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Abstract-Mean sediment quality guideline quotients (mean S Q G Q ~ )  were developed to represent the presence of chemical rdistures ' 
in sediments and are derived by normalizing a suite of chemicals to their respective numerical sediment quality guidelilies (SQGs). 
Mean SQGQs incorporate the number of SQGs exceeded and the degree to which they are exceeded and we used for comparison 
with observed biological effects in the laboratory or field. Tlle current research makes it clear, however, that the number and type , . . of SQGs used, in the derivation of these mean quotients can influence the ability of mem SQGQ values to comctly predict acute 
toxicity to marine amphipods in laboratory toxicity tests. To detknine the optimal predictive. ability of mean SQGQs, a tow of 18 
different chemic,d combinations were developed and compared. The ability of each set of mean SQGQs to correctly predict the 
presence and absence of acute toxicity to amphipods was determined using three independent databases (n = 605, 1753, 216). . 
Calculated mean SQGQ values for all chernicnl combinations ranged from 0.002 to 100. The mean SQGQ that wns most predictive 

' 

of acute toxicity to amphipods is calculated as'SQGQl = ((2 ([cadmiurn]/4.2l)([copper]/27O)([lead]ll12.18)([sil~er]~l.77)([zinc]l ! 
4lO)([total cNordanel/6)([dieldrin]l8)([total P@Io J/1.500)([totd PCB]/400))/9). Both the incidence and magnitude of acute toxicity 
to amphipods increased with increasing SQGQl values. To provide better comparability between regions.and national surveys, , 
SQGQl is recommended. to serve as the standard method for combination af chemicals gnd .respective SQGs when calculating . 
mean SQGQs. 

Ilegwords-Sediment quality guideline quotients Amphipod Toxicity Chemical mixturns 

INTRODUCTION 

, .41+ough rhe use of empirically derived sediment quality 
guidelines (SQGs) in sediment m'onitoring and assessment has 
been the subject of debate, recent reports suggest SQGs continue 
to be.widely used to predict when chemical concentrations aie 
likely to be associated with a measurable biological response 
[I-51. Use of SQGs has been encouraged'by recent research 
that indicates reasonable predictive ability of SQGs '[6], in com- 
bination with limited application or regional specificity of chem- 
ical derived through other methods [7-111. Tile in- 
creasing use of SQGs results from a practical need for protective 
management tools when identifying areas where anthropogenic 
chemicals may present a rislc to  benthic biota. Unfortunately, 
the inappropriate application of SQGs has resulted in criticism 

', of their use in sediment management. There is a need to con- 
. tinually reexamhe the appropriate use of SQGs as management 

tools and to refine uses of SQGs to better predict toxicity and/ 
or biological community impairment. . 

Empirically derived SQGs have been generated from- large 
sets of synoptically collected chemical and biological data [6). 
Sediment quality guidelines were 'developed primarily from 
field-collected sediments using statisticil approaches that as- 
sociate chemical concentration and biological response. They 
were established to demonstrate the individual chemical con- 
cencradons at which biological effects were expected to be 

. . 
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present or absent [12]. 'Chemical mixtures can also be r e p -  / 
sented using SQGs y ~ d  are ge,nerally cdculated by normalizing , 

,each chemicd found jn the sediment to its respective SQG 
value and &en averaging the resulting normczlized values for 
a given suite of cheq icds .  These normalized chemical sum- I . 
maries (hereafter referred'to as mean sediment c~ucllity guide- : 

line quotients, or mean SQGQs) represent complex chemical 
mixtures within each unique sediment sample as a quantitative 
numeric value that incorporates both the rna,@tude and num- ' 
ber of SQGs exceeded. Mean SQGQs can be used to predict 
the probability of biological effects in the laboratory or field 
as previously demonsueted [12-141. In this article, we report : 
and compare a variety of methods for calculiting mean SQGQS , 
whh the objective of proposing a standardized method for 
SQGQ calculation that improves the ability of SQGQs to Pre- 
dict whole sediment acute effects on amphipods. 

METHODS 

This research evaluated die type and number of andyta in 
the SQGQ calculation to fird chemical combinations that best 

~ od predicted biological effects, as indicated' by 'marine mpluP 
mortality in sediment toxicity tests. Mean SQGQS were dl- 
culated using dffecrs r a n g e h e d i m  IERhIl) [15,16] and 
effects level (PEL) [I71 SQG values for normalizing sedirne' 
chemical concentrations. The ERM and PEL sediment qudiry 
guidelines have bein published for 10 individual trace meb1s: 
three individual pesticides, 13 individual polycyclic  on'^^^ 
h~drocarbons' (PAHs), three groupings of individual pMs 
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Table 1. Mean sediment quality guideline quotients (SQGQ),chemical combinations using effects range midian (ERM) sediment quality guideline 
(SOG) values , . .  

/ 

Mean SQGQs using Em4 guidelinesn 
/ 

E R M Q ~  : ERMQ:! .ERMQ3 ERMQQ ERMQ5 ERMQ6 

hnrimony Arsenic Cadmium Antimony Arsenic Arsenic 
Arsenic . . 

Cadmium Chromium Arsenic Cadmium Cadmium 
cadmium Cluomium Copper' Cadmium Chromium Chromium 
cl~rornium Copper Mercury , . Chromium Copper Copper 
Copper Lead Zinc Copper Lead Lead 
c end Mercury . Total DDT, Lead Mercury Mercury 
Mercu,Qt Silver Dieldrin I Silver Silver Silver 
Silver Zinc Totai PCBS Zinc ' Zinc . Zinc 
Zinc 2-Methylnaphthalene Low mol wt PAHs Total DDT Total chlordane Total chlordane 
Total DDT (OC) Dibenz[a,h]anthracene High mol wt PAHs Total chlordane Dieldrin Dieldrin 
 TO^ chlordane Acenaphthene Dieldrin Total PCBs Total PCBs 
Dieldrin Acenaphthylene Total PCBs . Low mol wt PAHs Low mol wt PAHs 
Endnn Anthracene Low mol wt PAHs High mol'wt PAHs Total PAHs 
Total PCBs Benz[a]anthracene Total PAHs 
LOW rnol wt PAHs Benzo[n]pyrene 
High rnol wt PAHs Chrysene 

Fluorene 
Fluorantliene ' 

Naphthalene. , 
Phenanthrene 
Pyrene 
p 'p '-DDE 
Tocal 'DDT 
Total PCBs 

"RMQ chemical combinations ised effects range median SQGs [15,16] as ciitical values for meal; quotient c?lculation except ERMQ1, which 
used an organic carbon normalized SQG [33] value for Total DDT. OC = organic carbon; PCBs = polychlorinnted biphenyls; PAHs = polycyclic 
aromatic hydrocarbons; rnol wt = molecular weight. 

~wo summed organocldorine pesticides, and the sum of 18 $1~- 
chlorinated biphenyl congeneis (PCBs) [IS-1.71. Guideline val- 
ues for these 32 chemicals were selected because of published 
studies demonstrating the reliability and predictive abilit~l of the 
individual guidelike values [6,16]. Two different chemical com- 
binations that were used in previous studies. were compared 
initially and evaluated for their ability to correctly classify sect- 
iments as toxic or ilontoxic. 'Based on the results of this com- 
pnrison, 10 additional chemical combinations were sequentially 
lested using various combinations of the same chemicals and 
their respective SQGs. Each s'uccessive combination was an 
""mpt by the investigators to improve mean SQGQ predictive 
fibility based on the results cif the previous combination. Six of 
the 12 calculation methods were based on v&ous combinations 

fhenlicnls that were divided by their respective E N  guide-. 
lines (Table 1). Six PELQ calculation methods were based on 
blious combinations of chemicals. that were divided by their 

PEL guidelines  a able 2). 
In an attempt to evaluate mean SQGQs that incorporated 

types of SQGs, an assessment of the predictive ability 
individua1, SQGs was performed. The assessment included 

'Ildividual SQGs developed using correlative approaches, con- 
s " ~ ~  approaches, and theoretical approaches; Individual SQGS 

selected for.inclusion in mean SQGQ quotient calculation 
"'etllods when the values best predicted acute toqicity to am- 
p'lipods for that chemical or chemical class and were represen- 

of chemical concenkations most commonly found in field 
i i " m ~ l e ~  from b e  database (italicized entries in Table 31, A total 
I" l.5 individual SQGs were selected for use in additional chem- 
'y" combinations. These SQGs were incorporated into s is  
~ Q G Q  calculation methods that werebased on combinations of 
khemlclis divided by a muirure of respeEtive ERM. PEL, or 
'Ihtr selected individual SQGs (Table 4). 

Each mean quotient calculation method included chemicals 
and their respective SQGs for each of four major chemical 
groups (metals, pesticides, PAHs, PCBs). A total of 18 chem- 
ical combinations were evaluated. 

All mean quotient calculations attempted to use the same 
summation methods for chemical classes (total chlordane, total 
DDT, total PCBs; low molecular weight PAHs, high molecular 
weight PAHs, total PAHs). This step was necessary for valid 
comparison of mean quotient calculations but presented'lim- 
itations with large multistudy datd sets because of differences 
in analyte lists among studies. The methods for summation of 
chemical classes used in this study are given in the Appendix 
[15,1S-201. Individual chemical quotients are calculated by 
dividing the, measured concen~at ion or class summation con- 
centration in the sediment sample by the respective published 
sedirpent quality guideline value for, each chemical for which 
.individual SQGs were derived. p.vhlue greater than one in- 
dicates the chemical concentration in that sample exceeded its 
respective SQG. The me? SQGQ> is obtained by calculating 
the mean of the resulting individual q'uotienrs for a given com- 
bination of chemicals. A generalized example of the calcu- 
lation is 

mean sediment qualiry guideline quotient 

>: [total chlordane/SQG][total PCB/SQG]) ) / n I 

where n = total number of analytes. 
Samples that were found to have chemical concentrations 

less than the method detection limit were adjusted, forpurposes 



--l.b ;. Mean sediment quality .guideline quotient (SQGQ).chemiczl combinations using probable effects level (PEL! SQG Val 
. . 

Mean SQGQs using PEL guidelinesn 
. . 

PELQl , PELQ:! PELQ3 ' , ' PELQ4 PELQ5 PELQ6 
---r 

Arsenic Cadmium . Cadmium Arsenic Arsenic Arsenic 
Cadmium Chromium Chromium Cadmium Cadmium Cadmium 
Chromium Copper Copper Chromium Chromium . , ' Chromium 
copper Lead Mercury Copper Copper . , Copper 
Lead. Mercury Zinc Lead Lead Lend ' 
Mercury Nickel Total DDT Silver Mercury Mercury 
Silver Silver Dieldrin' Zinc Silver Silver . . Zinc Zinc Total PCBs Total DDT, , . Zinc Zinc 
Total DDT (OC) '-Methylnaphthalene Low mol wt PAHs Total chlordane Total chlordane Toul chlordane 
Total chlordane Dibenz[n,h]nnthracene High mol wt P,Ms Dieldrin Dieldrin Dieldrin 
Dieldrin Acenaphthene Total PCBs Lindane Lindane 8 ,  

Lindane' Acenaphthylene Low mol wt PAHs Total PCBs Total PCBs 
Total PCBs Anthracene Total. PAHs Low mol wt PAHs Low mol wt 
Low mol wt PAHs Benz[a]anthracene High mol wt PAWS Total PAHs 
High mol wt PAHs Benzo[n]pyrene 

Chrysene 
Fluorene 
Fluormthene 
Naphthalene 
Phenantluene 
Pyrene 
p 'p '-DDE 
Total DDT 
Total PCBs - 

PELQ chemical comb~natlons used probable effects level (PEL) SQGs 1171 as cnkcal values for mean quotient calculations except for PELQ~ 
which used an organic carbon normallzed SQG [33] value for total DDT. QC = organic carbon; PCBs = polychlonnared biphenyls, PAHs: 
polycyclic aromakc hydrocarbons; rnol wt = molecular weight. 

I 

of 'the sumn~ation, to a value of one half of the given method 
detection limits. When one or more required chemicals were 
not analyzed for a particular sample, that sample was removed 
from the base data set and not included in evaluations of mean 
quotient calculation methods requiring that chemical. .This step 
was necessary for valid comparison of the summation methods 
and the data sets to which they could be applied. 

This study used chemical and biological data from three 
readily available sources as the basis for comparisons of pre- 
dictive ability. The sources were the State of California's Bay 
Protection and Toxic Cleanup Program database (BPTCP), the 
National Oceanic and Atmospheric, Administration's (NOAA's) 
nptional sediment toxicity (SEDTOX) database, and NOAA's 
Biscayne Bcy survey in,F?lorida. The BPTCP database included ', 

, 605"coastal sediment samples for which synoptic 'chemical 
analyses and toxicity tests (Eoharrstor-iw estuariw and Rhe- 
poqniris  nbronius) were performed [21-271. These data were 
used for initial comparisons between calculation methods de- 
veloped by ~ d r e ~  et al. [21] and Long et al. [GI and 10 ad- 
ditional chemic81 mixture combinations using ERA4 and PEL 
guidelines for mean quotient calculation.,These data also were 
used to evaluate the predictive ability'of a variety of individual 
SQGs with the objective of evaluating the predictive ability 
of six additional chemical mixture combinations that combined 
SQGs from different studies. The SEDTOX database included 
2,753 sediment samples from studies throughout the coastal 
United States for which synoptic chemical analyses and whole 
sediment acute toxicity rests (Ampelisca abdita, R. abroni~ts) 

. b 
were paired [28]. The SEDTOX data was used to confirm 
predictive accuracy of mean quotient calculation methods us- 
ing BPTCP data and to further evaluate, mean quotient cal- 
culation rnetl~ods that included SQGs from mixed sources: The 
Biscayne Bay database [29] included 226 samples analyzed 

for sediment chemistry, and toxicity (A. abditn) and was ud 
as a third independent database for testing predictive accunel: 

Chemical data were combined in dBase N database Nes 3rd 

manipulated using dBme command programs. Mean SQGQ vak 
ues derived from the various unique chemical combinations in 
each sample then were compared with synoptically rnensurul 
toxicity test, responses to assess how well each chemical colt  , 
bination predicted acute toxicity. Samples were'classified as toxii 
for the BPTCP study when sample survival was ,significimlly 
different from controls and less 'than a critical value determid 
using the minimum signllicant difference 90th percentile that W 

generated from BPTCP data (Eohawtorius esh~arilis S U T Y ~ V ~  in 
sample was less &an 75% of survival in negative conuols, 
abronitts survival in sample was less than 77% of survivd in ' 

negative conlrols) [21-117,301. Samples were classified as toxa . 
for tkremaining studies when samples were significantl~ dil" 
ferent from conrrols, and less than 80% of negative controls 1311. 

MacDondd er al. [32] compared mean quotient values,$ I 
five critical levels to. assess associations with I 

logical effects ( ~ 0 . 1 ,  ~ 0 . 5 ,  >0.5, ,>la, and .71.5) ~ o n i a n ~  , 
I 

MacDonald [13] used sirnilar levels'but also included 3n "' 

ditional level (>2.3) to better evaluate greater mean sQGQ 
values. Seven critical levels (Tables 5 Sr 6) were used in *r 
current study. with one additional critical level ( c o . ? ) ~ ~ c ~ u ~ ~ ~  
to better evaluate mean SQGQ values in the lower rrn,oer 
where the majority 'of samples fell. 

In these analyses, we cornpared both the incibente (p'' 
cenrages) of acute rbxicity and average miphipod s~'v'"'  
above and below mknnSQGQ critical values. The cntenn? 
identification of optimal predictive ability y e r e  that the dc. 
dence i f  toriciry incieased sreadiiy and ayerage surviV' 
creased steadily as mean SQGQs increased; incidence whrll 
icity was low (<5%): and average survival high ('go'' 



' .r;\bie 3. Sample counts and the incidence of .acute toxicity to amphipods when effects range medians (ERMs), probable effects levels (PELS!. 
individual sediment quality guidelines (SQGs) were exceeded using the Bay Protection and Toxic Cleanup Program (BPTCP) data (11  

8 = 605) 
/ 

i > ~ &  No. , No. No. 
sam- sam- sarn- 
ples 93 ples 9% ples % 

chemical name Emb > E M  Toxic PELc > PEL Toxic Other SQGs > SQG Toxic 

~nrirnonY $ 25 pg/g 3 67 N A NA NA- 200 ~ g l g  [ I l l  0 NA 
~rsenic 9 70 ILS/E? 2 100 41.6 pglg 6 67 700 ~ g l g  [ I l l  1 100 
csdmium 9.6 pglg 3 1 0 0 3 $ +  4.21 gg/g 11 100 N A NA NA 
~hromjum 7 71 160:4' yglg 87 36 270 +gig [ I l l  22 50 
copper 69 70 108.2 pglg 206 56 1,300 pg/g [ l l ]  3 100 
Lead 15 93d*112.16 gg/g 64 75 660 I& [111 3 100 
Mercury 110 55 ; 0.696 pgig 110 55, 3 $t 2.1 gg/g [I I] 19 68 

-1 51.6 pg/g 76 j'lii) ! 42.8 10s  C& ,NA NA NR 
silver 3.7 kglg 6 1 0 0 u 3  1.77pg/g 44 75 . 6.1pglg[11] 1 100 
2inc f 410 FB/R 76 78 ,271 pglg 141 65 1,600 yglg [ l l ]  5 100 
%la! chlordane 13 ,# 6 n s / s [ 1 5 1 .  165, 54 4.79 nglg. N A NA NA 

>[a] DDT 46.1 ng/g 214 51.7 ng/g 'lo 203 (5. % 1 0 0 + g i g d ~ [ 3 3 1  9 33 
Dieldrin 0 8 ng/g 30 . 90 4.3 nglg 53 79 20 yglg OC [9] 0 NA 
Esdrin 45 ng/g 0 NA N A NA NA n * 0.76 m/g OC [9] 2 100 
Lindane N A NA NA 0.99 nglg . 9  67 d 9 a.37 oc [9] 2 100 
Total PCB 180 nglg 164 ,, 53 188.79 ngig 157 54 W O O  ng/g [35] 80 65 
Acenaphthene 500 nglg 3 " , 33) 86.9 nglg 42 53 230 pglg OC [9] 0 NA 
Acenaphthylene 640 nglg ' 0 NA 127.89nglg 31 58 N A NA N A ,  
Anthracene 1,100 nglg 27 ' 745 nglg 107 N A NA NA 
Fluorene 540 ng/g 10 . @$ 144.35 nglg 48 8 N A I NA NA 
2-Methylnaphthalene 670 ng/g 3 67 201.26nglg a 19 6.3 N A NA NA 
Naphthalene 2,100 nglg 1 100 390.64 ngig 9 -:@ N A NA NA 
Phenanthrene 1,500 ng/g 543.53 nglg 240 yglg OC [9] 8 50 
Low mol wt PAI-Is 3.160 ng/g !: ' :: 24.000 nglg [I 11 1 0 .  
Benz[o]anthracene 1,600 nglg 32 692.53 nglg a 100 52 N A NA NA' 
Benzo[o]pyrene 1,600 nglg 59 53 763.22 nglg 0 1 1 5  54 NA NA NA 
Chry sene 2,800 nglg 31 845.98 nglg fl 103 57 N A NA NA 
Dibenz[a,h]anthracene . 260 nglg 134.61 .ng/g 115 N A NA NA 
Fluoranthene 5,100 nglg 18 1.493.54 nglg 84 (3 . 300 pglg OC 191 13 38 
Pyrene 2,600 nglg . 1.397.6 ng/g 111 (59 N A NA NA 
High mol wt PAPIS 9.600 nglg . 0 7: 51 6,676.14 ng/g 9 000,nglg [l 11 1 100 
Totnl PAHs 44,792 ng/g 60 16.770.54 nglg &&:BOO P~/S oc POI 10 60 

"he number of samples exceeding individual SQGs and the percentage of tliose samples determined to be toxic were used in selecting which 
SQGs were reasonably predictive of toxicity to amphipods and were representative of concentrations commonly found in BPTCP samples. 
Selected SQGs (italics) were used in mean calculation metliods that incorporated individual SQGs from a variety of sources. PCB = poly- 
clllorinared biphenyl; PAH = polycyclic aro~natic hydrocarbon; OC = organic carbon; NA = not applicable; mol wt = molecular weight. 

"Il61. 

Tnble 4. Mean sediment quality guideline qdotient (SQGQ) chemical cornbinadons using effects range 'median (Era) probable effects level 
(PEL) and other individual SQGs values 

Mean SQGQs ,using combinations of individual SQGs? - 
s Q c i ~ 1  - SQGQZ ' . sQGQ3 sQGQ4 sQGQ5 SQGQ6 
')admi ,, Cadmium Cadmium Cadmium Arsenic Anlimon)r, 
copper Chromium Chromium , Chromium Cadmium Arsenic 
.Lend Copper Copper Copper 

Copper Cadmium Silver Lead Lead Lead -, , Lead Chromium 
~ l n c  Silver Silver Silver Silver Copper 
lbtd chlordane Zinc Zinc . ' Zinc Zinc Lead 
Uie~drji Total chlordane Lindme Tom1 chlordane Total chlordane Mercury 
Total PC& Dieldrin Dieldrin Dieldrin Dieldrin Silver 
TO[" I,q& Endrin Endrin Total PCBs Lindane . Zinc 

Total PCBs T o d  PCBs Total PAIIs Total PCBs . Totnl chlordane 
Total PAHs Total PAHs Total PAHs Dieldrin 

Endrin 
Lindane 
Total PCBs 

'c- . : Total PAHs 
~ ~ --- - - - - - - -  

' :PC;~ chemicd combinad~ns used E m ,  PEL, and other individual SQGs as critical values for mean quotient calculation. P C ~  = polychlorinated 
'Phenyl; PAHs = polycyclic aromatic hydrocarbons. 





'fitble 6. (:"I,I&I.~SOII of nrean setlilnerrt quality guideline quotient (SQG~.calculrition nlethods using SEDTOX database, Biscayne Bay (FL, USA) and combined data; elfects range nledian = (ERhf): 
probable effects level = (PEL) 

- - - - - 

Cornparison of SQGQ calculation methods to toxlc~ty using SEDTOX data (n  = 2,753a)b - 
SQGQ WGQ1 sQGQ2 sQGQ3 SQGQ4 SQGQs SQGQ6 P E L Q ~  ERMQZ E R ~ I Q G  
loligeC (11 = 1.425) (11 = 977) (11 = 1,134) (PI = 1,367) (11 = 1,385) (11 = 946) (11 = 1,286) (11 = 1,668) (11 = 1,399) 

: 2 3 rr = 19, 89% rt = 17. 53% 11 = 12 0% ,I = 19, 79% rz = 15,73% I I =  9, 11% n = 28, 71% n = 13, 54% I? = 19. 79% 
> 1 5  rr=33,SYW r r  = 29, 6 6 6  r r  = 24, 30% ir = 32, 81% r t  = 30, 77% rr = 25, 60% iz = 58, 69% n = 25, 64% r r  = 31, 84% 
>I 0 11 = 70, 78% 11 = 52. 70% 11 = 49, 51% I! = 58, 76% II = 58, 72% rr = 40, 60% rt = 116. 56% rr = 46, 72% 11 = 61, 77% 
:0 5 r r  = 216, 48% I; = 154, 42% 11 = 183, 40% rr = 205.45% 11 = 176,46% 11 = 136.451 11 = 341.40% 11 = 127, 52% 11 = 168 47% 
<O 5 TI = 1.21 8, 8% 11 = 792, 6% 11 = 949,9% n = 1,161, 6% 11 = 1,206, 8% rt = 809, 7% n=1 ,015 ,5% 1 t = 1 5 1 8 %  r1=1.231,7% 
<0 2 11 = 1,022, 5% 11 = 636, 3% 12 = 766, 5% 11 = 955, 4% 11 = 1,007, 4% rt = 666. 3% 11 = 822. 3% n = 1,378, 6% n = I .O49, 4% 
<O I ri = 768, 4% II = 359, 2% r t  = 515. 3% 11 = 656, 3% 11 = 746, 3% n = 487, 2% IZ = 537. 3% 11 = 1,196, 5% r t  = 896, 4% 

Comparison of SQGQ calculation methods to toxiclty using Biscayne Bay data (rr = 226d) 

SQGQ SQGQI SQGQ2 sQGQ3 sQGQ4 sQGQ.5 SQGQ6 PELQ I E R M Q ~  E R ~ I Q G  
range (11 = 226) (11 = 226) (11 = 226) (11 =,226) (n = 226) (11 = 219) (a  = 226) (11 = 226) (11 = 226) 

:23  1 ~ = 6 . 1 0 0 %  it = 4, 1004 ~t = 0 11 = 6, 100% n = 4, 100% rt = 3, 100% n = 5, 100% 11 = 0 IZ = 4. loo% - 
>I 5 11 = 9, 100% 11 = 7, 100% n = 3, 100% rr = 7, 100% n = 7, 100% rr = 6, 100% 11 = 12, 83% n = 3, 67% 1% = 9, 8 9 8  
z t n  1 1 = 1 8 , 8 3 %  rr = 15, 8 7 6  11 = 6, 100% n = 16, 81% 11 = 14, 86% n = 9.100% II = 20, 75% it = 6. 67% rt = 14, 86% 
>O5 11 5 24, 71% 11 = 23, 7 4 8  rr = 18, 78% rl  = 23, 74% rt = 23, 74% 11 = 19, 79% II = 26, 65% 11 = 17, 77% r t  = 24, 71% 
d 0  5 r r  =: 202, 4 8  11 = 203, 4% 11 = 208, 5% n = 203, 4% n = 203, 4% n = 200,5% n = 200, 4% rz = 205, 6% r t  = 202, 4%. 
~0 2 rr = 187, 4% 11 = 188, 4% 11 = 193, 4% n = 187, 4% n = 158, 4% n .= 188,4% II = 180, 49% n = 198, 5% rt = 189, 4 6  
0 rr = 156, 4% 11 = 163, 4% 11 = 167, 4% 11 = 158,4% n = 162,476 n = 166,4% n = 131, 5% rl  = 180.4% 11 = 162, 4% 

Comparison of SQGQ calculat~on methods to toxlc~ty uslng minimized colnrnon data from 3,584 sa~nples (11 = 1,69Ze) 

SQGQ SQGQ1 S W Q 2  SQGQ3 sQGQ4 sQGQ5 SQGQ6 PELQ l ERkIQZ ERh4QG 
rnngec (11 = 1,692) (ir = 1,692) (11 = 1,692) Irr = 1,692) (n f 1,692) (11 = 1,692) (11 = 1,692) (11 -- 1,692) (11 = 1,692) 

>? 3 rr  = 32. 100% rr = 32, 75% rt = 15. 20% 11 = 33, 94% n = 26, 92% n = 17, 53% rt = 45, 87% ri = 18, 56% rt  = 28. 8991, 
>I 5 11 = 52, 87% 1t = 58, 76% . rz = 3 3 , 4 8 1  II = 59, 88% 11 = 50, 84% n = 45, 78% 11 = 112, 76% rr = 37, 65% 11 = 55, 85% 
> 1 0  r r = 1 2 7 , 8 0 4  n = 1 0 7 , 7 6 8  rr = 65, 63% 11 = 115. 7 8 8  11 = 98, 78% n = 79, 71% r i  = 214, 65% 12 = 75, 65% I? = 118, 81% 
>O 5 rr = 315, 56% 11 = 316, 54% 11 = 263, 56% 11 = 321, 56% 11 = 282, 57% rz = 263, 60% 11 = 416, 50% rr = 210, 57% r r  = 290, 57% 
((1 j 11 = 1,377, 13% ri = 1,376, 13% 11 =: 1,429, 10% n = 1,371, 13% 11 1,410, 12% if = 1,429, 11% 15 = 1.276, 13% rz = 1 481, 17% rt = 1,402, 15% 
<0 2 11 = 1,039, 8% 11 = 946, 7% rr  = 977, 8% rr = 960,6% n = 1,073, 9% rt = 1,057, 9% 11 = 859, 5% rt = 1,245, 14% rr - 1.091, 10% 
1 0  1 11 = 721, 4% rt = 619. 3% 11 = 604, 3 6  n = 655, 3 1  i1 = 740,4% 11 = 680,4% n = 540. 3% 11 = 1,009, 1 1% n = 766, 4 %  

~ - ~ -  ~ 

a I t1 t l~e SEDTOX dalibase, 451 sedirnent sa~llples were acutely toxic to amphipods (18%) while 2,269 were not toxic. 
b Tlre count (11 values in tile column heads) reflects llle number of samples io each database for which the particular chemical combinatiol~ could be calculated. 

For each SQGQ range, the ~iurl~berof saniples with mean quotielrt values exceeding tbe respective critical value are given as well as the percentage of those santples exceeding the cl.itical \zalue 
that were acu~ely toxic to an~plripods. 

d 111 the Biscayrre Bay database, 25 sediment sarnples were acutely toxic to ampbipods (11Bj while 201 were not toxic. 
It1 the ~llitlilrrized conlnion database, 371 sediment sarnples were acutely toxic to ampllipods (22%) while 1,321 were not toxic. 



,,cllt values for till 18 methods ranged from 0.01 to 100. 
The unique combination most predictive of toxicity to am- 
phipods was SQGQ1. This combination of'mixed sediinent 
qualiry guidelines for mean quotient calculation resulted in the 
geatesr association with the incidence of toxicity to amphi- 
pods (89% for values >2.3 and 88% for values 41.5; Table 
6): Other derivation methods yielded reduced associations 
(3070-81%) with observed toxicity for values seater than 1.5 
(Table 6). The incidence of toxicity invulably was less than. 
10% in samples with lesser mean quotient values (c0.5). 

As with the BPTCP database, there was a significant dif- 
ference in the total number of SEDTQX samples for which 
mean quotient values could be calculated using different chem- 
ical combinations. Totals ranged between 946 and 1,668 and 
represented 35 to 60% of the available data. The method that 
used the greatest number of chemicals (24 for ERMQ'L) in the 
mean .quotient calculations yielded the largest number of cal- 
culated SQGQ values (Table 6) but also demonstrated some 
of the lowest incidences of associated toxicity. 1ncludin$ the 
large number of individual PAHS in the ERMQ2 calculation 
wis conducive to use of the data set but did not improve 
associations with acute amphipod toxicity. The SQGQl, which 
incorporated only nine chemicals (no individual PAIJs) and 
most accurately predicted toxicity, could be calculated for 
1,435 samples, representing slightly more than one half of the 
available data. . 

Most mean quotient calculation methods provided good 
predictive ability in the Biscayne Bay data (Table 6). Both 
SQGQ6 and SQGQl predicted equally well based on the num- 
ber and percentage of samples that were toxic (100%) when 
mean quotient values were greater than 1.0 and 1.5, respec- 
tively. The incidence of toxicity was greater than 70% for 
SQGQ6 and SQGQl when values were greater than 0.5, while 
values less than 0.5 .were toxic less thin 5% of the time. 

, 

To demonstrate general relationships between acute toxicity 
to binphipods and SQGQ values, data from all three sources 
were con-ibined into a single data set. Reduction of the com- . 
bined data set of 3,584 samples to only those samples that 
could be used in d l  18 quotient calculation methods resulted 
in a coinmon ,data set of 1.692 samples, Calculated mean quo- 
tienravalues for all.18 methods ranged from 0.002 to 100. The 
SQGQl resulted in the greatest association with the incidence 
of toiicity to amphipods (100% for values >1.3 and 57% for, 
yBlues > 1.5). A low incidence of toxicity (4%) was observed 
when SQGQl values were less than 0.1 (Table 6). Table 7 
identifies the percentages of samples that were acutely toxic 
for 12 ranges of SQGQl values. Also expressed. is the mag- 
nitude of the toxic response (as mean % survival) over the 
same SQGQI r6n:nges: The SQGQl v'dues were highly cona- 
lared withthe incidence (r2 = 0.901,p < 0.001) and magnitude 
(r2 = 0.913, p < 0.001) of acute toxicity (Fig. 1). 

Mean SQGQs have been used previously to compare tox- 
icity test response and observed benthic community response 
10 cbncentrat'ion~ of a mixture of 16 chemicals in coastal sed- 
iments from California, USA [31]. Similarly, Long et al. 161 
used mean SQGQs to compare observed to,xicity test response 
with n mixture of 24 chemicals in test sediments from'+ na- 
tional database (n  = 1,068). Both these studies found a pattern 
of increasing incidence of toxicity in sediments with increasing 
mean SQGQ values and identified critical levels above which 
biological effects could be predicted.. Each of these studies 

Table 7. Acure amphipod toxicity associated with SQc 
common samples from combined NOAA/BPTCP/, 

database (n = 1.692)" 

4b of Average 
SQGQl Range NO. of Samples B sur- 
range overage samples toxic vival 

-- 
a NOAA = Natronal Ocemc and Atrnospl~anc Admin~slr~~, 

BPTCP = Bay Protect.lan and TOXIC Cleanup Piogram; SQGQ 
sediment quahty gu~deline quotient: ERM = effects range lnedlslu 

used effects,range Aedian values to derive mean SQGQs,bul 
chemicals used in 'the quotient calculation methods were a 
identical. ~ o h g  et al. [6] used 13 individual SQGs to represen! 
the individual polycyclic aromatic hydrocarbon COmpOutlds io 
the average, while Fairey et al. [21] represented the PAHsbp 

.'using two individual SQGs, one each for low and high mo. 
lecular weight PPLH classes. Another difference is that Long 
et Q. [6] represented the organochlorine pesticides usingERMx : 
for p!,pp'-DDE &d total DDT, ,while Fairey .et al. [21] repre. 0 

sented organochlorine pesticides using BRMs for total chlor- ~h 

dane, dieldrin, endrin, and an organic carbon normalized value ob, 

for DDT [33]. These seemingly .minor diffirences had tk ~ 1 ~ ;  

potential. of yielding dramatically , different results. For ex. 1"'' 

ample, there is poor conelation (Pearson's coneladon, rZ = meT 

0.119) between n i e b  SQGQ values calculated by these two me" 

mein SQGQ calculation methods in the present paper (ERMQI , ' 

[21] and J3WlQ2 [ '6] ;  Table 2) using chemical data from Cn]- "OC 

ifomia's Bay Protection and Toxic Cleanup Progrm (BPTCP; Inex 

n = 605). Investigation of outliers that grouped far from pre 
dicted values indicated that chemical mixtures were dominsled 'I 

by DDT or PAHs in apse  particular California samples. hs . 
clllc demonstrated in Table 3, the predictive nbilities,of ERM SQ@ 
loxi for DDT a d  most. individud PAHs were low using BPTCP . 
reg; 

data. Inclusion of these individual SQGs in the mean SQGq 
nli, 

calculation method reduced the overall predictive ability of nun 
the mean ERMQ2 ,values. Using ERMQ1, 88% of tile most sed 
conraminared samples (ERMQ1 > 1.5) were observed to be ,, tha 
toxic to amphipods (R. nbionius and E. es&arius), while 
incidence of associatcd toxicity drops to 46% for W(MQ1 : 

en: 
values >1.5 (Table 5). ~ l s o  bf note is that the mean quoden' , mc 
calculation method requiringthe greatest number of chemicals on, 
(ERMQ2) resulted in the fewest samples available for mea wi 
quotient calculation. Missing chemical analytes over rn~ l t i~ ' '  . ch 
years of ,the. program limited the utility of the ERMQ2. values 111.1 
as indicators of chemical mixture concentration in this' do'" id 
set. These results demonstrqtk hoy selection of indi(1id~3' 

41 
SGQs to be included in the mean SQGQ, in this Case p d C -  i,; 
ularly with Dm and PAHs, can influence the outcome of 3n! , .,t 
subsequent malysis. . , i n  

In the Gats analysis reported here. the ability of me" SI 

SQGQS to ackuraiely predict the probability of observing ''I el 

associated biological effect is dependent on the combindiO" II 
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of chelnicals and SQGs used in the calculation. This ;elation- , . 
$hip becomes clear from the wide range of predictive'success 
observed among derivation methods presented here. It is also 
clenr that use of differelk data to assess mean SQGQ calcu- 
lalion influences the estimates of predictive ability for sedi- 
mcnt toxicity. This demonstrates that calculation methods for 
mean SQGQs must be refined and standirdized using a method 
for which predictive ability and interstudy comparability are 
not compromised. This point is critical to our future use of 
rmtn SQGQs and will directly impact their utility as assess- 
ment tools. 

To refine cajculation of mean SQGQs, a major assumption 
must be made that chemical analytes used in the mean SQGQ 
c"~ulatiop are indeed representative of, or surrogates of, the 
~oxicologica~~ significant chemical mixture in the samples 
regardless of which cllemicals were quantified in the analyses. 
This is a Simplistic approach because of the seemingly infinite 
"nlber of chemical combinations present in field-collected 
sediments, In addition, each research or monitoring pr0'sam 
'\'at .'enerates sediment che&stry data has its own objectives '. 

resultant analyte lists, based on economic and regional 
environmental considerations. Use of c h h c a l s  that occur 
"'ostcommonly across man)! programs will maximize data use 

allow development of mean SQGQs more applicable to a 
w'de range of environmental conditions and objectives. The 

of t~xico]ogically representative chemicals is limited, 
by current analytical nlethodologies and our knowl- 

edge of those chemicals in Ihe literature for which sediment 
?!lit)' guidelines have been established. This operational lim- 

mandates the assumption that those few published SQG 
ch,C.mical malyres a e  repreEentatiie of anthmpogenic contam- 
lndLioo in the sample or dial the); serve well as covarying 
SurrOga~es: It is construcfive, thou, oh, because. as demonstrar- 
erl' 'lrniiing the number, of chemicals in the calculation a l l 0 ~ ~ ~  
'''lose dal 

"0 be included'in correlative analyses. The obser- 

1 OOSb , 0 .o -#.#--- 0 

8 ,  

vation that only 4% of sainples were toxic when toxicity was 
not predicted (i.e., mean SQGQI < 0.1; Table 6) suggests that 
chemicals for which analyses were not performed, or for which 
there are no individual SQGs, iiifsequently .occur at tolcico- 
logically significant concentrations in otherwise uncontami- 
nated samples. 

An implication of the mean SQGQ approach is that toxi- 
cological mechanism(s) of the representative chemicals are 
additive! Independent experimental evidence has demonstrated 
that acute toxicity to amphipods by some substances, such as 
PAHs, are similar and additive when lcnown combinations of 
chemicals are spaced into clean sediment 1341. The research 
presented here does not provide direct experimental evidence 
of additivity. ex he results are,, however, consistent with the 
hypothesis because sediments ,are toxic more frequently when . 

chemicd concentrations simul'taneously exceed increasing 
numbers of individual SQGs. Table 7 demonstrates that, as 
increasing numbers of effects range median SQGs are ex- 
ceeded, the incidence and magnitude of toxicity correspond- 
ingly increases. An additional observation in the current re- 
search is that associations between toxicity and mean SQGQS 
improve by removing chenlicals with less predictive SQGS 
(Table 3) from the quotient calculations. This suggests that 
effectively representing toxicolo,gical modes of action may be 
more important to SQGQ predictive accuracy than simply in- , 

' 

eluding additional ro%ic chemicals' to the representative chem- 
ical matrix. 

Consideration of the issues discussed here. and the results 
presented here leads to; the recommendation that a standard 
method for combination of chemicals and respective S(ZGs 
should be adopted for the calculation of mean SQGQs to allow 
comparability between regions and ,surveys. The current re- 
search has demonstrated that, for the ,methods and data tested, 
SQGQl best meets the criterion for predictive accuracy and 
data utility. The. SQGQI, combination achieves this'by incor- 

90% - 
a i-*----- 

0 
___.------ _.--- ...- ----- _.-- %Samples Toxic 

P = 0.901 

I 

I 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 .  . 
Avernge of SOGQl Ranges 

Fig. 1. Amphipod response over the range of average sediment quality guideline quotients (SQGQ1)'values. Values were c@culated~from 1,692 
samples for which all 18 chemical combinzitions could be calculated from the combined National Oceanic and Atmospheric Administralion/Ba>l 
Protection and Toxic.Cleanup Program (NOAAIBPTCP), Biscayne Bay databases. Logarithmic fit equation for percent of samples toxic versus 
SQGQ is y = 0.1352 ln(.r) + 0.6487 (9 = 0.901, p c 0.001). Linear fit equation for average %' survival versus SQGQ is y = -0.1774(~) + 
0.8777 (r2 = 0.913, p < 0.001). 



a Table 8. Cl~emicals and sediment quality guideli~les used in chemical 
3 9 combination SQGQ13 

sQGQl 
chemicnls ' SQG concentration Guideline type 

Cadmium 4.21 pg/g dry wr .PEL [17] ; . 
Copper 370 pglg dry wt E m [ 1 6 1  , '  

Silver 1.77 pglg dry wt PEL [17] 
, ,' 

Lead 112.18 +g/g dry wt PEL [17] 
Zinc 410 pg1g dry wt ERl~1[16] , 

Total chlordane 6 nglg dry wt . . E M  [IS] 
Dieldrin S nglg dry 'wt E P ?  [16] 
Total PAHs 1,500 pglg OC - , Consensus [20] 
Total PCBs , 400 nglg dry wt Consensus [35] 

"QGQ = sedimenr quality guideline quotients; PEL = probable 
effect level: ERM = effect range median; PAH = polycyclic aro- 

' matic hydrocarbon; PCB = polychlorinated biphenyl; OC = organic 
carbon. 

porating a number of theoretical and e m p e c a l  sediment qual- 
ity guidelines (Table 8) from a variety of reliable sources 
[16,17,20,35]. As evaluated with the criteria for identification 
of optimal predictive ability, the incidence of toxicity increased 
steadily and average survival decreased steadily as mean 
SQGQl values increased. The incidence of toxicity was less 
than 5% and average survival was over 90% when mean 
SQGQl values were less than 0.1. The incidence of toxicity 
was &eater than 90% and average survival was less thim 50% 
when mean SQGQ1,values were greater ,&han'2.3. The SQGQl 
calculation method incorporates SQGs for nine of the most 
commonly measured chemicals and best utilizes available data 
in the tested data sets. Until a more predictive method has 
been demonstrated, SQGQl is recommended to serve as the 
s tqdard  for calculation of mean SQGQs when comparing with 
acute toxicity to amphipods. SQGQl is calculated as 

. . 

method for addressing any unique local chemical mixture,: u, 

specific management objectives. The ability to exercise fi ex. 
ibility with derivation methods should~encourage and enhnnc, , 
the effective use, of mean SQGQ values. 

As with other empirical approaches to e v a l u a t b  sediInenI 
contamination p i n g  .sediment quality guidelines, limitations 

I in the use of the mean SQGQS must be aclcnowledged, ~h~ 
SQGQl approach is meant to serve as a central tendency ;,. 
&cator (i.e.; as means of multiple,individual quotients) of ,,,. 
tamination for a comples sediment matrix. The disadvanLag; ' 
of central tendency indicators is that they minimize tile 
tential for impact from any one component. Therefore, rhrn 
perf-ng a sediment toxicologic evaluation, it is prudent to 
consider chemical exposure on ?n individual chemical busis 
in addition to the chemical mntrix basis described here. con. 
sideration of indibidual SQGS may. help in situations when ' 
exposure to single, chemicals is poorly represented by overall 

- ~-.. 
contamination within a sample. The point to emphasize is thal 
mean SQGQs should not be used as the sole indicator of sed. 1 4. 

iment contamination. They should be used as additional tools. 
in  our efforts to better understand the relationships beween 5. 
chemical exposure and biological response. Use of mean 1 

SQGQl should fit yell in  the conceptual frmeworl\: of the 
6, sediment quality triad that emphasizes a weight-of-evidence 

approach to sediment quality assessment [36]. ! 
The current reseych has focuse'd on manipulation of mu]. 7. : 

I tiple chemical constituents t o  investigate their relationships . 
with a single biological response. Critical values.selected for : 

classifying toxic bioloiical responses are a major factor in the c 
results presented here, and it should be noted that the critical 8. 

values used as biological benchmarks for comparison. over 1 

selected SQGQ ranges are themselves currently subject to in. 9. 
vestigation: New methods for deterrnining.toxicity are heing ' er 
examined [30,37,38] while others are reviewine currentmeth , fo 

SQGQl . ods with more extensive data sets than have ieviously been 
lit 
W 

= ((x ([cadmium] /4.~l)([copPe'r]/270)([lend]/i 12.18) assembled [28]. Results may influence ,the selection of criticnl 1 10, ~i 
values, such as t test and minimum significant difference de- AI 

>( ([silver]/l.77)([zinc]/410)([total chlord~me] /6) terminates used in this study. As methods for determination of n, 
YO 

([diel&-,,~)([total PAHOCI,1800)~~tOt~ /400)) of toxicity i r e  revised, the need to revisit relatio~rships betweeil i pl, 
to,uicity and chemistry also may follow. Sc 

+ 9) The current research has focused on acute toxicity of sed- ,_ a 
I 

An additional recommendation concerns sediments where 
unique chemical conditions prevail or regional antlropogenic 
activities warrant special consideration. In these situations, 

, investigators might adjust h e  mean quotient derivation method 
to better f i t  local environmental or management concerns. A 
unique,chemical example would be in a large agricultural wa- 
tershed. Where endrin has been found.to be a primary chemical 
of concern, managers may wish to incorporate the U.S En- 
vironrnentA Protection Agency's EqP-based sediment quality 
guideline for endrin into their mean quotient derivation meth- 
od. This flexibility .will ensure a major component in the wa- 
tershed's chemical signature is not ignored when' investigating 
the relationship between chemical mixtures and biological cf- 
fects. Wirh this type of specific objective, the derivition meth- 
od that best demonstrates associations between \chemicals of 
interesr and biological effects will be the most effective tool 
for utilizing probabilities of toxicity and focusing local cau- 
sality studies. It is important, however, that investigators report 
differences in  the mean SQGQ calculation methods. We rec- 
ommend use of the SQGQ1 method reported here for providing 
narional and regional perspecrive and, ifneeded, include a local 

iment to marine amphipods as the sole measure of biological , L[ u3 
, ' response. There is a need to further this research and derive ec 

optimal chemical mixtures ,for correlating with other test spe. 13. c1 
t i e s  and response parameters. Long et al. [6] reported that the , . fin 

incidence of toxic sakqiles increased marlcedly when data fro~n of 
14. tl: 

" sublethal tests weie added. to those from the acute amphipod ' be 
bioassays. Evaluation of mean SQGQslusing l u g e  databases , ch 

25 that include bioarsays with reproductive, developmentd. and 
chronic. endpoints are needed to further validate use of mead of 
SQGQs. Subsequent research should continue to expand in- Tr 
vestigation of impacts of multiple contaminants to measures N: 
in odler environqents and tomeasures of individual and corn- U: 

16. LC 
munity response in the field. Work with freshwater speciesjS of 
being reported [32], and relationships similar to those rep0fted k: 

' here are emerging'between toxicity to several freshwater fes' 
SI 

17. 
.species and mean SQGQs. Current efforts by Hyland ", 1 5  

,[14], Lowe and Thompson [39], and Fairey et al. [21] includ' ' fn 
investigations of marine benthic community response andhe"' 13. U. 
demonstrated increased probabilities of community 4c 

mean SQGQ values increhse. These efforts and the curre''' 
' VI 

0 
research reported here should serve ra strengthen e r n ~ i ~ ~ ~ ' ' '  
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APPENDLY 
j 

t Sumrnat~ons used tn sediment quahry gu~dellne quotlent (SQGQ) chemlcal combinations: references are given for source of summat,,, 
. '1 technique 

Total DDT [lj,lS] = ([o'p8-DDD][p',p -DDD][O~~'-DDE]~~~~'-DDE][O~,~~-DD~[~~.~~-DDT~) 

Total chlordane [IS] = 2 ([cis-chl~rdanel[~r~ns-chlordane][cis-nonacl~lor][rm~rs-nonacNor] [oxychlordmel) 

Tord PCB [19In = ([PCB8][PCBlS]~CB2S]TpCB44]LpCB52][PCB66]CB ~~~][PCB~O~I[PCB~~~I[PCB~~SI[PCB 13x1 

[PCB 153][PCB 170][PCB 180][PCB 187][PCB 195][PCB2061[PCB2091)2) 

Low molecular weight PAHs [20] = 2 ([acennpthene][acenaphthylene][anthracene][fluorene][naphthalene][phenanthrene]) 
. . . .  
. . High molecular weight PAHs [20] = ~(~enz[a]an~acene][benzo[alpyrene][ecbenzo[k]fluoranthene][chyrsene] 

Total PAHs [10] = 2 ([low molecular weight, PAHs][high molecular weight PAHsl) 

°This summation is based on work of O'Conner [19] for the National Oceanic and Atmospheric Administration's National Scatus ant1 Trendr 
Program while developing comparability between individual PCB congener summations and historic Aroclor equivalents. PCB = polychlorioaIed 
biphenyl; PAHs = polycyclic arolnauc hydrocarbons; DDE = (1,l-dichloro-2,2-bis[p-chlorophenyl1ethylene). 


