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' Abstract—Scdiment quality guidelines (SQGs) lor polyeyclic aromatic hydrocurbons (PAHs) have been derived from a varicty of
.‘“] luboratory, field, and theoretical foundations. They include the screening level concentrution, effects ranges~low and-median,
o equilibrium partitioning concentrations, apparent cffects threshold, EPAH model, and threshold and probable cffects levels. The
resolution of controversial differences among the PAH SQGs lies in an understanding of the ¢ffects of mixtures. Polyeyclic aromatie
¢l hydrocarbons virtually 2lways occur in field-collected sediment as a complex mixture of covarying compounds. When expresscd
i as 1 mixture concentration, that is, total PAH (TPAH), the guidelines form three clusters that were inlended in their original
g derivations o represent threshold (TEC = 290 ug/g orpanic carbon {OC)). median (MEC = 1,800 pg/g OC), and exireme {EEC
‘ll = 10.000 ng/g OC) elfects concentrations. The TEC/MEC/EEC consensus guidelines provide a unifying synthesis of other SQQs,
il reflect causal ruther than correlative effeets, account lor mixtures, and predict sediment toxicity and benthic community perturbations
‘ al sites of PAH contamination. The TEC offers the most uselul SQG beecause PAH mixtures arc unlikely 1o cause adverse effects
i on benthic ccusystems below the TEC.

!
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1 INTRODUCTION centile of this frequency distribution. The SSLCs for a large

A plethora of marine scdiment quality guidelines (SQGs) nqlnbf:r of species were then plotted in auomcr frequency dis-
have been proposed for polycyclic aromitic hydrocarbons mbunqn. The SLC was dcfined as the mdw;duul. PAH con-

i (PAHs) [1-10). Existing PAH 5QGs were derived (rom a va- centration above which 95% of the SSLCs were found.

| riety of laboratory, ficld, and theorctical foundations. They o

i) have engendered considcrable controversy over issucs of cor- Effects range-low (ERL), effects range-median (ERM)

i relative versus causal relations between chemistry and bio- The ERL and ERM were developed from an cxtensive da-
| logical effects, biocavailability of sediment contaminants, cf- abase of biological effccts determined by a varicty of methods
: tects of covarying chemicals and mixtures, and ccological rel- (toxicity tests, ficld observations, other scdiment guidelines
; evance (scc cditorials, 11-19]. including equilibrium partitioning-derived [EqP] ¢riteria and

i [n this paper I attempt to resolve these issues and show the apparent effects threshold [AET)) [2,9]. The dry weights
j that the different SQGs are more similar than dissimilar, The normalized dalsbasc for euch PAH compound was seried und

existing PAH SQGs arc described and quantitatively com- the ERL and ERM idcntified as the lower 10th (ERL) and SOth
pared. Consensus guidelines for PAHs are proposed lor thresh- (ERM) percentiles of cffects data.

2k old, median, and extreme cffects concentrations (TEC, MEC,

EEC). The conscnsus guidelines arc then cvaluated with re- Equilibrium partitioning-derived (EqP) criteria

spect to their ability to predict sediment toxicity (10-d mor- o . o
; talily to estuarine and marine amphipods) and in situ ecological The EqP concentration is the OC-normalized individual
i ¢ffects (reduction in the areal specics richness of macrobenthic  PAH conceniration in sediment that is in equilibrium with an
‘ assemblages). interstitial water I?AH concentration cqual o the US. EnvF-
! ronmental Protection Agency (U.S. EPA) Water Quality Cri-
; EXISTING PAH SEDIMENT QUALITY CUIDELINES terion Final Chronic Value [3,5-7). The U.S. EPA has proposed

. . P criteri a 2, & ‘n¢
Screening level concentration (SLC) EqP criteria for acenaphthcne, phenanthrene, and fiuoranthene

vl The SLC was derived from ficld data on PAH concentra- Apparent effects threshold (AET)

' tons and the prescncc/absence of & number of benthic species . , e
[1]. A cumulative frequency distribution of stations at which The AET is the dry wcight-normalized individual PAH con-
a particular specics was prescnt was plotted against the organic centration above which statistically significant biological ef-

carbon (OC)-normalized concentration of an individual PAH fects always occurred in the Puget Sound databsse used 1o
\ to derive the species screcning level concentration (SSLC). creste the values [4]. Four kinds of AET valucs arc bascd on

The SSLC was defined as the concentration at the 90th per- scdiment Loxicity tests with amphipods. oyster larvae, Micro-

tox, and on biological effects in the ficld as measured by the

“To whom correspondence may be addresscd abundance .of bcn\.hic infauna. In addition. AET SQGs are

swariz@ewol.com), The current address of R.C. Swartz is PO. Box expressed as the highest (HAET) and lowest (LAET) of the
397, Placida, FL 33946, USA. four kinds of AETs.
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Tahle 1. The YPAH mixture LCSO and effects range—median (ERM)*
scchiment quality guidelines for total PAHs (ng/s organic carbon
[och

Mean
percent SPAH
SPAH  of  mixture
PAH 1.CS0 XTU" LCSh  ERM
Naphthalene 7.146 1.0 71 210
Acenaphihylenc 4,900 0.3 15 64
Acenaphthene 2310 1.0 23 50
Fluoreng 4478 2.0 90 54
Phenanthrene 2.220 7.0 185 150
Anthracenc 4.220 2.7 114 110
Low molecular weight PALE 468 638
Fluoranthenc 2310 (1.2 371 510
Pyrene 2.810 174 48] 260
Benelalanthracene 2.136 5.2 I 160
Chrysene 2.136 79 169 280
Benzo[hlAuaranthene 1.096 16.4 180 188"
Benzo(k|Mueranthene 892 174 158 162"
Benza[a|pyrene 1,655 10.8 179 160
High molecular weight PAH® 1.646 1,720
Towal PAH® 2,014 2358

~ERM At 17 OC.
"ETL = sum of oxic units.
© By additian,

‘N ERM. Estimate assuming mean ratio to SPAH mixture LCSO for

other HPAH

SPAH model

The TPAH model estimates the probability that a PAH-

contaminated sediment will be toxic 1o marine and cstuannc
amphipods (8). Two SQGs can be derived from the 2PAH
model, the TPAH mixture LCS0. and the TPAH toxicity
threshold. The XPAH mixture LCS0 is the concentration of
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individual compounds. low molecular weight (LPAH). high
molccular weight (HPAH), or total PAHs (TPAH) that is ex-
pected when the TPAH is sufficient to cause 50% amphipod
mortality (Table I). The TPAH mixture LC50 is calculated as
the product of the LCS0 for an individual compound (e.g.. in
a spiked sediment toxicity test) and the mean fractional con-
tribution of that compound to the sum of toxic units in feld-
collected sediments contaminated by a PAH mixture [8]. For
cxample, the naphthalenc LCS0 estimated by the ZPAH model
is 7,146 pg/g OC. and naphthalene accounts for about 1% of
the PAH oxic units in contaminsted scdiment [8]. The XPAH
mixture LCS50 for naphthalene is therefore 1% of 7.146 wg/g
OC (~71 ug/g OC, Tablc 1). The threshold of significant
amphipod toxicity occurs at 0.186 toxic units [8]. Becausc the
IPAH mixture LCS0 rcpresents 1.0 toxic units, the TPAN
toxicity threshold SQGs arc 18.6% of the SPAH mixturec LC50
SQGs (Tables 1 and 2).

Threshold effects level (TEL). probable effects level (PEL)

The TEL and PEL were derived from a biological effects
data set (BEDS) that included all observations of adverse bi-
ological effects that occurred at chemical concentrations at
lcast twofold above refecrence conditions, and s no cffects data
sct that included all observations of no adverse biclogical ef-
fects at reference sites or at chemnical concentrations within a
twofold elevation above reference conditions [10]). The TEL
was calculated as the geometric mean of the 1Sth percentile
of the effects data sct and the SOth pereentile of the no effects
data set. The PEL was calculated as the gcometric mean of
the 50th percentile of the effects data set and the 85th percentile
of the no cffects data set.

Normalization

Sediment quality guidelines have been proposed for PAH
concentrations normalized on both an OC and dry weight basis.

Table 2. Scdiment quality guidelines for 1otal polycyclic aromatic hydrocarbons (TPAls, we/g organic carbon [OC))

Scdiment quality guidelines (SQGs)*

IPAH 2PalN

oxicity mixture
PAH ERL® ERM” TEL" PEL" SLC LAET" HAET" EqP threshold 1.C30
Naphthalene 16 210 3 39 4] 210 270 13 71
Acenaphthylene 4 64 l 13 S >56 130 3 15
Accnaphthene 2 50 ! 9 6 50 200 230 4 23
Fluarene 2 sS4 2 14 10 - 54 360 17 90
Phenanthrene 24 IS0 9 54 37 150 690 240 29 (NN
Anthragene 9 110 S 24 16 96 1.300 21 114
L.ow molecular weight PAH 57 638 21 153 115 616 2950 87 468
Fluuranthene 60 S10 1l 149 64 170 3.000 300 69 371
Pyreng 66 260 1S 140 66 260 1.600 90 43
Benz{alanthracene 26 160 7 69 26 130 510 21 11
Chrysene 38 280 B! 85 38 140 920 3] 169
Benzo{b)luoranthene 32 188 7¢ T kv 160 445 33 180
Benza(k)Ausranthene 28 162¢ o 61+ 28 160 445 29 138
Benzolajnyvrane 43 160 9 76 40 160 260 33 179
High molecular weight PAHY 293 1.720 66 651 294 1.180 7.280 306 1.646
Total PAHY 350 2.358 87 504 109 1,796 10.230 211 393 2,114

* ERI.

 effects range-low [2]: ERM = effects range-median [2): TEL = threshold effects leve] [10]: PEL = probable cffects level [10]: SLC

= s<reening level concentratton [1]: LAET < low apparent cffects threshold {4); HAET - high apparent effeets threshold (4): EqP = U.S.
Environmental Protection Agency critcria derived from cquilibrium partitioning theory [3.5-7)

806G a 1% OC.

*No SQG. Estimate assuming mean ratio te TPAM mixture 1.CS0 for other high molecular weight PAH<.

* By addition,

PaGE 02
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The PAH concentrations in this paper are OC-normalized to
facilitate comparisons among SQGs and because of the im-
portant role of OC in determining PAH partitioning and bio-
availability [3). The mean OC concentration in the BEDS was
1.0% [10). A scdiment OC concentration of 1.0% was therefore
assumed in the OC-normalization of SQGs that were originally
nurmalized o dry weight.

Sediment guidelines for PAH mixtures

[n addition to SQGs for individual PAH compounds, guide-
lines have been proposed for LPAH, HPAH. and TPAH. The
present analysis is restricted to six LPAH compounds (naph-
thalene, acenaphthylene. acenaphthene, fluorene, phenan-
trene, anthracene) and seven HPAH compounds (fluoranthene,
pyrene. benz(a)anthracene, chrysene, benzo[b]fluoran-
thene, benzo(k]fuoranthene, benzo[a]pyrene). The LPAH,
HPAH. and TPAH SQGs arc calculated here as the sum of the
OC-normalized concentrations of the 6, 7, or 13 compounds
listed above. Because different sets of compounds were in-
cluded in the original derivation of LPAH, HPAH, and TPAH
SQGs [2,4,8-10], the original values differ from thosc recal-
culated here. When a SQG was missing for 1 to 3 of the 13
compounds (c.g., there is no ERM for benzo(b)fluoranthene),
it was estimated assuming the same ratio to TPAH as the
guideline based on the ZPAH mixture LC50 (Table 2). Because
there are only three EQP values [5-7). an estimate of the EqP
value for TPAH was madc by multiplying the mcan ratio of
EqP to amphipod LC50 tmes the LPAH mixture LCSO for
TPAH (Table 2).

Dartu sets

Sediment roxiciry. Two data sets were uscd in the analysis
and comparison of SQGs in relation to sediment toxicity. The
first was restricted to surveys at sites where PAHs were known
10 be a principal contaminant and is therefore referred 1o as
thc PAH data set (8], It includes 102 samples from San Diego
Bay. California, USA [8], Eagle Harbor, Washington, USA
[20,21], Curtis Creek, Virginia, USA [22], and Halifax Harbor,
Nova Scotia, Canada [23] plus data from 30 sites in Elliou
Bay, Washingion, USA (S.P. Ferraro, unpublished data). The
second set is called the EMAP dats becausc it includes 678
samples collected in U.S. EPA's Environmental Monitoring and
Assessment Program surveys in Long Island Sound. New
York, USA (1989. 1991). and the Virginian (1990, 1991) and
Louisianian provinces (1991, 1992). USA. The EMAP surveys
were based on a probabilistic sampling design so that sites
were selected withour bias toward the presence or absence of
PAH contamination [24~26]. Data collected tor all of the PAH
and EMAP samples included 10-d sediment toxicity to am-
phipods (Rhepoxynius abronius. Ampelisca abdita, Echaus-
tortus estuarius, Leptocheirus plumulosus, or Corophium vol-
uraror) following the American Society for Testing and Ma-
terials (ASTM) protocol [27]. and the sediment concentration
of OC and the 13 PAH compounds listed above.

Benthic communiry structure. Benthos samples were col-
lected along with sediment toxicity and chemistry samples at
w9 of the PAH-contaminated site surveys. In San Diego Bay.
asingle 8-cm-diameter (50-cm?) core was collected tor benthos
anulysis from cach of five replicate 0.1-m? Ven Veen grabs at
cach station. Crustaccan and mollusc species (S) retained on
a 1.0-mm sjeve were collected. identified. and counted to es-
timate arcal specics richness ar cach station, that is, 5/0.025

)

m* In Elliott Bay, threc 8-cm-diameter cores were collected
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Fig. I. Amphipod mortslity in relation (0 acenaphthene conceniration
in 10-d sediment 1oxicity (esis of sediment sumples from sites of PAH
conramination.

from an unreplicated 0.1-m? Van Veen grab at cach station.
Arcal species richness of crustaceans and molluscs rewained
on a 1.0-mm sieve was therefore estimated as $/0.015 m* in
Elliott Bay.

COMPARISON OF SEDIMENT QUALITY GUIDELINES
The mixture paradox

Polycyclic aromatic hydrocarbons virtually always occur in
field-collected sediment as a complex mixture of covarying
compounds [28,29]. Thus, ecological perturbations result trom
the cumulative effects of multiple PAHs. A principal key to
resolving differences among the SQGs is offcred by what
might be called the “‘mixture paradox.’ The paradox lics in
the fact that an SQG derived from accurate, experimental de-
termination of toxicologic effccts caused by an individual PAH
compound (e.g., through spiked-sediment cxperiments) will
greatly undcerestimate ecological effects in the ficld that are
associated with the SQG, but actually caused by the PAH
mixture. As a corollary, an SQG derived from the correlation
of ccological cffects with the concentration of an individual
PAH in field-collected sediment will greatly overestimate the
effects actually caused by the single compound.

The mixture paradox is evident in the relation between
amphipod toxicity and the concentration of acenaphthene in
ficld-collected sediments (Fig. 1). The LC50 of acenaphthene
to amphipods (2,310 pg/g OC) and the EgP value (230 ngl/g
OCQC), both derived from experiments with singlc compounds,
substantially underestimate the toxicity of ficld-collected sed-
iments (Fig. 1). The ERL (1.6 pg/g OC) and ERM (50 ug/g
OCQC). derived from correlative techniques, accurately indicate
low and median toxicologic effects associated with acenaph-
thene in the field, but are onc or two orders of magnitude
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below acenaphthenc concentrations that could causc the ob-
served effects (Fig. 1),

Long ct al. [9] rccognized that “'the cumulative effects of
mixtures” may tend to reduce the ‘‘spparcnt cffective con-
centration of individual toxicants” and make field-derived
SQGs morc protective than SQGs bascd upon only single-
chemical approaches.” Predictions of the TPAH model allow
an explicit test of the hypothesis that field-derived SQGs rep-
resent concentrations of individual compounds in a PAH mix-
ture whose cumulative toxicologic action is responsible for
abserved effects. The SPAH mixture LCSO guidelines (derived
from spiked-sediment tests with single compounds) estimate
the concentrations of individual PAHs in 2 mixture that would
cause 50% amphipod mortality. Nonc of the PAHs at the XPAH
mixture [.CSO SQG concentration would be sufficient, by it-
<elf. to causc significant toxicity. Note the remarkable simi-
larity of the ERM and TPAH mixture LC50 guidelines (Table
[). On avcrage these two guidelines for median effects (50%
martality or SOth percentile of ccological/toxicologic effects)
differ by a [factor of only 1.5. Agreement is better for the
summary guidelines (LPAH. HPAH, TPAH) than for most of
the guidelines for individual compounds. Clearly. each of the
ERM SQGs for individual compounds is an independent cs-
. umate ol the cffects of the PAH mixture associated with the
guiceline concentration.

The results of SQG quotient (sediment concentration/SQG)
analyses alsa provide evidence that PAH SQGs derived [rom
correlative techniques are, in fact, mixture guidelines. Assum-
ing additivity of the toxic cffccts of narcotic chemicals
[R.30.31]. toxicity should occur when the sum of ERM quo-
tichts excecds unity if the ERMs reflect the effects of individual
¢ompounds. However, in a comprehensive investigation of
Feeshwater SQGs. the frequency of toxicity of ficld-collected
sediment samples did not increase above background levels
undl the sum of ERM quotients exceeded 10 and the frequency
of ERM excecedances was 3 to 7 [32]. That result is consisient
with the hypothesis that PAH ERMs arc mixture guidelines
because most of the ERMs would be simultancously exceeded
when (he concentration of the PAH mixture reached a toxic
level.

CONSENSUS SEDIMENT QUALITY GUIDELINES

Guidelines for individual PAHs seem inappropriate regard-
less of whether they are derived from correlative, experimental.
or theorctical methods. Because of the mixture paradox. they
will cither be ccologically irrelevant or create the false im-
pression that the individual compound has caused the observed
cffects. Because the effects are actually caused by multiple,
covarying PAHs, it scems rcasonable to define the guideline
in the mixture context. In particular, a guideline based on
TPAH would resolve the mixture paradox and rcduce the var-
iubility among guidelincs for individual compounds.

Scveral TPAH guidclines have been proposed. but the ac-
wal compounds included in TPAH have varicd among inves-
tigations. Thercfore. TPAH guidelines have been recaleulated
for 13 PAH compounds identificd as U.S. EPA priority pol-
futants [33] and commonly measured in sediment surveys (Ta-
ble 2).

The TPAH SQGs form three clusters that were intended in
their erizinal derivations to represent TECs, MECs, and EECs
(Table 3). The TPAH guidelines in these clusters agree within
a facior of about four. Excluding the TEL and PEL. which are
derived from a combined cffects/no effects database, the TPAH
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Table 3. Consensus sediment quality guidelines (SQGs) for total
polycyclic aromatic hydrocarbons (TPAlds)

TPAH
(pg/g 95% conhidence
$QG o0 limis
Threshold effect concentration (TEC)
Threshold effect level §7
Equilibrium partitioning 211
IPAH toxicity threshold 393
Effecis range-low 350
Screening level concentratian 409
Mean (consensus) TEC 290 119~461
Median effeeis cencentration (MEC)
Probablc clfeets level 804
Low apparent cltects threshold 1,796
LPAH mixture LC50 2,114
Effects range-median 2,158
Mean (consensus) MEC 1.800 682-2.854
Extreme cffects concentration (EEC)
High apparent effecis threshold 10,230
Consensus EEC 10,000 NA

*OC = organic carbon: NA = not applicable

guidelines in these clusters agree within a factor of two. This
agreement is remarkable because of the different theorstical.
empirical, and experimental methods used in the development
of the guidelines. The clusters appear to represent independent
estimatcs of the same TPAH concentrations. Conscnsus SQGs
for TPAH sarc derived simply as the arithmetic mean of the
values in each cluster: TEC. 290 pg/g OC: MEC, 1.800 pg/g
OC: EEC. 10.000 ug/g OC.

FIELD AND EXPERIMENTAL VERIFICATION OF
CONSENSUS GUIDELINES

Sediment toxicity

In the data sct for surveys where PAHs were the dominant
ccotoxicologic factor, significanmt sediment toxicity (>24%
mortality [34]) occurred in 2 of 36 samples (5.6%) with TPAH
concentrations below the TEC (Fig. 2, Table 4). The back-
ground frequency of significant amphipod toxicity in reference
marine sites is 5.0% [8]. Toxicity was significant in all 12
samples with TPAH concentrations above the EEC (Fig. 2 and
Table 4). Few false negatives occurred below the TEC snd ne
false positives occurred above the EEC.

The frequency of significantly toxic sediments increased,
but not substantially, between the TEC to MEC (43% toxic)
and MEC to EEC (50% toxic) concentration ranges (Fig. 2
and Table 4). Thus, a broad range of concentrations exists
between the TEC and the EEC in which there is about a S0%
probability of 10-d toxicity 10 amphipods. An SQG cannot be
set within that range that would have a low frequency of both
falsc ncgatuves and false positives. The mean percent mortality
of amphipods ¢xposed to sediment with TPAH concentrations
between the TEC and EEC guidelines was only about 36%
(Table 4).

The MEC proved to be whal it was expected Lo be, thatis,
an indicator of median cffects. Of the 52 significantly toxic
samples, 28 were less than the MEC and 24 exceeded the MEC
(Fig. 2 and Tablc 4). The MEC lics within the transition be-
tween nontoxic and highly toxic scdiment. It is literally a guide
linc for a median probability of adverse cffects. The MEC is
not an uncquivocal indicator that sediments arc toxic or oth-
erwise unacceptable.

Mg /g = ma/uq
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] : 1 Scdiments at relatively few sites exceed the consensus
100 4 [ @oo o O @O0 O o TPAH guidclincs. Afnm\‘g 678 EMAP samp‘cs that were col-
| Qg ' lected with a probabilistic sampling design from Long Island
Il | @O; OO o Sound in 1989 through 1990, the Virginian Province in 1990
. 80 | % | through 1991. and the Louisianian Provincc in 199:. 45 (6.6%)
= | 0 o exceeded the TEC, 2 (0.3%) exceeded the MEC, und none
T [ : OL exceeded the EEC (Fig. 3 and Table 4). The other major dif-
3 60 - Lo : ference between thc EMAP data set and the PAH data sct was
2 PO e ‘ the much higher proportion of toxic sediments below the TEC
g | o I among EMAP samples (13%) than smong PAH samples
g 404 | oi o (5.6%) (Table 4). The increase in the frequency of toxicity al
€ 162 o [ 1ow‘ PAH concentrations among the EMAP samples is-probably
3 (OL b& attributable to other siressors. Above the TEC, the fTequency
& 04 l @O of toxicity and the mean percent amphipod mortality are guite
| similar for the EMAP und PAH data sets, as would be expected
° o ! if the consensus TPAH guidelines are valid indicators of PA
0 4 ; cflects (Table 4). Finully, the TEC was exceaded in 20 of the
‘ 104 toxic scdiments in the entire EMAP data set suggesting
r 1 T that PAHs alone could cause approximately 20% of the am-

10° 10’ 10’ ‘0’ 10 10° 10° bient sediment toxicity in the EMAP provinces.

Total PAH, pg/g OC
Benthic community structure

—— 290ug/g OC. Thresr?old Effects Concentration Arcal spccics richness of crustaccans und molluses de-
""" 1,800 ug/g OC: Median Effects Concentration creased as the consensus SQGs were excceded in San Dicgo
— - 10000 ug/g OC: Extreme Effects Concentration Bay (Fig. 4) and Elliott Bay (Fig. 5). In San Dicgo Bay. the
24% Amphipod Monality mean aumber of species per 0.025 m® decreased from 10,3 at
Fig. 2. Amphipod mortality in relation 1o total PAH concentration in sites with sediment TPAH concentrations below the TEC (o
10-d sediment toxicity lests of sediment samples from sites of PAH 6.8 at sites with sediment TPAH between the TEC and MEC
contamination. (Table 4). Scdiment TPAH contamination and benthic com-

munity impacts were grester in Elliowt Buy where the number
of specics per 0.015 m? decreased from 12.4 between the TEC
and MEC, to 9.6 between the MEC and EEC. te 3.9 at sites
with TPAH concentration above the EEC (Table 4). Only one
or two crustacean and mollusc species occurred in the benthic

Table 4. Sediment toxicity and benthic community structure in relation 1o consensus sediment quality
guidelines

Téwl PAH concentration
(g/g organic carbon [OC))

<290 290-1,800 1,800~10,000 >10,000
Sediment guideline: <TEC >TEC >MEC >EEC
<MEC <EEC
PAH-contaminated sitex
n (%) toxic" samples 2 (5.6%) 26 (43%) 12 (50%) 12 (100%)
n (%) nontoxict samples 34 (94%) 34 (57%) 12 (50%) 0 (0%)
Mean % amphipod morlality 1.6 34.1 38.3 97.1
EMAP sites
a (%) toxic® samples 84 (13%) 1Y (4492) 1 (50%) NDv
n (%) nontaxic® samples 549 (87%) 24 (56%) 1 (50%)
Mean % amphipod morrality 11.2% 28.3% 405
Crustaccan and mollusc species
San Diego Bay, Calilorniy, USA
Species/0.025 m*: Mecan 10.5 68 ND ND
Range 9-12 4-11
Elliott Bay, Washington, USA
Species/0.01S m*: Mean ND 12.4 2.6 3.9
Range 10-17 1-16 1=7

- TEC = threshold effects concentration, 290 wg/g OC; MEC = median eftects cancentration, 1,800
wg/g OC: EEC = exwreme cffecis coneentration, 10,000 pgig OC.

" Amphipod morality > 24%

¥ Amphipod mortality < 24%

“ND = no dan.
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Percent Amphipod Mortality
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10! 100 10! 10° 103 104 10% 108
Total PAH, ug/g OC

——- 290 ug/g OC: Threshold Etfects Concentration
1,800 ug/g OC: Median Effects Cancentration
—-— 10,000 ug/g OC: Extreme Effects Concentration

——— 24% amphipod mortality
Fre b Amphipod mortality in relation to total PAH concentration in
[0-d <cdiment toxicity tesis of Environmental Manitoring and As-
sesement Program (EMAP) sediment samples from the Virginian and
L.ouisianian provinces, USA.
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assemblage at five sitcs in Elliott Bay that were highly con-
taminatcd by PAHs.

DISCUSSION
Consensus guidelines

The TEC/MEC/EEC sediment quality guidelines for PAH
mixtures provide a unifying synthesis of other guidelines in-
cluding the SLC, ERL/ERM, EqP criteria. AET. ZPAH., and
TEL/PEL. When interpreted in the context of PAH mixtures,
all of these guidclines arrive at similar concentrations for
threshold, median, or cxtreme effects (Table 3). This similarity
is unlikcly to be coincidental. Rather, the agreement of guide-
lines derived from a diversity of theoretical and empirical ap-
proaches hclps establish the validity of the consensus valucs.
Their validity is further established by the ability of the con-
scnsus guidelines to predict sediment toxicity and benthic com-
munity perturbations at sites of PAH contamination (Table 4
and Figs. 2. 4, and 5). Expression of these guidelines for TPAH.
rather than individual compounds, rcsolves the mixturc par-
adox. that is, they account for mixtures and reflect causal rather
than correlative effects.

Effective use of SQGs

Guidclines should guide. not dictate. The TEC offers the
most uscful SQG because it is reasonable to conclude that
PAH mixtures are unlikely to cause adverse effects on benthic
¢cosystems below the TEC. The EEC indicates virtual certainty
of adverse effects, but the EEC is rarely excecded and con-
tamination is so extrcme above the EEC that the unaccept-
ability of tcological degradation is usually obvious. The region
of grcatcst uncertainty lies between the TEC and EEC. Here.
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a broud gradient of sediment contamination occurs along which
etfects are increasingly more probable. The MEC is simply a
point ncar the middle of this gradient and, therefore, should
not be ustd to discriminute acceptable from unacceeptable con-
ditions.

Bulk scdiment chemistry cannot resolve the uncertainty of
toxicity and ccological effects at TPAH concentrations be-
tween the TEC and EEC. However, the issue can be resolved
through independent, empirical data on scdiment toxicity and
benthic communitics, as suggcsted by Long and Chapman (35)
in their seminal paper on the sediment quality wriad. Conclu-
sions about the ecological effects of sediment contamination
should be based on the weight of cvidence among the three
clements of the triad [36]

Uncertainry

Four principal sources of uncertainty cxist about the con-
sensus guidelines. First, the guidelines are based on the con-
centrations of the 13 parent PAHs und do not include alkylated
and other PAH compounds that may contribute to biological
effects. The degree to which the distribution of the 13 parent
compounds is representative of the distribution of other PAHs
is unknown. Second, the laboratory toxicity tests used to de-
velop some of the guidelines from which the consensus valucs
were derived are not scnsitive to increased toxicity causcd by
photoactivation of PAH compounds (31.37]. Thus, effects of
PAHs may be greater than expected from the guidelines, al-
though the guidelines do correlate with the specics richness
of benthic assemblages exposed to ambient light (Figs. 4 and
$). Third, chemical analyses of hulk sediments may greatly
overestimate bioavailability in sediments that contain inert
(e.g.. soot) PAH fractions (38]. In such cascs, the conscnsus
guidclines will overestimate toxicity and ccological cffects
causcd by PAHs. Analysis of PAH concentrations in interstitial
water can resolve the bioavailability 1ssuc when an inert PAH
Iraction is suspected. Each of thesc first three sources of crror
probably coatributes to the uncertainty of c¢ffects over the
broad concentration range between the TEC and EEC. Finally,
additional field data. especially for benthic assemblages and
other ceological indicators, arc necded to validate the consen-
sus guideliney
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