ficaiort hy these individual EIMs. See legend u/ 
Figure I for a description of Figarc 4. 

uations normalized to total orgoiiic carbon (TOC) 
concentrations. None of thc individual ERMs cnlcu- 
latcd using sediment concentrations normalized to 
TOC concentrations corrcctly clnssificd 2 70% of 
thc samples (IJSEPA 1996). Therefore, Figure 5 

r_ 

1 2  9 4 5 E 7 B s 10 

LpgLl-oc- 

O j , ,  I . ,  . . , , , , , r,-,-,-, , . , , , , , , . , 9 

FIG 5 Ohserved and expected toxicity of HA28 
samples based on the minimum numher of ERM 
exct.t.&nCes using only individual ERMs for PAHs 
or PCBs calculated using: (1) dry- weight concen- 
hutinns or (2) sediment concentrations normalized 
to total organic carbon (TOC) conceiitratiom 
which corrsct!y cksijll 2 60% of the snmples. See 
legend of Nigurc 1 for R description of Figure 5. 

plots correct clsisiticatioii o f  samples as a functiun 
of ERM exceedances using only individuhl ERMs 
whic.h correclly classify 2 (iO% of the samples in  
the HA28 test (n = 11 SECs). Corrcct clirssificatioe 
of samples rariged between 60 to 70% and Type I 

! 

! 
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Type I I  errors were similar based on ex- 
.'ceedances of ERMs using either dry-weight con- 
cenrr&ons or sediment concentrations normalized 
to TOC concentrations. Correct classifications were 
. J ~ O  b i m i l a r  using PF,I,s and NECs calculated using 
dry-weiglit concentrations or calculated sediment 
cOnccutrations norninlized to TOC conccnuations. 

Onc wiiuld expect SECs culculnted using sedi- 
loeat concentrations normalized to TOC conccntra- 
tinns to be more reliable than SECls calculated 
using dry-weight concenlratinns since TOC rcport- 

controls tlie bioavailability ol nun-innic or- 
p i c  contaminants such as PAHs and PCBs in 
sedimcnf (Ui Turn et al. 1991). Thc nmge uf 'ITK: 
conceritrations in our database was relatively nar- 
row compared to [lie ranges of contaminunt co~icen- 
mtions. The mean concentration nf TOC was 2.7% 
with- a 95% confidence interval of only & 0.65% 
(n = 62). In contrast, the concenlrntinn ranges of 
contaminants normulizerl to dry weight typically 
varied by several orders of magnitude. Therefore, 
normalizing dry-weighl cniicentrations to a rcla- 
tivcly narrow range of TOC conccntniliuns had lit- 
tle influcncc on relative concentrations of 
conrarninlrrits among samples. Similrir liridiiigs 
were reponcd by Barrick et al. ( I  988) for AETs and 
Long 61 nl. ( I  995) for ERMs calculatcd using s d i -  
ment concentrations nomallizetl tn TOC concentra- 
tions. It is surprisiag that there is not at l u s t  ri  treed 
of increased reliability with SECs calculated using 
sediment concentrations normalized to TOC CUI)- 

centrations. The lowcr relinbilily of SECs calcu- 
lated using sedinimt concentrations normalized IU 

TOC concentrations may indicate PAHs and PCBs 
were not cniising the toxicity, but were only associ- 
atcd with the toxic chcmicds. Use ul secliinent toxi- 
city identificntion evaluations (TIE) or studics 
Using spiking of sedimcnt are needed lo establish 
t h s e  cause nnd effecl relationships (Ankley and 
'nomiis 1992, Larnberson and Swartz 1992, Ankley 
el ui. 1996). 

R-edictive Ability of SECs 
The prcdictivc ability d SECs in this paper was 

evaluated by first calculating SECs using just the 
Great Lakcs (GL) portion or ilre database (n = 27 
siunples). We were able to calculate GL SECs pii- 
mariiy for total metals, sirnrtlta tieously extracted 
"'et8ls {SEM, metals), and PAHs (USEPA 1996). 
Thest: GL SECs were then usecl Ln predict responses 
in  independent HA28 and CR14 tests with C l x k  
Fork Kvcr (CFR) seijime.uk (11 = 15 samples). The 

CFR sediments contiliried elevated conccntrnrions 
of As, Ccl, Cu, Pb, and Zn. Concenlrntiirris of YAHs, 
PCBs, and chlorinated pesticides were not clcvnred 
in these simples (Kemble PI d l!YI4). In the CFR 
tests, 7% of thc scdimeiits were toxic in thc CR14 
test and 53% of the samples wcre: ~r.rxic in the HA28 
test (Table 1). 

Agrrre 6 plots correct classificaliiw of CFR sam- 
ples as a function 01 the number of excecdances of 
individual GL ERMs which correctly classified 
2 70% of thc GL sninples. For the CR14 tcst, about 
80 I(-] 90% of the CFR samples ware correctly clas- 
sified at 1 to 2 exceedances of CL ERMs. Thc ma- 
jority of the samples wcrc nut loxic and did not 
exceed GL ERMs for the CR14 test. Type I1 error 
(taxidno hit) was always < 10% ntirl Type I error 
(not toxichit) was 20% at I exceedance dropping to 
< 10% with > 2 GL ERM cxceedances. For the 

sAMmyP=m m = c m 4  

5 w E 
L 

i P 
W a 

1 2 3 4 6 o r 8 9 m  

~UMMlMBEROFMtEEMNtEs 

k'iG 6.. Observed and predicted tuxicity of Clark 
Fork River snmplr!s hused on tlie minimum num- 
bcr uJ Great Lukes ERM exceedaiiccs using dry- 
weight conccnlrdioru and using only those chcm- 
ir:u Is for  which individrirrl SRCs correct& classifi 
2 70% oj'thr! Great takes samples. See lclgcnd I ~ J  
Figure I for  a descriplirin of Figure 6, 

! 
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HA28 [est, about 70% of the W K  samples were 
cnrrectly cl:issifieti, Type I1 error was <lo%, and 
Type I error was 20 to 30% at 1 to 2 GL ERM ex- 
ceednnces. Ahove 2 C i l .  ERM exceedarices in the 
HA28 test, Type II error incrcascs morc than thc de- 
crcasc in Qpc I crror, resulling in a subslamal drop 
in correct classification of samplcs. Evaluations 
using GI, PELS and Gl . N P;Cs resulted i r i  siiriilru 
predictive ability compared to GL ERMs for thc 
CR14 and HA28 tests with C:FK sedimenk 

The CFR sediments primarily contained high 
conccntrations of Cu nnd %n resulting i n  ex-  
ceedances of GL ERMs for these two metals. Rc- 
quiring morc than 2 cxceednnces of GI, H K M h  
resulted in 3 high Type 11 error (toxic samples mis- 
classified as not toxic). Hence, clnsdfication hiseti 
o r i  riiultiple exceedances of SECs in  a preliminary 
screening of sedimcnts which contain :I limited 
riir~ritier of cniitnininants may result in high Type II 
error. For example, Typc I1 m o r  wns < 10% iInd 
Type I. errnr was 10 to 30% at I to 2 GL EFW ex- 
ceedances in both thc CR14 and HA28 tests with 
CFR sedirneiits, hut Type I1 error was high with 
multiple exceedances in thc HA28 test (Pig. 6). 
Therelure, i~ low numher of SEC exceedances 
should be used to conduct a prcliminary screening 
lo prrdicl the pvleiitial for toxicity in the absence of 
actual toxicity testing, This would rninimizc thc po- 
tcntiid for Tdse I I e g i ~ t i v ~  (ix-, Type ll error) at the 
risk of accepting higher false positivcs ( ix . .  Typc I 
crror). 

We have included this one examplc of how thc 
prcdictivc ability 01 SECs can he evaluated using 
an independent data set. We are currently in  thc 
proccss of using our SECs calculated fiorn the en- 
tire database to predict the response of Hynlella 
azfeca and Chironolnlrs ripwius io a variety of in- 
dependent data sets generated by other laboratories 
(i-c.. M c G c c  et 01. 1!194, Pastorok e t  al. 1994, 
Schlekat et al. 1994, Batts and Cubbage 1995, Day 
et al. 1995, Hoke et a]. lWS, J. Field, NOAA, Seat- 
tle, WA, and M.D. Sprenger, USEFA, Edison, NJ. 
unpubli shcd data). 

Cuniyarahility to Published SECs 
Example comparisons are plulleil VI our  SH(:s 

I clntive to other published SHCs for benzo[a]pyrene 
( B P ,  Fig. 7) and coppcr (Fig. 8). Our SI33 are 
tyliicnlly lnwer than the AET (Figs. 7 and 8) and 
EQF values (Fig. 7) and arc reltilively siiililijr I ( I  
piiireli ili:triiie EKMs, ERLs, PELS, or TELs and 
freshwater FELs or TELs (Fig5 7 tint! 8 ;  Siriilh c'f 

a L  1996, LJSEPA 1996). The SECs buscd on,GQp 
and AET approuchcs tire typically near the 11lilxj- 

~IIIIIII concentration for the particular chcmical j ,  
our databasc. This is m i l  siwp-ising since EQP V& 

I J ~ S  rqiresent concentrations of single chemical, 
predictcd to bc toxic WhereiIS the other SECs lis(cd 
in Figures 7 and 8 represent conccntrutions of a 
chemical associated with toxicity in mixtures of 
cl~emicals in field-collected sedimcntv (Hokc et ai. 
1995). 

Smith et al. (1996) reported 14 of their 23 TELs 
and 15 of thcir 23 YEl ,s  were within a factor of 3 
for at lea9t two other published SECs. These rcsulu 
indicate SECs dnvelnped using a variety of 311- 
proaches and data sets are oftcn comptu~tblc. The 
SECs calcululed by Smith cf QZ. (1996) were ahu 
comparable to our SECs listcd in Table 2 lor HA28 
tests. However, relialility nf the SECs in  Smith ci 
u1. (1996) was generally lowcr than the relitibility 
of our SECs. Tlia database used by Smith et a/. 
(1996) to calculate SECS includcd our C l i l I i l  arid B 

varicty 01 additional data sources from North 
America. This lower rcliability 01 SECs rqmrled hy 
Smith er nl. ( J  996) resulted from including data for 
additional species from studies reporlirrg im effect5 
withoul ni;itchiog effect data (Le., intolerant species 
or short exposure duration) or hy includiiig data 
from benlfiic conimunity surveys {Le., difficult to 
compare sediment chcmistry tu rlislrilmtioiis of ben- 
thos). Aciditional comparisons are ongoing to fur- 
ther evaluate comparability tmd predictive ability of 
published SECs to our SECs using additional inde- 
pendent data scts (i.c.. McCiee el ui. 1994, Pastorok 
et a!. 1994, Schlekat et a!. 1994, Batts and Cubbage 
1995. Day er a/. 1935. Hoke uf ul. 1995; J. Field, 
N U A A ,  Seattle, WA and M.D. Sprengcr. USEPA, 
Edison, NJ, unpublished c l i i l i r ) .  

I Jltiniately, the best measure of comparability 
among SECs is not ti.) coinpare similarity in ab- 
wlute concentrations, but to comparc how different 
types of SECs correctly (or incorrectly) predict tox- 
icity in independent samplcs. For cxample, &ye 9 
plots prcdicliwis of toxicity in our HA28 tests as ii 
function of exceedanccs of frcshwnter PELS (PELF; 
Smith et nl. 199fi), Hyulclla azfeca ~ T s  ( E l ' s ;  
Batts and Cubbage 1995: assuming 2% TUC), EQP 
(USEPA 19x8, Hoke ef al. 1995; assuming 2% 
TOC) and SLCs (SLC1: lowest effect ievel for 
Screeriing [,eve1 Concentrations; Persuad et d. 
1992). At 1 to 6 cxcccdnnces of these ~iiihlishcd 
PP.l.s, AETs, and EQP values, toxicity is correctly 
predictcd in  about 60 to 80% ul the samplcs 
whereas SLCs only correctly prcdict toxicity i n  
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FiG 7. Compambilily of our SECs for the entire dahbasc to published 
SECs ./or heazo{a]pyrene (BaP) based un dry-weight concenfrations. 
Marine ERL and ERM (BRLM and ERMM; Long et H I .  1995); I J Z W ~ ~  TEL 
and PET. ( T E m  and P E N ;  MacDonnW, et a1.1995);freshwpter TBL and 
PEL (TELF and PE1.F; Smit?i et al. 1996); (4) marine AETs (AETI for 
nmphipds, M T 2  for oysters, U T 3  fur Micmtox, AETJ for benthos; Bar- 
rick et al. 1Y88); freshwater AElk ( U T 5  for Hynldh aztcca aid AET6 for 
Microtor; Batts and Cubbage 1995 (ussumed 2% total organic carbon 
(TOC')); (6) Screening Lsvel Concentrations (SLCI Jar lowest effect level, 
SI.C2for severe effect level ( ~ Z M W R C ~  2% TOO; Persaud et al. 1YY2); ami 
(7) EQP (USFPA 7988, Hoke et  al. 1995; assumed 2% TOC). 

about 40 to 60% of thc sunples. 'I'he higher Type I 
emor (false positives) associated with SLCs com- 
pared to Ihc other values results in this lower Cor- 
r k t  prediction by SLCs. The PEL, AET, and EQP 
values correctly preilicl toxicity in a similar p ~ r -  
ceiilagc of samples; howevcr. Type 11 errur (Dlse 
negatives) i s  consist.entty higher with AET and 
EQp valucs compared to cithcr PELS or SLCs. 7n 
sulrmary, tl1cw ;111;3lyses indicate predictive ability 
1s simil;u between published PEL, AET, :irid F,QP 
"a1Ur.s; however., these PELS &nimizc TypC I error 
reliltive Iu SLCs and minimize Type I1 errtw relative 
'I' M . ' Y  and EQP values. In addition, thc predictive 

of these published SECs is coniparahle to 

ThrOugliuut r h i s  paper we hiivc evaluated the reli- 
obilirY using the frequency of cxcecding indivklii;rl 
SECs. Canfield car 01. (1996;1, 199611) and Kemble et 

reliabiliiy of our SECs listed in Table 2. 

. -  
. .  .. .. _ .  

al. (1996) evulnal.ed the reliability of our ERMs 
iisirig a toxic quotient approcich. A toxic quotient 
was cnlculuted Fcir each sample by first dividing 'I tie 
cmcentration of individutd cheinicals by their re- 
spective ERM and then summing cach of these in-. 
dividual values. Figure 10 plots the relationship 
between (lie frequency of ERM cxcccdiicices and 
the sum of thc ERM loxic quotient for HA28 sam- 
ples usirig all ERMs regardlcss of the percent cor- 
rect classification. 'I.'he frequency of obscrvcd 
toxici1.y in samples increases at eilhnr n sum EIZM 
toxic quoticnt 01 ithciut 10 to 20 or at a frcqucncy of 
ERM exceedances of about 3 lu 7.  A similar rela- 

used that correctly clusily 2 I%:)% 01- 2 70% of the 
samplcs; however, a lower numbcr of ERM ex- 
ceedances or lowcr siiIii EKM toxic quotients arc 
needed 14.1 consistently estimatc obscrvcd toxicity. 

tionship is evident if only individual ERMs are I 

! 
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PIG X. CZrnpnrability of our SECs to published SECs for copper based on 
dry-weight concentrutbits. See legend vf FiKurt! 7Jur an description of the 
alrhrcviutbna in Figure 8. 

In summary, either the si i rn toxic quotient approach 
or thc frcqucncy of SEC exceedances are ei l i idly 
reliable at classifying samples as either toxic or not 
toxic in  our database (Canfield et lzl. 199ha, 1996b; 
Kenihle af nl. 1996). 

CON Cl .USIONS 
L K M b  rind ERLs arc generally as reliable as 

paired PELS and TELs at classirying samples as ci- 
thcr toxic or not toxic in our database. Reliability or 
the SECs i n  teriiis of conrx(1y classifying sedimcnt 
sitmplcs is similar beween E M S  and NECs; how- 
ever, ERMs iniainiize Type l error (talse positives) 
reltitivc to ERLs and minimiZe Type II emir (false 
negatives) relalive to NECs. ERMs and NECs 
rather than ERLs should be used to prdicl  toxicity 
of sainldes clue to the lower Type I crror associated 
with them. However, ERLs ca11 be used to eft?- 
cieiilly identify concentrations bclow which toxicity 
is rarely observed. Correct clahhific:itinn ot samplcs 
can be improved by using only the most reliable in- 
dividual ERMs or NECs for chemicals (i.c.. thosc 
with a higher pcrccntage of correct classification). 
When SECa art: u w i  tn conduct n prclirninary 
screening to prcdict the potential for toxicity i n  the 
absence UT actuui toxicity resting. n low number of 

SEC exceedances should be used to nliriirnize the 
pote.ntial for false aegativcs (Le.. Type I1 error); 
.however, the risk of accepting higher-.fdse lrositives 
(j.t!., Iype 1 error) is incrcascd. 
SECs generated using data from field-collected 

ssrnples should not be used indcpcndently to.estab- 
lish trigger levels for clean up of seditnent5. The 
streiigth vT SECs developed using data from tcstS 
with field-collccted sediments is in their use in pre- 
dicting t.lie yulenliul for toxicity in indcpcndent 
field-collcctcd sediment samples. A primary use of 
SECs developed with field-collected sediments 
should be to providc guidance for determining sites 
.which may I-equi re further investigation. The ability 
of any SEC or sedimcnt toxicity test to predict bcn- 
thic community effects shoirld be considered bekore 
either of these approachcs are used to routinely 
evaluate sediment quality (Cinfiield et nl .  I994 
1 YY6;+, 1996b). 
Our SECs 'were calculated from t0xiciI.y tests 

with Ikld-cullected samples. If a chcdcal  condell- 
tration exceeds an SEC generated iisiiig data from 
these test$ with r?r;l&cullected smplcs, it does not 
ncccssarily mean the chemical caustd the observed 
effect. .Rather, the ShC is the concentratiuit of a 
chcmical that is associared with the effect. Picld- 
collected, sedinients.tyiiicsIiy cunlajn complex mix- 

. . .  
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F;AMf"=BT TEST=HA28 

IR) 1 t 

"1 I 

SAMm-BT lEsl=HA28 

"1 
""1 

1 2  3 4 5 ,6 I 8  9 l0 

FIC;. 9. Observed andpredicted toxicity of HA28 
samples based on dry-weight concentrations and 
the minimum nunibcr of exceedances of publisited 
freshwater PELS (PELF; Smith cl HI. I996), 
Ryalelk aaeca M T s  (AETS; B a s  and Cubbage 
1995; uavumed 2% TOC), EQY (USEPA 1988, 
Hoke et al. 1995; assumed 2% T O O  and SLCs 
GLCI; lowest tJJect l cve i  Jnr Screening I ~ v c 1  
Cmcensrations; Persuod et al. 1992). See legend 
o j  Figurc I for  u dcscriptinn of Figure 9. 

tUts of con taminants. Additional information is 
lleeded to ideiilify the specific contaminants that 
were actually responsiblc for thc toxicity. Confu- 
11lation of sediment toxicity due to individual. or 

' NOT TOXIC 

TOXIC 

. .  . 

20 I 

- 
I 10 I00  1,000 10,000 

SUM ERM TOXIC QUOTIENT 

FZG. IO. Relationship between the frequency of 
ERM 8XCet?dQilCeS arid the suin of the.ERM toxic 
quotient for toxic and non-toxic HA28 samples 

. 

using all ERMs regardless of the percarit correct 
classification rising dry-weight concentrations. 
AdaptedfToni Carifield et al. (1996a,b) and Kent- 
ble et al. (1996). 

0 1  ' ..- ' """J a ' l a l m l  ' m L u J  
0.1 

groups of contaminants or the interactive effects of 
sediment toxicants can be evaluated by using TIE 
procedures (Ankley and Thomas 1992, Ankley el 
al. 1996) or by conducting toxicity tests with chem- 
icals spiked irilo sedinien~s (Limbersun a i d  Swarl7. 
1992). Once the probable cause(s) of sediment toxi- 
city has bean identilied, batter decisions can be 
made regarding rernediation options. 

v 
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