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Abstract. Numerical sediment quality guidelines (SQGs) for
freshwater ecosystems have previously been developed using 2
variety of approaches. Each approach has certain advantages
and limitations which influence their application in the sedi-
ment quality assessment process. In an effort to focus on the
agreement among these various published SQGs, consensus-
based $QGs were developed for 28 chemicals of concern in
freshwater sediments (i.e., metals, polycyclic aromatic hydro-
carbons, polychiorinated biphenyls, and pesticides). For each
contaminant of concern, two SQGs were developed from the
published SQGs, including a threshold effect concentration
(TEC) and a probable effect concentration (PEC). The resultant
SQGs for each chemical were evaluated for reliability using
matching sediment chemistry and toxicity data from field stud-
ies conducted throughout the United States. The results of this
evaluation indicated that most of the TECs (i.e., 21 of 28)
provide an accurate basis for predicting the absence of sedi-
ment toxicity. Similarly, most of the PECs (i.e, 16 of 28)
provide an accurate basis for predicting sediment toxicity.
Mean PEC quotients were calculated to evaluate the combined
effects of multiple contarminants in sediment. Results of the
evaluation indicate that the incidence of toxicity is highly
correlated to the mean PEC quotient (R* = 098 for 347
samples). It was concluded that the consensus-based SQGs
provide a reliable basis for assessing sediment quality condi-
tions in freshwater ecosystems,

Numerical sediment quality guidelines (SQGs; including sed-
iment quality criteria, sediment quality objectives, and sedi-
ment quality standards) have been developed by various fed-
eral, state, and provincial agencies in North America for both
freshwater and marine ecosystems. Such SQGs have been used
in numerous applications, including designing monitoring pro-
grams, interpreting historical data, evaluating the need for
detailed sediment quality assessments, assessing the quality of
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prospective dredged materials, conducting remedial investiga-
tions and ecological risk assessments, and developing sediment
quality remediation objectives (Long and MacDonald 1998).
Numerical SQGs have also been used by many scientists and
managers to identify contaminants of concern in aguatic eco-
systems and to rank areas of concern on a regional or national
basis (e.g., US EPA 1997a), It is apparent, therefore, that
nurnerical SQGs, when used in combination with other tools,
such as sediment toxicity tests, represent a useful approach for
assessing the quality of freshwater and marine sediments (Mac-
Donald et al. 1992; US EPA 1992, 1996a, 1997a; Adams et al.
1992; Ingersoll er al. 1996, 1957).

The SQGs that are currently being used in North America have
been developed using a variety of approaches. The approaches
that have been selected by individual jurisdictions depend on the
receptors that are to be considered (e.g., sediment-dwelling organ-
istos, wildlife, or humans), the degree of protection that is to be
afforded, the geographic area to which the values are intended to
apply {e.g., site-specific, regional, or national), and their intended
uses (e.g., screening tools, remediation objectives, identifying
toxic and not-toxic samples, bioaccumulation assessment). Guide-
lines for assessing sediment quality relative to the potential for
adverse effects on sediment-dwelling organisms in freshwater
systerns have been derived using a combination of theoretical and
empirical approaches, primarily including the equilibrium parti-
tioning approach (EqPA; Di Toro et al. 1991 NYSDEC 1994, US
EPA 1997a), screening level concentration approach (SLCA; Per-
saud et al. 1993), effects range approach (ERA; Long and Morgan
1991; Ingersoll er al. 1996), effects level approach (ELA; Smith et
al. 1996; Ingersoll er al. 1996}, and apparent effects threshold
approach (AETA; Cubbage er al. 1997). Application of these
methods has resulted it the derivation of numerical SQGs for
many chemicals of potential concern in freshwater sediments.

Selection of the most appropriate SQGs for specific appli-
cations can be a daunting task for sediment assessors. This task
is particularly challenging because limited guidance is cur-
rently available on the recommended uses of the various SQGs.
In addition, the numerical SQGs for any particular substance
can differ by several orders of magnitude, depending on the
derivation procedure and intended use. The SQG selection
process is further complicated due to uncertainties regarding
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the bioavailahility of sediment-associated contaminants, the
effects of covarying chemicals and chemical mixtures, and the
ecological relevance of the guidelines (MacDonald et al. 2000).
It is not surprising, therefore, that controversies have occurred
over the proper use of these sediment quality assessment tools.

This paper represents the third in a series that is intended to
address some of the difficulties associated with the assessment of
sediment quality conditions using various numerical SQGs. The
first paper was focused on resolving the “mixture paradox” that is
associated with the application of empmcaliy derived SQGs for
individual PAHs. In this case, the paradox was resolved by de-
veloping consensus SQGs for ZPAHs (ie., total PAHs; Swartz
1999). The second paper was directed at the development and
evaluation of consensus-based sediment effect concentrations for
total PCRs, which provided a basis for resolving a similar mixiure
paradox for that group of contaminants using empirically derived
SQGs (MacDonald ez al. 2000). The results of these investigations
demonstrated that consensus-based SQGs provide a unifying syn-
thesis of the existing guidelines, reflect causal rather than correl-
ative effects, and account for the effects of contaminant mixtures
in sediment (Swartz 1999).

The purpose of this third paper is to further address uncer-
tainties associated with the application of numerical $QGs by
providing a unifying synthesis of the published SQGs for
freshwater sediments. To this end, the published SQGs for 28
chemical substances were assembled and classified into two
categories in accordance with their original narrative intent.
These published SQGs were then nsed to develop two consen-
sus-based SQGs for each contarminant, including a threshold
effect concentration (TEC; below which adverse effects are not
expected to oceur) and a probable effect concentration (PEC;

© above which adverse effects are expected to occur more often
“than not). An evaluation of résultanf consensus-based SQGs
- was conducted to provide a basis for determining the ability of
“-these tools to predict the presence, absence, and frequency of
" sediment toxicity in field-collected sediments from various
““locations across the United States.

'..;';:ﬁ'Materials and Methods
';f.Derivation of the Consensus-Based SQGs

“UA stepwise approach was used to develop the consensus- -based SQGs
for common contaminants of concern in freshwater sediments. As a
Cfirst step, the published SQGs that have been derived by various
“investigators for assessing the quality of freshwater sediments were
“collated. Next, the SQGs obtained from all sources were evaluated to
.. determine their applicability to this study. To facilitate this evaluation,
. the supporting documentation for each of the SQGs was reviewed. The
“collated SQGs were further considered for use in this study if: (1) the
“methods that were used to derive the SQGs were readily apparent; (2)
the SQGs were based on empirical data that related contaminant
“‘concentrations to harmfel effects on sediment-dweiling organisms or
ere intended to be predictive of effects on sediment-dwelling organ-
ismns (i.e., not simply an indicator of background contamination); and
{3y the $QGs had been derived on a de nove basis (i.e., not simply
‘adopted from another jurisdiction or source). It was not the intent of
“this paper to collate bicaccumulation-based SQGs.
-The SQGs that were expressed on an organic carbon-normalized
~basis were converted to dry weight-normalized values at 1% organic
:carbon (MacDonald et al. 1994, 1996; US EPA 1997a). The dry
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weight-normalized SQGs were utilized because the results of previous
studies have shown that they predicted sediment toxicity as well or
better than organic carbon-normalized 3QGs in field-collected sedi-
ments (Barrick ef al. 1988; Long ez al. 1995; Ingersoll ez al. 1996; US
EPA 1996a; MacDonald 1997).

The effects-based SQGs that met the selection criteria were then
grouped to facilitate the derivation of consensus-based SQGs (Swartz
1999). Specifically, the previousty published SQGs for the protection
of sediment-dwelling organisms in freshwater ecosystems were
groaped into two categories according to their original narrative intent,
incheding TECs and PECs. The TECs were intended to identify con-
taminant concentrations below which harmful effects on sediment-
dwelling organisms were not expected. TECs include threshold effect
levels (TELs; Smith et al. 1996; US EPA 1996a), effect range low
vatues (BERLs; Long and Morgan 1991}, lowest effect levels (LELs;
Persaud et al. 1993), minimal effect thresholds (METSs; EC and MEN-
VIQ 1992), and sediment quality advisory levels (SQALs; US EPA
1997a). The PECs were intended to identify contaminant concentra-
tions above which harmful effects on sediment-dwelling organisms
were expected to occur frequently (MacDonald et al. 1996; Swartz
1999). PECs include probable effect levels (PELs; Smith et al. 1996;
US EPA 1996a), effect range median values (ERMs; Long and Mor-
gan 1991); severe effect levels (SELs; Persaud et al. 1993), and toxic
effect thresholds (TETs; EC and MENVIQ 1992; Table 1).

Following classification of the published SQGs, consensus-based
TECs were calculated by determining the geometric mean of the SQGs
that were included in this category (Table 2). Likewise, consensus-
based PECs were calculated by determining the geometric mean of the
PEC-type values (Table 3). The geometric mean, rather than the
arithmetic mean or median, was calculated because it provides an
estimate of central tendency that is not unduly affected by extreme
values and because the distributions of the SQGs were not known
(MacDonald ef al. 2000). Consensus-based TECs or PECs were cal-
culated only if three of more published SQGs were available for a
chemical substance or group of substances.

Evaluation of the SQGs

The consensus-based SQGs were critically evaluated to determine if
they would provide effective tools for assessing sediment gquality
conditions in freshwater ecosystems. Specifically, the reliability of the
individuat or combined consensus-based TECs and PECs for assessing
sediment quality conditions was evaluated by determining their pre-
dictive ability. In this study, predictive zbility is defined as the ability
of the various SQGs to correctly classify field-collected sediments as
toxic or not toxic, based on the measured concentrations of chemical
contaminanis. The predictive ability of the SQGs was evaluated using
a three-step process.

In the first step of the SQG evaluation process, matching sediment
chemistry and biological effects data were compiled for various fresh-
water locations in the United States. Because the data sets were
generated for a wide variety of purposes, each study was evaluated to
assure the quality of the data used for evaluating the predictive ability
of the SQGs (Long et al. 1998; Ingersoli and MacDonald 1999). Asa
result of this evaluation, data from the following freshwater locations
were identified for use in this paper: Grand Calumet River and Indiana
Harbor Canal, IN (Hoke ez al. 1993; Giesy et al. 1993; Burton 1994,
Dorkin 1994); Indiana Harbor, IN (US EPA 1993a, 1996z, 1996b);
Buffale River, NY (US EPA 1993c, 1996a); Saginaw River, MI (US
EPA 1993b, 1996a); Clark Fork River, MT ({USFWS 1993); Milltown
Reservoir, MT (USFWS 1993); Lower Columbia River, WA (Johnson
and Norton 1988); Lower Fox River and Green Bay, WI {Call ez al.
1991); Potomac River, DC (Schlekat er al. 1994; Wade et al. 1994;
Velinsky et al. 1994); Trinity River, TX (Dickson et al. 1989; US EPA
1996a); Upper Mississippi River, MN to MO (US EPA 1996, 1997b);
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‘Fable 1. Descriptions of the published freshwater SQGs that have been developed using various approaches

D. D. MacDonaid et o,

Description

Reference

Type of SQG Acronym Approach
Threshold effect concentration SQGs
Lowest effect level LEL SLCA
Threshold effect level TEL WEA.
Effect range—low ERL WEA
Threshold effect level for Hyalelia TEL-HAZS WEA
azteca in 28-day tests
Minimal effect threshéid MET SLCA
Chronie equilibrinm partitioning SQAL EqPA
threshold
Probable effect concentration SQGs
Severe effect level SEL SLCA
Probable effect level PEL WEA
Effect range—median ERM WEA
Probable effect level for Hyalella PEL-HA28 WEA
azteca in 28-day tests
Toxic effect threshold TET SLCA

Sediments are considered to be clean to
marginally polluted. No effects on the
majority of sediment-dwelling
organisms are expected below this
conrcentration.

Represents the concentration below which
adverse effects are expected to occur
only rarely.

Represents the chemical concentration
below which adverse effects would be
rarely observed.

Represents the concentration below which
adverse effects on survival or growth of
the amphipod Hyalella azteca are
expected to occur only rarely (in 28-
day tests).

Sediments are considered to be clean to
marginaily poHuted. No effects on the
majority of sediment-dwelling
organisms are expected below this
concentration.

Represents the concentration in sediments
that is predicted to be associated with
concentrations in the interstitial water
below a chronic water quality criterion.
Adverse effects op sediment-dwelling
organisms are predicted to occur only
rarely below this concentration.

Sediments are considered to be heavily
polluted. Adverse effects on the
majority of sediment-dwelling
organisms are expected when this
conceniration is exceeded.

Represents the concentration above which
adverse effects are expected to occur
frequently.

Represents the chemical concentration
above which adverse effects would
frequently occur.

Represents the concentration above which
adverse effects on survival or growth of
the amphipod Hyalella azteca are
expected to occur frequently (in 28-day
tests).

Sediments are considered to be heavily
polluted. Adverse effects on sediment-
dwelling organisms .are expected when
this concentration is exceeded.

Persaud er al.
(1993)

Smith er al. (1996)

Long and Morgan
(1991)

US EPA (1996a);
Ingersoll ef al.
(1996)

EC and MENVIQ
(1992}

Bolton e al. (1985);
Zarba (1992); US
EPA (1997a)

Persaud er al.
{1993)

Smith ef al. {1996)

Long and Morgan
(1991}

US EPA (1996a),
Ingerscll er al.
(1996)

EC and MENVIQ
(1992)

and Waukegan Harbor, IL (US EPA 1996a; Kemble e al, 1999).
These stdies provided 17 data sets (347 sediment samples) with
which to evaluate the predictive ability of the SQGs, These studies also
represented a broad range in both sediment toxicity and contarination;
roughly 50% of these samples were found to be toxic based on the
results of the various toxicity tests {the raw data from these studies are
summarized in Ingersoll and MacDonald 1999).

In the second step of the evaluation, the measured concentration of
each substance in each sediment sample was compared to the corre-
sponding SQG for that substance. Sediment samples were predicted to

be not toxic if the measured concentrations of a chemical substance
were lower then the corresponding TEC. Similarly, samples were
predicted to be toxic if the corresponding PECs were exceeded in
field-collected sediments. Samples with contaminant concentrations
between the TEC and PEC were neither predicted to be toxic nor
nontoxic (i.e., the individeal SQGs are not intended to provide guid-
ance within this range of concentrations). The comparisons of mea-
sured concentrations to the SQGs were conducted for each of the 28
chemicals of concern for which SQGs were developed.

In the third step of the evaluation, the accuracy of each prediction
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Table 2. Sediment quality guidelines for metals in freshwater ecosystems that reflect TECs (i.¢., below which harmful effects are unlikely o

be observed)
Threshold Effect Concentrations
Consensus-
Substance TEL LEL MET ERL TEL-HA28 SQAL Based TEC
Metals (in mg/kg DWY -
Arsenic <= 5.9 6 7 33 11 NG . 9.79
Cadmium 0.596 0.6 09 5 0.58 NG 0.99
Chromium . 373 26 55 80 36 NG 434
Copper 35.7 16 28 70 28 NG 316
Lead 35 3 42 35 37 NG 358
Mercury 0.174 0.2 02 0.15 NG NG .18
Nickel .- 18 16 35 30 20 NG 22.7
Zinc ' - 123 120 150 120 98 NG 121
Polycyclic aromatic hydrocarbons (in pg/kg DW) )
Anthracene NG 220 NG 85 10 NG 512
Fluorene NG 190 NG 35 10 540 T4
Naphthalene NG NG~ 400 340 15 470 176
Phenanthrene 419 560 400 225 19 1,800 04
Benzfalanthracene 31.7 3206 400 230 16 NG 108
Benzo(a)pyrene 319 376 500 400 1n NG 150
Chrysene 311 340 600 400 27 NG 166
Dibenzfa hlanthracene NG 60 NG 60 10 NG 33.0
Fluoranthene 111 750 660 600 31 6,200 423
Pyrene 33 420 700 330 44 NG 195
Total PAHs NG 4,000 NG 4,000 260 NG 1,610
Polychiorinated biphenyls (in ug/kg DW)
Total PCBs 341 70 200 50 32 NG 59.8
Qrganochlorine pesticides (in pg/kg DW)
Chiordane . 45 7 7 0.5 NG NG 3.24
Dieldrin 2.85 2 2 0.02 NG 110 1.90
Sum DDD 3.54 8 10 2 NG NG 488
Sum DDE 1.42 5 7 2 NG NG 3.16
Sum DDT - NG 8 9 i NG NG 4,16,
Totat DDTs - ) 7 7 NG 3 NG NG 528
Endrin 2.67 3 3 0.02 NG 42 222
Heptachlor epoxide 0.6 5 5 NG NG NG 247
Lindane (gamma-BHC) 0.94 3 3 NG NG 3.7 &37

TEL = Threshold effect level; dry weight (Smith et al. 1996)
LEL = Lowest effect level, dry weight (Persaud et al. 1993)

MET = Minimal effect threshold; dry weight (EC and MENVIQ 1992)

ERL = Effect range low; dry weight (Long and Morgan 1591}

TEL-HA2Z8 = Threshold effect level for Hyalella azieca; 28 day test; dry weight (US EPA 1996a)
SOAL = Sediment quality advisory levels; dry weight at 1% OC (US EPA 1997a)

NG = No guideline

was evaluated by determining if the sediment sample actually was
toxic to one or more aguatic organisms, as indicated by the results of
various sediment toxicity tests (Ingersoll and MacDonald 1999). The
following responses of aguatic organisms to contaminant challenges
{i.e., toxicity test endpoints) were used as indicators of toxicity in this
assessment (i.e., sediment samples were designated as toxic if one or
more of the following endpoints were significantly different from the
responses observed in reference or control sediments), including am-
phipod {Hyalella azteca) survival, growth, or reproduction; mayfly
(Hexagenia limbata) survival or growth; midge (Chironomus tentans
or Chironomus riparius) survival or growth; midge deformities; oli-
gochaete (Lumbriculus variegatus) survival; daphnid (Cericdaphnia
dubia) survival; and bacterial (Photobacterium phosphoreum) lumi-
nescence (i.e., Microtex). In contrast, sediment samples were desig-
nated as nontoxic if they did not cause a significant response in at least
one of these test endpoints. In this study, predictive ability was
calculated as the ratio of the number of samples that were correctly

classified as toxic or nontoxic to the total number of samples that were
predicted to be toxic or nontoxic using the various SQGs (predictive
ability was expressed as a percentage).

The criteria for evaluating the reliability of the consensus-based
PECs were adapted from Long et al. (1998). These criteria are in-
tended to reflect the narrative intent of each type of SQG (ie.,
sediment toxicity should be observed oaly rarely below the TEC and
should be frequently observed above the PEC). Specifically, the indi-
vidual TECs were considered to provide a reliable basis for assessing
the quality of freshwater sediments if more than 75% of the sediment
samples were correctly predicted to be not toxic. Similarly, the indi-
vidual PEC for each substance was considered to be reliable if greater
than 75% of the sediment samples were correctly predicted to toxic
using the PEC. Therefore, the target levels of both false positives (i.e.,
samples incorrectly classified as toxic) and false negatives (i.e., sam-
ples incorrectly classified as not toxic) was 25% using the TEC and
PEC. To assure that the results of the predictive ability evaluation were
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Table 3. Sediment quality guidelines for metals in freshwater ecosystems that reflect PECs (i.e,, above which harmful effects are Hkely to be
observed)

Probable Effect Concentrations

Consensus-
Substance PEL SEL TET ERM PEL-HA28 Based PEC
Metals (in mg/kg DW)
Arsenic 17 33 17 85 48 33.0
Cadmium 3.53 10 3 9 32 498
Chromiam 20 110 100 145 120 111
Copper 197 110 86 390 100 149
Lead 913 250 170 110 82 128
Mercury 0.486 2 1 1.3 NG 1.06
Nickel 36 75 61 50 33 48.6
Zinc 315 820 540 270 540 459
Polycyclic aromatic hydrocarbons (in pg/kg DW)
Anthracene NG 3,700 NG 960 170 845
Fluorene NG 1,600 NG 640 139 536
Naphthalene NG NG 600 2,100 140 361
Phenanthrene 515 9,500 800 1,380 410 1L170
Benz{alanthracene 385 14,800 500 1,600 280 1,050
Benzo{a)pyrene 782 14,460 700 2,500 320 1,450
Chrysene 862 4,600 800 2,800 410 1,280
Fluoranthene 2,355 10,200 2,000 3,600 320 2,230
Pyrene 875 8,500 1,000 2,200 450 1,520
Total PAHs NG 100,000 NG 35,000 3,400 22,800
Polychlorinated biphenyls (in ug/kg DW)
Total PCBs 277 5,300 1,000 400 240 676
Organochlorine pesticides (in pg/kg DW)
Chlordane 289 60 K I 6 NG 17.6
Dieldrin 6.67 910 300 8 NG 61.8
Sum DDD 8.51 60 60 20 NG 28.0
Sum DDE 6.75 190 50 15 NG 313
Sum DDT NG 710 50 7 NG 62.9
Total DDTs 4,450 120 NG 350 NG 572
Endrin 624 1,300 500 45 NG 207
Heptachlor Epoxide 2.74 30 30 NG NG 16.0
Lindane (gamma-BHC) 1.38 10 9 NG NG 4.99

PEL = Probable effect level; dry weight (Smith et al. 1996)
SEL = Severe effect level, dry weight (Persaed et af. 1993)
TET = Toxic effect threshold; dry weight (EC and MENVIQ 1992)
ERM = Effect range median; dry weight (Long and Morgan 1991)

PEL-HA28 = Probable effect level for Hyalella azteca; 28-day test; dry weight (US EPA 1996a)

NG = No guideline

not urduly influenced by the number of sediment samples available to
conduct the evaluation of predictive ability, the various SQGs were
considered to be reliable only if 2 minimum of 20 samples were
included in the predictive ability evalnation (CCME 1993).

The initial evaluation of predictive ability was focused on determin-
ing the ability of each SQG when applied aione to classify samples
correctly as toxic or nontoxic. Because field-collected sediments typ-
ically contain complex mixtures of contaminants, the predictability of
these sediment quality assessment tools is likely to increase when the
SQGs are used together to classify these sediments. For this reason, a
second evaluation of the predictive ability of the SQGs was conducted
to determine the incidence of effects above and below various mean
PEC guotients (i.e., 0.1, 0.5, 1.0, and 1.5). In this evaluation, mean
PEC quotients were calculated using the methods of Long er af. (1998;
i.e., for each sediment sample, the average of the ratics of the con-
centration of each contaminant to its corresponding PEC was calcu-
lated for each sample), with only the PECs that were found to be
reliable used in these calcwlations. The PEC for total PAHs (ie.,

instead of the PECs for the individual PAHs) was used in the calcu-
lation to avoid double counting of the PAH concentration data.

Results and Discussion

Derivation of Consensus-Based SQGs

A variety of approaches have been developed to support the
derivation of numerical SQGs for the protection of sediment-
dwelling organisms in the United States and Canada. Mac-
Donald (1994), Ingersoll and MacDonald (1999), and Mac-
Donald et al (2000) provided reviews of the various
approaches to SQG development, including descriptions of the
derivation methods, the advantages and limitations of the re-
sultant SQGs, and their recommended uses. This information,
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along with the supporting documentation that was obtained
with the published SQGs, was used to evaluate the relevance of
the various SQGs in this investigation.

Subsequently, the narrative descriptions of the various SQGs
were used to classify the SQGs into appropriate categories (Le.,
TECs or PECs; Table 1). The results of this classification
process indicated that six sets of SQGs were appropriate for
deriving consensus-based TECs for the contaminants of con-
cem in freshwater sediments, including: (1) TELs (Smith et al.
1996); (2) LELs (Persaud et al. [993); (3) METs (EC and
MENVIQ 1992); (4) ERLs {(Long and Morgan 1991); (5) TELs
for H. azteca in 28-day toxicity tests (US EPA 1996a; Ingersoll
et al. 1996); and (6) SQALs (US EPA 1997a).

Several other SQGs were also conSidered for deriving con-
sensus TECs, but they were not included for the following
reasons. First, none of the SQGs that have been developed
using data on the effects on sediment-associated contaminants
in marine sediments only were used to derive TECs. However,
the ERLs that were derived using both freshwater and marine
data were included (i.e., Long and Morgan 1991). Second, the
ERLs that were developed by the US EPA {1996a) were not
utilized because they were developed from the same data that
were used to derive the TELs (ie., from several areas of
concern in the Great Lakes). In addition, simultaneously ex-
tracted metals—acid volatile sulfide (SEM-AVS)-based SQGs
were not used because they could not be applied without
simultaneous measurements of SEM and AVS concentrations
(Di Toro et al. 1990). None of the SQGs that were derived
wsing the sediment background approach were used because
they were not effects-based. Finally, no bicaccumulation-based
$QGs were used to calculate the consensus-based TECs. The
published SQGs that corresponded to TECs for metals, PAHs,
PCBs, and organochlorine pesticides are presented in Table 2.

Based on the results of the initial evaluation, five sets of
8QGs were determined to be appropriate for calculating con-
sensus-based PECs for the contaminants of concern in fresh-
water sediments, including: (1) probable effect levels (PELs;
Smith et al. 1996); (2) severe effect levels (SELs; (Persaud et

‘al. 1993); (3) toxic effect thresholds (TETs; EC and MENV. 10
1992); (4) effect range median values (ERMs; Long and Mor-
gan 1991); and (5) PELs for H. azteca in 28-day toxicity tests

(US EPA 1996a; Ingersoll et al. 1996).
. ‘'While several other SQGs were considered for deriving the

consensus-based PECs, they were not included for the follow-

ing reasons. To maximize the applicability of the resultant
guidelines to freshwater systems, none of the SQGs that were
developed for assessing the quality of marine sediments were
used to derive the freshwater PECs. As was the case for the
TECs, the ERMs that were derived using both freshwater and
marine data (e, Long and Morgan 1991) were included,
however. The ERMs that were derived using data from various
greas of concern in the Great Lakes (i.e., US EPA 1996a) were

not included to avoid duplicate representation of these data in

the consensus-based PECs. In addition, none of the SEM-
AVS—based SQGs were not used in this evaluation. Further-
more, none of the AET or related values (e.g., NECs from
Ingersoll et al. 1996; PAETs from Cubbage ef al. 1997) were
used because they were not considered to represent toxicity
thresholds (rather, they represent contamninant concentrations
gbove which harmful biological effects always occur). The
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published SQGs that corresponded to PECs for metals, PAHs,
PCBs, and organochlorine pesticides are presented in Table 3,
For each substance, consensus-based TECs or PECs were
derived if three or more acceptable SQUs were available. The
consensus-based TECs or PECs were determined by calculat-
ing the geometric mean of the published SQGs and rounding to
three significant digits. Application of these procedures facili-
tated the derivation of numerical SQGs for a total of 28
chemical substances, including & trace metals, 10 individual
PAHs and PAH classes, total PCBs, and 9 organochlorine
pesticides and degradation products. The consensus-based
SQUs that were derived for the contaminants of concemn in
freshwater ecosystems are presented in Tables 2 and 3.

Predictive Ability of the Consensus-Based SOGs

Matching sediment chemistry and toxicity data from various lo-
cations in the United States were used to evalnate the predictive
ability of the consensus-based SQGs in freshwater sediments.
Within this independent data set, the overall incidence of toxicity
was about 50% (i.e., 172 of the 347 samples evaluated in these
studies were identified as being toxic to one or more sediment-
dwelling organisms). Therefore, 50% of the samples with con-
taminant concentrations below the TEC, between the TEC and the
PEC, and above PECs would be predicted to be toxic if sediment
toxicity was unrelated to sediment chemistry (i.e., based on ran-
dom chance alone).

The consensus-based TECs are intended to identify the concen-
trations of sediment-associated contaminants below which ad-
verse effects on sediment-dwelling organisms are not expected to
oceur. Sufficient data were available to evaluate the predictive
ability of all 28 consensus-based TECs. Based on the results of
this assessment, the incidence of sediment toxicity was generally
low at contaminant concentrations below the TECs (Table 4).
Except for mercury, the predictive ability of the TECs for the trace
metals ranged from 72% for chromium to 82% for copper, lead,
and zinc. The predictive ability of the TECs for PAHs was similar
to that for the trace metals, ranging from 71% to 83%. Among the
organochlorine pesticides, the predictive ability of the TECs was
highest for chlordane (85%) and lowest for endrin (71%}. At 89%,
the predictive ability of the TEC for total PCBs was the highest
observed among the 28 substances for which SQGs were derived.
Overall, the TECs for 21 substances, including four trace metals,
eight individual PAHs, total PAHs, total PCBs, and seven organo-
chlorine pesticides, were found to predict accurately the absence
of toxicity in freshwater sediments (i.e., predictive ability =75%;
=20 samples below the TEC; Table 4). Therefore, the consensus-
based TECs generally provide an accurate basis for predicting the
absence of toxicity to sediment-dwelling organisms in freshwater
sedirents.

In contrast to the TECs, the consensus-based PECs are intended
to define the concentrations of sediment-associated contaminants
above which adverse effects on sediment-dwelling organisms are
likely to be observed. Sufficient data were available to evaluate the
PECs for 17 chemical substances, including 7 trace metais, 6
individual PAHSs, total PAHs, total PCBs, and 2 organochlorine
pesticides (i.e., =20 samples predicted to be toxic). The results of
the evaluation of predictive ability demonstrate that the PECs for
16 of the 17 substances meet the criteria for predictive ability that



26

D. D. MacDonald er al.

Table 4. Predictive ability of the consensus-based TECs in freshwater sediments

Number of Samples Number of Samples Percentage of Samples
Number of Samples Predicted to Be Not Observed to Be Not Correctly Predicted to
Substance Evaluated Toxic Toxic Be Not Toxic
Metals
Arsenic 150 58 43 74.1
Cadmium 347 102 82 80.4
Chromium 347 132 a5 72.0
Copper 347 158 130 C 823
Lead 347 152 124 81.6
Mercury 7 35 12 34.3
Nickel 347 184 133 72.3
Zinc 347 163 133 816
Polyeyclic aromaric hydrocarbons
Anthracene 129 75 62 82.7
Flaorene 129 93 66 71.0
Naphthalene 139 85 64 75.3
Phenanthrene 139 79 65 82.3
Benz{a)anthracene 139 76 63 829
Benzo{a)pyrene 139 &1 66 815
Chrysene 139 80 04 ) 80.0
Dibenz(a,h)anthracene 98 77 36 727
Fluoranthene 139 96 72 75.0
Pyrene 139 78 62 79.5
Total PAHs 167 81 66 81.5
Polychiorinated biphenyls
Total PCBs 120 27 pL 88.9
Organochlorine pesticides
Chlordane 193 101 86 85.1
Dieldrin 180 109 9¥, . 835
Sum DDD 168 101 81 - 80.2
Sum DDE 180 105 86 81.9
Sum DDT 56 1060 77 7.0
Total DDT 110 92 76 82.6
Endrin 170 126 89 70.6
" Heptachlor epoxide 138 50 74 82.2
Lindane 180 121 87 719

were established in this study (Table 5). Ameng the seven indi-
vidual trace metals, the predictive ability of the PECs ranged from
T'1% for arsenic to 94% for cadmium. The PECs for six individual
PAHs and tota]l PAHs were also demonstrated to be reliable, with
predictive abilities ranging from 92% to 100%. The predictive
ability of the PEC for total PCBs was 82%. While the PEC for
Sum DDE was also found to be an accurate predictor of sediment
toxicity (Le., predictive ability of 97%), the predictive ability of
the PEC for chlordane was somewhat lower (i.e., 73%). Therefore,
the consensus-based PECs for arsenic, cadmium, chromium, cop-
per, lead, nickel, zinc, naphthalene, phenanthrene, benz[aJanthra-
cene, benzo(a)pyrene, chrysene, pyrene, total PAHs, total PCBs,
and sum DDE provide an accurate basis for predicting toxicity in
freshwater sediments from numerous locations in North America
(i.e., predictive ability of 275%: Table 5). Insufficient data were
available (i.e., fewer than 20 samples predicted to be toxic) to
evaluate the PECs for mercury, anthracene, fluorene, fluoranthene,
dieldrin, sum DDD, sum DDT, twotal DDT, endrin, heptachlor
epoxide, and lindane (Table 5).

The two types of SQGs define three ranges of concentrations
for each chemical substance, It is possible to assess the degree of
concordance that exists between cherical concentrations and the
incidence of sediment toxicity (Table 6; MacDonald er af. 1996)

by determining the ratio of toxic samples to the total number of
samples within each of these three ranges of concentrations for
each substance. The results of this evaluation demonstrate that, for
most chemical substances (i.e., 20 of 28), there is a consistent and
marked increase in the incidence of toxicity to sediment-dwelling
organisms with increasing chemical concentrations. For certain
substances, such as naphthalene, mercury, chiordane, dieldrin, and
sum DDD, a lower PEC may have produced greater concordance
between sediment chemistry and the incidence of effects. Insuffi-
cient data were availablato evaluate the degree of concordance for
several substances, such as endrin, heptachlor epoxide, and lin-
dane. The positive correlation between contaminant concentya-
tions and seditnent toxicity that was observed increases the degree
of confidence that can“be placed in the SQGs for most of the
substances.

While the SQGs for the individual chemical substances
provide reliable tools for assessing sediment quality conditions,
predictive ability should be enhanced when used together in
assessments of sediment quality. In addition, it would be help-
ful to consider the magnitude of the exceedances of the SQGs
in such assessments. Long ez al. (1998) developed a procedure
for evaluating the biological significance of contaminant mix-
tures through the application of mean PEC quotients. A three-
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Table 5. Predictive ability of the consensus-based PECs in freshwater sediments

Number of Samples Number of Samples Percentage of Samples
Number of Samples Predicted to Be Observed to Be Correctly Predicted to
Substance Evaluated Toxic Toxic Be Toxic
Metals
Arsenic 150 26 20 76.9
Cadmium 347 126 118 93.7
Chromium 347 109 106 91.7
Copper 347 10 101 918
Lead 347 125 112 89.6
Mercury 79 4 4 100
Nickel 347 96 87 90.6
Zinc 347 120 108 90.0
Polycyclic aromatic hydrocarbons -7
Anthracene 129 13 13 100
Fluorene 129 13 13 100
Naphthalene 139 26 24 92.3
Phenanthrene 139 25 25 100
Benz(a)anthracene 139 20 20 160
Benzo(ajpyrene 139 24 24 160
Chrysene 139 24 23 95.8
Fluoranthene 139 15 15 160
Pyrene 139 28 27 96.4
Total PAHs 167 20 20 100
Polychlorinated biphenyls
Total PCBs 120 51 42 82.3
Organochlorine pesticides
Chlordane 193 37 27 73.0
Dieldrin 180 10 10 100
Sum DDD 168 6 5 83.3
Sum DDE 180 30 26 96.7
Sum DDT 96 12 11 91.7
Total DDT 1160 16 10 100
Endrin 170 o 0 NA
Heptachlor epoxide 138 2 3 37.5
" Lindane * 1o 7 14 82.4

NA = Not applicable

step process is used in the present study to calculate mean PEC
guotients. It the first step, the concentration of each substance

-in each sediment sample is divided by its respective consensus-

based PEC. PEC quotients are calculated only for those sub-
stances for which reliable PECs were available. Subsequently,
the sum of the PEC quotients was calculated for each sediment
sarnple by adding the PEC quotients that were determined for
each substance; however, only the PECs that were demon-
strated to be reliable were used in the calculation. The surmed
PEC quotients were then normalized to the number of PEC

_qi:‘otients that are calculated for each sediment sample (i.e., 1o
‘calculate the mean PEC quotient for each sample; Canfield et

al. 1998; Long et al. 1998; Kemble et al. 1999). This normal-
ization step is conducted to provide comparable indices of
contamination among sampies for which different numbers of
¢hemical substances were analyzed.

:'The predictive ability of the PEC quotients, as calculated
using the consensus-based SQGs, was also evaluated using

data that were assembled to support the predictive ability

assessment for the individual PECs. In this evaluation, sedi-
ment samples were predicted to be not toxic if mean PEC

_quotients were <<0.1 or <0.5. In contrast, sediment samples

were predicted to be toxic when mean PEC quotients exceeded

0.5, 1.0, or 1.5. The results of this evaluation indicated that the
consensus-based SQGs, when used, together provide an accu-
rate basis for predicting the absence of sediment toxicity (Table
7; Figure 1), Sixty-one sediment sarnples had mean PEC quo-
tients of <(.1; six of these samples were toxic to sediment-
dwelling organisms (predictive ability = 90%). Of the 174
samples with mean PEC quotients of < 0.5, only 30 were
found to be toxic to sediment-dwelling organisms (predictive
ability = 83%; Table 7),

The consensus-based SQGs also provided an accurate basis
for predicting sediment foxicity in sediments that contained
mixtures of contaminants. Of the 173 sediment samples with
mean PEC quotients of > 0.5 (calculated using the PECs for
seven trace metals, the PEC for total PAHs [rather thap the
PECs for individual PAHs], the PEC for PCBs, and the PEC for
sum DDE), 147 (83%) were toxic to sediment-dwelling organ-
isms (Table 7; Figure 1). Similarly, 92% of the sediment
samples (132 of 143} with mean PEC quotients of > 1.0 were
toxic to one or more species of aquatic organisms. Likewise,
94% of the sediment samples (118 of 125) with mean PEC
guotients of greater than 1.5 were found to be toxic, based on
the results of various freshwater toxicity tests. Therefore, it is
apparent that a mean PEC quotient of 0.5 represents a useful
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Table 6. Incidence of toxicity within ranges of contaminant concentrations defined by the SQGs

D, D. MacDonsid ez al.

Substance

Number of
Samples
Evzluated

Incidence of Toxicity (%, number of samples in parentheses)

=TEC

TEC-PEC

> PEC

Metals
Arsenic
Cadmiuvm
Chromium
Copper

" Lead
Mercury
Nickel
Zing

Polycyclic aromatic hydrocarbons

Anthracene
Fluorene
Naphthalene
Phenanthrene
Benz(a)anthracene
Benzo(a)pyrene
Chrysene
Fluoranthene
Pyrene

Total PAHs
Polychlorinated biphenyls
Total PCBs
Organochlorine pesticides
Chiordane

Dieldrin

Sum DDD

Sum DDE

Sum DDT

Total DDT

Endrin

Heptachlor epoxide
Lindane

150
47
347
347
347

79
347
347

129
129
139
139
139
139
139
139
139
167

120

193
180
168
180

96
110
170
138
180

259% (15 of 58)
18.6% (20 of 102}
28% (37 of 132)
17.7% (28 of 158)
18.4% (28 of 152)
65.7% (23 of 35)
27.7% (51 of 184)
18.4% (30 of 163}

17.3% (13 of 75)
29% (27 of 93)

24.7% (21 of 85)
17.7% (14 of 79)
17.1% (13 of 76)
18.5% (15 of 81)
20% (16 of 80)

25% (24 of 96)

20.5% (16 of 78)
18.5% (15 of 81)

11.1% (3 of 27)

14.9% (15 of 101)
16.5% (18 of 109)
19.8% (20 of 101)
18.1% (19 of 105)
23% (23 of 100}
17.4% (16 of 92)
29.4% (37 of 126)
17.8% (16 of 90}
28.1% (34 of 121}

57.6% (38 of 66)
44.6% (29 of 65)
64.4% (38 of 59)
64.0% (48 of 75)
53.6% (37 of 69)
70.0% (28 of 40)
62.7% (32 of 51)
60.9% (39 of 64)

92.9% (26 of 28)
85.7% (12 of 14)
94.1% (16 of IT)
88.2% (30 of 34)
0% (14 of 20)

75.7% (28 of 37)
68.1% (32 of 47)
82.5% (33 of 40)
63.0% (29 of 46)
65.1% (43 of 66)

31.0% (9 of 29)

75.0% (15 of 20
95.2% (20 of 21)
333% (1 of 3)
33.3% (1 of 3)
0.0% (0 of 1)
100% (23 of 23)
40.0% (4 of 10)
85.0% (17 of 20)
65.9% (29 of 44)

T76.9% (20 of 26)
93.7% (118 of 126)
91.7% (100 of 109}
91.8% (101 of 110}
89.6% (112 of 125)
100% (4 of 4)
90.6% (87 of 96)
80.0% (108 of 120)

100% (13 of 13)
180% (13 of 13)
92.3% (24 of 26)
100% (25 of 25)
H0% (20 of 20)
100% (24 of 24)
95.8% (23 of 24)
100% (15 of 15)
96.4% (27 of 28)
100% (20 of 20)

823% (42 of 51)

73.0% (27 of 37)
100% (10 of 10)
83.3% (5 of 6)
96.7% (29 of 30)
91.7% (11 of 12)
100% (10 of 10)
NA% (0 of 0)
37.5% (3 of 8)
82.4% (14 of 17)

Table 7. Predictive ability of mean PEC quotients in freshwater — 100
sediments ®

Mean PEC Mean PEC g

Quotients Calculated Quotients Calculated =3

with Total PAHs with Individuai PAH =~ % 0
Mean PEC Predictive Ability Predictive Abilities s r'=0.98
Quotient (%) (%) " Y=101.48(1-0.36%)
<.l 90.2% (61) 90.2% (61) R
<05 82.8% (174 82.9% (1735) -
>0.5 85% (173) 85.4% (172) o .
>1.0 933% (143) 93.4% (143) 0 T2 3 4 5 &
>15 94.4% (125) 95% (121} " Mean PEC-Q

Fig. 1. Relationship between mean PEC quotient and incidence of
toxicity in freshwater sediments

threshold that can be used to accurately classify sediment

samples as both toxic and not toxic. The results of this evalu-

ation were not substantially different when the PECs for the

individuals PAHs (i.e., instead of the PEC for total PAHs) were
used to calculate the mean PEC quotients (Table 7). Kemble ez
al. (1999) reported similar results when the mean PEC quo-
tients were evaluated using the results of oniy 28-day toxicity
tests with H. azteca (n = 149, 32% of the samples were 1oxic).

To examine further the relationship between the degree of
chemical contamination and probability of observing toxicity

in freshwater sediments, the incidence of toxicity within vari-
ous ranges of mean PEC quotients was calculated (e.g., < 0.1,
0.1-0.2, 0.2-0.3). Next, these data were plotted against the
midpoint of each range of mean PEC quotients (Figure 1).
Subsequent curve-fitting indicated that the mean PEC-quetient
is highly correlated with incidence of toxicisy (* = 0.98), with
the relationship being an exponential function. The resultant
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equation can be used to estimate the probability of observing
sediment toxicity at any mean PEC quotient.

Although it is important to be able to predict accurately the
presence and absence of toxicity in field-collected sediments, it
is also helpful to be able to identify the factors that are causing
or substantially contributing to sediment toxicity. Such infor-
mation enables environmental managers to focus limited re-
sources on the highest-priority sediment quality issues and
concerns. In this context, it has been suggested that the results
of spiked sediment toxicity tests provide a basis for identifying
the concentrations of sediment-asstciated contaminants that
cause sediment toxicity (Swartz e al. 1988; Ingersoll er al.
1997). Unfortunately, there is limited relevant data available
that assesses effects of spiked sediment in freshwater systems.
For example, the available data from spiked sediment toxicity
tests is limited to just a few of the chemical substances for
which relinble PECs are available, primarily copper and flu-
oranthene. Additionally, differences in spiking procedures,
equilibration time, and lighting conditions during exposures
confound the interpretation of the results of sediment spiking
studies, especially for PAHs (ASTM 1999). Moreover, many
sediment spiking studies were conducted to evaluate bioaccu-
mulation using relatively insensitive test organisms (e.g., Di-
poreia and Lumbriculus) or in sediments containing mixtures
of chemical substances (Landrum ef al. 1989, 1991).

In spite of the limitations associated with the available dose~
response data, the consensus-based PECs for copper and flu-
oranthene were compared to the results of spiked sediment
toxicity tests. Suedel (1995) conducted a series of sediment
spiking studies with copper and reported 48-h to 14-day LCs,
for four freshwater species, including the waterfleas Ceri-
odaphnia dubia (32-129 mg/kg DW) and Dapknia magna
(37-170 mg/kg DW), the amphipod . azteca (247-424 mg/kg
DW), and the midge C. rentans (1,026—-4,522 mg/kg DW). An
garfier study reported 10-day LCsys of copper for H. azteca
{1,078 mg/kg) and . renrans (857 mg/kg), with somewhat
higher effect concentrations observed in different sediment
types (Cairns er al. 1984). The PEC for copper (149 mg/kg

‘DW} is higher than or comparable to (i.e., within a factor of

three; MacDonald et al. 1996; Smith ef al. 1996) the median
lethal concentrations for several of these species. For fluoran-
thene, Suedel and Rodgers (1993) reported 10-day ECsys of
4:2-15.0 mg/kg, 2.3-7.4 mg/kg, and 3.0-8.7 mg/kg for D.
magna, H. azteca, and C. tentans, tespectively. The lower of
the values reported for each species are comparable to the PEC
for Auoranthene that was derived in this study (ie., 2.23 mg/
kg). Much higher toxicity thresholds have been reported in
other studies (e.g., Kane Driscoll e al. 1997; Kane Driscoll and
Landrum 1997), but it is likely that these results were influ-
énced by the lighting conditions under which the tests were
conducted. Although this evaluation was made with limited
data, the results suggest that the consensus-based SQGs are
comparable to the acute toxicity thresholds that have been
pbtained from spiking studies.

A second approach--to identify concentrations of sediment-
associated contaminants that cause or contribute to toxicity—
was to compare our consensus-based PECs to equilibrium

partitioning values (Swartz 1999; MacDonald e al. 1999). The

equilibrium partitioning (EqP) approach provides a theoretical
basis for dertving sediment quality guidelines for the protection
of freshwater organisms (Di Toro ef al. 1991; Zarba 1992).
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Using this approach, the US EPA (1997a) developed SQGs that
are intended to represent chronic toxicity thresholds for various
sediment-associated contaminants, primarily nonionic organic
substances. The concentrations of these contaminants are con-
sidered to be sufficient to cause or substantially contribute to
sediment toxicity when they exceed the EqP-based SQGs (Ber-
ry et al. 1996). To evaluate the extent to which the consensus-
based SQGs are causally based, the PECs were compared to the
chronic toxicity thresholds that have been developed previ-
ously using the EqP approach (see Table 2). The results of this
evaluation indicate that the consensus-based PECs are gener-
ally comparable to the EqP-based SQGs (i.e., within a factor of
three; MacDonald er al. 1996; Smith et al. 1996). Therefore,
the consensus-based PECs also define concentrations of sedi-
ment-associated contaminants that are sufficient to cause or
substantiaily contribute to sediment toxicity.

Summary

Consensus-based SQGs were derived for 28 common chemi-
cals of concern in freshwater sediments. For each chemical
substance, two consensus-based SQGs were derived from the
published SQGs. These SQGs reflect the toxicity of sediment-
associated contaminants when they occur in mixtures with
other contaminants. Therefore, these consensus-based SQGs
are likely to be directly relevant for assessing freshwater sed-
iments that are influenced by multiple sources of contaminants.
The results of the evaluations of predictive ability demonstrate
that the TECs and PECs for most of these chemicals, as well as
the PEC quotients, provide a reliable basis for classifying
sediments as not toxic and toxic. In addition, positive correla-
tions between sediment chemistry and sediment toxicity indi-
cate that many of these sediment-associated contaminants are
associated with the effects that were observed in field-collected
sediments. Furthermore, the level of agreement between the
available dose-response data, the EqP-based SQGs, and the
consensus-based SQGs indicates that sediment-associated con-
taminants are likely to cause or substantially contribute to, as
oppused to simply be associated with, sediment toxicity at
concentrations above the PECs.

Overall, the results of the various evaluations demonstrate
that the consensus-based SQGs provide a unifying synthesis of
the existing SQGs, reflect causal rather than correlative effects,
and account for the effects of contaminant mixtures (Swartz
1999). As such, the SQGs can be used to identify hot spots with
respect to sediment contamination, determine the potential for
and spatial extent of injury to sediment-dwelling organisms,
evaluate the need for sediment remediation, and support the
development of monitoring programs to further assess the
extent of contamination and the effects of contaminated sedi-
ments on sediment-dwelling organisms. These applications are
strengthened when the SQGs. are used in combination with
other sediment quality assessment tools {(i.e., sediment toxicity
tests, bioaccumulation assessments, benthic invertebrate com-
munity assessments; Ingersoll er al. 1997). In these applica-
tions, the TECs should be used to identify sediments that are
unlikely to be adversely affected by sediment-associated con-
taminants. In contrast, the PECs should be used to identify
sediments that are likely to be toxic to sediment-dwelling
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organisms. The PEC quotients should be used to assess sedi-
tment that contain complex mixtures of chemical contaminants.
The consensus-based SQGs described in this paper do not
consider the potential for bioaccumulation in aguatic organisms
nor the associated hazards to the species that consume aquatic
organisms (i.e., wildlife and humans). Therefore, it is important to
use the consensus-based SQGs in conjunction with other tools,
such as bioaccurnulation-based SQGs, bioaccumulation tests, and
tissue residue guidelines, to evaluate more fully the potential
effects of sediment-associated contaminants in the environment.
Future investigations should focus of evaluating the predictive
ability of these sediment assessment tools on a species- and
endpoint-specific basis for various geographic areas.

Acknowledgments. The authors would like to scknowledge a number
of individuals who have contributed to the production of this many-
script, including Ed Long, Jay Field (National Oceanic and Atmo-
spheric Administration), Nile Kemble, Ning Wang (11,5, Geological
Survey), Corinne Severn (EVS Environment Consultants), fim Dwyer
(U.S. Fish and Wildlife Service), and Rebekka Lindskoog and Mary
Lou Haines (MacDonald Environmental Sciences Ltd.). The authors
would also like to acknowledge Dan Sparks ({J.8. Fish and Wildlife
Service), Michael Macfarlane (B.C. Ministry of the Environment), and
two anonymous reviewers for conducting thorough peer reviews of
this manuscript. The preparation of this paper was supported in part by
fanding provided by the U.8. Department of Justice (USDOJ) and the
National Research Council of Canada (NRCC). The views expressed
herein are those of the authors and do not necessarily reflect the views
of USDOJ or USGS.

References

Adams WJ, Kimerle RA, Barnett JW Jr (1992) Sediment quality and
aquatic life assessment. Environ Sci Technol 26:1863-1876
ASTM (American Society for Testing and Materials) (1999) Standard
guide for determination of bioaccumulation of sediment-associ-
ated contaminants in benthic invertebrates. E1688.97a, ASTM
1999 Annual Book of Standards, vol. 11.05, Conghohocken, PA

Barrick R, Becker 8, Pastorok R, Brown L, Beller H (1988) Sediment
quality values refinement: 1988 update and evaluation of Puget
Sound AET. Prepared by PTI Environmental Services for Envi-
ronmental Protection Agency, Bellevue, WA

Berry WJ, Hansen DJ, Mzhoney JD, Robson DL, Di Toro DM,
Shipley DP, Rogers B, Corbin JM, Boothman WS (1596) Predict-
ing the toxicity of metal-spiked laboratory sediments using acid-
volatile sulfide and interstitial water normalizations. Eaviron
Toxicol Chem 15:2067-2079

Bolton SH, Breteler RJ, Vigon BW, Scanlon JA, Clark SL (1985)
National perspective on sediment quality. Prepared for the US
Environmental Protection Agency, Washington, DC, 194 pp

Burton A (1994) Sediment sampling and anaiysis plan—Waest Branch
Grand Calumet River: 1993 sediment toxicity test data summaries.
Prepared for Environmental Science Division, US Environmental
Protection Agency, Region V, Chicago, L

Cairns MA, Nebeker AV, Gakstater JH, Griffis WL (1984) Toxicity of
copper-spiked sediments to freshwater invertebrates. Environ
Toxicol Chem 3:435-445

Call DJ, Balcer MD, Brooke LT, Lozano S}, Vaishrav DD {1991}
Sediment quality evaluation in the Lower Fox River and Southern
Green Bay of Lake Michigan. Center for Lake Superior Environ-

D. B. MacDonald et al.

mental Studies, University of Wisconsin-Superior, Superior, W1
270 pp
Canfield TJ, Brunson EL, Dwyer FJ, Ingersoll CG, Kemble NE {(1998)

Assessing sediments from the upper Mississippi River naviga- Landet.
tional pools using benthic invertebrates and the sediment quality of
triad. Arch Environ Contam Toxicol 35:202-212 thi.
CCME (Capadian Council of Ministers of the Environment)} (1995) (&
Protocol for the derivation of Canadian sediment quality guide- 1
lines for the protection of aquatic life. Prepared by the Technical pi
Secretariat of the CCME Task Group on Water Quatity Guide- Landrt
lines, Ottawa of:
Cubbage J, Batts D, Briedenbach § (1997) Creation and analysis of o
freshwater sediment quality values in Washington State. Environ- 16
mental Investigations and Laboratory Services Program, Wash- Long )

ington Department of Ecology, Olympia, WA
Dickson KL, Waller WT, Kennedy JH, Arnold WR, Desmond WP,

S
Tr

Dyer SD, Hall JF, Knight JT, Malas D, Mattinez ML, Matzner SL, Ni.
{1989) A water quality and ecological survey on the Trinity River, 17
vol. 1 and 2. Institute of Applied Sciences, University of North Longt
Texas, University of Texas, Dallas, TX ; de:
Di Toro DM, Mahony ID, Hansen DI, Scott KJ, Hicks MB, Mayr SM, sy
Redmond MS (1990) Toxicity of cadmium in sediments: the role Longk:
of acid volatile sulfide. Environ Toxicol Chem 9:1487-1502 ad

Di Toro DM, Zarba CS, Hansen DI, Berry W, Swartz RC, Cowan CE,
Paviou SP, Allen HE, Thomas NA, Paguin PR (1991) Technical
basis for establishing sediment quality critesia for non-ionic or-
ganic chemicals using equilibrinm partitioning. Environ Toxicol
Chem 10:1541-1583

Dorkin J (1994) Sediment sampling and analysis plan—West Branch
Grand Calumet River: 1993 sediment chemistry data summaries.
Environmental Sciegce Division, US Environmental Protection
Agency, Region V, Chicago, IL

EC, MENVIQ (Environment Canada and Ministere de P’Envionnement
du Quebec) (1992) Interim criteria for quality assessment of St
Lawrence River sediment. Environment Canada, Ottawa

Giesy JP, Hoke RA, Zabik MJ (1993) Sediment toxicity assessment in
the Grand Calumet River system. Department of Fisheries and
Wildlife, Michigan State University, East Lansing, MI

Hoke RA, Giesy JP, Zabik M, Unger M (1993) Toxicity of sediments
and sediment pore waters from the Grand Calumet River—Indiana
Harbor, Indiana, area of concern. Ecotoxicol Enviren Safety 26
86-112

Ingersoll CG, MacDonald DD (1999) An assesstnent of sediment
injury in the West Branch of the Grand Calumet River, vol. 1. US
Geological Sarvey, Columbia, MO, MacDonaid Environmental
Sciences Lid., Ladysmith, British Columbia, 161 PP

Ingersoll CG, Haverland PS, Brunson EL, Canfield TJ, Dwyer FJ,
Henke CE, Kemble NE, Mount DR, Fox RG (1996) Calculation
and evaluation of sediment effect concentrations for the amphipod
Hyalelln azteca and the midge Chironomus riparius. J Great
Lakes Res 22:602-623

Ingersoll CG, Dillon T, Biddinger RG (1997) Methodological uncer-
tainty in sediment ecolegical risk assessment. In: Ecological risk
assessments of contaminated sediment. SETAC Press, Pensacola,
FL 389 pp

Johnson A, Norton D (1988) Screening survey for chersical contam-
inants and toxicity irSediments at five lower Columbia River
ports. Environmental Investigations and Laboratory Services Pro-
gram, Washington State Department of Ecology, Olympia, WA

Kane Driscoll 8, Landrum PF (1997) Comparison of equilibrium
partitioning and critical body residue approaches for predicting
toxicity of sediment-associated Auoranthene to freshwater amphi-
pods. Environ Toxicol Chem 16:2179-2186

Kane Driscoil S, Harkey GA, Landrum PE (1997} Accumulation and
toxicokinetics of fiucranthene in sediment bicassays with fresh-
water amphipods. Environ Toxicol Chem 16(4):742—753

Kemble NE, Dwyer FJ, Hardesty DK, Ingersoll CG, Johnson BT,

Sehlek
T




der al

i, WL,

{1998)
1aviga-
quality

(1995)
guide-
chmical
Guide-

hysis of
nviron-
Wash-

nd WP,
zner SL
y River,
if NOI'ﬂl

avr SM’
the role
502

wan CE,
echnical
onic or-
Toxicol

t Branch
nmaries.
rotection

nnement
at of St

sment in
sries and

ediments
-Indiana
afety 26:

sediment
ol. 1. US
onmental

rwyer FJ,
alculation
amphipod
. J Great

2al uncet-
1gical risk
’ensacola,

i contam-
bia River
vices Pro-
pia, WA

juilibrium
predicting
ter amphi-

dation and
wvith fresh-
53

hnson BT,

Freshwater Sediment Quality Guidelines

MacDonald DD (1999) Evaluation of the toxicity and bioaccumu-
tation of contaminants in sediment samples from Waukegan Har-
bor, Tilincis. US Environmental Protection Agency, Chicago, IL

Landrum PF, Faust WR, Eadie BJ {1989) Bioavailability and toxicity
of a mixture of sediment-associated chlorinated hydrocarbons to
the amphipod, Pontoporeia hoyi. In: Cowgill UM, Williams LR
(eds) Aquatic toxicology and hazard assessment, [2th vol. sTP
1027, American Society for Testing and Materials, Philadelphia,
PA, pp 315-32%

Landrum PF, Eadie BJ, Faust WR (1991) Toxicokenetics and toxicity
of a mixture of sediment-associated polycyclic aromatic hydro-
carbons to the amphipod, Diporeid sp. Environ Toxicol Chem
10:35-46

Long ER, Morgan LG (1991) The potrem.ial for biological effects of
sediment-sorbed contaminants tested in the National Status and
Treads Program. NOAA Technical Memorandum NOS OMA 52,
National Oceanic and Atmospheric Adminisfration, Seattle, WA,
175 pp + appendices

Long ER, MacDonald DD (1998) Recommended uses of empirically-
derived sediment quality gnidelines for marine and estuarine eco-
systems. Human Ecolog Risk Assess 4:1019--1039

Long ER, MacDonald DD, Smith SL, Calder FD (1995) Incidence of
aidverse biological effects within ranges of chemical concentra-
tions in marine and estuarine sediments. Environ Manage 19:
81-97

Long ER, Field LI, MacDonald DD (1998) Predicting toxicity in
marine sediments with numerical sediment quality guidelines.

_Environ Toxicol Chem 17:714-727

MacDonald DD (1994) Approach to the assessment of sediment qual-
ity in Florida coastal waters. Volume 1--Development and eval-
uation of the sediment quality assessment guidelines. Report pre-
pared for Florida Department of Environmental Protection,

*Tallahasses, FL

MacDonald DD (1997) Sediment injury in the Southern California
‘Bight: review of the toxic effects of DDTs and PCBs in sediments.
.- Prepared for National Oceanic and- Atmospheric Administrtion,
:US Department of Commeree; Long Beach, CA.

M&:Donald DB, Smith SL, Wong MP, Murdoch P (1992) The devel-

_.opment of Canadian marine environmental quality guidelines.
-Bcosystem Sciences and Evaluation Directorate, Environment
.Canada, Ottawa, 32 pp + appendix
Ma_cDonald DD, Charlish BL, Haines ML, Brydges K (1994) Devel-
" “opment and evaluation of an approach to the assessment of sedi-
~"ment ‘quality in Florida coastal waters. Volume 3-—Supporting
. documentation: biological effects database for sedimetits. Report
~‘prepared for Florida Department of Environmental Protection,
~‘Fallahassee, FL, 275 pp :

MﬁcDonatd DD, Carr RS, Calder FD, Long ER, Ingersoli CG (1996)
.. Development and evaluation of sediment quality guidelines for

. Flotida coastal waters. Ecotoxicology 5:253-278

kigcljonald DD, DiPinto LM, Field J, Ingersoll CG, Long ER, Swartz

-“RCF(2000) Development and evaluation of consensus-based sed-

“~iment effect concentrations for polychiorinated biphenyls (PCBs).

~“Briviron Toxicol Chem (in press)

YS_DEJC (New York State Department of Environmental Conserva-

' tion) (1994) Technical guidance for screening contaminated sed-

. bments. Division of Fish and Wildlife, Division of Marine Re-

.+l sources,” Albany, NY, 36 pp

- i%ﬁwd D, Jaagumagi R, Hayton A (1993) Guidelines for the protec-

“tion.and management of aquatic sediment quality in Ontario.

_Water Resources Branch, Ontario Ministry of the Environment,

Toronto, 27 pp

flekat C, McGee BL, Boward DM, Reinharz E, Velinsky DJ, Wade

- TE-(1994) Biological effects associated with sediment contami-

31

nation in the Potomac and Anacostia Rivers in the Washington,
D.C. area. Estuaries 17:334-344

Smith SL, MacDonald DD, Keenleyside KA, Ingersofl CG, Fieid J
(1996) A preliminary evaluation of sediment quality assessment
values for freshwater ecosystems. J Great Lakes Res 22:624-638

Suedel BC (1995) Reducing nncertainty in laboratory sediment toxic-
ity tests. AP} Publication no. 4632, prepared for the American
Petrolenm Institute, Department of Biology, University of Mis-
sissippi, University, MS

Suedel BC, Rodgers JH (1993) Bioavailability of fluoranthene in fresh-
water sediment toxicity tests. Environ Toxicol Chem 12:155-165

Swartz RC (1999) Consensus sediment guality guidelines for PAH
mixtuyres. Environ Toxicol Chem 18:780-787

Swartz RC, Kemp PF, Schults DW, Lamberson JO (1988) Effects of
mixtures of sediment contaminants on the marine infaunal amphi-
pod Rhepoxynius abronius. Environ Toxicol Chem 7:1013-1020

1S EPA (United States Environmental Protection Agency) {1992)
Sediment classification methods compendium. EPA 823-R-92-
006, Office of Water, Washington, DC, 222 pp

S EPA (United States Environmental Protection Agency) (1993a)
Assessment of sediment in the Indiana Harbor area of concern.
EPA 905-R96-009, Great Lakes National Program Office, Region
V, Chicago, IL

US EPA (United States Environmental Protection Agency) (1993b)
Assessment of sediment in the Saginaw River area of concern.
EPA 905-R96-010, Great Lakes National Program Office, Region
V, Chicago, H.

US FPA (United States Environmental Protection Agency) (1993c)
Assessment of sediment in the Buffalo River area of concern. EPA
905-R96-009, Great Lakes National Program Office, Region V,
Chicago, IL

US EPA (United States Environmental Protection Agency) (1596a)
Calculation and evaluation of sediment effect concentrations for
the amphipod Hyalella azteca and the midge Chironomus ripa-
rius. EPA 905-R96-008, Great Lakes National Program Office,
Region V, Chicago, 1L

US EPA (United States Environmental Protection Agency) (1996b)
Assessment of sediment in the Indiana Harbor area of concem.
EPA 905-R96-009, Great Lakes National Program Office, Region
V, Chicago, TL.

US EPA (United States Environmental Protection Agency} (1997a)
The incidence and severity of sediment contamination in surface
waters of the United States. Volume 1: National sediment quality
survey. EPA 823-R-97-006, Office of Science and Technology,
Washington, DC

US EPA (United States Environmental Protection Agency) (1997b)
An assessment of sediments from the Upper Mississippi River.
Final report—June, 1997, EPA 823-R-97-005, Prepared by US
Department of the Interior, Columbia, MO

USFWS (United States Fish and Wildlife Service) (1993) Milltown
endangerment assessment project: effects of metal-contaminated
sediment, water, and diet on aquatic organisms. NTIS PB93-
21592, National Fisheries Contaminant Research Center, Colum-
bia, MO

Velinsky DJ, Wade TL, Schiekat CE, McGee BL, Presley B (1994)
Tidal river sediments in the Washington, D.C. area. I. Distribution
and sources of trace metals. Estuaries 17:305-320

Wade TL, Velinsky DJ, Reinharz E, Schiekat CE (1994) Tidal river
sediments in the Washington, D.C. area. . Distribution and
sources of organic contaminants. Esmaries 17:321-333

Zarba CS {1992) Equilibrium partitioning approach. In: Sediment
classification methods compendiuvm. EPA §23-R-92-006, Office
of Water, US Environmental Protection Agency, Washington, DC




	Return to INDEX
	------------------------------

