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Abstract—A primary objective of threatened and endangered species conservation is to ensure that chemical contaminants and
other stressors do not adversely affect listed species. Assessments of the ecological risks of chemical exposures to listed species
often rely on the use of surrogate species, safety factors, and species sensitivity distributions (SSDs) of chemical toxicity; however,
the protectiveness of these approaches can be uncertain. We comprehensively evaluated the protectiveness of SSD first and fifth
percentile hazard concentrations (HC1, HCS) relative to the application of safety factors using 68 SSDs generated from 1,482 acute
(lethal concentration of 50%, or LC50) toxicity records for 291 species, including 24 endangered species (20 fish, four mussels).
The SSD HCS5s and HCl1s were lower than 97 and 99.5% of all endangered species mean acute LC50s, respectively. The HCSs
were significantly less than the concentrations derived from applying safety factors of 5 and 10 to rainbow trout (Oncorhynchus
mykiss) toxicity data, and the HC1s were generally lower than the concentrations derived from a safety factor of 100 applied to
rainbow trout toxicity values. Comparison of relative sensitivity (SSD percentiles) of broad taxonomic groups showed that crustaceans
were generally the most sensitive taxa and taxa sensitivity was related to chemical mechanism of action. Comparison of relative
sensitivity of narrow fish taxonomic groups showed that standard test fish species were generally less sensitive than salmonids and
listed fish. We recommend the use of SSDs as a distribution-based risk assessment approach that is generally protective of listed

species.
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INTRODUCTION

Chemical habitat degradation is one of the primary threats
to imperiled species in the United States [1,2], and exposure
to environmental contaminants is a primary conservation con-
cern for endangered species [3]. It is estimated that exposure
to environmental contaminants has contributed up to 38% of
fish extinctions in the last century [1]. The U.S. Environmental
Protection Agency (U.S. EPA) determines the risk posed to
listed species by the manufacturing, use, and disposal of chem-
icals and pesticides under the Toxic Substance Control Act
(www.epa.gov/history/topics/tsca/index.htm); the Federal In-
secticide, Fungicide and Rodenticide Act (www.epa.gov/
oecaagct/lfra.html); and the Clean Water Act (www.epa.gov/
waterscience/standards/303.htm). The Federal Insecticide,
Fungicide and Rodenticide Act and the Clean Water Act pro-
tect aquatic ecosystems through either the required toxicity
testing of representative aquatic organisms or a distribution-
based approach using multispecies databases [4,5].

Ecological risk assessments of toxicants identify the se-
verity and probability that contaminant exposure will adversely
affect organisms and populations. The absence of empirical
data makes sensitivity unknown for many species and chem-
icals and increases risk assessment uncertainty. While endan-
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gered species toxicity testing can be done [6—12], it is often
not feasible and risk managers must estimate the degree of
protection or develop approaches to derive protective mea-
sures. Standardized toxicity tests of surrogate species (e.g.,
rainbow trout, Oncorhynchus mykiss) and application of safety
factors may provide protection of special-status species [9];
however, the sensitivity of standard test species compared to
listed species and their appropriateness as surrogates for spe-
cial-status species is not well understood [13]. Alternatively,
species sensitivity distributions (SSDs) are cumulative prob-
ability distributions of species sensitivities (acute toxicity) that
are used in endangered species risk assessment to derive hazard
concentrations, such as the fifth percentile hazard concentra-
tion (HCS5) considered protective of 95% of species [5,14].
The use of standard safety factors and SSDs to derive pro-
tective concentrations for most listed species relies on the as-
sumptions that listed species are no more sensitive than nonlist-
ed species and SSD HCS5s will be protective of listed species.
Previous studies compare the acute and chronic toxicity of five
chemicals (carbaryl, copper sulfate, 4-nonylphenol, penta-
chlorophenol, and permethrin) representing diverse modes of
action for 17 aquatic listed species and three surrogate test
species [9—11,15]. The authors of those studies report that the
tested endangered species are not consistently more sensitive
than the surrogate species and support earlier conclusions that
no species is consistently the most sensitive to chemicals over
a wide range of modes of action [16]. While these studies
indicate that risk assessors can apply surrogate species toxicity
data with safety factors to protect endangered species, they are
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limited in scope in both the range of chemicals and the species
evaluated.

The objective of the present study was to comprehensively
examine the relative sensitivities of federally listed and nonlist-
ed aquatic species to a broad range of chemicals and determine
the protectiveness of SSD hazard concentrations used in en-
dangered species risk assessment. We developed SSDs for 68
chemicals from an expansive acute toxicity database that in-
cluded toxicity data for 24 listed species. We conducted anal-
yses to assess the relative sensitivity of listed and unlisted taxa
over a broad range of chemicals, the frequency of chemicals
for which HCSs and HCl1s (first percentile) are less than listed
species mean acute values, and how SSD hazard concentrations
compare to environmental concentrations derived from the ap-
plication of safety factors. We also propose two potential meth-
ods that may reduce uncertainty in SSDs used in risk assess-
ment. In the first method, we identify mechanism of action
(MOA)—sensitive taxonomic groups that may guide selection
of taxa for SSD development. In the second method, we de-
velop linear models to determine whether the percentile of a
surrogate species can predict the percentile of a listed species,
which risk assessors may use to identify appropriate hazard
concentrations.

MATERIALS AND METHODS

We compiled an extensive acute toxicity database from the
U.S. EPA Office of Pesticide Programs ecotoxicity database,
ECOTOX/ACQUIRE (cfpub.epa.gov/ecotox, accessed May
2007); Ambient Water Quality Criteria documents [17,18]; the
U.S. EPA Gulf Ecology Division Interspecies Correlation Es-
timation database [19]; and the open literature [12,16,20—48].
All data were required to adhere to acute toxicity test standards
for test conditions and methods appropriate for each species
[49,50]. Because we combined data from multiple sources, a
high level of standardization was necessary to reduce the ef-
fects that test conditions, life stage, and chemically active
ingredient may have on organism toxicity. This high level of
standardization helped to ensure that the modeled relationships
were a reflection of species sensitivity and not extraneous fac-
tors that contribute to variation in toxicity data. As a result,
we excluded some data from previous studies of endangered
species toxicity (Dwyer et al. [9]; some data omitted due to
active ingredient requirement) that did not meet our standard-
ization requirements described here.

We standardized all data by using 96-h lethal concentration
of 50% (LC50) or effective concentration of 50% (EC50) val-
ues for fish and most invertebrates (mysids and mussels) and
48-h EC50 values for some invertebrates (daphnids). All tox-
icity values were expressed as ng/L. We only used toxicity
data for juveniles for fish (between 0.2 and 5.0 g, <50 mm,
or <3 months), mussels, oysters, shrimp, and blue crabs to
reduce variability associated with life stage. While earlier life
stages (larvae) may be more sensitive, we used the juvenile
life stage because it was a consistent life stage among taxa
and the stage for which most data were available. For fresh-
water species, we adjusted the toxicity values for metals to a
hardness of 50 mg/L, pentachlorophenol to pH 6.8, and am-
monia to pH 8.0. Duplicate records collected from multiple
sources, chemical formulations of less than 90% active ingre-
dient and open-ended toxicity values (>100 pg/L or <100
png/L) were excluded from the database. We used the geometric
mean of multiple toxicity values for a chemical per species as
the mean acute value. We removed toxicity records for which
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Fig. 1. The number of chemical species sensitivity distributions con-
taining different numbers of listed species.

the minimum and maximum values exceeded a 10-fold range
from the database to limit variability associated with incon-
sistent toxicity test observations [19,51].

We identified all chemicals that contained toxicity values
for a minimum of 10 species and extracted all toxicity records
for each chemical for SSD development. For each chemical,
we pooled saltwater and freshwater organisms because prelim-
inary SSDs developed with all species showed no significant
difference in the percentiles of freshwater and saltwater species
(Mann-Whitney U test, Z = 1.033, p = 0.302). De Zwart [52]
also notes that in a dataset of more than 1,000 chemicals and
500 species, the average toxicity values for freshwater and
saltwater species are comparable and combining data from the
two media is appropriate for SSD development.

Species sensitivity distributions may be generated using
several types of distributions [53], often with little difference
in protection levels [54]. We used a log-logistic model for SSD
development because it often provides the best overall fit to
toxicity datasets [55,56] and more conservative HCS5s [57].
For each chemical, a log-logistic model described the distri-
bution of all species sensitivities such that

Y = 1/{1 + exp[(a — X)/B]}

where Y is the cumulative probability; X is log-transformed
acute toxicity; a is the intercept parameter determined from
the average of the log-transformed sample; and 3 is the scale
parameter estimated from the standard deviation, s, of the log-
transformed sample as 3 = \V3/m-s [52]. For each SSD, the
percentile of each species was the cumulative probability cor-
responding to the log-transformed toxicity value. The HCS
and HC1 of each SSD were the concentrations corresponding
to the fifth and first percentile, respectively.

We obtained the most recent list of federally threatened and
endangered species from the Threatened and Endangered Spe-
cies module of Environmental Conservation Online System
(ecos.fws.gov/tess_public/StartTESS.do, accessed August
2007) and identified the listed species within each SSD. Of
68 SSDs, 64 contained one or more listed species (Fig. 1).
The protectiveness of HC5 and HC1 generated from the 64
SSDs that included listed species was determined from the
frequency of listed species occurring above the fifth and first
percentiles, respectively.

We compared HCS and HC1 values to concentrations de-
rived by applying safety factors of 5, 10, and 100 to rainbow
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Table 1. Listed species and the number of chemicals of each represented by 64 species sensitivity distributions

No. of Median
Taxa Family Common name Species chemicals percentile
Fish Acipenseridae Shortnose sturgeon Acipenser brevirostrum 4 0.14
Acipenseridae Atlantic sturgeon? Acipenser oxyrinchus 1 0.17
Catostomidae Razorback sucker Xyrauchen texanus 5 0.53
Cyprinidae Spotfin chub Erimonax monachus 5 0.27
Cyprinidae Bonytail chub Gila elegans 5 0.68
Cyprinidae Cape Fear shiner Notropis mekistocholas 5 0.49
Cyprinidae Colorado pikeminnow Ptychocheilus lucius 5 0.68
Cyprinodontidae Leon Springs pupfish Cyprinodon bovinus 4 0.51
Cyprinodontidae Desert pupfish Cyprinodon macularius 1 0.79
Gasterosteidae Threespine stickleback Gasterosteus aculeatus 2 0.45
Percidae Fountain darter Etheostoma fonticola 5 0.16
Poeciliidae Gila topminnow Poeciliopsis occidentalis 4 0.54
Salmonidae Cutthroat trout Oncorhynchus clarkii 29 0.58
Salmonidae Apache trout Oncorhynchus gilae apache 5 0.35
Salmonidae Coho salmon Oncorhynchus kisutch 24 0.48
Salmonidae Rainbow trout® Oncorhynchus mykiss 59 0.56
Salmonidae Sockeye salmon Oncorhynchus nerka 3 0.53
Salmonidae Chinook salmon Oncorhynchus tshawytscha 14 0.36
Salmonidae Atlantic salmon Salmo salar 13 0.63
Salmonidae Bull trout Salvelinus confluentus 3 0.07
Mollusca Unionidae Oyster mussel Epioblasma capsaeformis 3 0.12
Unionidae Pink mucket Lampsilis abrupta 2 0.13
Unionidae Shinyrayed pocketbook Lampsilis subangulata 1 0.90
Unionidae Scaleshell Leptodea leptodon 1 0.06

2 Subspecies Gulf sturgeon.
> Subspecies steelhead.

trout toxicity acute values. Rainbow trout was the selected
surrogate species because it has been established as a sensitive
species that is an appropriate surrogate for endangered species
risk assessment [9] and was the most abundant species in the
database. We used Wilcoxon signed rank tests of matched pairs
to compare HCS5s with concentrations derived from safety fac-
tors of 5, 10, and 100 and the HC1 with the concentration
derived from a safety factor of 100.

We assessed the differences in the relative sensitivity of
listed and unlisted species in broad and narrow taxonomic
groups. The broad taxonomic groups included annelids, crus-
taceans, insects, listed mollusks, unlisted mollusks, listed fish,
unlisted fish, and amphibians. All listed mollusks were mus-
sels, whereas the unlisted mollusks group was composed of
mussels, other bivalves (oysters, clams, and scallops), snails,
and abalone. The narrow taxonomic groups focused on fish
and were rainbow trout, listed salmonids (species in family
Salmonidae other than rainbow trout), unlisted salmonids, oth-
er listed fish (nonsalmonids), bluegill (Lepomis macrochirus),
fathead minnow (Pimephales promelas), sheepshead minnow
(Cyprinodon variegates), and catfish (Ictalurus punctatus).
We selected the narrow groups to compare listed species with
unlisted species within the same family (Salmonidae), as well
as to compare listed fish species with standard toxicity test
species. The listed salmonid group excluded data for rainbow
trout to retain independence in the analyses and consisted of
cutthroat trout (Oncorhynchus clarkii, n = 29), apache trout
(0. gilae apache, n = 5), coho salmon (O. kisutch, n = 24),
sockeye salmon (O. nerka, n = 3), Chinook salmon (O. tshaw-
ytscha, n = 14), Atlantic salmon (Salmo salar, n = 13), and
bull trout (Salvelinus confluentus, n = 3). Unlisted salmonids
included brown trout (Salmo trutta, n = 16), brook trout (Sal-
velinus fontinalis, n = 20), lake trout (Salvelinus namaycush,
n = 21), and pink salmon (O. gorbuscha, n = 1). For each
analysis, we determined the proportion of observations located

within the four quartiles of the SSDs for each taxonomic group.
We compared median sensitivities among groups using Krus-
kal-Wallis test and nonparametric multiple comparison [58].

We qualitatively assessed the effect of chemical mechanism
of toxic action on taxa sensitivity using the broad taxonomic
groups and well-represented MOAs. The MOAs with sufficient
number of chemicals for analysis were organophosphorus in-
secticides (OPs), neurotoxicants (primarily organochlorine and
pyrethroid pesticides), metallic stressors, and nonpolar nar-
cotics (a diversity of chemicals causing toxicity through non-
specific mechanisms) [59]. Organophosphorus insecticides
were treated as a separate class of chemicals because of their
specific binding to and inhibition of acetylcholinesterase,
whereas the general class neurotoxicants encompassed a
broader range neurotoxicity mechanisms that did not involve
acetylcholinesterase inhibition. The sensitivity of narrow tax-
onomic groups within MOA categories was not determined
due to small sample sizes.

We used a linear model to determine whether relative sen-
sitivity (percentile in the SSD) of a surrogate species could
predict the relative sensitivity of a listed species. We used
percentile data for two surrogate species (rainbow trout and
fathead minnow) and two listed species (cutthroat trout and
Cape Fear shiner, Notropis mekistocholas). We selected the
representative listed and surrogate species based on data avail-
ability and taxonomic relatedness of surrogate and listed spe-
cies (Salmonidae:trout; Cyprinidae:minnow, shiner).

RESULTS

From our database of 713 chemicals, with 5,901 LC50s for
308 species, we developed SSDs for 68 of these chemicals,
consisting of 1,482 LC50s and 291 species, including 203
toxicity records for 24 endangered species (20 fish, four mussels;
Table 1 and Table S1 [http://dx.doi.org/10.1897/08-157.S1]).
Most SSDs contained 1 to 3 listed species, with five chemicals
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Fig. 2. Proportion of observations in each quartile of the species sensitivity distributions for broad taxonomic groups. Numbers in the Groups
row indicate taxonomic groups that are not significantly different from one another.

containing more than 10 listed species (Fig. 1). All SSDs had
a minimum of 10 species and eight families with the exception
of four that were represented by seven families (potassium
permanganate, n = 12; coumaphos, n = 11; temephos, n =
11; and clonitralide, n = 17). The four chemicals represented
by seven families maintain taxonomic diversity and contained
crustaceans, insects, mollusks, and fish. Acute toxicity values
in the SSDs ranged from 0.001 pg/L (Polyodon spathula;
antimycin A) to 1,870,000 wg/L (Agnetina capitata; chromium
VI), and HC5s ranged from 0.0018 pg/L (antimycin A) to
2,587 wg/L (metolachlor). Of 203 toxicity records for listed
species, 97% were greater than the fifth percentile of their
respective SSD and 99.5% were greater than the first percentile
of the SSD.

Median percentiles of listed species ranged from 0.06 (Lep-
todea leptodon, n = 1) to 0.90 (Lampsilis subangulata, n =
1). Sturgeons (Acipenser spp.), spotfin chub (Erimonax mon-
ochus), and the fountain darter (Etheostoma fonticola) were
among the more sensitive listed species, with median percen-
tiles equal to or less than 0.27. Most salmonid species median
percentiles were approximately 0.5 and ranged from 0.07 (S.
confluentus, n = 3) to 0.63 (S. salar, n = 13). Listed mollusks
were all in the first quartile of their respective SSDs with the
exception of L. subangulata, which was in the 90th percentile
of the malathion SSD (Table 1).

In the comparison of HC5 and concentrations derived from
safety factors, the median HCS (5.1) of all SSDs (10th per-
centile of all HC5s = 0.15, 90th percentile of all HC5s =
209.4) was significantly lower than the median concentrations
derived from a safety factor of 5 (median = 42.0, 10th per-
centile = 0.91, 90th percentile = 1,451.3; Wilcoxon signed
rank tests, Z = —4.53, p < 0.0001). The HCS5s were also
significantly lower than environmental concentrations derived

from a safety factor of 10 (median = 21.0, 10th percentile =
0.46, 90th percentile = 725.63; Wilcoxon signed rank tests,
Z = —2.41, p = 0.016). Concentrations derived from a safety
factor of 100 (median = 2.10, 10th percentile = 0.05, 90th
percentile = 72.6), were significantly less than HC5s (Wil-
coxon signed rank tests, Z = 2.84, p = 0.004), but not sig-
nificantly different from HC1ls (median HC1 of all SSDs =
0.64, 10th percentile of all HC1s = 0.007, 90th percentile of
all HC1s = 67.4; Wilcoxon signed rank tests, Z = —0.38, p
= 0.70).

The statistical comparison of relative sensitivity among
broad taxonomic groups determined that crustaceans were the
most sensitive group, followed by insects, listed fish, and un-
listed mollusks (x> = 171, degrees of freedom, df = 6, p <
0.0001; Fig. 2). The sensitivity of listed mollusks (n = 7) was
not statistically compared to that of the other groups due to
the small sample size; however, they were generally among
the more sensitive taxa, with a median percentile of 0.11. As
a group, listed fish were significantly more sensitive compared
to all unlisted fish, amphibians, or annelids. The comparison
of relative sensitivity among narrow fish groups indicated that
rainbow trout, unlisted salmonids, listed salmonids, and other
listed fish all had similar sensitivity. With the exception of
bluegill, which had sensitivity similar to rainbow trout, all
other standard test species were significantly less sensitive than
salmonids and listed fish (x> = 44.6, df = 7, p < 0.0001; Fig.
3).

Taxa sensitivity, determined as the percentage of obser-
vations in the first quartile of the SSD, varied within chemical
MOA categories. Crustaceans were consistently sensitive to
all MOAs examined, while insects were sensitive to neuro-
toxicants and OPs but much less sensitive to nonpolar narcotics
and metallic stressors. The sensitivity of listed fish was similar
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Fig. 3. Proportion of observations in each quartile of the species sensitivity distributions (SSDs) for narrow taxonomic groups. Numbers in the
Groups row indicate taxonomic groups that are not significantly different from one another.

to that of unlisted fish to neurotoxicants (16—-18%), nonpolar
narcotics (16-24%), and OPs (2-3%). Listed fish were gen-
erally more sensitive to metallic stressors than unlisted fish
(listed —30%, unlisted —3%). There were not enough obser-
vations within chemical MOA categories for listed mollusk
species to determine trends in relative sensitivity. However,
unlisted mollusks had greater sensitivity to nonpolar narcotics
and metallic stressors and were relatively less sensitive to neu-
rotoxicants and OPs (Table 2).

Significant relationships existed between the sensitivities
of surrogate and the sensitivities of listed fish species (Fig. 4).
Linear models developed for cutthroat trout contained 27 and
23 observations for rainbow trout and fathead minnow, re-
spectively. Cape Fear shiner models contained five observa-
tions each for rainbow trout and fathead minnow. Based on
model R?, mean square error, and p value, models developed
with a rainbow trout surrogate were more robust than models
developed with fathead minnow for both cutthroat trout and
Cape Fear shiner (Fig. 4).

DISCUSSION

Ecological risk assessments often rely on the SSD approach
to determine risks based on single-species toxicity test data
[56], and the present study demonstrates the protectiveness of
SSD hazard concentrations for 24 endangered aquatic animals.
Our results demonstrate that for 64 chemicals, HC5s are lower
than 97% of listed species mean acute values and HCls are
less than 99.5% of the listed species values. Our study is the
first to compare the relative sensitivity of more than 20 listed
species with almost 300 unlisted species for more than 60

chemicals and demonstrates the protectiveness of using dis-
tribution-based approaches in endangered species risk assess-
ment.

Of the listed species not protected by the respective HCS,
rainbow trout and Chinook salmon are below the HCS5 for
cadmium (n = 90), the shortnose sturgeon (Acipenser bre-
virostrum) and fountain darter are at or below the HC5 of 4-
nonylphenol (n = 17), and the oyster mussel (Epioblasma
capsaeformis) is at the third percentile of copper (n = 80). In
addition, bull trout was less than the HC1 for cadmium. Both
cadmium and copper are well-populated SSDs with a diversity
of taxa, and the relative sensitivity of these species supports
earlier conclusions that salmonids are among the most sensitive
species to contaminants [9,15] and that freshwater mussels are
particularly sensitive to copper [60]. Sturgeon is also identified
as a sensitive fish species [9] with a toxicity value below the
HC5 for 4-nonylphenol. The 4-nonylphenol SSD, although
composed of 17 species and nine families, contained only
vertebrates (fish and amphibians), and the underprotection of
the sturgeon in this example may be mitigated by inclusion of
additional taxonomic diversity in the SSD.

Stephan [61] recommends that SSD datasets include taxa
known to be sensitive to the pollutant to increase the proba-
bility that percentiles are adequately protective; however, a
comprehensive analysis of taxa sensitivity with relation to
chemical classes or MOAs has been lacking. Our analysis of
broad taxonomic groups for all chemicals and for chemicals
within selected MOAs can guide taxa selection for SSD de-
velopment to include relatively sensitive species. Our results
show that crustaceans occupy the lower quartile of an SSD for
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Table 2. Proportions of observations in each species sensitivity distribution quartile for broad taxonomic groups and chemical mechanism of

action
Proportion of observations in quartile
Mode of action Broad taxonomic
(No. of chemicals) group n? 1 2 3 4
Neurotoxicants (13) Annelids 2 0.00 0.00 0.00 1.00
Crustaceans 71 0.38 0.18 0.15 0.28
Insects 34 0.47 0.15 0.18 0.21
Nonlisted mollusks 11 0.00 0.18 0.36 0.45
Nonlisted fish 104 0.18 0.38 0.31 0.13
Listed fish 31 0.16 0.42 0.32 0.10
Amphibians 13 0.00 0.00 0.00 1.00
Nonpolar narcosis (14) Crustaceans 54 0.37 0.19 0.17 0.28
Insects 17 0.12 0.12 0.18 0.59
Nonlisted mollusks 25 0.36 0.24 0.24 0.16
Listed mollusks 2 0.50 0.50 0.00 0.00
Nonlisted fish 119 0.24 0.19 0.33 0.24
Listed fish 31 0.16 0.39 0.29 0.16
Amphibians 7 0.29 0.14 0.29 0.29
Organophosphorus insecticides (18) Crustaceans 89 0.76 0.17 0.04 0.02
Insects 32 0.63 0.28 0.06 0.03
Nonlisted mollusks 15 0.00 0.00 0.33 0.67
Listed mollusks 1 0.00 0.00 0.00 1.00
Nonlisted fish 128 0.02 0.20 0.21 0.57
Listed fish 39 0.03 0.15 0.33 0.49
Amphibians 7 0.00 0.14 0.43 0.43
Metallic stressors (9) Annelids 37 0.05 0.16 0.46 0.32
Crustaceans 106 0.54 0.18 0.13 0.15
Insects 14 0.00 0.07 0.00 0.93
Nonlisted mollusks 67 0.37 0.21 0.18 0.24
Listed mollusks 4 1.00 0.00 0.00 0.00
Nonlisted fish 88 0.03 0.11 0.39 0.47
Listed fish 30 0.30 0.40 0.23 0.07
Amphibians 3 0.33 0.67 0.00 0.00
an = number of observations in taxonomic group.
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Fig. 4. Relationship of species sensitivity distributions percentiles for surrogate (rainbow trout, fathead minnow) and listed species (Cape Fear
shiner, cutthroat trout). MSE = mean square error.
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more than 50% of all occurrences and the lower half of the
SSD for 70% of all occurrences (Fig. 2). In addition, chemical
MOA can be an important determinant of toxicity [59]. Our
study of broad taxa sensitivity indicates that, while no single
taxon is the most sensitive for all MOAs, relative taxon sen-
sitivity is related to MOA. These results could increase the
protectiveness of SSD hazard concentrations by determining
a priori which taxa to include in an SSD for specific chemicals
or MOAs. In the example of 4-nonylphenol (a nonpolar nar-
cotic) and shortnose sturgeon described earlier, inclusion of
crustaceans and mollusks could populate the SSD with taxa
sensitive to nonpolar narcotics and facilitate the protection of
the sturgeon (Table 2). A quantitative assessment of MOA-
sensitive taxa could be the focus of future research efforts to
include more MOAs and narrower taxonomic groups.

In addition to taxonomic diversity, SSDs are dependent
upon data availability and sample size. Minimum dataset re-
quirements for SSDs have been explored using a diversity of
datasets, and approaches and recommendations range from a
minimum of 8 up to 55 species [5,62—64]. We required a
minimum of 10 species in our SSDs, most of which contained
a minimum of eight families, to preserve taxonomic diversity
while maximizing the number of SSDs obtainable from our
dataset. The SSDs we developed using 10 to 12 species con-
tained between one and three endangered species, which were
generally salmonids, and all had toxicity values greater than
the fifth percentile. While this is not an exhaustive analysis of
SSD sample size requirements for endangered species, it dem-
onstrated that taxonomically diverse SSDs with a minimum of
10 species were protective of listed fish species.

The protection of listed mussels is receiving much attention
in endangered species risk assessment [65,66]. Recent research
identifies mussels as a consistently sensitive group to specific
compounds and highly susceptible to contaminant exposures
[12,20]. While we had insufficient data to determine the rel-
ative sensitivity of listed species of mussels in our dataset, we
determined that unlisted mollusks are more sensitive to me-
tallic stressors and nonpolar narcotics but less sensitive to OPs
and neurotoxicants compared to other taxa. Our results support
earlier summations that mussels are sensitive to some pollut-
ants while relatively intolerant of others [66] and identify rel-
ative mollusk sensitivity as a function of chemical MOA. The
data for listed mussels included in the present study support
these conclusions: All four toxicity records for listed mussels
exposed to metallic stressors were in the first quartile of their
respective SSD, toxicity for mussels exposed to nonpolar nar-
cotics were in the first and second quartiles, and toxicity of
the listed mussel exposed to an OP was in the upper quartile.
Others have proposed the use of daphnids and zooplankton as
surrogates for freshwater mussels [13,67]. Our database did
not include zooplankton for comparison; however, we dem-
onstrate the relative sensitivity of crustaceans across all MOAs.

A fundamental assumption in endangered species risk as-
sessment is that standard toxicity test species are appropriate
surrogates for listed species and that the application of safety
factors protects the individuals of endangered species [4,9,13].
In U.S. pesticide risk assessment [4], levels of concern (risk
quotients) can be 10-fold lower for listed species than unlisted
species. Dwyer et al. [9] suggests applying a safety factor of
three to the toxicity data of the standard test species rainbow
trout because of general sensitivity to contaminants. In our
study, safety factors of 5 and 10 applied to rainbow trout
toxicity values are less protective than HCSs and safety factors
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of 100 are comparable to HC1s, indicating that HCSs are gen-
erally more protective than application of safety factors.

Previous studies comparing the sensitivity of listed species
with standard test species conclude that listed species are gen-
erally not more sensitive and the use of surrogate species is
appropriate for endangered species risk assessment [9,15].
Many authors concur that, while no one species is consistently
the most sensitive, rainbow trout and other salmonids are gen-
erally more sensitive than other species and provide adequate
surrogacy for listed species [9,15,16]. Our study shows that
the standard test species fathead minnow, sheepshead minnow,
catfish, and bluegill are significantly less sensitive than sal-
monids and other listed fish, suggesting caution when using
nonsalmonid surrogates. The discrepancy between our results
and the results of earlier work [9,15] is likely to do the limited
scope of chemicals tested in previous studies, as well as an-
alytical differences. While the earlier studies compared tox-
icity values among listed and surrogate species, the present
study focused on relative sensitivity as a function of a partic-
ular species location within SSDs. Our approach addressed
species sensitivity and can be used to protect listed aquatic
species for which no toxicity tests have been conducted. Haz-
ard levels from taxonomically diverse SSDs can be used to
protect listed species with a greater level of certainty than is
obtainable through use of general safety factors.

We created linear models describing the relationship be-
tween the relative sensitivity of surrogate species (rainbow
trout and fathead minnow) and that of listed species (cutthroat
trout and Cape Fear shiner). All models have significant linear
relationships and demonstrate that the location of a surrogate
species within an SSD may be used to predict the percentile
within the SSD of a listed species. Such models can be used
to further reduce uncertainty in the protectiveness of SSD haz-
ard concentrations by identifying in which quartile of the SSD
a listed species is likely to fall, based on the position in the
SSD from a surrogate species. Development of a suite of mod-
els for surrogate and listed species for application in risk as-
sessment has large data needs but could be explored in future
research.

The SSD is a distribution-based approach that reduces re-
liance on toxicity testing of only a few standardized surrogate
species to protect listed species with unknown sensitivity to
a chemical. The relatedness of SSDs to natural communities
is a primary source of uncertainty in SSDs [57], and past
research addresses this through analysis of taxonomic diversity
and the appropriate number of species to include [5,56]. The
lack of available data generally limits the number and diversity
of species for SSD development and may hinder a priori se-
lection of SSD taxa. However, recent research has shown that
interspecies correlation estimation models can be used to pop-
ulate SSDs by providing toxicity estimates for a diversity of
species [14,64,68]. Raimondo, Vivian, and Barron [19] and
Raimondo, Mineau, and Barron [51] validated interspecies cor-
relation estimation models for both aquatic and wildlife spe-
cies, which are available on the U.S. EPA’s Center for Exposure
Assessment Modeling website [19; www.epa.gov/ceampubl/
fchain/webice]. Hazard levels derived from SSDs using tox-
icity values derived from interspecies correlation estimation
have been demonstrated to be similar to hazard levels derived
from SSDs of measured data for aquatic organisms and wildlife
[14,64,68].

Regardless of the initial cause of decline, endangered spe-
cies may be at a greater risk of extinction from adverse impacts
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of environmental contaminants than unlisted species because
of their rarity. Smaller population sizes inherent to endangered
species make them more susceptible to extinction risk than
healthy populations when additional impacts occur [69]. Al-
though SSDs are used to derive hazard concentrations in the
United States and many other countries [5,14,70], the protec-
tiveness of the HC5 for a diversity of endangered species has
not been comprehensively assessed until now. While our anal-
ysis included a modest number of species relative to the total
number of listed species, we demonstrate the protectiveness
of using distribution-based approaches in the protection of
threatened and endangered species from acute toxicity.

SUPPORTING INFORMATION

Table S1. Species sensitivity distributions for 68 chemicals.
Toxicity values represent species mean values.
Found at DOI: 10.1897/08-157.S1 (934 KB PDF).

Acknowledgement—The authors thank T. Digirolamo, N. Lemoine,
C. Chancy, C. McGill, S. Kell, J. Awkerman, M. Marchetto, and T.
Augspurger. The information in this document has been funded by
the U.S. EPA. It has been subjected to review by the National Health
and Environmental Effects Research Laboratory and approved for
publication. Approval does not signify that the contents reflect the
views of the U.S. EPA, nor does mention of trade names or commercial
products constitute endorsement or recommendation for use.

REFERENCES

1. Miller RR, Williams JD, Williams JE. 1989. Extinctions of North
American fishes during the past century. Fisheries 14:22-38.

2. Wilcove DS, Rothstein D, Dubow J, Phillips A, Losos E. 1998.
Quantifying threats to imperiled species in the United States.
Bioscience 48:607-615.

3. Richter BD, Braun DP, Mendelson MA, Master LL. 1997. Threats
to imperiled freshwater fauna. Conserv Biol 11:1081-1093.

4. U.S. Environmental Protection Agency. 2004. Overview of the
ecological risk assessment process in the Office of Pesticide Pro-
grams. Office of Prevention, Pesticides and Toxic Substances,
‘Washington, DC.

5. Stephan CE, Mount DI, Hansen DJ, Gentile JH, Chapman GA,
Brungs WA. 1985. Guidelines for deriving numerical National
Water Quality Criteria for the protection of aquatic organisms and
their uses. NTIS PB-85-227049. Technical Report. National Tech-
nical Information Services, Springfield, VA, USA.

6. Hamilton SJ. 1995. Hazard assessment of inorganics to three
endangered fish in the Green River, Utah. Ecotoxicol Environ Saf
30:134-142.

7. Buhl KJ, Hamilton SJ. 1996. Toxicity of inorganic contaminants,
individually and in environmental mixtures, to three endangered
fishes (Colorado squawfish, bonytail, and razorback sucker). Arch
Environ Contam Toxicol 30:84-92.

8. Fairchild JE Allert AL, Sappington LC, Waddell B. 2005. Chronic
toxicity of un-ionized ammonia to early life stages of endangered
Colorado pikeminnow (Ptychocheilus lucius) and razorback suck-
er (Xyrauchen texanus) compared to the surrogate fathead min-
now (Pimephales promelas). Arch Environ Contam Toxicol 49:
378-384.

9. Dwyer FJ, Mayer FL, Sappington LC, Buckler DR, Bridges CM,
Greer IE, Hardesty DK, Henke CE, Ingersoll CG, Kunz JL,
Whites DW, Augspurger T, Mount DR, Hattala K, Neuderfer GN.
2005. Assessing contaminant sensitivity of endangered and threat-
ened aquatic species: I. Acute toxicity of five chemicals. Arch
Environ Contam Toxicol 48:143—154.

10. Besser JM, Wang N, Dwyer FJ, Mayer FL Jr, Ingersoll CG. 2005.
Assessing contaminant sensitivity of endangered and threatened
aquatic species: II. Chronic toxicity of copper and pentachloro-
phenol to two endangered species and two surrogate species. Arch
Environ Contam Toxicol 48:155-165.

11. Dwyer FJ, Hardesty DK, Henke CE, Ingersoll CG, Whites DW,
Augspurger T, Canfield TJ, Mount DR, Mayer FL. 2005. As-
sessing contaminant sensitivity of endangered and threatened
aquatic species: III. Effluent toxicity tests. Arch Environ Contam
Toxicol 48:174—183.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

S. Raimondo et al.

Wang N, Ingersoll CG, Hardesty DK, Ivey CD, Kunz JL, May
TW, Dwyer FJ, Roberts AD, Augspurger T, Kane CM, Neves RJ,
Barnhart MC. 2007. Acute toxicity of copper, ammonia, and chlo-
rine to glochidia and juveniles of freshwater mussels (Unionidae).
Environ Toxicol Chem 26:2036-2047.

Milam CD, Farris JL, Dwyer FJ, Hardesty DK. 2005. Acute tox-
icity of six freshwater mussel species (Glochidia) to six chemi-
cals: Implications for daphnids and Utterbackia imbecillis as sur-
rogates for protection of freshwater mussels (Unionidae). Arch
Environ Contam Toxicol 48:166—-173.

Dyer SD, Versteeg DJ, Belanger SE, Chaney JG, Mayer FL. 2006.
Interspecies correlation estimates predict protective environmen-
tal concentrations. Environ Sci Technol 40:3102-3111.
Sappington LC, Mayer FL, Dwyer FJ, Buckler DR, Jones JR,
Ellersieck MR. 2001. Contaminant sensitivity of threatened and
endangered fishes compared to standard surrogate species. En-
viron Toxicol Chem 20:2869-2876.

Mayer FL, Ellersieck MR. 1986. Manual of acute toxicity: In-
terpretation and database for 410 chemicals and 66 species of
freshwater animals. Resource Publication 160. U.S. Fish and
Wildlife Service, Washington, DC.

U.S. Environmental Protection Agency. 1986. Quality criteria for
water. EPA 440/586/001. Washington, DC.

U.S. Environmental Protection Agency. 1996. 1995 Updates: Wa-
ter quality criteria documents for the protection of aquatic life in
ambient water. EPA 820/B-96/001. Final Report. Washington,
DC.

Raimondo S, Vivian D, Barron MG. 2007. Web-Based Interspe-
cies Correlation Estimation (Web-ICE) For Acute Toxicity: User
Manual, Ver 1.1. EPA 600/R-07/071. Technical Report. U.S. En-
vironmental Protection Agency, Gulf Breeze, FL.

Augspurger T, Keller AE, Black MC, Cope WG, Dwyer FJ. 2003.
Water quality guidance for protection of freshwater mussels
(Unionidae) from ammonia exposure. Environ Toxicol Chem 22:
2569-2575.

Bills TD, Marking LL, Dawson VK, Rach JJ. 1988. Effects of
environmental factors on the toxicity of chloramine-T to fish.
Investigations in Fish Control 96. U.S. Fish and Wildlife Service,
Washington, DC.

Bills TD, Marking LL, Chandler JH. 1977. Formalin: Its toxicity
to nontarget aquatic organisms, persistence and counteraction.
Investigations in Fish Control 73. U.S. Fish and Wildlife Service,
Washington, DC.

Bills TD, Marking LL, Chandler JH. 1977. Malachite green: Its
toxicity to aquatic organisms, persistence and removal with ac-
tivated carbon. Investigations in Fish Control 75. U.S. Fish and
Wildlife Service, Washington, DC.

Bringolf RB, Cope WG, Eads CB, Lazaro PR, Barnhart MC, Shea
D. 2007. Acute and chronic toxicity of technical-grade pesticides
to glochidia and juveniles of freshwater mussels (Unionidae).
Environ Toxicol Chem 26:2086-2093.

Bringolf RB, Cope WG, Barnhart MC, Mosher S, Lazaro PR,
Shea D. 2007. Acute and chronic toxicity of pesticide formula-
tions (atrazine, chlorpyrifos, and permethrin) to glochidia and
juveniles of Lampsislis siliquoidea. Environ Toxicol Chem 26:
2101-2107.

Gorski J, Nugegoda D. 2006. Sublethal toxicity of trace metals
to larvae of the blacklip abalone, Haliotis rubra. Environ Toxicol
Chem 25:1360-1367.

Ferrari A, Anguiano OL, Soleno J, Venturino A, Pechen de
D’Angelo AM. 2004. Different susceptibility of two aquatic ver-
tebrates (Oncorhynchus mykiss and Bufo arenarum) to azinphos
methyl and carbaryl. Comp Biochem Physiol 139:239-243.
Hansen JA, Lipton J, Welsh PG. 2002. Relative sensitivity of bull
trout (Salvelinus confluentus) and rainbow trout (Oncorhynchus
mykiss) to acute copper toxicity. Environ Toxicol Chem 21:633—
639.

Keller AE, Ruessler DS. 1997. The toxicity of malathion to union-
id mussels: Relationship to expected environmental concentra-
tions. Environ Toxicol Chem 16:1028-1033.

Limsuwan C, Grizzle JM, Plumb JA. 1983. Etomidate as an an-
esthetic for fish: Its toxicity and efficacy. Trans Am Fish Soc 112:
544-550.

Marking LL, Bills TD. 1977. Chlorine: Its toxicity to fish and
detoxification of antimycin. Investigations in Fish Control 74.
U.S. Fish and Wildlife Service, Washington, DC.

Marking LL, Bills TD, Chandler JH. 1977. Toxicity of furanance



Endangered species risk assessment

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

to fish, aquatic invertebrates, and frog eggs and larvae. Investi-
gations in Fish Control 76. U.S. Fish and Wildlife Service, Wash-
ington, DC.

Marking LL, Bills TD. 1976. Toxicity of rotenone to fish in stan-
dardized laboratory tests. Investigations in Fish Control 72. U.S.
Fish and Wildlife Service, Washington, DC.

Marking LL, Bills TD. 1975. Toxicity of potassium permanganate
to fish and its effectiveness for detoxifying antimycin. Trans Am
Fish Soc 104:579-583.

Marking LL, Olson LE. 1975. Toxicity of the lampricide 3-tri-
fluoromethyl-4-nitrophenol (TFM) to nontarget fish in static tests.
Investigations in Fish Control 60. U.S. Fish and Wildlife Service,
Washington, DC.

Marking LL. 1974. Toxicity of 2-(digeranylamino)-ethanol, a can-
didate selective fish toxicant. Trans Am Fish Soc 103:736-742.
Marking LL. 1972. Salicylanilide I, and effective non-persistent
candidate piscicide. Trans Am Fish Soc 101:526-533.

Marking LL. 1969. Toxicity of methylpentynol to selected fishes.
Investigations in Fish Control 30. U.S. Fish and Wildlife Service,
Washington, DC.

Marking LL. 1969. Toxicity of quinaldine to selected fishes. In-
vestigations in Fish Control 23. U.S. Fish and Wildlife Service,
Washington, DC.

Marking LL, Hogan JW. 1967. Toxicity of Bayer 73 to fish. In-
vestigations in Fish Control 19:1-13. U.S. Fish and Wildlife
Service, Washington, DC.

Mauck WL, Olson LE, Marking LL. 1976. Toxicity of natural
pyrethrins and five pyrethroids to fish. Arch Environ Contam
Toxicol 4:18-29.

Mummert AK, Neves RJ, Newcomb TJ, Cherry DS. 2003. Sen-
sitivity of juvenile freshwater mussels (Lampsilis fascioloa, Vil-
losa iris) to total and un-ionized ammonia. Environ Toxicol Chem
22:2545-2553.

Stratus Consulting. 1999. Sensitivity of bull trout (Salvelinus con-
fluentus) to cadmium and zinc in water characteristic of the Coeur
D’Alene River Basin: Acute toxicity report. Final Report. U.S.
Environmental Protection Agency, Region 10, Seattle, WA.
Ural MS, Saglam N. 2005. A study of the acute toxicity of py-
rethroid deltamethrin on the fry rainbow trout (Oncorhynchus
mykiss Walbaum, 1792). Pestic Biochem Physiol 83:124—-131.
Valenti TW, Cherry DW, Neves RJ, Schmerfeld J. 2005. Acute
and chromic toxicity of mercury to early life stages of the rainbow
mussel, Villosa iris (Bivalvia: Unionidae). Environ Toxicol Chem
24:1242-1246.

Wan MT, Kuo J, Buday C, Schroeder G, Van Aggelen G, Pas-
ternak J. 2005. Toxicity of a-, B-, (o + B)-endosulfan and their
formulated and degradation products to Daphnia magna, Hyalella
azteca, Oncorhynchus mykiss, Oncorhynchus kisutch, and bio-
logical implications in streams. Environ Toxicol Chem 24:1146—
1154.

Wan MT, Buday C, Schroeder G, Kuo J, Pasternak J. 2006. Tox-
icity to Daphnia magna, Hyalella azteca, Oncorhynchus kisutch,
Oncorhynchus mykiss, Oncorhynchus tshawytscha, and Rana ca-
tesbeiana of atrazine, metolachlor, simazine, and their formulated
products. Bull Environ Contam Toxicol 76:52-58.

Wang N, Erickson RJ, Ingersoll CG, Ivey CD, Brunson EL, Aug-
spurger T, Barnhart MC. 2008. Influence of pH on the acute
toxicity of ammonia to juvenile freshwater mussels (fatmucket,
Lampsislis siliquoidea). Environ Toxicol Chem 27:1141-1146.
American Society for Testing and Materials. 1980. Practice for
conducting acute toxicity tests with fishes, macroinvertebrates,
and amphibians. E 729-80. In Annual Book of ASTM Standards.
Philadelphia, PA.

American Society for Testing and Materials. 2007. Standard guide
for conducting acute toxicity tests with fishes, macroinvertebrates,
and amphibians. E 729-96. In Annual Book of ASTM Standards.
Philadelphia, PA.

Raimondo S, Mineau P, Barron MG. 2007. Estimation of chemical

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Environ. Toxicol. Chem. 27, 2008 2607
toxicity to wildlife species using interspecies correlation models.
Environ Sci Technol 41:5888-5894.

De Zwart D. 2002. Observed regularities in species sensitivity
distributions for aquatic species. In Posthuma L, Suter GW, Traas
TP, eds, Species Sensitivity Distributions in Ecotoxicology. Lew-
is, Boca Raton, FL, USA, pp 133-154.

Posthuma L, Suter GW, Traas TP. 2002. Species Sensitivity Dis-
tributions in Ecotoxicology. Lewis, Boca Raton, FL, USA.
Fisher DJ, Burton DT. 2003. Comparison of two U.S. Environ-
mental Protection Agency species sensitivity distribution methods
for calculating ecological risk criteria. Hum Ecol Risk Assess 9:
675-690.

Versteeg DJ, Belanger SE, Carr GJ. 1999. Understanding single
species and model ecosystem sensitivity: Database comparison.
Environ Toxicol Chem 18:1329-1346.

Newman MC, Ownby DR, Mézin LCA, Powell DC, Christensen
TRL, Lerberg SB, Anderson BA. 2000. Applying species-sen-
sitivity distributions in ecological risk assessment: Assumptions
of distribution type and sufficient numbers of species. Environ
Toxicol Chem 19:508-515.

Forbes VE, Calow P. 2002. Species sensitivity distributions re-
visited: A critical appraisal. Hum Ecol Risk Assess 8:473—-492.
Conover WJ. 1999. Practical Nonparametric Statistics, 3rd ed.
John Wiley, New York, NY, USA.

Barron MG. 2002. Environmental contaminants altering behavior.
In Dell’Omo G, ed, Behavioural Ecotoxicology. John Wiley, New
York, NY, USA, pp 167-186.

March FA, Dwyer FJ, Augspurger T, Ingersoll CG, Wang N,
Mebane CA. 2007. An evaluation of freshwater mussel toxicity
data in the derivation of water quality guidance and standards for
copper. Arch Environ Contam Toxicol 26:2066-2074.

Stephan CE. 2002. Use of species sensitivity distributions of water
quality criteria for aquatic life by the U.S. Environmental Pro-
tection Agency. In Posthuma L, Suter GW, Traas TP, eds, Species
Sensitivity Distributions in Ecotoxicology. Lewis, Boca Raton,
FL, pp 211-220.

Wheeler JR, Grist EPM, Leung KMY, Morritt D, Crane M. 2002.
Species sensitivity distributions: Data and model choice. Mar
Pollut Bull 45:192-202.

Newman MC, Ownby DR, Mézin LCA, Powell DC, Christensen
TRL, Lerberg SB, Anderson BA, Padma TV. 2002. Species sen-
sitivity distributions in ecological risk assessment: Distributional
assumptions, alternative bootstrap techniques, and estimation of
adequate number of species. In Posthuma L, Suter GW, Traas TP,
eds, Species Sensitivity Distributions in Ecotoxicology, Lewis,
Boca Raton, FL, pp 119-132.

Awkerman J, Raimondo S, Barron MG. 2008. Development of
species sensitivity distributions for wildlife using interspecies tox-
icity correlations models. Environ Sci Technol 42:3447-3452.
Newton TJ. 2003. The effects of ammonia on freshwater unionid
mussels. Environ Toxicol Chem 22:2543-2544.

Augspurger T, Ingersoll CG, Kane CM. 2007. Advances and op-
portunities in assessing contaminant sensitivity of freshwater
mussel (Unionidae) early life stages. Environ Toxicol Chem 26:
2025-2028.

Keller AE, Zam SG. 1991. The acute toxicity of selected metals
to the freshwater mussel, Anodonta imbecilis. Environ Toxicol
Chem 10:539-546.

Dyer SD, Versteeg DJ, Belanger SE, Chaney JG, Raimondo S,
Barron MG. 2008. Comparison of species sensitivity distributions
derived from interspecies correlation models to distributions used
to derive water quality criteria. Environ Sci Technol 42:3076-
3083.

Raimondo S, Barron MG. 2008. Risk assessment of mercury
exposure on a Florida panther metapopulation. In Akcakaya HR,
Stark JD, Bridges TS, eds, Demographic Toxicity: Case Studies
in Ecological Risk Assessment. Oxford, New York, NY, pp 40-53.
Barron MG, Wharton S. 2005. Survey of methodologies for de-
veloping media screening values for ecological risk assessment.
Integr Environ Assess Manag 1:320-332.



