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Assessing the Chemical Sensitivity of Freshwater Fish
Commonly Used in Toxicological Studies
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Using information from published studies, the relative sensitivity of various freshwater fish to a range of chemicals was
examined. Specifically, the objectives were to: (1) determine which species are used most often in toxicity tests, (2) assess the
relative sensitivity of these species to various chemicals, and (3) determine whether the two most commonly tested species
exhibit differences in their relative sensitivity to different classes of chemicals. Fathead minnows, rainbow trout and bluegill
sunfish were the three most commonly used species in 96-h LC50 tests. Of the nine species examined, coho salmon and rain-
bow trout were the most seasitive species to 190 chemicals, while goldfish and carp were the least sensitive. Fathead min-
nows and rainbow trout were not equally sensitive to 13 different classes of chemicals; for example, while trout were signifi-
cantly more sensitive to metals, fathead minnows were more sensitive to hydrocarbons. Such comparisons are expected to be
useful for predicting the relative responses of different species to previously untested chemicals in such groups, and in gaining

insight into physiological modes of action.
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Model species are organisms used by biologists to pro-
vide general information about living systems and
processes. These species typically exhibit a body plan and
physiology that is reasonably nonspecialized so that
information obtained from their examination can be used
to generalize about other groups. A variety of such
organisms has been used to investigate the toxicity of
chemicals in an effort to understand their potential effects
on both human and environmental health. As many of
these substances, or their breakdown products, end up in
rivers, lakes and oceans, it is important to study model
species that suitably represent the fauna of these habitats.

A variety of fish species is currently used to provide
information about the toxicity of chemicals, including
rainbow trout (Oncorbynchus mykiss), fathead minnows
(Pimephales promelas) and bluegill sunfish (Lepomis
macrochirus), However, the degree to which these:species
differ in sensitivity to various substances is not well estab-
lished. Species-specific sensitivity can occur for a number
of reasons, including differences in the amount of chemi-
cal that enters the organism, how it moves around the
body, and how it is metabolized and excreted (Grue et al.
2001). Information concerning species sensitivity is|[impor-
tant in toxicological studies, particularly when trying to
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form generalizations and guidelines concerning the use of
specific chemicals based on studies of one or a few species.
Species-specific responses to certain chemicals may also
have important ecological consequences, particularly if
they result in altered community structure. Hansen et al.
(1999), for example, suggested that differential sensitivity
to metal contamination was responsible for a change in
the relative proportions of rainbow trout and brown trout
(Salmo trutta) in different sections of a Montana river.
Constraints imposed largely by time and funding
have resulted in the vast majority of studies being carried
out using single species as a model organism, In a limited
number of investigations, species representing a range of
taxonomic groups have been used to assess the toxicity
of a certain substance. For example, Nebeker et al.
(1989) examined the sensitivity of a cladoceran, two
amphipods, an annelid worm and the fathead minnow
to hexachlorobenzene. Multi-species investigations
examining the chemical sensitivity of fish have typically
compared two (Routledge et al. 1998), three (Bengtsson

-et al. 1988) or more (Elonen et al. 1998) species to a sin-

gle chemical or chemical mixture. It remains unclear
whether such sensitivity differences are consistent across
a broad array of chemicals.

The first objective of this study is to determine
which freshwater fish species are most commonly used
to assess the toxicity of chemicals. The second objective
is to examine the relative sensitivity of these species to 2
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number of different chemicals. The final objective is to
test whether relative sensitivity is affected by the cate-
gory of chemical being examined using two of the most
commonly tested species.

Materlals and Methods

Data Set

All data for this project were obtained from the ECO-
TOXicology Database System (www.epa.gov/ecotox/)
provided by the United States Environmental Protection
Agency as a public service. This database provides infor-
mation about the effects of individual chemicals on
aquatic and terrestrial life, compiled primarily from peer-
reviewed literature. Due to the large number of studies
from which the data were taken, references to individual
sources have not been included in this review. Information
in the database includes test results (endpoints, effects and
measurements) and test conditions (location, media, expo-
sure type) for various aquatic and terrestrial species
exposed to a wide range of chemicals. Some limitations of
the ECOTOX data set and search engine are discussed on
the website; other limitations that pertain to our analysis
are the absence of age-specific or size-specific information
for each fish species. Within a fish species, the grouping of
various fish age groups by the database does not allow the
variables of age or size of the fish to be examined.

Species Selection

Our first objective was to determine the fish species most
commonly used in toxicity testing. To narrow our search
parameters, it was decided to examine only those studies
that presented LC50 (96 h) values for the species and
chemical being examined. In addition, our search was
limited to studies published since 1980. Note that a few
of these studies (Johnson and Finley 1980; Office of Pes-
ticide Programs 2000) are reviews of other toxicity inves-
tigations and thus some information may predate 1980.
This search provided a total of 3119 LC50 values for 12
different species exposed to various chemicals. The three
most commonly tested species were fathead minnows
(930), rainbow trout (827) and bluegill sunfish {743).
These were followed by guppies (Poecilia reticulata; 150),
carp (Cyprinus carpio; 114), goldfish (Carassius auratus;
96), coho salmon (Oncorbynchus kisutch; 80), large-
mouth bass (Micropterus salmoides; 59), mosquitofish
(Gambusia affinis; $8), mummichogs (Fundulus hetero-
clitus; 22), Japanese medaka (Oryzias latipes; 21) and
three-spine sticklebacks (Gasterostreus acsleatus; 19).

Species Comparisons

From these data, a subset of chemicals was selected to be
used for species comparisons. This included any chemi-

cal for which LC50 information was available for both
fathead minnows and rainbow trout, the two most com-
monly tested species. It was assumed that this Jlist would
contain most of the chemicals that were likely to be
tested using one or more of the other species as well. The
total number of chemicals that fit this criterion was 296.

Lastly, any studies for which direct comparisons
between species were not legitimate were eliminated. This
typically meant ensuring that the experimental setup and
purity of the chemical were consistent for the species
being compared. For example, the few studies that were
conducted in saltwater were eliminated. In addition, only
studies in which both used cither a flow-through or static
exposure system were compared. As chemicals tested var-
ied substantially in terms of purity, pairs of species might
have more than one comparison for any one chemical.
For example, rainbow trout and fathead minnows were
both exposed to pentachlorophenol at purities of 88, 95
and 99%, providing three comparisons for this chemical.
Any chemical for which no information was provided on
the grade or purity was discarded unless the species were
being compared in the same study; in these cases, it was
assumed that the same chemical purity was used for each.

Chemical Classification

There were 190 chemical tests that provided comparable
LC50 data for both fathead minnows and rainbow
trout. Many chemical tests provided LC50 data for some
other species as well. Of these 190 chemicals, it was pos-
sible to classify 146 chemicals into 13 chemical classes
based on chemical structure (Table 1). Some of the 146
classified chemicals had more than one rainbow trout to
fathead minnow LCS0 ratio, and some chemicals had
several LC50s as they were tested several times, either in
separate studies or with different chemical purities. In
these cases, the arithmetic mean of the trout to fathead
LCS50 ratio was used. The 44 chemicals that were
unclassified by our system were occasionally included
with the data from the classified chemicals and used in
comparisons of “all chemicals.”

Statistical Analyses

To determine if species exhibited differences in sensitiv-
ity from rainbow trout or fathead minnows (see
Results), t-tests were used with a Bonferroni adjustment
to correct for multiple comparisons. All statistics were
performed using Systat (Evanston, Ill.). A similar proce-
dure was used when examining differences in the sensi-
tivity of trout and fatheads to different groups of chemi-
cals. The number of comparisons made in ‘each
assessment is shown in the data (the numbers below the
bars in Fig. 2 and 4, and the numbers above the bars in
Fig. 3), with asterisks indicating differences that were
statistically significant (P < 0.085).
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TABLE 1. Chemical classification for data used to compare LC50s for fathcad minnows and rainbow trout -

Chemical class N General description of chemicals included in class

Metals 7 Metral salts of Ag, As, Cd, Cu, Hg

Hydrocarbons 21 Hydrocarbons with Cl, N, O, OH or S groups

CH-chains 5 . Chain hydrocarbons, some with OH groups

Benzenes .23 : Benzene rings with Cl, F, N, OH (some biphenyls and anilines)

(Poly)aromatic hydrocarbons .9 -+ 1-4ring (P)AH, some with CH groups

Phenols 6 Phenols, diols, some with CH groups

Trazines 6 Triazine herbicides

Pyradines 6 Compounds based on picloram

Organochlorines 15 Compounds such as DDT, lindane, dieldrin, methoxyclor, toxaphene, chlordane
Organophosphates ‘ 23 Compounds such as malathion, parathion, clorpyrifos, phosmet

Carbamates 9 Compounds such as carbofuran, aldicarb, carbarly, methomyl

Phthalates 12 Dicthyl-, dibutyl- and benzyl-phthalates

Pyrethroids 4 Compounds such as allethrin, fenvalerate

Results number of comparisons of 190 (equal to the total num-

Species Comparisons

To provide relative comparisons, information obtained
from exposures involving rainbow trout for baseline
data was used. For example, there were 259 compar-
isons from 190 chemicals meeting the criteria described
in the Methods section between rainbow trout and fat-
head minnows. The relative sensitivity of the species was
compared by plotting the log(trout LC50)/fathead LC50
(Fig. 1). Values of this ratio falling below 0 indicate that
rainbow trout are more sensitive for that chemical while
those above O are indicative of greater fathead sensitiv-
ity. Because different concentrations or purities of the
same chemical cannot be considered independent, the
mean of all such values was used, resulting in a total
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Fig. 1. Frequency distribution of the log of the ratios of
rainbow trout LC50s to fathcad minnow LC50s for 190
chemicals. Values above zero (black bars) indicate the num-
ber of chemicals to which fatheads were more sensitive while
those below zero (white bars) indicate the number to which
trout were more sensitive. Hatched bars (from -0.2 to +0.2)
refer to chemicals to which both species exhibit relatively
similar scnsitivity.

ber of chemicals).

Rainbow trout exhibited greater sensitivity to 138 of
the 190 chemicals while the two species were equally sen-
sitive to six. It should be emphasized that most values fell
between -1 and +1, indicating sensitivity differences
between the two species were usually small (a value of 1.
represents a 10-fold difference in sensitivity). Overall, this
analysis suggests that fathead minnows are about 42% as
sensitive as rainbow trout to this group of 190 chemicals.

Similar analyses were done for each of the other——

species (Fig. 2). Japanese medaka, mummichogs and
sticklebacks are omitted from further examination as
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Fig. 2. Log of the ratio of 96-h LC50s for various chemicals
in rainbow trout to the 96-h LC50s in cight differcnt species,
to allow for sensitivity comparison among the species most
commonly used in LC50 tests. To assess relative sensitivitics,
rainbow trout were used as the “bascline” species, and all
other fish were compared to them. Thus, a value of zero indi-
cates the same overall degree of sensitivity to the chemicals as
was found with trout. Shown are means = standard errors.
Numbers below each mean are the number of comparisons
between that species and rainbow trout. Asterisks indicate
significant differences from trout (P < 0.05). For the compari-
son of carp and trout, the P value of 0.057 is shown above
the bar for carp, as it was marginally significant.
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Fig. 3. Log of the ratio of 96-h LC50s for various chemicals
in fathecad minnows (squarcs) to the 96-h LC50s in seven dif-
ferent species, to allow for comparison in sensitivity among
species most commonly used in LC50 tests. The relative sensi-
tivity of cach specics is similar to those found when specics
were comparcd with rainbow trout (circles; same data shown
in Fig. 2). Numbers above points indicate the number of com-
parisons between that species and fathcad minnows. Sample
sizes for rainbow trout are provided in Fig. 2.

they contained too few legitimate comparisons with
rainbow trout. In addition to fathead minnows, bluegill
sunfish, guppies and goldfish were all significantly less
sensitive to the acute effects of these chemicals than
.were rainbow trout. The values for mosquitofish and
carp fell within the ranges of these species but did not
differ significantly from trout because of a smaller sam-
ple size and/or higher degree of variation. The least
sensitive species was goldfish, having a sensitivity of
about 36% that of rainbow trout. The most sensitive
species, coho salmon, did not differ significantly from
rainbow trout.

To determine if the ranking of species sensitivity for
this group of chemicals was consistent, data were also
compared with fathead minnows (Fig. 3). The relation-
ship between species was the same with the exception of
mosquitofish and guppies which switched rankings.
However, values for these two. species did not differ
from one another in comparisons with either trout or
fatheads (t-tests, P > 0.05). Thus, it would appear that
these rankings are relatively robust.

Sensitivity to Different Chemical Compounds

The objective of our final analysis was to determine if
the relative sensitivity of rainbow trout and fathead min-
nows (two of the most commonly used species in toxico-
logical studies) exhibited variable sensitivity to different
classes of chemicals (phenols, benzenes, pyrethroids,
etc.). Data from the 146 chemicals used for this analysis
suggest that the two species do indeed exhibit different
sensitivity to the 13 classes (Fig. 4). For example, while
trout were almost 10 times as sensitive to metals, the
two specics exhibited equal sensitivity to CH-chains and

more sensitive to hydrocarbons.

phthalates, and fathead minnows were significantly -

Discussion

Our objectives in this study were to determine the fresh-
water fish species most commonly used in acute toxicity
testing, to determine if these species differed in sensitiv-
ity to a range of chemicals, and to ascertain whether sen-
sitivity differences were consistent across a range of
compounds. The wide variety of endpoints used in toxi-
cology studies made it difficult to determine the most
commonly used species. To simplify our search, only
those species which have been used most often to pro-
vide LC50 values over 96 h since 1980 were selected.
Using this criterion, fathead minnows, rainbow trout
and bluegill sunfish emerged as the most commonly
tested fish. Clearly, however, certain species are used
more commonly in other types of studies. Japanese
medaka, for example, have béen used extensively in test-
ing the teratogenic properties of certain substances
(Yamamoto 1975 cited in Loosli et al. 2000; Hawkins et
al. 1995, 1998; Ishikawa 2000) and LC50 tests are not
typically used in such investigations. Recognizing these
limitations, it was expected that our list of species con-
tained most of the commonly tested freshwater fish and
that minot discrepancies would not affect the more
important second and third objectives.

The results of this study suggest that there are statis-
tically significant differences in chemical sensitivity
among freshwater fish commonly used in toxicology
studics. There was a threefold difference in sensitivity
between the most and least sensitive species, based on the
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Fig. 4. Log of the ratio of 96-h LCS50 in rainbow trout to the
96-h LCS0 in fathead minnows, for chemicals grouped into
thirteen chemical classes, based on structural formula. A
value of zero indicates that the two species were equally sen-
sitive to that group. Numbers below points are the total num-
ber of comparisons between the two species for each chemical
group. Asterisks indicate significant differences between the
two specics (P < 0.05),
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subset of 190 chemicals used in our analysis. The two
most commonly tested salmonids, coho salmon and rain-
bow trout, were the most sensitive while the two
cyprinids, carp and goldfish, along with fathead min-
nows, were the least sensitive. Whether these differences
are biologically meaningful depends largely on the ques-
tion being addressed. Typically, multiple species compar-
isons differ by 2 to 3 orders of magnitude although this
may be as great as 4 to 5 orders of magnitude (Schafer
1994; Eisler 2000). In assessing the lethal potency of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), Poland and
Knudsen (1982) noted a 3000-fold difference in sensitiv-
ity among laboratory mammals. The seven species of fish
exposed to the same substance exhibited substantially less
variability in response, although the 5-fold difference
observed was still greater than that found in our analysis.

Few attempts have been made at broad generaliza-
tions concerning interspecific differences in relative sen-
sitivity. Vaal et al. (1997) found that the largest inter-
species variation in sensitivity was for compounds with
the highest overall toxicity in a comparison of the acute
toxicity of 21 compounds in 26 aquatic invertebrate, fish
and amphibian species. In addition, saltwater fish species
were more sensitive (had lower EC50s) than freshwater
fish species for 11 of 22 chemicals (Hutchinson et al.
1998). Saltwater and freshwater species were of equal
sensitivity for 6 of 22 chemicals, and freshwater species
were more sensitive than saltwater species for 5 of 22
chemicals (Hutchinson et al. 1998).

Within species variability in response to toxic sub-
stances is also well documented. Often such variability
_ reflects differences in sensitivity of different life stages.
" Early life stages (eggs and fry) are typically found to be
more sensitive to chemicals than later stages (McKim
| 1977, 198S; Birge et al. 1985). For example, larvae of
“three endangered fish species (Colorado squawfish [Pzy-
chocheilus lucius], bonytail [Gila elegans] and razorback
sucker [Xyrauchen texanus]) are more sensitive than
juvenile stages to cadmium, hexavalent chromium and
mercury (Buhl 1997). Early life stages of fish are among
the most sensitive vertebrates to TCDD-induced mortal-
ity. The LD50 of TCDD in rainbow trout sac fry
(0.4 pg/g egg weight) is about 25 times less than that in
juvenile trout (10 pg/g body weight) (Kleeman et al.
1988; Walker and Peterson 1991). However, the relative
sensitivity of different species is not necessarily the same
for different age groups. For example, the most extensive
comparative information for responses of freshwater fish
to a single chemical comes from studies on the toxicity of
TCDD. Egg exposures of 10 different species, from 5 sep-
arate studies (Elonen et al. 1998; Walker and Peterson
1994; Walker et al. 1991, 1992, 1994) suggest that the
three salmonids are most sensitive (lake trout
[Oncorbynchus namaycush], brook trout [Salvelinus
fontinalis] and rainbow wrout). However, when the young
of 6 species were exposed to the same chemical, rainbow

trout ranked fourth in sensitivity, behind yellow perch
(Perca flavescens), carp and brown bullhead (Ictalurys
nebulosis). The principle weakness of the ECOTOX
database, and subsequently our results, is the absence of
age-specnflc information. The grouping of various age
groups no doubt masked some of the variability in sensi-
tivity that may exist when this variable is controlled.

Due to the substantial inter- and intra-specific varia-
tion in response to particular chemicals, Cairns (1986)
suggested that the “most sensitive species” concept is a
myth. The data here suggest that the benefit of a com-
parative approach is in the information acquired con-
cerning the relative sensitivity to specific chemical
classes. For example, based on the database used, rain-
bow trout are about 10 times more sensitive to metals
than are fathead minnows; however, fathead minnows
are significantly more sensitive to hydrocarbons. Both
species are equally sensitive to phthalates. If such trends
are consistent, this information may be more valuable in
linking mechanisms of action with physiological differ-
ences between species.

In summary, there is a significant variability between
different species of freshwater fish in response to chemi-
cal exposures. The predictive power of the relationship
observed, however, is expected to be weak given that
variability in responses within species is often greater
than that observed between species. However, the broad
database currently available permits the analysis of more
specific trends, such as responses to specific groups of
chemicals. Such information will likely be more useful,
both in predicting the relative responses of different
species to previously untested chemicals in such groups,
and in gaining insight into physiological modes of action.
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