n this review we discuss
and advocate an evolv-
ing approach for the as-
sessment of ecological
risk from chemicals. Al-
though the examples are
for aquatic systems, the
principles are applica-
ble to all parts of the ec-
osystem. The “critical
body residue’” (CBR)
method is feasible as a
result of marked improvements
in our ability to quantify three
related sets of environmental
processes, as illustrated in Fig-
ure 1 and discussed in more de-
tail later.

The first improvement is in
our ability to model and predict for
aquatic systems the fate of chemi-
cals that originate from various
sources, including direct industrial
and municipal discharges, tributar-
ies, runoff, and atmospheric deposi-
tion, with realistic treatment of
chemical exchange with sediments.
These models yield statements of
concentrations as ranges or proba-
bility distributions at various times
in the various aquatic ecosystem
media.

The second improvement is in the
ability to use these data to estimate
the accumulation of chemical resi-
dues in organisms and in assem-
blies of organisms in a food chain or
web. The outcome is the concentra-
tion (in milligrams per kilogram or
in millimoles per kilogram) of
chemicals in organisms or even in
specific tissues within organisms.

The third improvement is in the
ability to relate these body or tissue
residues to various acute and
chronic effects as determined in
toxicity tests and bioassays. Not
only can the effects be estimated for
a single chemical, but in many cases
it should be possible to treat several

chemicals acting in concert. This
latter feature is important because,
in many real-world situations, toxic
effects result from mixtures rather
than from single substances.

The link between CBR and ad-
verse biological responses—
whether laboratory-based toxicity
endpoints or field-based ecological
effects—is currently the most
poorly understood aspect. How-
ever, shifting from comparison be-
tween ambient water concentra-
tions and water concentrations
known to cause toxic effects (e.g.,
LC;gs) to comparison between or-
ganism concentrations and CBRs
has several advantages, including:
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* bioavailability is explicitly
considered;

¢ accumulation kinetics are
considered, which reduces the
confounding effect of organism
exposure duration when inter-
preting results;

» uptake from food (as distinct
from water) is explicitly consid-
ered;

* toxic potencies are expressed
in a less ambiguous manner, fa-
cilitating identification and in-
vestigation of different modes of
toxic action;

¢ effects of metabolism on accu-
mulation are considered;

* mixture toxicity may be more
readily assessed; and

* experimental verification can be
readily sought in the lab and the
field.

The CBR approach is neither new
nor radical; rather, it represents a
more complete exploitation of exist-
ing information via fundamental
toxicological principles. Mancini
(1), Connolly (2), Menzel (3), Bartell
et al. (4), and others modeling envi-
ronmental fate, bioaccumulation,
and toxicity have recognized the
need for residue—effect relation-
ships and advocated a body-resi-
due-based approach in environ-
mental toxicity and risk assessment.
They recognize that using models to
estimate ecosystem concentrations
and comparing these concentra-
tions with LC;qs can be complicated
and misleading.

In this article we discuss and jus-
tify these assertions, emphasizing
the third stage, body-residue-based
toxicity interpretation and assess-
ment. We will briefly review the
current status of models of environ-
mental fate, bioaccumulation, and
toxicity, then review information
about critical body residues associ-
ated with acute and chronic toxicity
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(primarily for organic chemicals).
Within the framework of ecological
risk assessment, we will discuss the
implications and advantages of this
approach for modeling and inter-
preting the toxicity of single chemi-
cals and mixtures, as well as for de-
veloping regulations.

Environmental fate models

Several factors have combined in
recent years to improve the reliabil-
ity of environmental fate models of
chemicals to the point that they are
essential in any meaningful assess-
ment. Much modeling work has
been focused on examining water
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quality in aquatic ecosystems. The
condition and persistence of chemi-
cals in aquatic systems can now be
established. Techniques have im-
proved for handling the systems of
equations that describe the basic
mass balance in the necessary com-
partments, and reliable parameter
values for physical-chemical prop-
erties, organic chemical reactivity,
and metal speciation are now avail-
able. The advent of low-cost, rapid
computing and an increasingly
computer-literate society has de-
mystified computing. User-friendly
programs now make it possible to
present findings in attractive,

readily assimilable outputs.

EPA, through its Center for Expo-
sure Assessment Modeling in Ath-
ens, Georgia, supports a number of
models including the widely em-
ployed Exposure Analysis Model-
ing System (EXAMS) and Water
Quality Analysis Simulation Pro-
gram (WASP) water quality models,
Using these and other related mod-
els, scientists have simulated the
fate of a chemical in a specified ep-
vironment to the extent that there ig
a near-complete quantitative under-
standing of fate. The key capability
is that of relating concentrationsg
throughout the system to past ang



present (and hence future) dis-
charge rates. Notable in spearhead-
ing these successful applications
have been the Manhattan College
group of O’Connor, Thomann, Di-
Toro, Connolly, and their col-
leagues, and the EPA Group at Ath-
ens, Georgia. Although most models
employ conventional concentration-
based equations, it is possible to use
the fugacity approach. This approach
may simplify interpretation, and it
yields a particularly elegant set of
equations expressing the various
rates of transport and transforma-
tion as they contribute to the mass
balance statement (5).

Biocaccumulation

Remarkable progress has been
made since pioneers such as
Neely, Hamelink, and their col-
leagues (6, 7) first elucidated the
basic bioconcentration phenom-
ena of chemical uptake from wa-
ter. Bioaccumulation is a manifes-
tation of lipid—water partitioning
modified by species-specific fac-
tors such as feeding, metabolism,
growth dilution, digestion and
egestion efficiency, as well as the
bioavailability of the chemical in
the water. It is now possible to
write simple first-order models
that adequately describe the rela-
tionship between quantities of
chemical in the body of an
aquatic organism and the concen-
trations in the surrounding
aquatic environment (8).

Furthermore, it is possible to
assemble equations for systems of
organisms that comprise a food
web or chain and, by estimating
food preferences, show how con-
taminant levels will change with
trophic level. Notable in this con-
text are the studies by Thomann
(9, 10) and Clark et al. (11). Multi-
compartment pharmacokinetic
models bring an even higher level of
sophistication to the determination
of chemical fate in organism tissues,
as shown by Tarr et al. (12) and
Nicholls et al. (13). However, an im-
portant shortcoming is that such
models are rarely applied to the
small aquatic organisms typically
used in routine aquatic biocassay
work. This is due both to limitations
in physiological information and to
technical problems with chemical
analysis of very small organ~tissue
samples. There is now a well-devel-
oped capability of calculating con-
centrations, or body residues, in or-
ganisms from loading data. Validity
can be tested by well-designed
monitoring programs. The recent

texts by Gobas and McCorquodale
(14), Suter (15), and Bartell et al. (16)
review many aspects of this issue.

Toxicity

The final and most difficult task
in any assessment is to relate body
residues to levels known, or sus-
pected, to be associated with ad-
verse biological responses. Paracel-
sus stated in 1564 that “What is
there that is not poison? All things

are poison and nothing is without
poison. Solely the dose determines
that a thing is not a poison” (17). In
other words the magnitude of the bi-
ological response produced by a
toxicant is a function of the amount
of toxicant to which the organism is
exposed (18). This cause—effect,
dose—response principle [often
termed concentration-response in
ecotoxicology (19)] involves three
assumptions:

* Amounts of chemical in the body
and at site(s) of toxic action are pro-
portional to the concentration and
nature of the exposure(s).

¢ Biological responses can occur
when chemical(s) in the organism
are present at site(s) of toxic action
where effects are initiated.

e Above an effect threshold the
magnitude of biological response
elicited is proportional to the
amount of chemical at the site(s) of
toxic action.

Because it is difficult to measure
the amount of toxicant at target
site(s) within organism{s), a surro-
gate measurement, such as concen-
tration in the exposure medium, is
normally used. Franks and Lieb (20)
state the situation clearly: “One
must be very careful, when com-
paring potencies, not to get con-
fused between observed values
and the potency at the site itself.”
For example, the 96-h LC,, water
concentration is simply a surro-
gate for the amount of toxicant in
the organism at the site(s) of toxic
action producing the observed
mortality.

Perhaps most convincing, as a
general example of the importance
of understanding the surrogate
dose—-target dose relationship, are
the plots of log bioconcentration
factor (BCF) and log LC;, versus
log K., as illustrated in Figure 2
(21-24). Although this example
was developed with bioconcentra-
tion and acute toxicity data for nar-
cotic organics, chronic toxicity
data for small freshwater fish (21~
23) and for modifications in ma-
rine mussel energetics (25) exhibit
a similar relationship.

These plots usually have slopes
of approximately +1 and -1, re-
spectively. The BCF plot is ob-
tained by setting the concentra-
tion in water, C,, measuring the
organism concentration, C;, as a
response, then deducing BCF as
C4/C,. In principle it would be
possible, but inconvenient, to de-
cide on Cq, then explore what val-

ues of C,, will achieve the desired
C;. The plot would then logically
be of C,/C; as the dependent vari-
able. As illustrated in Figure 2, this
is effectively the BCF graph turned
upside down, and takes the form of
the toxicity plot. The LC;, test can
thus be regarded as a bioconcentra-
tion experiment in which, rather
than analyze for CF, the researcher
uses the organism response to CF.
The condition of the organism re-
places the gas chromatograph as the
detector.

These slopes indicate that, to a
first approximation, narcotic toxic-
ity results from a near-constant
body residue. Although this is a
well-recognized relationship eluci-
dated in the classic work of Fergu-
son (26) and McGowan (27), we be-
lieve that the basic toxicological
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principles "embodied in this rela-
tionship, and their usefulness in ec-
otoxicology problems and environ-
mental risk assessment, have not
been fully appreciated or exploited.

These relationships also suggest
that, in many toxicological circum-
stances, living organisms are much
more similar than it would appear
from a superficial examination of
toxicity test results. For example,
Hodson (28} reported that good cor-
relations existed between rat or
mouse oral LD;s and fish intraperi-
toneal LDggs for some organic chem-
icals. Kaiser and Palabrica (29) re-
ported good correlations between
toxicity of organics to fish or inver-
tebrates and Photobacterium phos-
phoreum toxicity. The growth-
based ECz;,s for the algae
Selenastrum (30) and for the terres-
trial plant lettuce, as well as the
EC;, for photosynthesis inhibition
of the algae Chlorella and Chlamy-
domonas (31), also exhibit log K-
based QSARs with slopes near
unity for some groups of hydropho-
bic organics. ‘

This suggests that residues pro-
ducing narcotic effect endpoints in
various organisms may also be ap-
proximately constant. Although the
CBR associated with narcosis may
be somewhat different for different
species, much of this is because of
disparity in body character and
composition rather than differences
in target site concentrations. Toxic-
ity differences are not likely to be as
dramatic as suggested by the con-
centration data derived from expo-
sure-based bioassays.

Limitations

It should not be construed that
the exposure concentration meth-
odology, which continues to be
widely used, is not valid or useful.
When the intermediary relation-
ships are understood, an exposure
dose can be an effective surrogate
dose. In some cases biological ef-
fects are best explained by exposure
concentrations, for example, where
deaths of organisms result from ex-
posure to strong acid, alkali, or irri-
tant or when exposure to high con-
centrations of certain metals
produces copious mucus secretion
and suffocation.

Situations in which essentially ir-
reversible damage or injury is
caused by the presence of the chem-
ical in the organism may not be
readily amenable to CBR interpreta-
tion if the chemical residue cannot
act as its own marker or descriptor
of exposure. Thus, investigations of
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many carcinogens and mutagens,
especially ones with short half-lives
where organisms are briefly or in-
termittently exposed, may be prob-
lematic. Some chemicals are rap-
idly metabolized and, in some
cases, an intermediate metabolite is
the toxic agent.

Nevertheless, knowledge about
the amount and time course of a
chemical that has entered the body
of an organism is always critically
important for toxicological evalua-
tion—whether the information be
explicit, as discussed above, or im-
plicit, as advocated by Sprague in
his recommendation for “thresh-
old” or “incipient” bioassay end-
points (32).

Risk assessment

Toxicity bioassay data are used
extensively in the emerging field of
environmental risk assessment.
Three basic categories of factors—
exposure, toxicokinetics, and toxi-
codynamics (or what might be
called the three P’s of toxicology:
exPosure, Partitioning, and Poten-
cy)—interact to determine the re-
sponses in bioassays. Figure 3
shows that the relationships for tox-
icity and risk are equivalent; the dif-

ference lies in the application.

Basic toxicological principles are
used to interpret bioassays; in risk
assessment, those principles are
used to take bioassay information
and interpolate or extrapolate to
new circumstances and situations.
Although explicit modeling is im-
portant to bioassay interpretation, it
is the essence of risk assessment.
Thus, any improvements in under-
standing basic toxicology gained
from greater knowledge of bioassay
results will also improve risk as-
sessment (3).

Modes of toxic action

When applying the CBR ap-
proach, it is important to recognize
the existence of various modes of
toxic action. In addition to the gen-
eral, nonspecific mode of toxic ac-
tion known as narcosis there are
other more specific modes of action.
As noted by Drummond and Rus-
som {33}, more than one biochemi-
cal mechanism may be associated
with a whole-organism response
mode. Investigators at EPA-Duluth
carried out pioneering comparative
investigations of various modes of
toxic action in environmental toxi-
cology using fish (34-39).



Toxicokinetics x Toxicodynamics

2 The relationship between the commonly employed expressions describing toxicity and
risk assessment illustrating the fundamental similarities.

Researchers have identified seven
major categories for organic chemi-
cals and have recently reviewed
acutely toxic body residue esti-
mates for large (600~1000 g) rain-
bow trout in six of these categories
(40). We have added the
2,3,7,8-tetrachlorodibenzo-p-dioxin
category because it is considered to
have a different mode of action.
Available aquatic acute and chronic
residue data for these eight groups
are presented in Table 1 and sum-
marized graphically in Figure 4.
Both estimated (bioconcentration
times toxicity estimates) and mea-
sured residue data are used, and the
data have been converted to molar
concentrations.

Based on the data for small fish
{(Figure 4), as well as the CBR esti-
mates for larger fish by McKim and
Schmieder {40), different modes of
toxic action generally appear to be
associated with differing ranges of
body residues. Although less data
for chronic toxicity exist, a similar
type of residue—toxicity relation-
ship is apparent. Overall, this infor-
mation indicates that whole-body
residues are reasonable first approx-
imations of the amount of chemical
present at the toxic action site(s).
For acutely toxic exposures, data
confirm this conclusion for both
continuous and intermittent expo-
sure regimes (46).

As noted earlier, using whole-
body residues as surrogates for tar-
get tissue residues in the organism
has shortcomings, many of which

are shared with the external expo-
sure approach. These include meta-
bolic breakdown or activation (e.g.,
polycyclic aromatic hydrocarbons);
internal distribution; lipid types

and content; temperature; and gen-

eral biological factors such as spe-
cies, sex, life stage, and season. As
with exposure-based interpretation,
a number of these potential difficul-
ties can be minimized by experi-
mental design, and interpretation of
field residue and effect data can be
substantially improved.

Most of the modifying factors
noted above primarily affect toxi-
cokinetics, the time course of accu-
mulation of the chemical, rather
than toxicodynamics, the time
course of the adverse biclogical re-
sponse by organisms to the accumu-
lated chemical. The influence of
toxicokinetics on the overall toxic
response elicited in a situation is of-
ten poorly understood quantita-
tively but is critical to a thorough
understanding of the situation.

As can be seen in Figure 2, the
6-orders-of-magnitude difference in
exposure-based bicassay results for
narcotic organics is caused largely
by differences in partitioning be-
havior (i.e., toxicokinetics) rather
than by differences after the chemi-
cals have reached the site(s) of toxic
action in the body where the ad-
verse effects are initiated (i.e., toxi-
codynamics). It is hoped that im-
provements in investigative
techniques and quantitative deter-
mination of the influence of these

modifying factors will reduce the
observed variability within some of
the modes of action, further clarify-
ing intermodal differences.

We believe that the combination of
chemical fate and bicaccumulation
modeling, and ultimate comparison
of deduced whole-body residues
with CBRs for chemical groups and
each mode of action, as depicted in
Figure 1, can be a powerful interpre-
tive and regulatory tool.

Metals, organometals, metalloids

Although the primary focus of this
paper is organic chemicals, the same
basic toxicological principles apply
to metalloids, organometals, and
metals. For example, tin, arsenic,
mercury, and lead can be found in
the environment in organic (i.e.,
alkylated) forms originating from ei-
ther natural or anthropogenic
sources. These compounds exhibit
many of the characteristics of organic
chemicals. Again there is organism-
and species-specific variability in ac-
cumulation as well as in response.

Tas et al. (70) reported that the le-
thal residue for tributyl and triphe-
nyltins in fish was approximately
0.02 mmol/kg. They also noted that
the residue level and mode of action
(neurotoxicity) were similar to
those of the pyrethroid insecticides.
A lethal tri-n-butyl tin residue of
0.002 mmol/kg can be estimated
from for 96h-LC,, and bioconcen-
tration factor obtained in bioassays
with rainbow trout (71). Page and
Widdows (72) noted that tissue lev-
els greater than 0.001 mmol/kg wet
weight (converted from dry weight
assuming 85% water content) of
alkyltins are associated with
chronic effects in marine mussels.
Moore et al. (73) reported that
chronic effects occurred in marine
polychaetes exposed to tributyltin
at residues of 0.003 mmol/kg wet
weight, and that substantial mortal-
ity occurred at residues of about
0.009 mmol/kg wet weight. Overt
toxicity of mercury to various fish
species occurs at body residue lev-
els in the range of 0.05-0.15
mmol/kg wet weight (74).

Other metals also appear to ex-
hibit residue—effect relationships.
Connolly (2) estimated that the 96-h
acute zinc toxicity in trout occurred
at about 5500 mg/kg (84 mmol/kg).
Peterson et al. (75) reported that alu-
minum residues of about 0.3
mmol/kg were associated with 30-
day LC;, in salmon alevins.
McGeachy and Dixon (76, 77) re-
ported that acute and chronic toxic-
ities in rainbow trout exposed to ar-
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senic were associated with residues
of 0.11-0.12 and 0.05-0.08 mmol/
kg, respectively.

Enserink et al. (78) provided bio-
concentration and toxicity data for
daphnids exposed to arsenic, cad-
mium, chromium, copper, mercury,
nickel, lead, and zinc. Body resi-
dues calculated by us indicate 21-
day LC;, estimates were associated
with 1.2, 2.1, 1.1, 1.1, 0.46, 3.8, 24,
and 41 mmol/kg (converted from
dry weight assuming 80% water
content), respectively. Borgmann et
al. (79) reported that the body resi-
due of cadmium associated with
6-week survival-based EC,, esti-
mates for the amphipod Hyalella
azteca varied over a narrow range,
from 0.068 to 0.17 mmol/kg (con-
verted from dry weight assuming
80% water content).

Residue-based interpretation of
metals toxicity is problematic.
There are exposure-dose-dependent
mechanisms of toxic action noted
earlier, active or facilitated trans-
port into the organism, preferential
accumulation in certain organs, es-
pecially liver and kidney, and met-
allothionein complexation. Some
metals are essential micronutrients
that can be actively regulated by or-
ganisms. However, for environmen-
tal assessment purposes, further in-
vestigation of body residues and
modes of toxic action appears to be
warranted for organometals, metal-
loids, and metals.

Residues for chronic toxicity

Knowledge of the relationship be-
tween acute and chronic data is
rather qualitative. Chronic toxicity
is often assumed a priori to be
caused by a different mode or mech-
anism of toxicity. This is not neces-
sarily the case, and assuming that it
is violates the null hypothesis as-
sumption of similarity until proven
otherwise. Much work has been fo-
cused on the ratio of acute bioassay
data to chronic bioassay data, often
termed the acute to chronic ratio (A/
C). For a variety of organisms and
chemicals A/C is typically of the or-
der of about 10, averaging 12 for or-
ganics (43). This is supported by
quantitative structure—-activity rela-
tionships (QSARs) for some chemi-
cal groups for which acute and
chronic regressions are about an or-
der of magnitude apart (21, 23, 80).
Although these observations are
based on exposure-based data,
acute and chronic residues can also
be estimated, and we interpret these
relationships as follows.

In typical aquatic bioassays the
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actual dose is an unknown amount
of chemical at the site(s) of toxic ac-
tion in the organism. Thus, a surro-
gate dose measurement, such as the
eéxposure concentration, is em-
ployed in lieu of the actual dose.
Each degree of biological response
is considered to be associated with a
different dose. There may or may
not be an actual threshold dose, de-
pending on the mode and mecha-
nism of toxic action, but an effective
threshold is present. When re-
sponses are plotted against the re-
spective exposure doses at a given
exposure duration, a normal distri-
bution is often obtained or, if plot-
ted as a cumulative response, a sig-
moidal curve (see Figure 5). The
actual nature of the distribution—
normal (probit), logit, Weibull, or
other—can affect extrapolation into
the tails (81, 82), but this does not
affect the essence of our argument.

The result of considering the time
course is a three-dimensional sur-
face formed from exposure times,
exposure concentrations, and re-
sponse. Hong et al. (83) prepared a
growth curve polynomial model
that fitted such a response surface to
bicassay data. Mayer et al. (84) de-
veloped a probit-based method that
employed acute toxicity data to pre-
dict chronic toxicity. Mackay et al.
(61) also prepared a response sur-
face model, incorporating a con-
stant lethal body residue for the
mode of toxic action, log K, for the
chemical, and ‘a Weibull distribuy-
tion factor. Unlike the previous two,
this model employs body residues
explicitly. After initial calibration
with experimental data to obtajin
the appropriate Weibull shape fac-
tor, only the log K, of the chemical
and the acute CBR for the mode of
toxic action in question are required
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tors, such as metabolic breakdown
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the model.

The essence of this approach is il-
lustrated in Figure 5. When the in-
fluence of modifying factors, espe-
cially metabolism, is minimal, the
body residue is equal to the expo-
sure toxicity concentration times
the bioconcentration factor. It is as-
sumed that all organisms reach the
same body residue at the same time;
we have not considered the statisti-
cal variability and uncertainty in
the data. Such simplifying assump-
tions facilitate discussion but may
be approximately correct only in
some situations.

A key finding by Mayer and co-
workers was that chronic endpoints
employed in early life stage tests
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with fish were similar to 0.01%
acute lethality estimates obtained
from probit-based extrapolation of
the acute toxicity dose-response
curve for the same species and
chemical (84, 85). Thus, a critical
body residue for chronic effects can
be calculated by the same method
used with acute data. In Figure 5
this produces a chronic CBR esti-
mate of 1 mmol/kg. Once the rela-
tionship between exposure-based
and residue-based estimates of dose
is established, this simple proce-
dure can be used to estimate CBRs
associated with any exposure-based
response endpoint on the curve,
whether it be LCy o,, LCy,, LC,,, or
another response level of interest.
In summary, toxicity test data
yield information on the biological
response (usually expressed as a
percentage of the population re-
sponding) as a function of concen-

tration and duration. Cumulative
distribution curves can be deduced
and responses at low exposures es-
timated from appropriate statistical
models. A key finding is that expo-
sures yielding chronic endpoints
appear to be similar to those yield-
ing 0.01% mortality at incipient,
acutely lethal concentrations (84,
85). Application of basic toxicologi-
cal relationships allows the estima-
tion of acute and chronic CBRs from
exposure-based toxicity data.

Body residues and mixtures

Hermens and co-workers con-
ducted extensive investigations into
the toxicity of mixtures in aquatic
systems. Although independence,
potentiation, or antagonism may be
present, they reported that for a vari-
ety of mixture studies with equitoxic
contributions from 3 to 50 organic
chemicals, the mixture toxicity was
generally additive (86-88). Indeed, it
appears that the larger the number of
chemicals in the mixture the better
the approximation of concentration
addition. Components present as low
as 0.0025 of the LC,, contributed to
the mixture toxicity. This occurred
even when chemicals known to have
dissimilar modes of toxic action were
present in the mixture and for both
acute and chronic endpoints.

A likely explanation for this phe-
nomenon is that when chemicals
that act by specific modes of toxic ac-
tion (i.e., non-narcotic) are present in
a mixture below their threshold for
specific toxic action (i.e., below 0.3
to 0.02 of their threshold LCy,), they
do not express the specific toxic ac-
tion. Instead, they merely contribute
to the narcotic activity of the mix-
ture. In these circumstances, it is
simple addition of the narcotic toxic-
ity of the components of the mixture,
rather than any interaction between
specific modes of toxic action, that is
producing the observed biological re-
sponse. Approximate additivity is
likely common in real-world situa-
tions with many organic chemicals,
especially when considered on a res-
idue basis rather than an exposure
basis.

We speculate that, as a practical
general approach to mixture toxic-
ity, it may be possible to establish
guidelines that would allow classi-
fication of mixture toxicity into
those situations expected to be ap-
proximately additive and those that
are not. This may be extended to es-
timating when a single mode of spe-
cific toxicity was expected to domi-
nate the mixture. A knowledge base
of CBRs would have to be devel-
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2A summary of the data presented in Table 1. Measured and estimated residue data from the
Iiterature are graphed according to mode of toxic action and acute or chronic biotogical

oped so that typical residue values
and ranges for acute and chronic
endpoints could be established for
various test organisms and modes of
toxic action. It is unlikely that every
chemical has the same mode of
toxic action in every organism, so
this variability would have to be
considered. Despite obvious imped-
iments, this approach offers many
advantages over current methods
for examining mixture toxicity.

In particular, a scheme of this
type could serve as a framework for
much-needed research that pro-
vides basic toxicological data as
well as information directly usable
for regulatory purposes (see Figure
1). For just this reason a residue-
based scheme is the logical exten-
sion of the various mixture toxicity
classification plans that have been-
proposed in the past (81). Van Leeu-
wen et al. (89) and Verharr et al. (90}
have recently made such attempts
implicitly considering body resi-
dues. We believe explicit consider-
ation of biological responses associ-
ated with accumulated body
residues would assist in the broad
acceptance of any such schemes.

A critical problem with exposure-
based mixture toxicity assessment
is that deviations from additivity
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may be caused by metabolic break-
down of one or more of the compo-
nents of the mixture. De Wolf et al.
(42) and de Bruijn et al. (91) re-
cently confirmed that the apparent
reduced toxicity observed in many
exposure-based bioassays with or-
ganic chemicals and fish resulted
from metabolic activity reducing
body residues. It is likely that meta-
bolic degradation of component
chemicals, which might be rela-
tively minor at the acutely lethal
level in a single chemical test, could
be more influential at lower expo-
sure levels. This could contribute to
the substantial variability observed
in chronic single-chemical and mix-
ture bioassays. Inducible metabolic
degradation pathways could further
confound the situation.

However, without residue infor-
mation it is not possible to distin-
guish between situations in which
chemicals contribute differentially
to the toxicity of the mixture and
situations in which a chemical sim-
ply modifies the toxicokinetics of
accumulation of other chemicals in
the mixture. Clearly, residue-based
interpretation may provide the
means to investigate and resolve
these major impediments to mix-
ture toxicity interpretation.

Implications

We believe that the CBR approach
could contribute to integrated mod-
els of environmental fate and toxic-
ity. Current environmental fate and
bioaccumulation models can pre-
dict chemical residues in organ-
isms, but the toxicological signifi-
cance is uncertain. If residue—effect
relationships can be better defined,
the ability to interpret existing labo-
ratory and field data, as well as pre-
dict situations of impact in ad-
vance, will be substantially
improved. The following areas are
worthy of note.

Modifications to standard bioas-
say protocols. For initial investiga-
tion a single enhanced acute bioas-
say protocol may be more effective,
both scientifically and economi-
cally, than the current trio of stan-
dard aquatic bioassays: acute,
chronic, and bioconcentration (92).
Some of the chronic toxicity test re-
sults needed for regulatory pur-
poses could be obtained or refined
from enhanced acute tests (61, 84).
Simultaneously examining expo-
sure levels and body residue would
improve understanding of factors
such as bioavailability and meta-
bolic degradation. Furthermore, in-
creased quantitative understanding
of bioassay data, which will result
from residue-based approaches,
will allow advances to be made be-
yond the exposure-medium-based,
no-observed-effect-level Safety Fac-
tor approach currently employed in
estimating acceptable levels and de-
veloping environmental contami-
nant regulations.

Incorporating CBR into standard
bioassays should substantially im-
prove the toxicological understand-
ing of results and, hence, any regu-
lations based on those results.

An improved method of address-
ing mixture toxicity. To a first ap-
proximation, neutral hydrophobic
narcotic chemicals are equipotent
on a body residue basis. Thus, the
toxicity of a mixture of narcotics
can be explained by a proportional
contribution to a critical body resi-
due associated with an adverse ef-
fect endpoint. This approach allows
the contribution to the total residue
through time for each component to
be approximated by simple kinetics
models (93) and facilitates investi-
gation based on hypothesis testing,

A residue-based approach to un-
derstanding and predicting the tox-
icity of mixtures of chemicals with
different modes of toxic action ap-
pears promising. The scheme out-
lined earlier provides a working ap-
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proach to regulation of some
mixtures of chemicals, while also
providing a framework for further
investigation. Mixture toxicity is
rarely addressed in environmental
regulations; the CBR-based ap-
proach is attractive because it both
highlights the problem and pro-
vides a mechanism to examine it.

Integrated fate, accumulation,
and effects modeling. The primary
interest of the field ecologist, the
laboratory toxicologist, the govern-
ment regulator, and the public is not
the avoidance of adverse responses
just in populations of certain organ-
isms, but the avoidance of adverse
effects in the community and eco-
system. Debate contines about the
assessment of ecosystem health; po-
sitions range from the “top-down”
population and community level
supporters to the “bottom-up’’ bio-
chemical advocates (94).

In exposure-based assessment of
aquatic systems, effects are refer-
enced to the concentration in water
or sediment. Although feasible at
the organism level and above, it be-
comes increasingly difficult to in-
terpret exposure-based data at lev-
els of organization below the whole
organism, this being the realm of
physiological-biochemical toxicol-
ogy and toxicokinetics. To achieve
some reconciliation a common fac-
tor must provide a link between lab-
oratory test data and ecological ef-
fects observed in the field. A
residue-based ‘‘middle-out” ap-

proach—whole-body residues in
average organisms-—should provide
a common dose surrogate for the
bottom-up and top-down support-
ers. A residue-based approach
should provide a good overall strat-
egy for those who wish to under-
stand entire ecosystem structures,
from biochemistry to ecology.

Summary

We view residue—effects relation-
ships as integral in an overall
scheme of environmental risk as-
sessment involving fate modeling,
bioaccumulation modeling (includ-
ing bioconcentration, food chain ac-
cumulation, and metabolism), and
community dynamics, as discussed
by Bartell et al. (4). Residue—effects
relationships will allow the sub-
stantial progress environmental tox-
icology has made in the past few de-
cades to continue without losing
touch with either the large body of
exposure-based information or the
field-based observations of adverse
responses and residue monitoring
data. The opportunity to correlate
and validate the observations of lab-
oratory toxicologists and field ecol-
ogists via residue levels in organ-
isms and population effects (or lack
of them), is particularly attractive.
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