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National Sediment Bioaccumulation Conference

Development of Bioaccumulation
Factors for Protection of Fish and
Wildlife In the Great Lakes

Philip M. Cook and Dr. Lawrence P. Burkhard
U.S. Environmental Protection Agency, Office of Research and Development,
Duluth, Minnesota

plication to the Great Lakes, and in particular formulation from measured or predicted concentrations of
the recent Great Lakes Water Quality Initiative chemicals in the water and sediments of the ecosystem.
(GLWQI) effortof U.S. EPA and the respective Great LakesThe bioavailability considerations that remain, after in-
states, illustrates the importance of the linkage betweetorporating the influence of organism lipid, organic car-
sediments and the water column and its influence obon in water and sediments, and trophic level into BAF
exposure of all aquatic biota. This presentation includednd BSAFs to reduce uncertainty for site-specific
a discussion of the development and application obioavailability conditions, are shown on the z-axis. Ba-
bioaccumulation factors for fish, both water-based BAFsically, this residual bioavailability factor is the chemical
and biota-sediment accumulation factors (BSAFs), wittdistribution between water and sediment which can vary
emphasis on the role of sediments in bioaccumulation dfetween ecosystems or vary temporally and spatially
persistent, hydrophobic non-polar organic chemicals byvithin an ecosystem. Chemical properties which influ-
both benthic and pelagic organisms. Choices of bioaccience bioaccumulation are shown on the x-axis. The
mulation factors are important because they will stronglyctanol-water partition coefficient (K is the primary
influence predictions of toxic effects in aquatic organ-indicator of chemical hydrophobicity and bioaccumula-
isms, especially when chemical residue-based dose-réen potential. A second chemical factor is metabolism by
sponse relationships are used. organisms in the food chain. Metabolism is strongly
There were two principal bioaccumulation factor related to chemical structure as well as the presence or
expressions used by the GLWQI. The BAd-based on absence of specific metabolizing enzymes in different
lipid-normalized concentration of the chemical in theorganisms in the food chain. The rates of metabolism of
organism with respect to the concentration of freelya bioaccumulative chemical by the different organisms in
dissolved (bioavailable) chemical in the water. The BSAFa food chain will determine the extent to which rates of
is the lipid-normalized concentration in the organismelimination of the chemical will be faster than that pre-
with respect to organic carbon-normalized concentratiomlicted on the basis of Kin the absence of metabolism.
in the sediments. BSAFs were used to determine®AF Conceptually, the cumulative effect of metabolism in the
for chemicals with concentrations which have not beerfood chain can be equatedto afactgrK .. which could
measured in Great Lakes water but are detectable ime subtracted from Kto correct for the degree of reduced
sediments and fish. Equilibrium partitioning of persis-bioaccumulation associated with metabolism.
tent non-polar organic chemicals generally occurs be- Ecosystem conditions, such as riverine/lacustrine
tween sediments and benthic invertebrates and a thermcharacter, temperature, and trophic condition, as illus-
dynamic equilibrium or fugacity approach is useful fortrated on the y-axis of the bioaccumulation cube, may be
describing the degree of equilibrium (or disequilibrium)an important consideration when trying to extrapolate
associated with bioaccumulation in fish. However, meafrom one ecosystem to another. The degree to which
sured BA/'s and BSAFs generally indicate a state of nonquantitative differences in bioaccumulation may be at-
equilibrium partitioning from sediments to fish. BA§  tributable to particular ecosystem conditions, apart from
and BSAFs may be determined and applied as steadthe influence of organic carbon which is handled as a
state relationships which incorporate degrees of disequbioavailability variable, is not well known. Bioaccumu-
librium, such as normally present between water anthtion data of the quality needed for quantitative measure-
sediment or between fish and water due to thement of these relationships for different ecosystems are
biomagnification phenomenon. very limited. Finally, recognition that the food chain has
The bioaccumulation cube (Figure 1) is a concepto be defined when modeling bioaccumulation and
tual model which includes the most important generidbiomagnification creates a fourth dimension, the trophic
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Bioaccumulation factor (BAF) development for ap- factors that must be considered when predicting bioaccu-
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level, within the bioaccumulation cube; i.e. the bioaccuthe same as increasing the sediment concentration by 10
mulation cube exists for each trophic level or more spepercent while holding the water column concentration
cific definition of food chain. steady, results in nearly a 10 percent change infBAF
The procedures used in the GLWQI for predictingPredictions of bioaccumulation in the form of the B&F
bioaccumulatation are reported in the form of a technicdlor organisms throughout the food chain are strongly
support document (U.S. EPA, 1995) which is availablenfluenced by change in tHg_ _ value when water is at
from NTIS. Although bioaccumulation factors can bedisequilibrium with surface sediments (Burkhard, 1997).
specific for ecosystem conditions and for the structure ofn other words, BAs for chemicals with log Ks> 5 are
the food chain, they may be less site-specific in regard tstrongly benthically linked under this condition of dis-
bioavailability conditions. However, in the GLWQI, equilibrium, even when the benthic food chain connec-
BAF['s were developed based upon the concentration dion may be small. Ifthe ratio ff__ toK  is close to one
freely dissolved chemical in water because this greatlyequilibrium between the water and sediment which theo-
reduces bioavailability conditions as a source of variabilretically could occur in other locations), the sensitivity of
ity between sites. The fraction of the chemical in watethe[]__, is quite different (Figure 4). The relationship for
which is not partitioned to particulate organic carbon andgculpin is more sensitive, reflecting its stronger benthic
dissolved organic carbon (fraction freely dissolved) isconnection to the sediments. The BSAF sensitivity to
considered to be the fraction which is bioavailable. Thehange i, is the opposite of the BAFsensitivity;
fraction freely dissolved®j chemical can be estimated as: i.e., when the BAF sensitivity is large, the BSAF sensi-
tivity is small. Thisis not surprising sinfg__ equals the

ffd - 1 ratio of the BAF'to the BSAF. In summari/oc(vlv:igure 5),the
L+ POC Ky, +DOC-Ky,. sensitivity of BAF's and BSAFs t]__ depends on the
1 (1) K, of the chemical, the benthic/pelagic relative contribu-
= tion to the food chain, and the degree of disequilibrium
1 + POC-K,,,+DOC K, /10 g q

between the sediment and the overlying water. The
) ) ) _relative sensitivity of BAf's and BSAFs tf]_, could be
where POC is the concentration of particulate organign important determinant, under particular site-specific
carbon, DOC s the concentration of dissolved organigonditions and chemical s, of whether a water-based or
carbon, andK and K, arethe respective organic carbon- a sediment-based bioaccumulation factor should be used
water partition coefficients. Forthe GLWQI, Kvasset  for prediction of bioaccumulation.
equal to K, for each chemical, and K, based on Great Selection of BAIs for the Great Lakes Water Qual-
Lakes water data, was set equal to one-tenth of K ity |nitiative involved a tiered approach. Preference was
refle_ctlng the lesser partitioning power of dissolved Or-given to high-quality, field-measured values. Unfortu-
ganic carbon. ) _nately, for many chemicals these values do not exist.
The distribution of chemicals between the S.ed|'Second preference was given to %‘%Fpredicted using a

ment and water column can be characterized with 8 SAF methodology, which is described below. The third
sediment-water concentration quotiefit () which'is  and fourth tier procedures involved calculation of food
the ratio of the organic carbon-normalized concentraghain multipliers to account for biomagnification. In the
tionin surface sediments to the freely dissolved chemicahird tier, the food chain multiplier is multiplied by a
concentration in water. With Lake Ontario data (Olivermeasured bioconcentration factor (BCF) and, in the fourth
and Niimi, 1988) and the POC and DOC partitioningtier when BCFs are not available, the octanol-water parti-
model (equation 1)]_ ., can be related to the degree of tjon coefficient is used as a surrogate for the lipid-normal-
chemical equilibrium or disequilibrium (Figure 2). The jzed bioconcentration factor based on freely dissolved
values of lodT_ . for chemicals with varyinglogK are  chemical in water (BCH.
above the line which represents a fugacity ratio of one, The second tier ﬂmethod, which uses BSAFs to cal-

or [1g,, equal to log K. This reflects a degree of culate BAR's, was derived using the following relation-
chemical disequilibrium in Lake Ontario which is prob- ship between BAF, BSAF, and]

ably common to most of the Great Lakes since the early

socw

1970s. Based on linear regression, [the,, value for fd

these data would be about 25 timeg, Kr about 25-fold BAFQ

theoretical disequilibrium between the sediment and the Y E )
socw BSAF

water column under recent conditions in Lake Ontario.
A significant portion of this disequilibrium may be an
ecosystem characteristic as a consequence of the diffefor many chemicals in the Great Lakes, under present-day

ence betwee_n the fractior_1 of organic carb(_)n in Sedimentfonditions, ratios of]_to K, (fugacity ratios between
and the fraction of organic carbon associated with parsediment and water) are similar:

ticulate material in the overlying water.

BAF predictions for chemicals with log {6 greater (H ) . (H )
: " T i p
than 5 are quite sensitive to variation§jin,, when[]___/ socw " = socw ©))
K,, = 25 (Figure 3). Using the Gobas bioaccumulation (Kow) ; (Kow) .

model (Gobas, 1993), Burkhard (1997) demonstrated that
a 10 percent increase in the Lake Ontgtig,, which is
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With this condition, equation 2 can be substituted intaadditivity model using the TCDD toxicity equivalence
equation 3 and, following rearrangement, the resultingpproach. TCDD toxicity equivalence factors (TEFs) are
equation 4 can be used to calculate (BAF for  essentially toxicity potency estimates relative to TCDD
chemicals (1) such as TCDD which cannot be routinelysuch that a chemical with a TEF of 1 has a potency equal

measured in water at this time: to that of TCDD. The toxicity equivalence concentration
i (TEC) is calculated as the sum of the products of the TEF
fd (BAF, ), (BSAF); (K. ) times the concentration for each chemical in a mixture.
(BAF, ) ;= Lr ! W 4 Often a key question involves what media the concentra-
(BSAF), (K,,), tions should be based upon. TECs have been calculated

The BSAF method uses reference chemicals () Suclﬁased on chemical concentrations in effluents, sediments,
as PCB congeners, for which (B can often be acc'u- or water. TECs based on concentrations of the chemicals

rately measured. Ifareference chemical that has the sarfetissue are preferable because of the direct connection
K asthe unknown chemical is chosen. theitiointhe  P€tween concentration in the tissue and the dose-response
ow ? ow

equation becomes one and the calculation is simplifie§elationship for a toxic effect. If a TEC associated with a
further. Figure 6 illustrates BA® calculated from Lake contaminant mixture in sediments is desired, the TEC can
Ontario data with the BSAF method. The distribution ofo€ expressed in terms of the concentrations expected in a
the PCB congener BA (circles) provides the expected fish as a result of bioaccumulation (TEE: The TEG,
increase in bioaccumulation and biomagnification with¢an _be directly related to the potent_lal _for toxic effects in
furans are predicted to have quite smaller bioaccumulatiof@t the fish, and is calculated as the sum of products of the
factors (on the basis of K. This is primarily because of 0rganic carbon-normallzed_ concentration in sediment
the effect of metabolism in fish which is effectively (C,,Jtimesthe BSAF (equation 5) and the TEF for each of
measured by the BSAFs and incorporated into thechAF n chemicals. Th_e fraction lipid)(fin the fl_sh is mclude.d
Even though metabolism rates are slow, the increase fhen the TEC is calculated on the basis of whole fish,
elimination rate of the parent chemical is significant andather thanlipid-normalized concentration. ATECan
dramatically reduces the bioaccumulation potential wittsimilarly be calculated for chemical concentrations in
respect to PCBs with the same K water with BAFf's.

To evaluate the BSAF method, B{&Fmeasured in
Lake Ontario were compared to predicted BAkalcu- &
lated from Lake Ontario BSAFs (Figure 7) and were in TECyg), :i;(csoc)i (BSAFgq) i () (TEFggp) ;

good agreement. A further evaluation was performed by (5)
comparing BA's calculated from BSAFs for PCBs in )
Lake Ontario for trout to BAFs independently calculated Equation 5, as adapted for lake trout eggs, was used

from BSAFs in Green Bay for brown trout (Figure 8). These'€trospectively to determine the influence of TCDD and

values were also in agreement despite the disparate edglated chemicals on lake trout reproduction and popula-
systems and measurements involved. tion dynamics of lake trout in Lake Ontario since 1920

The determination of food chain multipliers (ratio (Cook et al., 1994, 1997). Radionuclide-dated sediment
of BAFY to K ) for prediction of BA's from K s was sections from §ed|ment cores were es.sentlal for construc-
accomplished with a food chain model (Gobas, 1993jion of a historical exposure record which was then linked
using Lake Ontario data and conditions. The objectivé0 effects on lake trout through the lake trout egg TCDD
was to calculate food chain multipliers for bioaccumulativedose-early life stage mortality response relationship
organic chemicals and use them witl) Ko estimate (Walkeretal., 1994). The use of the lake trout egg TCDD
BAFs. Figure 9illustrates how the predictions with fooddose-response relationship requires use of TEFs and
chain multipliers compared to measured BaRith the ~ BSAFs based on concentrations of chemicalsin trouteggs
datareported by Oliver and Niimi (1988) for Lake Ontario.to calculate TCDD toxicity equivalence concentrations
The agreementis very good, particularly for the higher K which were based on lake trout eggs (TE€). Figure 10
chemicals which are not metabolized, which in this cassummarizes the information that was generated by this
are primarily PCBs. The food chain multipliers that wereanalysis. The y-axis represents the chronology in years for
calculated using the Gobas model reflect a biomagl cmincrements fromthe key reference sediment core from
nification potential that is a function of ifor the twotop ~ eastern Lake Ontario which were analyzed by high reso-
trophic levels of predator fish and forage fish. Under thdution gas chromatography/high resolution mass spec-
conditions of the model, the zooplankton are considerettometry. This core was selected to represent trends in
to be at equilibrium with respect to the water and benthit.ake Ontario exposure conditions in this century. The
invertebrates at equilibrium with respect to the sedimentoxicity equivalents of the more important congeners

Bioaccumulation factors can facilitate bio- present in the 1 cm increments of sediment are plotted
accumulation predictions in ecological risk assessmenisumulatively on the x-axis such that each horizontal bar
involving impacts of complex mixtures of chemicals. Therepresents the TEG predicted for lake trout on the basis
joint toxicity of chemicals that share similar structure andof equation 5. The BSAEs were adjusted to accommo-
common mode of toxic action with TCDD (2,3,7,8- date the effect of differencedily , attributable to greater
tetracholorodibenzo-p-dioxin) can be predicted with archemical loadings to the lake prior to 1970.
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The relationship between predicted TE€ and  hydrophobic organic chemicals. They can incorporate
predicted degree of lake trout early life stage mortality islements of site-specific bioavailability. They are a spe-
also indicated in Figure 10. For example, during theific interface between exposure assessments and effects
period from the 1940s to the 1970s, 100 percent early lifassessments. They are a primary output in food chain
stage mortality is predicted for this very sensitive fishbioaccumulation models used for validation of the mod-
species. The epidemiological records from Lake Ontari@ls and comparisons to field data. Finally, measured
are consistent with this prediction, despite complicationdioaccumulation factors are effective for prediction of
associated with the presence of non-chemical stressopgoaccumulation in association with water or sediment
such as sea lamprey predation and over-fishing during thguality criteria when used appropriately with time-aver-
period in which the lake trout population declined toaged exposure estimates for persistent organic chemicals,
virtual extinction by 1960. During the period of recovery especially those with a higher K
of Lake Ontario after 1970, when lake trout were stocked
and large populations of adult trout were restored, natural
reproduction has not been achieved. However, eggs weReferences
collected from the stocked fish, fertilized, and early life
stage development and survival monitored under labordBurkhard, L.P. 1997. Comparison of two models for pre-
tory conditions. The incidence of mortality due to blue- dicting bioaccumulation of hydrophobic organic
sac syndrome associated with TCDD was observedinthe  chemicals in a Great Lakes food weEnviron.
laboratory and is in good agreement with the percent Toxicol. Chem in press.
mortality predicted with the TEC model. After 1985, Cook, P.M., B.C. Butterworth, M.K. Walker, M.W.
measured concentrations of TCDD and related chemicals Hornung, E.W. Zabeland R.E. Peterson. 1994. Lake
in lake trout eggs were below the threshold for mortality trout recruitment in the Great Lakes: Relative risks
associated with the blue-sac syndrome, and field observa-  for chemical-induced early life stage mortaliBoc.
tions of lake trout sac fry presence on spawning reefs Environ. Toxicol. Chem. Abstt5: 58.
increased with the first observations of 1- to 2- year oldCook, P.M., E.W. Zabel and R.E. Peterson. 1997a. The
lake trout from natural reproduction occurring in 1994. TCDD toxicity equivalence approach for character-

BAF“s and BSAFs can be critical components of izing risks for early life stage mortality in trout. In
water and sediment criteria development. Forexample, to  Chemically-induced alterations in the functional
create a sediment criterion for the protection of future lake development and reproduction of fishesls. R.
trout populations in the Great Lakes, the following factors Rolland, M. Gibertson and R. Peterson, Chapter 2.
should be considered: (1) the concentration of TCDD in SETAC Press, Pensacola, FL, in press.
the eggs that would be associated with no adverse effedook, P.M., D.D. Endicott, J. Robbins, P.J. Marquis, C.
to early life stages of lake trout (this includes effects at Berini, J.J. Libal, A. Kizlauskas, P.D. Guiney, M.K.
sublethal exposures that reduce survival of sac fry and ~ Walker, E.W. Zabel, and R.E. Peterson. 1997b.
alvins) and (2) the BS@Ig:gs for lake trout underfg_,, Effects of chemicals with an Ah receptor mediated
condition expected during the time period of interest. The mode of early life stage toxicity on lake trout

concentration of TCDD in sediment that would be associ- reproduction in Lake Ontario: Retrospective and
ated with a lack of adverse effects (sediment criterion) can prospective risk assessments. Submitted for publi-
be calculated from the concentration of TCDDhe egg cation.

associated with the threshold for toxic effects divided byGobas, F.A.P.C. 1993. A model for predicting the
the BSAF_. Similarly, awater criterion can be calculated bioaccumulation of hydrophobic organic chemi-

using thegéAlg’ for TCDD. cals in aquatic food-webs: Application to Lake

To relate these TCDD criteria, whether they be Ontario. Ecological Modelings9: 1-17.
sediment criteria or water criteria, to organisms exposed t0liver, B.G. and A.J. Niimi. 1988. Trophodynamic analy-
complex mixtures of TCDD and related chemicals, differ- sis of polychlorinated biphenyl congeners and other
ences in bioaccumulation must be considered along with  chlorinated hydrocarbons in the Lake Ontario eco-
the differences in toxic potency as expressed with TEFs. system. Environ. Sci. TechnoR2: 388-397.
Bioaccumulation potentials of the different chemicalsU.S. EPA. 1995.Great Lakes Water Quality Initiative
contributing to dioxin toxicity risks can be referenced to technical support document for the procedure to
TCDD as with TEFs. In the GLWQI these were named determine bioaccumulation factorsEPA-820-8-
bioaccumulation equivalency factors. The sum of TCDD 005, NTIS PB95187290, 185pp.
toxicity equivalents is directly comparable to the wateWalker, M.K., P.M. Cook, A.R. Batterman,

quality criterion or sediment quality criterion for TCDD B.C. Butterworth, C. Berini, J.J. Libal, L.C. Hufnagle

under the TCDD toxicity equivalence model. and R.E. Peterson. 1994. Translocation of 2,3,7,8-
In conclusion, BAF's and BSAFs are essential for tetrachlorodibenzo-p-dioxin from adult female lake

application of chemical-residue-based criteria in risk as- trout (Salvelinus namaycuyto oocytes: Effects on

sessments and are interrelated through the sediment-water ~ early life stage development and sac fry survival.
concentration quotien{T___), particularly for the more Can. J. Fish. Aquat. Scb1: 1410-1419.
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Figure 1.
Framework for Predicting Bioaccumulation Factors
Applicable to Different Aquatic Ecosystems
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Figure 3. Sensitivity of Food Chain
to Msocw (+10%) (Gobas 1993 Model)
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Figure 5.

Csic  BAFF

H SOCW

fd
Cuw BSAF
Sensitivities of BAF|'s and BSAFs to changes in Iseew depend on:
1. Kow of chemical
2. Benthic/pelagic contribution to food chain
3. Disequilibrium between sediment and overlying water (SOC - POC - Cf,‘j')

Figure 6.
a Predicted Lake Ontario Lake Trout BAFs
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Figure 7. Lake Ontario Salmonid BAFs
Correlation of Measured BAFs to BSAF Predicted
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Figure 9. . o .
Measured and Predicted BAFs for Piscivorous Fishes
Measured BAFs from Oliver and Niimi (1988)
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