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National Sediment Bioaccumulation Conference

Kinetic Models for Assessing
Bioaccumulation

Peter Landrum
National Oceanic and Atmospheric Administration, Ann Arbor, Michigan

were developed for water-only exposures tothe ultimate rate and potential for the accumulation of the
develop a method for shorter-term studies toparent compound. However, in these cases the flux into
estimate steady state (Branson et al., 1975; Neely, 1973he organism remains high, and if the metabolite is
The toxicokinetics were assumed to be driven primariljthe toxic form, its flux and accumulation will be
by the thermodynamic differences in the chemicalenhanced.
activities in the storage compartment (organism) and the Using the simplest model of accumulation and loss,
source compartment (water). The driving force for thesome of these various factors can be demonstrated, e.g.,
ultimate storage may be limited through a number othe effect of respiration rate on the uptake process. As-
kinetically limiting steps representing a number ofsuming no biotransformation:
potential mechanisms. Some of these limits are external

Kinetic models for exposure of aquatic organismsalso alter the rate of biotransformation, and thus

to the organism, some are external but driven by the AC, = Flux, — Flux,,

interaction of the organism with its environment, and

some represent internal physiological processes of  In this form, itis difficult to quantitate the changes
the organism. in concentration in the organism or predict them, but by

What are some of these physiological and environmaking additional restrictions, quantitation and predic-
mental limitations? The rate of presentation of thetion become possible. The formalisms available for this
contaminant to the uptake membrane may be limited bgimplemodel can be represented in compartment, clearance
diffusion within the source compartment. The extremevolume, orfugacity forms. In this simple model, the
example of a diffusion-restricted environment isvarious formalisms can be interconverted (Landrumetal.,
sediment, where the diffusion path can be very tortuoust992a). However, each of the approaches has slightly
Such diffusion limitations can be reduced by organisnlifferent assumptions to yield mathematically equivalent
behavior including increases in respiration, resulting irfesults.
the active pumping of water across the gills and increased  In addition to compartment-based kinetic models,
ingestion rates, which exposes the organism to a larg&oth physiologically and bioenergetics-based models have
volume or mass of the source compartment and thus then employed to describe the accumulation and distribu-
contaminant. Environmental factors such as temperatuiéon of contaminants in aquatic organisms (Landrumetal.,
may alter physiological processes and result in changes #992a). For instance, a bioenergetics model for the clam,
physiological features such as respiration and metabdacoma nasutawas studied with the contaminant
lism. These in turn may alter the volume of the sourc&exachlorobiphenyl (Boese et al., 1990). In this case, the
compartment encountered and the resultant exposurégutes and rates of accumulation and loss could be well
The balance may result in greater or lower concentratior@efined. The difficulty with these approaches is the need
over time. Limitations at the physiological level alsofor a large amount of data to parameterize the model.
include limitations of compound transport from the site ofThese models are particularly useful for relating the
accumulation to the ultimate storage site within the organeéxposure of organisms to fundamental processes such as
ism. Such processes can limit or enhance the transpdspiration and feeding rates.
from the site of uptake. If the transport from the site of In the compartment-based formalism and the ab-
uptake is limited, then the apparent difference in chemicagence of biotransformation:
activity forcing the transport into the organism may be
reduced and the rate process slowed. Likewise, if th2
internal distribution is rapid, a large chemical activity
gradient can be maintained and the rate will be rapid. Ca |Fqu_Oui
Changes in the metabolic rate within the organism can
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dc, systems for th_e_compound are .expressgq in terms of both
i kuCs - keCaq partition coefficients and fugacity capacities. The model
could work as well in sediment exposures as in aqueous
exposures for it is really a compartment model in which
the terms are redefined. In the case of the clearance
volume model, there are some assumptions that are usu-
ally notreadily recognized. Inthe aqueous case, the fluxes
into and out of the organism are assumed to primarily
occur across the same membrane or at least the membrane

In this form, some restrictions that are not usua");esstance is assumed to be equal. This leads to the

recognized come into play. First, the concentration in thgescri_ption of the st_eady-state condition as the relative
source is the bioavailable concentration. If the totaf2P2city of the organism compared to the source compart-

concentration is included as the source concentration, Wdedn:: Flor s?dlm?nts, it WOU{d Ee necesstary Eﬁ t"’;]qd
will affect the estimate of k This is useful for assessing additional routes of exposure o be accurate wi IS

differences in bioavailability assuming that the condition ?ci_el. The \(;)Iurrfuethof dlstrlbutlonhwouldf rﬁl‘lect trt‘e
of the experiment do not vary significantly. In water with relative capacity of the aqueous phase of thé system.

little complexing capacity, it is generally the concentra-Thus’ It is not as easy to d|rect!y apply th_e Clearam_:e
tion in the water that is the source ConcentrationvolumemodeltothesedlmentenV|ronmentW|thoutmod|-

However, there are examples where water concentratioﬁ'gat'on of the mathematical formalism.

are modified by the presence of dissolved organic carbon The simple compartment model approach to

(DOC) (Landrum et al., 1992a). In sediment, the fractior{oxicokinetics in sediments has been employed to demon-

that is bioavailable is less clear and often the total sed§trate differences in bioavailability among classes of

ment concentration or a concentration on SOmi—‘ontammants,sedlments,thee1‘fectsofconcentratlon,and

Where:
k, = uptake clearance (mi'dr)
C, = concentration in the source (ng'inl
k, = elimination constant (f
C, = concentration in the organism (Mg g

normalized basis, i.e., carbon, is employed. Itis generall eimpact of normalization procedures. The toxicokinetics
understood that Gs not limiting and that the system is pproach has shown th"."t two major classes of contami-
homogeneous. If this is not true, theflux into the nants, polychlormated biphenyls (PCBs) and pplycycl!c

organism will vary considerabl’y over time. Such aromatic hydrocarbons (PAHs) seem to have differential
variation would preclude exact integratioﬁ of thebioavailabilitywhen the log | values are essentially the

differential equation and make it necessary to perforrr?ame (Landrum and Faust, 1991)‘ T.h's also seems to be
numerical integration, for which substantially more the case for the relative bioavailability of other chlori-

information is required nated hydrocarbons and PAHs as well (Harkey et al.,
Inthe compartment formalism, i the clearance of 1994). This approach was also useful in attempting to

the source compartment by the organism, usually eX(gvaluate the relative importance of exposure to interstitial

pressed on a weight-specific basis for the organism and\’émer versus the exposure to whole sediment, suggesting

volume- or mass-specific basis for the source Compart_ratmultiple routes can be important (Harkey etal., 1994).

ment. Itis assumed to remain constant over the course this case, th_e relative, Ipormahzed for the organic
carbon content in the media was much greater for expo-

a study or prediction. Whether it actually remains con- . . b
stant over longer predictions or measurements is queSU'® to whole sediment than for exposures to interstitial

tionable. This term includes the interaction between th&/ater, suggesting thatthe exposure in sediment employed
source compartment and the organism and distributiopdditional sources (routes) of exposures compared to
rates for both the internal and external distribution of the?IMPl€ exposure to interstitial water. Exposures to vary-
compound. Kis also conditional based on factors thati"d concentrations of sediment-associated contaminants
affectthe phyusiology ofthe organism, the chemistry of th&an cause accumu_latlor_] of sufficient doses that the uptake
source compartment, and the interaction between thesgaffected. WheDiporeiaspp. were exposed to pyrene,
two. Thus ifk is to be used for comparison of differencesX, increased to a maximum and then tended to decline at
in bioavailability, as it often is in many sediment contami-doses that produced mortality (Landrum et al., 1994).
nant evaluations, the conditions of the experiment need foinally, the relative bioavailability among sediments of
be constant across a range of conditions, such as acrog§@ividual contaminants has been estimated through ex-
range of sediments, so that the comparisons will be validosures under essentially identical conditions but with
In addition, k is also assumed to remain constant and igliffering amounts of DOC in water and among sediments.
subject to many of the physiological changes that occur i one study, the variation in the bioavailability as mea-
the organisms. sured using uptake clearance demonstrated that for sedi-
With aqueous exposures, there is an exact convements collected in Lake Michigan normalization to or-
sion between the compartment model and both the cleaganic carbon removed essentially all the variability
ance volume model and a fugacity model. There ardl-andrum and Faust, 1994). However, in the comparison
however, some subtle differences in assumptions arf@ materials from another source, in this case a soil from
definitions in these models. For the fugacity model, thé-lorissant, Missouri, the carbon normalization was not
system tracks the differences in chemical activity withinadequate to describe the difference in bioavailability
the system. The concentrations are given in terms and the differences increased with log K Additional
moles per volume, and the relative capacities of thevork has shown that the range of variability among
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sediments after carbon normalization is somewhat Another feature of the kinetics wittumbriculus
greater than a factor of 10 for selected organioariegatusthat produced an apparent increase with a
contaminants. subsequent decline in contaminant concentration was
The compartment approach has demonstrated sonfieund to result from loss of weight by the organisms.
limitations to our ability to understand and measure the.umbriculusfrom the culture are healthy and fat. When
accumulation of contaminants from sediments. The firsexposed in sediments, they sometimes lose weight and
appearance of complications with this approach wadipids with subsequentlosses of contaminant, while in one
demonstrated in the accumulation of a series of PAHstudy, the kinetics on a lipid basis formed a standard first-
from a single sediment. The shapes of the kinetics curvaesder uptake that approached steady state (Kukkonen and
varied with log K, of the compound. It was originally Landrum, 1994). In addition to the impact on the weight,
thought that this was an equilibrium problem between th&henLumbriculuswere exposed in different ratios rela-
sediment particles and the interstitial water (Landrumtive to the organic carbon content of the sediment, but at
1989) similar to the observed chemical equilibrium andhe same organic carbon-normalized concentrations, the
extraction problem with chemical analyses (Karickhoff,kinetics changed, suggesting an interaction (Kukkonen
1980). Experimental designs seemed to indicate that thand Landrum, 1994). At least by performing a kinetic
disequilibriumwas a validissue (Landrum, 1989; Landrunstudy, the relationship to steady state for these organisms
etal., 1992b). However, exposures of organisms to fieldsan be observed instead of assumed and variations in the
collected sediments also seemed to show some of the saganditions that impact the steady state determined.
kinetic complications where organisms would in some Because of the limitations—in particular, the poten-
cases rapidly accumulate a compound only to lose cortial absence of homogeneity of sediment systems— mov-
centration over time. Since the sediments were fielding from a concentration-based to a mass balance-based
collected, it was thought that they were less out of equilibmodel that incorporates more of the physical-chemical
rium than those dosed in the laboratory. Experimentallyprocesses can help demonstrate which processes are im-
it appears that the concentration of biologically availablgportant in the accumulation process. A mass balance
material is changing over time. If the desorption of anodel was established to examine the accumulation of
compound is inadequate to maintain the interstitial watesediment-associated contaminants. The model attempted
concentration from the surface easily desorbed concentréns parameterize the partitioning phenomena as well as the
tion, then the bioavailable component of the total conaccumulation by several routes iporeia (Landrum
taminant load in the sediment will decline because diffuand Robbins, 1990). This first pass at a mass balance
sion within the sediment is limited. When the interstitialmodel did demonstrate the importance of the role of
water is a greater source than sediment ingestion, asdesorption of contaminants from sediment, perhaps
probably the case early in the exposures, then the potentiabupled with diffusion limits, on the accumulation pro-
for depletion of the bioavailable fraction would seemcess. Further, the desorption rate from particles seemed to
more likely. This issue seems to be more problematic fope very slow compared to the uptake processes and may
compounds with log K values less than about 5. Whenwell dictate the bioavailability of sediment-associated
pyrene was studied with a laboratory-dosed sediment, thmntaminants along with the ingestion rate and assimila-
shape of the kinetic curve appeared to be a classic firstion efficiency. In the model as originally formulated,
order curve with steady state. However, when the elimithere was a general absence of data on desorption rates,
nation estimated from such a curve was compared tassimilation efficiencies, and feeding rates.
directly measured elimination values, it appeared to be Today, the ability to estimate the assimilation effi-
inordinately fast. This suggests that the depletion processency for ingested sediment remains extremely difficult.
is important from these sediments (Landrum, 19897The difficulties are essentially twofold. First, it is nearly
Landrum et al., 1992b). The issue becomes more prampossible to determine the concentration of contaminant
nounced with phenanthrene, a compound with a smallén the ingested fraction of sediment for many inverte-
log K, value. Compounds with larger log values do  brates. For oligochaete worms that are general feeders,
not generally show such depletion. However, in some.g., they do not strongly select particles, estimating the
work with oligochaetes, which have a faster initial uptakéngested contaminant concentration is easier. The second
rate thanDiporeia, an initial uptake with a subsequent issue is to estimate the fraction of material that is retained
plateau or decline was evident. Overall, it would appeaby the organism. This is generally performed using a non-
that the rate of accumulation from the aqueous phasassimilated tracer. Polydimethylsiloxane &t have
dictates some of this process and likely itis the relative ratbeen used, but in both cases the tracers do not sorb to the
of uptake versus the rate of desorption that is importargame particles or in the same proportion as the contami-
since diffusion in sediment should be slow. In most of thenants (Lydy and Landrum, 1993; Kukkonen and Landrum,
work that has been performed to date, it is not possible th995). Another approach has been to estimate the relative
separate out the mechanisms that may be contributing toss of carbon and subsequently estimate contaminant
such observed variation in the kinetics. Some of the datass (Lee et al., 1990; Lydy and Landrum, 1993). How-
that would be necessary to evaluate this include gooever, there are not even good assimilation values for the
estimates of the desorption rate constants from sedimen&rbon from sediments, so this approach is limited. Over-
and estimates of the feeding rate on sediment particles aatl, development of good assimilation efficiencies is re-
the associated assimilation efficiencies. quired to improve the estimation of contaminant
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accumulation from sediments through kinetic models Lumbriculus variegatugOligochaeta).Environ.
exceptwith compounds with large log Kalues, where Toxicol. Chem13:1457-1468.

desorption and uptake from interstitial water is of lesseKukkonen, J., and P.F. Landrum. 1995. Effects of sedi-
importance. ment-bound polydimethylsiloxane on the

bioavailability and distribution of benzo(a)pyrene
Summa in Iake sediment toumbriculus variegatugnviron.
ry Toxicol. Chem14:523-531.
lt_andrum, P.F. 1989. Bioavailability and toxicokinetics of

Kinetic studies can demonstrate factors that affec polycyclic aromatic hydrocarbons sorbed to sedi-

:Ee IaCCL:rr;nu]Icatlon processdartld t(?e rteltatlonshlp between ments for the amphipdebntoporeia hoyEnviron.
eleng n Of eXpOSUIS anc steady s'ate. Sci. Technol23:588-595.

Kinetic studles_ do_ not seem to be able to det.ermmfandrum, P.F.,and J.A. Robbins. 1990. Bioavailability of
steady-state potential in all cases due to complications sediment-associated contaminants to benthic inver-

with _changes in_ bioavailability or thel Ien_gth of time tebrates. In R. Baudo, J.P. Giesy, and H. Muntau,
required to achieve steady state, which is coupled to eds. Sediments: Chemistry and toxicity of in-place

changes in physiology. : : pollutants Lewis Publishers, Boca Raton, FL, Chap-
Mass balance models or models incorporating ter 8, pp. 237-263

more of _the processes suggest that the_ de_sorptipn_ "8 ndrum, P.F., and W.R. Faust. 1991. Effect of variation
from sediment particles is an important kinetically limit- in sédimént composition on the uptake rate coeffi-

INg process. cient for selected PCB and PAH congeners by the

Ingestion as the primary route of exposure com- - ; :
A - j ; amphipodpDiporeiaspp. In M.A. Mayes and M.G.
pared with interstitial water is a less dominant route for Barron, eds.Aquatic toxicology and risk assess-

chlorinated hydrocarbons compared to PAHs and a less ment: Fourteenth volumASTM STP 1124, Ameri-

dominan_t route for_ more hydrophilic compount_js. can Society for Testing and Materials, Philadelphia,
To improve kinetic models, data on ingestion rates, PA, pp. 263-279

aesimilaton efclncy, desorplon fies, 1600 SeeC andrum, ., and WR. Faust 1994, The role o
tvity, X . Co . sediment composition on the bioavailability of labo-
ingested particles need improved description and im- ratory-dosed sediment-associated organic contami-

Proved Chemca, measirement lechniues Ll B2 nant to the amphipoBiporia (pp) i sedk
P ment aging.Chem. Speat. Bioavail.:85-92.

sures that reflect the exposure environment. Landrum, P.F.. H. Lee Il, and M.J. Lydy. 1992a.
Toxicokinetics in aquatic systems: Model compari-
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