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National Sediment Bioaccumulation Conference

Methods for Assessing Sediment
Bioaccumulation in Marine/
Estuarine Benthic Organisms

Henry Lee Il
U.S. Environmental Protection Agency, Office of Research and Development, Coastal Ecology
Branch, Western Ecology Division, Newport, Oregon

Introduction routes. Tissue residues substantially less than steady-state
residues will underestimate both exposure and effects,
rganic pollutants can be divided into two and this error will propagate through the risk assessment
O general classes (see page 1-15). The firsfe.g., estimate of trophic transport). The need for the
consists of compounds with high water solubil- more stringent requirement of an upper-limit estimate of
ity and low K, values, such as acetone, that do not tendissue residue depends upon the specific question. For
to adsorb to particulates. Their major reservoir is thexample, amphipods metabolize PAHs to a greater ex-
water column, where they are accumulated throughent than most bivalves. If the goal is to assess PAH
bioconcentration. The second suite of orgamuitutants  exposure to amphipods, an amphipod would be a suitable
are the low water solubility, high Kcompoundssuch as  test species. However, if the goal is to extrapolate PAH
DDT, dieldrin, and polychlorlnated biphenyls (PCBSs), bioavailability to other species, an upper limit estimate
that readily partition to particulates. They accumulate invould be more appropriate, and a bivalve species should
the sediment where they can be bioaccumulated blge used.
benthic organisms. From the benthos, these high K
compounds can be introduced into higher trophic levels
through trophic transfer. Other presentations at this confeBioaccumulation Methods
ence are addressing the trophic transport and the effects of
these pollutants. This presentation will focus on methods There are a suite of methods available to assess or
to measure/predict the bioavailability of sediment-assoto predict bioaccumulation that will be discussed in
ciated contaminants to marine/estuarine benthos, and tvarious presentations during the conference (see listing
use of sediment bioaccumulation tests in particular. on page 1-16). Two approaches provide direct measures
When designing any test method, it is critical toof existing conditions: the field approach and the bioac-
assess how are the data are going to be used. Tissuemulation test. Both approaches involve measuring
residue data can be used in risk assessments in a numkssue residues in either field-collected or laboratory-
of ways, which are summarized in the figure on pagexposed organisms. These direct approaches have high
1-16. The column labeled “Steady-State?” refers taecological relevance but can be costly, and they have
whether estimates of steady-state tissue residues dimited ability to predict tissue residues resulting from
required to adequately address the particular componenhanges in sediment contamination (e.g., after a clean-up).
of a risk assessment. For the sediment bioaccumulation = Sediment bioaccumulation models can serve as
tests, the need for steady-state data defines how long thest-effective “screens” to determine when direct mea-
test needs to be conducted to assure that steady-statgements are required and as a method to predict tissue
tissue residues have been approached. The column lesidues when direct measurements are not practical. The
beled “Max Residue?” refers to whether an upper limitwo general types of sediment bioaccumulation models
estimate of the tissue residue is required to address tlae equilibrium-based and kinetic approaches (see
particular risk assessment component. That is, is it ned-andrum et al., 1992). The equilibrium-based approaches
essary to use a duration, species, or test method that teradssume steady-state conditions between the organism
to maximize uptake? and the environment, whereas the kinetic approaches
As suggested in the figure on page 1-16, residuedescribe bioaccumulation as the net effect of rate processes.
approaching steady-state are required for quantitativ&€he two equilibrium models are bioaccumulation factors
ecological or human health risk assessments other thdBAF = tissue residue/sediment concentration) and the
hazard identification and identifying specific uptake equilibrium partitioning model. The two basic types of
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kinetic approaches are kinetic process models anflLee et al., 1994, see Figure 15, page 1-22). It seems,
bioenergetically based toxicokinetic models. Kinetic mod-then, that there is about a 2- to 10-fold uncertainty in

els can be more accurate than the steady-state models, BBAF values. Even with these uncertainties, BSAFs

they require extensive data. A decision tree has bedmve utility as a screening tool and in extrapolating

developed to guide the risk assessor in choosing whichmong species or sediments. Additionally, this uncer-
tests or models should be used to assess or predietinty can be reduced by extrapolating among similar
bioaccumulation given the project goals (Boese and Ledeeding and sediment types.

1992) (see figure on page 1-17).

Sediment Bioaccumulation Test
Equilibrium Partitionin
Bioaccumulation Mode A laboratory test is often the preferred method to

evaluate a specific sediment and to generate BSAFs

The equilibrium partitioning model is based on theunder controlled conditions. Although these tests had

theory that neutral organic pollutants partition betweerbeen conducted for over a decade, there was no stan-
the lipid phase in the organism, sediment carbon, andardized methodology. Scientists at the U.S. Environ-
interstitial water until equilibrium is obtained (see mental Protection Agency (EPA) in Newport, Oregon
page 1-18). Assuming that organic carbon is the only sindeveloped a sediment bioaccumulation test for marine
for neutral organics in the sediment and that lipids are thand estuarine systems, published itin a guidance manual

only sink in the organism, the model becomes: in 1989, and revised it in 1993 (Lee et al., 1993, see
page 1-19). Since then, the EPA scientists have worked

Ctss/L = (Cs/TOC) * BSAF with Peter Landrum of NOAA to develop a guide for
sediment bioaccumulation tests for marine and fresh-

where: water benthic invertebrates (ASTM, 1995). The

bioaccumulation test includes six key procedures (see
Ctss = tissue concentration at steady-statgg( page 1-19)(1) 28-day exposure duration, (2) use of
L = lipid content (g/g) sediment-ingesting organisms, (3) no supplemental food
Cs = sediment concentratiopg{g) added, (4) independent exposure of species, (5) recom-
TOC = total organic carbon in sediment (g/g) mended accuracy of 80 percent of steady-state tissue
BSAF = biota-sediment accumulation factor residues, and (6) use of long-term tests or toxicokinetic
(g carbon/g lipid) approaches for greater than 80 percent accuracy or for
slowly accumulated compounds. Information used to
The biota-sediment accumulation factor (BSAF) support the recommended procedures is discussed below.
has also been referred to as the “accumulation factor” The recommendation for testing 28 days was
(AF). BSAFs can be determined empirically for eachbased on a literature review of percentage of steady-
pollutant from laboratory exposures or field surveys. Ifstate residue levels achieved in 10 days (the period then
partitioning is not a function of lipid or carbon type, the used for testing dredged materials) and 28 days. Results
value of the BSAF for a compound should not varywere available for a variety of compounds such as
among sediments or species. However, data frofPCBs, dioxins, furans, PAHs (or PNAs), and metals (see
bioaccumulation tests indicate that differences in thgpage1-20). These compounds generally achieved 80
sediment can affect the BSAF values. Tests were rupercent of steady-state tissue residues within 28 days.
with spiked sediments using the deposit-feeding clanWe evaluated the adequacy of the 28-day duration in the
Macoma nasutagne of the bioassay animals for marine experiment exposinlylacoma nasut#o the sediments
and estuarine systems. Two sediment types were spikepiked with 13 PCBs and HCB (see discussion under
with 13 PCB congeners and hexachlorobenzene (HCBgquilibrium Partitioning Bioaccumulation Model). The
at concentrations of about 50 parts per billion for eactexperiment was run for 120 days. The figure on page
congener or compound. Test results show differences it+20 shows the results for PCB congeners 153 and 209.
the BSAFs for the two sediment types (see page 1-18),houghbioaccumulated to different amounts, both PCB
so the equilibrium model did not completely accountcongeners approached or exceeded 80 percent of steady-
for sediment differences. The results also show drastate residue after 28 days, as did the other congeners.
matic differences in BSAF values among congeners. A Data from other studies indicate that a period of 28 days
possible kinetic explanation for these results are thatan be insufficient for bioaccumulation testing. The
PCB congeners with lower K values undergo rapid United Heckathorn Superfund site in San Francisco Bay is
degradation whereas PCB congeners with highgr K highly contaminated with DDT and dieldrin. A
values have limitations moving across membrane sumbioaccumulation testwas conducted Withcoma nasuta
faces which can result in low uptake. Nor does thdor 90 days using sediment from the most contaminated
equilibrium partitioning bioaccumulation model to- site. Test results for total DDT (DDT, DDE, and DDD)
tally account for species differences. In a study of are displayed on page 1-21. At 28 days, the tissue residues
DDT-contaminated site, we found that field-collectedonly reached about one-third of the steady-state residues.
Macoma nasutdad tissue residues of total-DDT and The graphs of the tissue residues for the three most abundant
dieldrin 7 to 9 times higher than filter-feeding bivalvescompounds show even worse results (see page 1-21).
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These results raise the question of whether DDT and itseutral organics, the standard test appears to predict field
metabolites are different than PCBs or whether theesidues within 2- to 3-fold.
difference is due to field versus spiked sediments. It also
raises the question about the adequacy of the 28-day test.
There are practical limitations to consider in setting thdResearch Needs
length of any laboratory test. A proposal to resolve this
problem is to maintain 28 days as the standard duration,  Areas requiring further study to advance the
but to multiply the 28-day residues by an “adjustmentcience related to sediment bioaccumulation assessment
factor” which is the ratio of the steady-state residue to thare summarized on page 1-23. They include:
28-day residue. Adjustment factors would be developedl) interlaboratory round-robin testing; (2) field valida-
through long-term lab studies. For the DDT compoundsion of the bioaccumulation test, particularly for PAHs
and dieldrin, these adjustment factors ranged from 1.7 tand metals; (3) identification of local test species, espe-
10.8, with a value of 2.9 for total DDT. For compoundscially for subtropical, subarctic, and oligohaline habitats;
which accumulate rapidly, such as the low molecula(4) “standardization” of lipid methods for derivation of
weight polycyclic aromatic hydrocarbons (PAHs), theBSAFs; (5) evaluation of effects of sediment storage and
adjustment factor should approach 1. spiking on bioavailability; (6) refinement of the experi-

Several criteria for organism selection for use inmental design, including criteria for controls and refer-
marine/estuarine bioaccumulation tests are listed omnces; and (7) evaluation of kinetic and physiological-
page 1-22. Of these, the requirement for using sedimenbased alternatives to the 28-day bioaccumulation test. Of
ingesting organisms to maximize uptake of sedimentthese, perhaps the most troubling question is whether
associated contaminants is critical. The figure on pagthere is slower uptake or a lower bioavailability with
1-15 (modified from Landrum, 1989) helps illustrate field-contaminated sediments compared to spiked sedi-
why. An organism can accumulate sediment-associatemients, as suggested by the slow uptake rates for DDT
contaminants from the interstitial water or from ingesteccompared to the rates from the spiked PCBs. Enhanced
particles. Compounds with higher_Kvalues will be  bioavailability of spiked sediment could potentially result
associated mainly with the particulate phase, so particlim erroneously high BSAFs and toxicity.
ingestion will be the primary uptake route for these The above research needs address how to conduct
chemicals. A series of experiments conducted withtests and their accuracy and precision. The overriding
hexachlorobenzene, a low solubility compound, showeduestion, however, is: “What is the ecological signifi-
that at least 70 percent of the uptakéliacoma nasuta cance of tissue residues?” This needs to be addressed at
was from ingested particles. Although it can be arguedeveral scales. At the scale of individual benthos, the
that if all the phases are in equilibrium the uptake phasquestion is, “What are the effects of the accumulated
does not matter, the 7- to 9-fold higher residues in théoxicants on growth, fecundity, and survival?” Use of
sediment-ingestinflacoma nasut@ompared to filter-  critical body residues, as are being developed for neutral
feeding bivalves at the United Heckathorn site (see pagearcotics, is a promising approach. However, in nearly
1-22) clearly demonstrates the importance of sedimerdll cases, the goal of marine/estuarine ecological risk
ingestion on bioaccumulation. Based on similar reasonmanagement is to protect a resource or higher levels of
ing, supplemental feeding is not recommended as thieiological organization (e.g., “ecological integrity”). To
addition of uncontaminated food could “short-circuit” achieve this goal, we will need to develop the insights and
the solid-phase uptake route and result in an erroneousigethods to translate toxic effects on individuals into
low evaluation of bioavailability. The marine/estuarine effects on populations and communities. Addressing
environment contains a number of deposit-feeding anithese higher levels of biological organization will require
mals (various bivalves and polychaetes) that meet thassessments at larger spatial scales than the classical
criteria, particularly with respect to providing sufficient “end-of-the-pipe” evaluations, and will often require
biomass for chemical analysis at the end of the test. Thevaluation of contaminated sediment effects in the con-
1993 guidance manual and the ASTM guide identifytext of multiple stressors. This will be a critical challenge
animals suitable for bioaccumulation testing in marinefor the future.
and estuarine systems.

With any laboratory test there is the question of
whether it accurately predicts tissue residues in field orgarReferences
isms. Atthe United Heckathorn Superfund study site,
we were able to compare tissue residues in laborator'ASTM. 1995. Standard guide for determination of
exposedvlacoma nasutand Macomacollected at sev- the bioaccumulation of sediment-associated
eral of the field sites. As mentioned above, the 28-day contaminants by benthic invertebrates.
exposure underestimated steady-state of DDT and dield- E 1688-95.
rin, so it was necessary to use the adjustment factors froBoese, B., and H. Lee Il. 199%ynthesis of methods to
the 90-day test at station 1 to correct the 28-day residues  predict bioaccumulation of sediment pollutants.
from the other five sites. After adjustment, ratios of ERLN N232. U.S. Environmental Protection
laboratory to field tissue residues for total DDT and Agency, Newport, OR. 87 pp.
dieldrin at each station (see graph on page 1-23) rangédndrum, P. 1989. Bioavailability and toxicokinetics
from about 0.5 to 3. At least for this suite of high, K of polycyclic aromatic hydrocarbons sorbed to
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sediments for the amphipdéontoporeia hoyi U.S. Environmental Protection Agency, Office of
Environ. Sci. TechnoR3:588-595. Research and Development, Washington, DC.

Landrum, P., H. Lee Il, and M. Lydy. 1992. Lee Il, H., et al. 1994Ecological risk assessment
Toxicokinetics in aquatic systems: Model of the marine sediments at the United
comparisons and use in hazard assessment. Heckathorn Superfund sit€ERLN N269. U.S.
Environ. Toxicol. Chem(Annual Review). Environmental Protection Agency, Newport,
11:1709-1725. OR. 298 pp. + appendices.

Lee Il, H. et al. 1993Guidance manual: Bedded sedi-
ment bioaccumulation testE PA/600/R-93/183.
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BIOAVAILABILITY OF SEDIMENT-ASSOCIATED POLLUTANTS
AQUEOUS AND PARTICULATE POOLS
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-- = Low water solubility, high Kow, slowly metabolized
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USE OF TISSUE RESIDUE DATA IN
RISK ASSESSMENTS

Steady- “Max”
State? Residue?
I. HAZARD IDENTIFICATION
« ldentify bioavailable compounds No No
« Quantitative measure of bioavailability No No

[I. EXPOSURE ASSESSMENT
« Quantify exposure to assessment endpoint Yes No
species (e.g., edible clam)

« Test species is an indicator (measurement Yes Yes
endpoint) for exposure to other species

o Test species is prey for higher trophic levels Yes Yes
[ll. ECOLOGICAL EFFECTS ASSESSMENT

« Tissue residue effects on benthos Yes es/Mo

« Derive “Tissue Residue Criteria” Yes Yes
IV. HUMAN HEALTH EFFECTS ASSESSMENT Yes No
V. RESEARCH

o Evaluate Sediment Quality Criteria and Yes Yes

bioaccumulation models

Determine importance of uptake routes No esMo

PREDICTING BIOACCUMULATION OF
SEDIMENT POLLUTANTS BY BENTHIC ORGANISMS

« FIELD APPROACH
« BIOACCUMULATION TEST
o STEADY-STATE MODELS

- BIOACCUMULATION FACTORS (BAFs)

- EQUILIBRIUM PARTITIONING (BSAFs)
¢ KINETIC MODELS

-  COMPARTMENT-BASED MODELS (1ST-ORDER KINETIC MODEL)

- PHYSIOLOGICAL- & ENERGETIC-BASED MODELS
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SUMMARY OF QUESTIONNAIRE CHOICES. NUMBERS ABOVE
DECISION BOXES REFER TO QUESTIONNAIRE CHOICES.

Predict or model No ‘i Go to Next Page |
tissue residues. 7| for Field or Lab
i questions (15).
Yes 0 et |
2 Y
Use EqPB Model Use a standard model | No Collect field samples
Section 4 to predict residues. "] to derive regression
A Section 11
4 No 3 "Yes
Compound is a Yes Model used as quick
metal or polar screening tool for
organic? bioaccumulation?
Yes No
5 \ 4
h Model more than one uptake Use bioenergetics-
route (as opposed to Yes »| based toxicokinetic
z modeling uptake only from model. Section 5
bedded sediment)? y
m No Yes
E v 6 v 7
Use BAF Model Will sediment Yes Changes in test organism
: Section 3 pollutant conc. »| behavior are likely due
] change? to changes in sediment
‘ ’. characteristics.
No
8 v
. . No
o Predict time to specific
tissue residue value Yes
n (time to steady-state
or elimination time)?
12 Yes
98] tenspec
No | Are site-specific No
> BAFs available? 9 \ 4 A A
Will organism grow | v, Use Ist-order
H substantially during kinetic model
: test or modeling? Section 6
7
U No No
11 v 10 v
m Are Specific k2 Is compound
and ks values Yes | metal or polar
q available? organic?
Yes No 14 Yes
q 13 v :
N Specific ks and
n Is measured AF o » k2 values are
available for ) both available.
m compound and sedi-
ment of concern?
Y No
m Use 1st-order Yes
kinetic model A\ 4
; A
’- Section 6 Use EqPB Model
Section 4 Accurate estimate not possible.
Either make screening prediction

> (Box 4) or make site-specific
measurement (Box 15).
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EQUILIBRIUM PARTITIONING BIOACCUMULATION MODEL

/j/ \‘A\
Sediment - 5 Interstitial
—

Ctss/L=(Cs/TOC) * AF
AF = (Ctss/ L)/ (CS/TOC)

Where:

Ctss = Tissue conc. at steady-state (ug/g)

L = Lipid content (g/g)

TOC = Total organic carbon in sediment (g/g)
Cs = Sediment conc. (ug/g)

AF = Accumulation Factor (g carbon/g lipid)

1) Tissue residues cannot exceed the concentration set by partitioning (AF < = 2)
2) AFs do not vary among species, sediments, or compounds

PCB Congener AFs in
Fine and Bulk Sediments

63 Day Accumulation Factor

12
10— - - | ] Buk
|:| Fine
8
o Hmy
4-
0 : : : ﬁ!—h
5 6 7 8 9
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United States Office of Research and EPA/600/R-93/183
Environmental Protection Development September 1993
Washington, DC 20460

@EPA  Guidance Manual

Bedded Sediment
Bioaccumulation Tests

ATy, fTEE
Gl i N

SEDIMENT BIOACCUMULATION TEST
KEY PROCEDURES

28-DAY EXPOSURE DURATION.

SEDIMENT-INGESTING ORGANISM REQUIRED.

NO SUPPLEMENTAL FOOD USED.

SPECIES EXPOSED INDEPENDENTLY.

80% OF STEADY-STATE TISSUE RESIDUES RECOMMENDED ACCURACY.

o g M w N R

LONG-TERM TESTS OR TOXICOKINETIC APPROACHES USED FOR >80% ACCURACY
OR SLOWLY ACCUMULATED COMPOUNDS.
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Percent of Steady-State

% of Steady-State
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SUM DDT UPTAKE

PPB
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20000 —
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+
2000
1000
O 1 | | | | | | | | .
0 20 40 60 80 100

EXPOSURE TIME (DAYS)
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CRITERIA FOR ORGANISM SELECTION

1. Sedimentingester
2. Infaunal (preferably non-tubicolous)
3. Hardy
4. Easily collected or cultured
5. Sufficient biomass for chemical analysis
6. High bioaccumulation potential
7. Feeding behavior understood
8. Suitable for mechanistic/kinetic studies

BSAFs IN FIELD-COLLECTEDMACOMA NASUTA/ERSUS

FILTER-FEEDING BIVALVES IN RICHMOND HARBOR
Filter-Feeding
Macoma Bivalves Difference

2DDT 0.75 0.10 7.5X
DIELDRIN 1.13 0.13 8.7X
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LAB/FIELD TISSUE RESIDUE RATIOS

LAB/FIELD RATIO
3.5

3L
2.5

2 i | DDT
1.5+F D Dieldrin

10
0.5

1 2 3 4 S 8
STATION

SEDIMENT BIOACCUMULATION
RESEARCH NEEDS

o« INTERLABORATORY ROUND-ROBIN
e FIELD VALIDATION (PAHs, METALS)

« LOCAL TEST SPECIES, ESP. FOR SUBTROPICAL, SUBARCTIC, AND
OLIGOHALINE HABITATS

o “STANDARDIZATION” OF LIPID METHODS FOR BSAFs

e EFFECTS OF SEDIMENT STORAGE AND SPIKING ON BIOAVAILABILTY

o REFINEMENT OF EXPERIMENT DESIGN, INCLUDING CRITERIA FOR
CONTROLS AND REFERENCES

o« EVALUATION OF KINETIC & PHYSIOLOGICAL-BASED ALTERNATIVES TO
28-DAY TEST

WHAT |S ECOLOGICAL SIGNIFICANCE?

« PREDICT TISSUE RESIDUE EFFECTS
o INTEGRATE TISSUE RESIDUE EFFECTS INTO ECOLOGICAL RISK
ASSESSMENTS
- ECOLOGICALLY RELEVANT SPATIAL SCALES
- MULTIPLE STRESSORS - MULTIPLE ENDPOINTS
- COMPARATIVE RISK TO OTHER TRADITIONAL & NON-TRADITIONAL

STRESSORS ':>
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