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Abstract—Mean sediment quality guideline quotients {mean SQGQs) were developed to represent the presence of chemjcal mixtures
in sediments and are derived by normalizing a suite of chemicals to their respective numerical sediment quality guidelines (SQGs).
Mean 3QGQs incorporate the number of SQGs exceeded and the degree to which they are exceeded and are used for comparison
with observed biolegical effects in the laboratory or field. The current research males it clear, however, that the nimber and type
of 3QGs used in the derivation of these mean quotients can influence the ability of mean SQGQ values to correctly predict acute
toxicity to marins amphipods in laboratory toxicity tests. To determine the optimal predictive ability of mean SQGQs, a totaf of 1§
diffezent chemical 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 = 6035, 2753, 226).
Calculated mean SQGQ vajues for all chemical combinations ranged from 0.002 to 100. The mean S5QGO that was most predictive
of acure toxicity to amphipods is calculated as SQGQ1 = ((T (feadmium}4.22){[copper)/270)({lead/112.18) [silver}/1.77)({zinc]/
410)([cotal chilordane)/6)([dieldrin}/8)({total PAM,.)/1,800)([total PCE1/400))/9). Both the incidence and magnitude of acute toxicity
to amphipods increased with increasing SQGQI values. To provide better comparability between regions and national surveys,

SQGQ! is recommended to serve as the standard method for combination of chemicals and raspective SQGs when calculating

mean SQGQs.

Keywords—Sediment quality guideline quotients

INTRODUCTION

Although the use of empirically derived sediment quality
guidslines (SQGs) in sediment monitoring and assessment has
been the subject of debate, recent reports suggest SQGs continug
to be widely used to predict when chemical concentrations are
likely to be associated with a measurable biological response
[1-51. 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 guidelines derived through other methods [7-11]. The in-
creasing use of SQGs results from a practical need for protective
management wols when identifying areas where anthropogenic
. chemicals may present a risk to benthic biota. Unfortunately,
the inappropriate application of SQUs has resulted in criticism
of their use in sediment management. There is a need to con-
tinually reexamine the appropriate use of SQGs as management
tools and to refine uses of SQGs to better predict toxicity and/
or biclogical community impairment.

Empirically derived SQGs have been generated from large
sets of synopticaily collected chemical and biclogical data [8].
Sedimen: quality guidelines were developed primarily from
field-collected sediments using statistical approaches that as-
sociate chemical concentration and biological response. They
wers established to demonstrate the individual chemical con-
centrations at whicih biological effects were expecied to be

“ To whom correspondence may pe addressed
{fairev @milml.calstate.edu).
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Toxicity Chemical mixtures

present or absent [12]. Chemical mixtures can also be repre- 5
sented using SQGs and are generally calenlated by normalizing

each chemical found in the sediment to its respective SQG
value and then averaging the resulting nermalized values for
a given suite of chemicals. These normalized chemical sum-

maiies (hereafter referred to as mean sediment quality guide-

line quotients, or mean SQGQs) represent complex chemical
mixtures within each unique sediment sample as a quantitative
numeric value that incorporates both the magnitude and nunm-
ber of SQGs exceeded. Mean SQGQs can be used to predic
the probability of biological effects in the laboratory or field
as previously demonstrated [12—14]. In this article, we repat!
and compare a variety of methods for calculating mean SQGGs
with the objective of proposing a standardized method for
SQGQ calcutation that improves the ability of SQGQs to pre-
dict whole sediment acute effects on amphipods.

METHODS

This research evatuated the type and number of analytes if
the SQGQ calculation to find chemical combinations that .be-‘“
predicted biological effects, as indicated by marine amphipod
morrality in sediment toxicity tests. Mean SQGQS were ¢
culated using effects range-median (ERM) [15,16] and prebabi¢
effects level (PEL) [17] SQG values for normalizing sedimé
chemical concentrations. The ERM and PEL sediment qualit
guidelines have been publiéhed for 10 individual wace mcm}_s:
three individual pesticides, 13 individual polyeyclic arOma”_L
hvdrocarbons (PAHS), three groupings of individual PAHS
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calenlztion of mean sediment quality guideline quotients

Table 1. Mean sediment quality guideline quotients (8QGQ) chemical combinations using effects range median (ERM) sediment quality guideline

(SQG) values

Environ. Toxicol. Chem. 20, 2001

2277

e a
Mean SQGQs using ERM guidelines*

BERMQ1 ERMQ2 ERMQ3 ERMQ4 ERMQS ERMIQ6
Animony Arsenic Cadmium Antimony Arsenic Arsenic
Arsenic Cadmium Chromium Arsenic Cadmiam Cadmiurm
(admium Chromium Copper Cadminm Chromium Chromium
Chromium Copper Mercury Chromium Copper Copper
Copper Lead Zine Copper Lead Lead
Lead Mercury Total DDT Lead- Mercury Mercury
Mercury Silver Dieldrin Silver Silver Silver
gilver Zinc : Total PCBs Zinc Zinc Zinc
Zine 2-Methylnaphthalene Low mol wt PAHs Total DDT Total culordane Tota] chlordane
Tota) DDT (OC) Dibenzla, Ajanthracene  High mol wt PAHs  Total chlordane Dieldrin Dieldrin
Totzal chlordane Acenaphthene Dieldrin Total PCBs Total PCBs
Dieldzrin Acenaphthylene Total PCBs Low maol wt PAHs Low mol wt PAHs
Endiin Anthracene Low mol wt PAHs High mol wt PAHSs Total PAHs
Total PCBs Benz[a)anthracene Total PAHs
Low mol wt PAHs Benzo[a]pyrene

High mol wt PAHs Chrysene
Fluorene
Fluoranthene
Naphthalene
Phenanthrene
Pyrene
p'p-DDE
Toral DDT
Total PCBs

*ERMQ chemicel combinations used effects range median 3QGs {15,16] as chitical values for mean guotient calculation except ERMQ1, which
used an organic carbon normalized $SQG [33] vaiue for total DDT. OC = organic carion; PCBs = polychlorinated biphenyls: PAHs = polycyclic

womatic hydrocarbons; mo! wt = molecular weight,

wo summed organcchlorine pesticides, and the sum of 18 poly-
chlorinated biphenyl congenets (PCBs) {15~17}. Guideline val-
tes for these 32 chernicals were selected because of published
swdies demoustrating the reliability and predictive ability of the
individual guideline values [6,16]. Two different chemical com-
binationg that were used in previous studies were compared
initially and evalvated for their ability to correctly classify sed-
ments as toxic or nontoxic. Based on the results of this com-
parisom, 10 additional chemical combinations were sequentially
lested using varidus combinations of the same chermicals and
their respective SQGs. Each successive combination was an
empt by the investigators 1o improve mean SQGQ predictive
wbility based on the results of the previous combination. Six of
e 12 calculation methods were based on various combinations
of chemicals thar were divided by their respective ERM guide-
lines (Table 1). Six PELQ calculation methods were based on
Yarions combipations of chemicals that were divided by their
‘espective. PEL, guidelines (Table 2).

In an attempt to evaluate mean $QGQs that incorporated
“qd.itional types of SQGs, an assessment of the predictive ability
of indiviqual SQ)Gs was performed. The assessment incladed
dividuaj 5QGs developed using correlative approaches, con-
PNSus approaches, and theoretical approaches. Individual SQGs
“ere selected for inclusion in mean SQGQ quotient calculation
“ethods when the values best predicted acute toxicity to am-
fﬁ;?“dsafor that chemical or'chernical class and were represen-
e oi chemical concentrations most commonly found in field
:;;IT?IFS from the database (italicized entries in Table 3). A total
- Dr.lndlv.mual SQGs were selected foruse in addmomjd clncrp~
g G~0mbmati0ns. These SQGs were incorporated into six
o Q calculation methods thar were based on combinations of
;}l‘!‘:::@als divided by a mixure of respective ERM. PEL. or

selected individual SO (Mahie 4H

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.

Al mean quotient calculations attempted to use the same
sammation 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 lm-
itations with large multistudy data 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

'[15,18-20]. Individual chemical quotients are calculated by

dividing the measured concentration or class summation con-
centratior in the sediment sample by the respective published
sediment quality guideline value for each chemical for which
individual SQGs were derived. A value greater than one in-
dicates the chemical concentration in that sample exceeded ils
respective SQG. The mean SQGQ is obtained by calculating
the mean of the resulting individual quotients for a given com-
bination of chemicals. A generalized example of the calcu-
lation is

mean sediment quality guideline quotient

= ( > ([arsenic/SQG] chrominm/SOG] [copper/SQG] . . .

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

where 7 = total number of analytes.
Samples that were found to have chemical concenirations

1
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Table 2. Mean sediment qualicy guideline quotient (SQGQ} chemical combinations using probable effects level (PEL} SQG Valigg -

Mean SQGQs using PEL guidelines*

PELQO1 PELG2 PELQ3 PELQ4 - PELQS5 PELQ6
Arsenic Cadmium Cadmium Arsenic Arsenic Arsenic
Cadmium Chromium Clhromjum Cadniium Cadmium  Cadmium
Chromium Copper Copper Chromium Chromium Chromium
Coppet Lead Mercury Copper Copper. Copper
Lead Mercury © Zine Lead Lead Lead
Mercury Nicke! Total DDT Silver Mercury Mercury
Silver Silver Dieldrin Zinc Silver - Silver
Zinc Zinc Total PCBs Total DDT Zinc Zinc
Total DDT (QC) 2-Methylnaphthaiene Low mol wt PAHs Total chlordane Total chierdane Total chlordape
Total chlordane Dibenz(a fhlanthracene  High mol wt PAHs  Dieldrin Dieldrin Dieldrin
Dieidrin Acenaphthens Total PCBs Lindane Lindane
Lindane Acenaphthylene Low mal wt PAHS Total PCBs Total PCBg
Total PCBs Anthracene Total PAHs Low mol wt PAHs Low mo] wt Pay,
Low mol wt PAHs Benz{a]anthracene High mol wt PAHSs Total PAHs
High mol wt PAHs Benzola]pyrene

Chrysene

Fluorene

Fluoranthene

Naphthalene

Phenanthrene

Pyrene

p'p-DDE

Total DDT

Tota]l PCBs

' PELQ chemical combinations used probable effects level (PEL) $QGs [17) as critical values for mean quotient calculations except for PELYL
which used an organic carbon normalized SQG [33] value for total DDT. OT = organic carbon; PCBs = polychlarinated biphenyls; PAR;-

polveyelic aromatic hydracarbons; mol wt = molecular weight.

of the summation, to & value of one half of the given method
detection limits. When one or more required chemicals wers
net apalyzed for a particular sample, that sample was removed
from the base darta 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 10 which they could be applied.

This study used chemical and biological data from three
rzadily available sources as the basis for comparisons of pre-
dictive ability. The sources were the State of California’s Bay
Protection and Toxic Cleapup Program database (BFTCP), the
National Oceanic and Atmospheric Administration’s (NOAA’s)
national sediment toxicity (SEDTOX) database, and NOAAs
Biscayne Bay survey in Florida. The BPTCP databage included
605 coastal sediment saraples for which synoptic chemical
analyses and toxicity tests (Ephaustorius estuarius and Rhe-
poxynius abronius) were performed [21~27]. These data were
used for initial comparisons between calculation methods de-
veloped by Fairey et al, [21] and Long et al. {6] and 10 ad-
ditional chemical mixwre combinations using ERM and PEL
guidelines for mean quotient calculation. These daia also wers
used to evaluate the predictive ability of a variety of individual
3QGs with tie objective of evaluating the predicrive ability
of six additional chemical mixture combinations that cornbined
SQGs from different studies, The SEDTOX database included
2,753 sediment saraples from studies throughout the coastal
United States for which synopuic chemical analyses and whole
sediment acute toxicity wests (Ampelisca abdita, R. abronius)
were paired [28]. The SEDTOX data was used to confirm
predictive accuracy of mean quotient caleulation methods us-
ing BPTCP data and to further evaluate mean quotient cal-
culation methods that included SQGs from mixed sources. The
Bistayne Bay database {29] included 226 samples analyzed

for sediment chemistry and loxicity (4. abdita) and was w
25 a third independent database for testing predictive accurm

Chemical data were combined in dBase IV darabase files s
manipulated using dBase command programs. Mean SQGQ wi
ues derfved from the various unique chemical combinations i
each sample then were compared with sypoptically meosur

foxicity test Tesponses to assess how well each chemical com

bination predicted acute toxicity. Samples were classified as tort
for the BPTCP study when sample survival was significaniy
different from controls and less than a critical value determind
using the minirnom significant difference 90th percentile that w
generated from BPTCP data (Fohaustorius estuarius survivadi
sample was less than 75% of survival in negative controls. F
abronius survival in sample was less than 77% of supvival ¥
negative controle) [21-27,30]. Samples were classified as 108
for the remaining studies when samples were significantly di-
ferent from controls and less than 80% of negative contols (31

MacDonald et al, [32] compared mean quotient vatues #

five critical levels to assess associations with measured bio-

Jogical effects (<0.1, <0.5, >0.5, 1.0, and >1.5). Losg™ -

MacDonald 112] used similar levels but also included an i
ditional level {>2.3) to better evaluate greater mean SQG’
values. Seven critical levels (Tables 5 & 6) were us?d in
current study, with one additional critical level (<0.2}1n¢
1o better evaluate mean SQGQ values in the lower rang
where the majority of samples fell. o
In these analyses, we compared both the incidence (F*
centages) of acute toxicity and average amphipod 58 fof
above and below mean SQGQ critical values. The eriterté o
identification of optimal predictive ability were that the imdu:'
dence of toxicity increased steadily and average Surviv o
creased steadily as mean SQGQs increased; incidence of !i]-ﬁu
icity was low (<5%) and average survival high (?"30%) ¢

juded
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el g ralewlation of mean sediment quality guideline quotients Environ. Toxicol. Chem. 20, 2001 ekl
abie 3. Sample counts and the incidence of acute toxicity to amphipods when effects range medians (ERMs), probable effects levels (PEL3),
— o ather individual sediment quality guidelines (SQGs) were exceaded6\555i)ng the Bay Protéction and Taxic Cleanup Program (BPTCP} data (»
o i::};-g-‘r"fj Na. No. Na.
— sam- : sam- gam-
ples % ples % ples %
Chemical name ERM* > BRM  Toxic PEL= > PEL Toxic Other SQGs > 8QOG Toxic
Angmony % ‘K 25 ple 3 67 NA NA NA 200 gig [11] 0 Na
asenic 70 nelg 2 100 41.6 pgle 6 67 700 pgig [11) 1100
Cadminm . 9.5 wBig 3 W00y 421 ugly 11 100 NA, NA  NA
Chremium LI & 370 nafe 7 71 Ti60.4 pglg &7 36 270 pelg [11] 2 50
Crpper 3 & 270 welz 69 70 1082 uglg 206 56 1,300 pge [11] 3100
Lead oA 218 pefg 15 93T 112,18 pgry 64 75 660 wgig [11] 1100
wercury 0.7 nglg 110 55 0.696 pg/g 110 55 O 7«5( 2.7 ugle (1] 19 68
Nickel, 51.6 ug/g 76 (4id 1 428 gl 108 {day NA NA  NA
Siiver 3.7 ngig 6 W00 570 7.77uele 44 75 6.1 pafg 11} 1100
2 1 ¢ 470 uple 76 78 271 pele 141 65 . 1600 pg/glil} 50100
Total ehlordane B 4 Grgg(15) 185 54 4.79 ngfg 310 A2 NA NA NA
“oial DDT o 46.1 ngls 214 o 44 51.7 nefs 203 (50 100 pg/g OC {33 o 33
Dieldrm ’( 8 ng/e 30 90 4.3 ng/p 53 79 , 20 uglfg OC{9) 0 Na
Endrin 45 nglg 0 NA NA NA  NA L0 076 posg OC[9] 2100
Lindare NA NA NA 0.99 ng/g 9 67 IO 0.37 ugig OCI9) 2100
Towl PCB 180 ng/g 164 53 188.79 ngig 157 54 T #200 ng/g 135) 80 65
Acenaphthene 500 ng/g .3 T33) 88.9 ng/g 42 53 230 pglg OC 9] 0 Na
Acenaphithylene 640 nglg Q NA 127.89 ng/g 31 58 NA NA  NA,
anthracene 1,100 ng/g 27 < AT 245 ng/g 107 X NA NaA O NA
Fluciene 540 nglg 10 58 144,35 ng/g 48 45 NA / NA  Na
2-Methyinaphthalene 670 nglg 3 67 201.28ng/s {3 19 63 Na . Na NA
- Naphthalene 2,100 agflg 1 100 390.64 aglg 9 @ NA NA  NA
i, Phenanthrene 1,500 ngfig 27 35 543.53 nglg 1] 537 240 uglzg QC {91 & 50
= Low mol wt PAHs 3,160 ngfg 25 (5‘4\ 1,442 ngig 72 51 24,000 ng/g (113 1 0
Benz[a]anthracene 1,600 ng/g 32 43/ 692,53 ngfg  TA100 52 NA NaA  NA
Benzola]pyrene 1,600 ng/g 59 33 76222 nglg D118 54 NA NA  NA
Chrysene 2,800 ng/g 31 {43y 84598 ng/g 13103 52 NA NA NA
. Dibenz(a.hlanthracene 260 ng/g &>13 6 134.61 ng/g 115 54 NA NAa Na
G Flugranthene 3,100 ng/g 18 (?%\; 1,493.54 ng/g 84 (ig‘, 300 pef/g OC (9] 13 38
. Pyrene 2,600 ng/g 44 4% 1397.6 agle  (J111 (54 NA NA  NA
; High mol wt PAHs 0,600 ng/g L7 51 6,676.14 ngig 100 51 9,000 ng/g [11] 1 100
Tatal PAHs 44,792 ng/g -5 60 16,770.54 ng/g 45 PR, 800 pgle OC (201 10 60

*The number of samples exceeding individual SQGs and the percentage of those samples determined to be toxic were used in selecting which
5Q0Gs were reasonably predictive of toxicity to amphipods and were representative of concentrations commonly found in BPTCP samples.
Selected SQGs (italics) were Uged in mean calculation methads that incorporzied individual SQGs from a variety of sources. PCB = poly-

I‘?;lé(])rinated biphenyl; PAH = pelycyelic aromatic hydrocarbon, OC = organic carbou; NA = not applicable; mol wi = molecular weight.

017).

Table 4. Mean sediment quality guidelive quotient {SQGQ) chemical combinations using effecis range median (ERM) brobable affects level
(PEL) and other individual SQGs valuesg ’

Mean SQGQs using combinations of individual 5QGs®

AGQy SQGQ2 50603 SQGQ4 SQGQ5 SQGQ6
'-:‘_«iﬂuum Cadmivm Cadmium Cadrnium Arsenic Antimony
Lﬁ;gw Chrgrnium Chromium Chromiom Cadmium Arsenic
Silve Copper Copper Copper Copper Cadmit}m
Tine T Lead Lead Lead Lead Chrominm
Tota) Silver Silver Silver Silver Copper
Digjqor Ordane Zinc Zing Zinc Zinc Lead
Totg| I[_’,“ Towl chlordane Lindune Total chlordane Total chiordane Mercury
Toig) pr Dieidrin Dieldrin Dieldrin Dieldrin Silver
& PARS Endrin Endrin Total PCRs Lindane Zine
- Total PCBs Total PCBs Tatal PAHs Totai PCBs Toml chiordane
Total PAHs Total PAHs Total PAHs Bieldrin
Endrin
Lindane
Total PCBs
. Toial PAHs
AT
G0y themical combinations used ERM, PEL, and other individual SOGs as aritieal waiua- -

Pyl o

Ay = polvevelie araniain

Ta
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Table 5. Comparison of mean sediment quality guideline quotient chemical combinations using the Bay Protecuon and Toxic Clcanup Progy,
(BPTCP) data (n = 605“), ERM = effects range median; PEL = probable effects level =

ERMQ1 ERMQ2 ERMQ3 ERMQ4 ERMQ5 ERMQsg
3QGQ range* (n = 528} (r = 395) (n = 565} {n = 533) (n = 333) (n = 531)
>2.3 n =8, 100% n =29 33% n =124 50% n =19, 58% n =9 100% n =8, 100%
>1.5 n=17, 88% n = 13, 46% n = 46, 1% rn = 34, 65% =123 83% n = 20, 359,
>0.0 n =50, 78% n =31, 42% n =92, 62% n = 53, 63% n = 63, 78% n = 35,189
>Q0.5 n=122 62% n = 94, 50% n =203 51% n = 161, 53% n =147, 57% n = 136, 60%
<0.5 = 406, 37% n = 301, 37% n = 364, 38% n =372, 38% n = 386, 37% n = 393 369
<0.2 n = 227, 36% n = 175, 36% n = 149, 38% n = 182, 37% n = 202, 36% n =212, 356,
<1 n = 65, 31% n = a3, 39% n = 38, 19% n =38, 29% n =53, 23% n =353, 239
. PELQI1 "PELQZ PELQ3 PELQ4 PELQS PELQ6
SQGQ range*® (n = 528) {n = 394) (n = 569) (n = 528) (n = 533) (n =331
>2.3 n =14, 100% n =20, 35% n =139, 59% n = 29, 66% o= 16, 94% n= 13, 100%
>1.5 n = 50, 76% n = 45, 44% n = 83, 64% n = 61, 66% n =35 70% n =48 15%
>1,0 n = 91, 70% n = 36, 50% n = 142, 58% n =113, 63% n =95 69% n = 87, 74%
=>0.5 n = 197, 53% ‘n =127, 48% n=127451% n = 241, 49% n =202, 53% n = 199, 549
<0.5 n = 331, 36% n = 267, 36% n =295 35% n =287, 37% n = 331, 35% n o= 332 359
<0.2 n = &8, 19% n= {18, 37% n = 66, 35% n =63, 33% n =31, 30% n = 82, 20%
<0.1 n=29 21% n =33 ”4% n=7 14% =2 0% n=230% n =235 0%
5QGQ1 $QGQ2 5QGQ3 $QGO4 5Q0GQ5 S0GQ6
5QGQ range® (n = 561) (n = 561) (n = 563) . (n = 561) (n = 528) (n =528}
=23 n = 16, 94% n =14, 93% n =3, 100% n =16, 94% n =11, 100% n =35, 100%
>1.5 n =42, 76% n=132,81% n=7100% - n =239 82% n =20, 82% n =14, |100%
>1.0 n =81, 710% n =358, 72% n+= 18, 72% n= 71, 9% n =139 77% n =30, 77%
=>0.5 n = 160, 60% n =149, 62% n= 98, 713% n = 163, 59% n =123, 64% n =108, 71%
<0.5 r = 400, 36% n = 411, 36% n = 485, 36% n = 398, 36% n = 403, 36% n = 420, 359%
<0.2 n = 187, 30% n =132 28% n= 178, 31% n = 126, 28% n =207, 32% o= 203, 36%
<0.1 n = 50, 32% n =3 60% n =10, 30% n=17 18% n =57 30% n o= 27, 30%

aIn the BPTCP database, 250 sediment sampies were acutely toxic te amphipods (41%) while 355 were not toxic.

b The count reflects the number of BPTCP samples for which the particular chemical combination could be calculated.

¢ For each SQGQ range, the number of samples with mean quotient values exceeding the respective critical value are given as well as the
percentage of those samples exceeding the cridcal vaiue that svere acutely toXic o amphipods.

mean SQGQs were low (<0.1); incidence of toxicity was high
{(>90%) and average survival was low (<50%) when mean
SQGQs were high (>2.3); and when predictive ability was
similar across SQGQ ranges for different calculation methods,
sample counts were compared to find methods that comrectly
predicted toxicity for the largest number of samples in-each
data set.

RESULTS

As shown by the sample count for the BPTCP database
{Table 5), the number of samples that lend themselves to a
particular calculation method differs dramatically among
methods (n = 394-569 out of 605). This variability is due to
periodic expansions of the analyte list for the BPTCP over the
program's seven years. In general, the lower the number of
apalytes included in the calculaticn methad, the more likely
the derivation could be completed for the majority of samples.
Results demonstrate an increased number of sampies being
available for SQGQ caiculation and bioiogical comparison
when SQG chemicals were limited,

Using the BPTCP database, toxicity to marine amphipods
{E. estuarius and R. abroniug) in 605 sediment samples was
compared with calculated mean quotient values. Based on
BPTCP comparisons with controls and the minimom signifi-

-cant difference, 250 sampies were classitied as acutely roxic
(419%) and 353 were classified as nomioxic (59%). Calculated
mean quotient values from sediment samples for al! derivation
methods ranged from 0.031 (lowest multiple chemical indi-
cator} to 10.9 (greatest multiple chemical indicator),

In the BPTCP data, there wag a wide range. in the patterns
in toxicity among the different calculation methods {Tabie 5}

Generally, SQGQ values above the greater critical values were

associated with greater proportions of toxic samples while
those below the lower critical values were associated with

reduced proportions of toxic samples. In two cases (ERMQZ _

PELQ?), the incidence of toxicity did not increase appreciably
with
(ERMQ3, ERMQ4, PELQ3, PELQ4), the increase in toxicity
was minimal with increasing chemical concentration. One hy-
brid combination of several types of sediment qualicy guide-
lines for mean quotient calculation (SQGQ6) resulted in the
greatest association with the incidence of toxicity to amph-

pods (100% for values >2.3 and 100 % for values >1.5). It

general. predictive ability improved when mean quetient ci-
culations utilized SQGs developed using a variety of com
parative statistical approaches (e.g., ERM, PEL, consenst:
equilibrium partitioning). Associations with the incidence o
toxicity were lowest for all methods when mean quotent vk
ues dropped below 0.1. )
Using SEDTOX data, 2,753 samples were examined 1of
associations between foxicity to marine amphipods (£ &
tuarius, A. abdita, and R. abronius) and ail 18 mean quotie!
calculation methods. Of these samples, 484 were classified #
toxic (18%) and 2,269 were classified as nontoxic (82%). T
lower incidence of toxicity reflects the primary program & goi
of identifying general spatial status and temporal trends alo%
the coastal margins of the United States rather than invesit
gation of contaminated sites as with BPTCP Calculated meil
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quotient values for all 18 methods ranged from 0.01 to 100.
The unique combinstion most predictive of toxicity to am-
phipods was SQGQI. This combination of mixed sediment
quality guidelines for mean quotient caleulation resulted in the
greatest assoctation with the incidence of toxicity to amphi-
pods (89% for values >2.3 and 83% for values >1.5; Table
6. Other derivation methods vielded reduced associations
(30%-81%)} with observed toxicity for values greater thar 1.5
{Table 6). The incidence of toxicity invariably was less than
"10% in sampies with lesser mean guotient values (<0.3).

Ag with the BPTCP database, there was a significant dif-
ference in the total number of SEDTOX samples for which
mean quotient vatues could be cajculated using different chem-
ical combinations. Totals ranged berween 946 and 1,668 and
represented 35 to 60% of the available data. The method that
wsed the greatest number of chemicals (24 for ERMQZ2) in the
mean guotient calculations yielded the largest number of cal-
culated SQGQ values (Table 6) but also demonsirated some
of the lowest incidences of associaled toxicity. Including the
large nomber of individual PAHS in the ERMQ2 calculation
was conducive to use of the data set but did nor improve
associarions with acute amphipod toxicity. The SQGQ1, which
incorporated only nine chemicals (no individual PAHs) 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 date (Table 6). Both
8$QGQ6 and SQGQ! 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
8QGQ6 and SQGQ1 when values were greater than 0.5, while
values Jess than 0.5 were toxic less than 5% of the time,

To demonstrate general relationships between acuse toxicity

to amphipods and SQGQ values, data from all three sources
were combined 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 all 1§ guotient caleutation methods resulted
_ in @ common data set of 1,692 samples, Calcnlated mean quo-
tient values for all 18 methods ranged from 0.002 to 100. The
SQGQ1 resulted in the greatest association with the incidence
of toxicity to amphipods (100% for values >2.3 and 87% far,
values >1.5). A low incidence of toxicity (4%) was observed
when SQGQ1 values were less than 0.1 (Table 6). Table 7
identifies the percentages of samples that were acutely toxic
for 12 ranges of 3QGQ1 values. Also expressed is the mag-
nitude of the toxic response (as mean % survival) over the
same SQGQ! ranges. The SQGAQ1 values were highly corre-
lated with: the incidence (#? = 0.901, p < 0.001) and magnitude
{r* = 0.913, p < 0.001) of acute roxicity (Fig. 1).

DISCUSSION

Mean $QGQs have been used previously to compare tox-
icity test response and observed benthic community response
to concentrations of a mixture of 16 chemicals in coastal sed-
iments from California, USA [21], Similariy, Long et al. {6)
used mean SQGQs to compare observed toxicity test response
with o mixture of 24 chemicals in fest sediments from a na-
tional database (2 = 1.068). Both these studies found a pattern
of increasing incidence of toxicity in sediments with increasing
mezn 3QGQ values and identified criucal levels sbove which
biological effects could he predicied. Bach of these studies

R. Fairey #y

Table 7. Acute amphipod toxicity asseciated with SQGQI rap o
common samples from combined NOAA/BPTCP/Biscaype ;"

datgbage (n = 1,692 B*.‘}‘

) % of Average Avery

SQGAQ1 Range No. of Samples 9% sur- nq. Ep\%;

range average samples  toxic vival  exceng
0-0.1 0.04 724 4 95 0.3
0.1-0.25 Q.16 389 19 83 03
0.25-0.5 035 262 33 76 U5
0.5-0.75 0627 133 32 76 33
0.75~1.0 0.87 77 52 70 54
1.0-1.25 1.1 44 68 53 €3
1.25-1.5 136 21 81 56 67
1.5-2 -1.62 21 67 45 76
2225 2.2 11 91 36 85
2.5+3.0 272 10 100 35 94
30315 3.23 10 100 20 102
=35 4.63 10 100 13 120

*NQaAA = Natonal Oceanic and Atmospheric Adminis\rmin;;

BPTCP = Bay Protection ard Toxic Cleanup Program; 3QGq «
sediment guality guideline quotient; ERM = effects range mediyy,

vsed effects range median values ro derive mean SQGQs, by

chemicals used in the quatient calculation methods were yy

identical. Long et al. [6) used 13 individual SQGs to repregsy
the individnal polycyclic aromatic hydrocarbon compounds
the average, while Fairey et al. [21] represented the PAH; by
using two individual SQGs, cne sach for low and high me
lecular weight PAH classes. Another difference is that Log

etal. [6] represented the organochlorine pesticides using ERYs |

for p'p’-DDE and total DDT, while Fairey et al. [21] repe-
sented organochlorine pesticides using ERMs for total chle
dane, dieldrin, endrin, and an organic carbon normalized vale
for DDT [33). These seemingly minor differences had
potential- of vielding dramatically different resulis, For e
ample, there is poor correlation (Pearson’s correlation, /2 =
0.119) between mean SQGQ values calculated by these

mean SQGQ calculation methods in the present papsr (ERMQ! |

{21} and ERMQ2Z [6]; Table 2) using chemical data from Ca-
ifornia’s Bay Protection and Toxic Cleanup Program BPTCE

n = 605), Investigarion of oulliers that grouped far from pre-
dicted values indicated that chemical mixtures were dominatel

by DDT or PAHs in those particular California samples. A
demonstrated in Table 3, the predictive abilities of ERM 3QGs
for DDT and most individual PAHs were low using BPTCP
data. Inclusion of these individual SQGs in the mean SQG34
calculation method reduced the overall predictive ability o
the mean ERMQ2 values. Using ERMQ1, §88% of the modl

contaminated samples (ERMQI > 1.3} were observed 0 be

taxic to amphipods (R. abronius and E. estuariys), whils te

incidence of associated toxicity drops to $6% for ERMQ -

values >>1.5 (Table 5). Also of note is that the mean quoued!
calculation method requiring the greatest number of chemica
(ERMQ2) resulted in the fewest samples available for me
quotient calculation. Missing chemical analvies over multips
years of the program limired the utility of the ERMQ2 walues

as indicators of chemical mixture conceatration in this daf

set. These results demonstrate how selection of 'mdi\’i'h"“l
SGOs to be included in the mean SQGQ, in this case pwr¥
ularly with DDT and PAHs, can influence the outcome of 7!
subsequent analysis.

In the data analysis reported heee. the ability of me¥
SQGQs to accurately predict the probability of obsel‘\’iﬂ?"”
associated biological effecr ie derandom- T
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nges fyr 100% O L <
" Bay L e
—— 80% - o e
erage T % Samples Toxie
e a " = 0.901
ERMs 80% A *
ceded
————
|03 70% 4
13 a
4 £ 60%
i3 =
4 z
3 g 0% .
3 g
6 . g 40%
3 ' <
;_L 30% A
._’ Average % Sutvival
- k #=0.013
— 0% p -]
ration, - !
S0 - !
; 0%
diang. * ,’
. 0% B T ~r - - — T T Y — —
3, but 0 0.5 1 15 2 2.5 3 3.5 4 4.8 5
& no Averagg of $AGQa1T Ranges
cent Fig, 1. Amphipod response over the rangs of average sediment quality guideline quotients (SQGQI) values. Values were caleulated from 1,692
s in samples for which al! 18 chemical combinations could be calculated from the combined National Oceanic and Atrnospheric Administration/Bay -
Jsby . Proection and Toxic Cleanap Program (NOAA/BPTCP}, Biscayne Bay databases. Logarithmic fit equation for percerlt of samples toxic versus
100- §QGQis » = 0.2352 In(x) + 0.6487 (r? = 0.901, p < (.001}. Linear fit equaion for average % survival versus SQGQ is y = —0.1774(x} +
S pE = 0.913, p < 0.001). .
~ang
RMs . . .
re- of chemicals and SQUs used in the calculation. This relation- - vation that only 4% of samples were loxXic when toxicity was
ain ) ¥ P Y
nlor ship becames clear from the wide range of predictive success not predicted (i_e., mean SQGQ1 < 0.1; Table 6) suggests that
aior p g3
sing observed among derivation methods presented here. It is also chemicals for which analyses were not performed, or for which
the clear that use of different data to assess mean SQGQ calcu- there are no individual SQGs, infrequently occur at toxico-
. , 9 Y
ex. - Jation influences the esiimates of predictive ability for sedi- logically significant concentrations in otherwise uncontami-
iz ment toxicity, This demonstrates that calculation methods for nated samples.
two mean SQGQs must be refined and standardized using a method An implication of the mean SQGQ approach is that toxi-
Q1. for whiich predictive ability and interstudy comparability are cological mechanismf{s) of the representative chemicals are
g not comprornised. This point is criticel to our future use of additive. Independent experimental evidence has demonstrated
p P
P mean SQGQs and will directly impact their utility as assess- that acute toxicity to amphipods by some substances, such as
e ent tools. ' PAHs, are similar and additive when known combinations of
ted To refine calcutation of mean SQGQs, a major assumption chemicals are spiked into clean sediment {34]. The research
A muwst e made that chemical analvtes used in the mean SQGQ presented here does not provide direct experimental evidence
(5 calculation are indeed representative of, or surrogates of, the of additivity. The results are, however, consistent with the
o ‘oxicologically significant chemical mixture in the samples hypothesis because sediments are toxic more frequently when
) :fgzirdless of which chemicais were guantified in the analyses. themical concentrations simwlinnecusly exceed increasing
of this is 2 simplistic approach because of the seemingly infinite numbers of individual 5QGs. Table 7 demonstrates that, as
s ““ﬂ)ber of chemical combinations present in Geld-collected increasing numbers of effects range median SQGs are ex-
¥ Sfdlmems. In addition, each research or menitoring program ceeded, the incidence and magnitude of toxicity correspond-
i hat generates sediment chemistry data has its own objectives ingly increases. An additional observation in the current re-
: “nd‘i'esultam analyte lists, based on economic and regional search is that associations between toxicity and mean SQGQs
i "Vironmental considerations. Use of chemicals that occur improve by removing chemicals with less predictive SQGs
mt:jst tommanly across many programs will maximize data use {Table 3) from the quotient caleulations. This suggests that
\\]‘l'd allow development of mean SQGQs mare applicable to a . effectively representing toxicological mades of action may be
y € range of environmental conditions and objectives. The more important 10 SQGQ predictive accuracy than simply in-
'm;\;ce of toxicologically representative chemicals is limired, cluding additional toxic chemicals to the representative chem-
o EVer, by carrent analytical methodelogies and our knowi- ical matrix.
i o3 £ 4 . . e - . . . . - .
q“i;‘j‘OI th‘ose chericals in the iiterature for which sediment Consideration of the issues discussed here and ihe resulls
et ¥ guidelines have been established. This operational lim- presented here leads to the recommendation that 2 standard
3 . . N . . . . .
e “Em Mandates the assumprion that those few published SQG method for combination of chemicals and respective SQGs
Seimieg)

analytes are represeniati ve of anthrapogenic contarm-
0 the sample or that they serve well as cavarying

SL\'.‘;UD - N
¢l 1‘05“35- Itis congtruetive. though, because, as demonsirat-
Mg the number of chemicals in the caleularion attnme

e g

Waliny i

RPN

should be adopted for the calculation of mean SQGQs to allow
comparability between regions and surveys. The current re-
search has demonstraied that. for the methads and Aoen onne- o

e -~
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Table 8. Chemicais and sediment quatity guidelines used in chemical
combination SQGQI1°

5QGQ1

chemicals SQG concentration Guideline type
Cadminm 421 wefg dry wt PEL {17}
Copper 270 pg/g dry wt ERM {16]
Silver 1.77 ng/g dry wt PEL [17]

Lead 112.18 wglg dry wt PEL {17}

Zinc 410 pglg dry wt ERM [16]
Total chlordane 6 ng/g dry wt ERM [15}
Dieldrin 8 ng/g dry wi ERM [16]
Total PAHs 1,800 pg/g OC Consensus [20]
Total PCBs 400 ng/g dry wt Consensus [35]

»SQGQ = sediment quality guideline quotients; PEL = probable
effect level, BRM = effect range median: PAT = polyeyelic ato-
matic hydrocarbon; PCB = polychlorinated biphenyl; OC = organic
carbon.

porating a number of theoretical and empiricai sediment qual-
ity guidelines (Table 8) from n 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
SQGQ1 values increased. The incidence of ioxicity was less
than 5% and average survival was over 90% when mean
SQGQ1 values were less than 0.1, The incidence of toxicity
was greater than 90% and average survival was less than 50%
when mean SQGQ1 values were greater than 2.3. The SQGQ1
calculation method incorporates SQGs for nine of the most
commenly measured chemicals and best utilizes available data
in the tested data sets. Until a more predictive methed has
been demonstrated, SQGQ1 is recommended to serve as the
standard for calculation of mean SQGQs when comparing with
acute toxicity to amphipods. SQGQ1 is calculated as

SQGQ!1
= ((E ([cadmium]/4.21)([copper]/270)({lead]/112.18)

X ({silver]/1.77)([zinc]/410)([total chlordane]/6)
® ([dieldsin]/8)([total PAH-]/1800)([total PCB]/400))

+9)

An additional recommendation concerns sediments where
unigue chemical conditions prevail or regional anthropogenic
actjvities warrant special consideration. In these sitnarions,
mmvestigators might adjust the mean quotient derivation method
to better fit 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-
vironmental Protection Agency’s EqP-based sediment quafity
cuideline 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 ef-
fects. With this type of specific objective, the derivation meth-
od that best demonstrates associations between chemicals of
mterest and biclogical effects will be the most effective tool
for wilizing probabilities of toxicity and focusing lacal cau-
sality studies. Tt js important, however. that investigators report
differences in the mean SQGQ calculation methods, We rec-
ommend use of the SQGQI methed reported here for providing

R. Fairey ¢ d

method for addressing any umique local chemical miXiare,
specific management objectives. The ability 10 exercige ﬂet,"
ibility with derivation methods should encourage and enhan:
the effective use of mean SQGQ values. H
As with other empirical approaches to evaluating sedimg,,
contamijnation using sediment quality guidelines, 1imitatiq,:
in the use of the mean SQGQs must be acknowledged. -Thé
SQGQ1 approach is meant to serve as a central tendency j,.
dicator (i.e., as means of multiple individual quotients) of o,
tamination for a complex sedimeni matrix, The disadvantgy,
of central tendency indicators is that they minimize the p:,_
tential for impact from any one component. Therefore, Whey
performing a sediment toxicologic evaluation, it is pruden; o'
consider chemical exposure on an individual chemigal Dy
in addition to the chemical matrix basis described here, Cop,
sideration of individual SQGs may help in situations Wwhey
exposure 1o single chemicals is poorly represented by overy)
contamination within 2 sample. The point to emphasize is tha
mean SQGQs should not be used as the sole indicator of sed. !
iment contamination. They should be used as additional tocy
in our efforts to befter understand the relationships betwes,
chemical exposure and biological response. Use of mey :
SQGQ1 should fit well in the concepual framework of e
sediment quality triad that emphasizes a weight-of-evidenc
approach to sediment quality assessment [36]. '

The current research has focused on manipulation of myl-
tipie chemical constituents to investigate their relationships °
with a single biological response. Critical values selected for .
classifying toxic biological responses are a major factor in the
results presented here, and it should be noted that the critica
values used as biological benchmarks for comparison over
selected SQGCQ ranges ate ihemselves currently subject o in-
vestigation. New methods for determining toxicity are beiny -
examined [30,37,38] while others are reviewing current meth-
ods with more extensive data sets than have previously been
assembled [28]. Results may influence the selection of criticsl
values, such as ¢ test and minimum significant difference de-
terminates used in this study. As methods for determination
of toxicity are revised. the need to revisit reiationships between ;
toxicity and chemistry also may follow. .

The current research has focused on acute toxicity of sed- '
iment ro marine amphipods as the sole megsure of biclogica!
response. There is & need to further this research and derive
optimal chemical mixtures for correlating with other test spe-
cies and response parameters. Long et al. [6] repored that the
incidence of toxic samples increased markedly when data from
sublethal tests were added te those from the acute amphiped
bioassays. Evatuation of mean SQGQs using large databases
that include bioassays with reproductive, developmental, and
chronic endpoints are nesded te further validate use of med!
SQGQs. Subsequent research should contigue to expand i
vestigation of impacts of multiple contaminants to measut®®
in other environments and to measures of individual and co
munity response in the field. Work with freshwarer speciﬂsif
being reported [32], and relationships similar to those reporte!
here are emerging between toxicity Lo several freshwater 1
species and mean SQGQs. Cument efforts by Hyland st 2"
(14}, Lowe and Thempson {39), and Fairey et at. [21] includ
investigations of marine benthic community response and ha¥
demonstrated increased probabiiilies of community impact *
mean SQGQ values increase. These efforts and he CUI'I,":"T
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APPENDIX

_ Summations used jin sediment quality guideline quotient {SQGQ) chemical combinations; references are given for source of SUMimgy,
technique : . i

Total DDT (15,18] = E ([G',p’-DDD][p',p'-DDD][O’,,D'-DDE][Dip'-DDEI[OiP'-DDT]@'.\P'.'DDTE-)
Total chlordane [18]

Toral PCB {19)

¥ ([cis-chlordane}{¢rans-chtordane)[cis-nonachlor){zrarns-nonachlor] (oxychlordane])

¥ ([PCBSI[PCB18][PCB28}{PCB44)[PCB52]{PCB66][PCE 101 1[PCB 1051(FCB118](PCB128][PCR i3y
[PCBI53][PCBL70}{PCB180)[PCB187]IPCBI 951[PCB206]1[PCB2091)2)

z ((acenapthene][acenaphthylene}{ anthracene}{ flucrene)[naphthalene]{pheranthrenel)

It

Low moleculat weight PAHs [20] =

High molecular weight PAHs [20} = E(]_‘benz[a]a.nthracene][bf:nzo[a]pyrene][benzo[b}ﬂuora.nthenc]<benzo{k]ﬂuoramhenc][chyrsene}
{{luoranthene][pyrenel}
Total PAHs (20] = Z ({low molecular weight PAHs](high molecular weight PAHS])

s This summation is based on work of O'Conner [19] for the National Oceanic and Atmospheric Administration’s National Status and Trepg,
Program while developing comparability between individual PCB congener sumimations and historic Aroclor equivalents. PCB = poiychlorinmeﬂ :
biphenyl, PAHs = polycyclic aromatic liydrocarbons; DOE = (1,-dichloro-2,2-bis[p-chlorophenyljethylene}.
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