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Abstract—Single-species acute toxicity data and (micro)mesocosm data were collated for 16 insecticides. These data were used
to investigate the importance of test-species selection in constructing species sensitivity distributions (SSDs) and the ability of
estimated hazardous concentrations (HCs) to protect freshwater aquatic ecosystems. A log-norma model was fitted to a minimum
of six data points, and the resulting distribution was used to estimate lower (95% confidence), median (50% confidence), and upper
(5% confidence) 5% HC (HC5) values. Species sensitivity distributions for specific taxonomic groups (vertebrates, arthropods,
nonarthropod invertebrates), habitats (saltwater, freshwater, lentic, lotic), and geographical regions (Palaearctic, Nearctic, temperate,
tropical) were compared. The taxonomic composition of the species assemblage used to construct the SSD does have a significant
influence on the assessment of hazard, but the habitat and geographical distribution of the species do not. Moreover, SSDs constructed
using species recommended in test guidelines did not differ significantly from those constructed using nonrecommended species.
Hazardous concentrations estimated using laboratory-derived acute toxicity data for freshwater arthropods (i.e., the most sensitive
taxonomic group) were compared to the response of freshwater ecosystems exposed to insecticides. The sensitivity distributions
of freshwater arthropods were similar for both field and laboratory exposure, and the lower HC5 (95% protection with 95%
confidence) estimate was protective of adverse ecological effects in freshwater ecosystems. The corresponding median HC5 (95%
protection level with 50% confidence) was generally protective of single applications of insecticide but not of continuous or multiple

applications. In the latter cases, a safety factor of at least five should be applied to the median HC5.
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INTRODUCTION

The challenge faced by ecological risk assessorsisto derive
threshold concentrations for environmental contaminants that
protect species diversity and the functional attributes of natural
ecosystems. Species vary markedly in their sensitivity to en-
vironmental contaminants, and this variation can be described
by constructing a species sensitivity distribution (SSD). The
SSD is a statistical distribution estimated from a sample of
toxicity data and visualized as a cumulative distribution func-
tion [1]. Species sensitivity distributions are used to calculate
the concentration at which a specified proportion of species
will be affected, referred to as the hazardous concentration
(HC) for p (%) of species (HCp) [2]. The most frequently
estimated HCs are the HC5 and HC10, with the HC5 derived
from a SSD of no-observed-effect concentration (NOEC) val-
ues being used to define the maximum permissible concentra-
tion for environmental contaminants in The Netherlands [3].

The use of SSDs in the derivation of threshold concentra-
tions originally was proposed during the late 1970s in the
United States [4] and the mid-1980s in Europe [5]. Species
sensitivity distributions have been used to assess the ecol ogical
risk posed by metals [6-8], surfactants [9,10], biocides [11],
herbicides [12-14], insecticides [15,16], and general organic
and inorganic substances [17,18]. Despite its widespread use,
the SSD approach has been—and continues to be—the focus
of debate and discussion [1].

Theuse of aHC in risk assessment assumes that test species
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can be conceived of as random selections from a specified
distribution [19]. This assumption of randomness has been
criticized, and some have been argued that because most tox-
icity test data are generated using sensitive species, estimated
HCs will be overprotective [20]. Moreover, the use of species
that are not representative of the ecosystem to be protected
(e.g., combining data for freshwater and saltwater species
when assessing the risk to freshwater ecosystems) has been
criticized as well [21]. Proponents of the SSD approach have
recognized that test species do not represent a random sample
from alocal or target community [5]. Although data often are
pooled across taxonomic groups (e.g., invertebrates, fish, al-
gae, vascular plants), habitats (e.g., freshwater, saltwater,
ponds, rivers), and geographical regions (e.g., temperate, trop-
ical), Posthumaet al. [22] suggest that SSDs should be tailored
by selecting data for those species that occur in the ecosystem
under consideration (e.g., using only Nearctic freshwater lotic
species for an assessment of risk to North American stream
ecosystems). Such a degree of data selection often is not pos-
sible, however, because of the limited amount of available
toxicity data—and even if sufficient data are available, what
difference would this tailoring make to the estimation of risk?

The first aim of the present study was to address the fol-
lowing questions: To what extent do the identity and source
of the species used to construct SSDs influence the assessment
of risk, and are some groups of species more appropriate than
others for assessing risk? The impact of the taxonomy, habitat
(i.e., freshwater or saltwater, lentic or lotic), and geographical
distribution (i.e., zoogeographical range, temperate or tropical)
of species used to construct SSDs on the derived HCs was
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investigated. In addition, the sensitivity distributions of species
recommended in toxicity test guidelines were compared to
those of species not recommended.

Other assumptions of the SSD approach that have received
criticism are that laboratory conditions do not greatly influence
the sensitivity of species and that the HC derived from the
SSD will protect ecosystems [20]. Sensitivity distributions are
constructed using data from single-species laboratory toxicity
tests, but the derived HC is applied to multispecies assem-
blagesin natural ecosystems. By definition, single-speciestests
exclude interactions between species; therefore, their use in
risk assessment assumes that interactions among species in
communities also can be ignored or accounted for. This as-
sumption has been criticized by Forbes and Forbes[23]. Thus,
the second aim of the present study was to assess how SSDs
derived from single-species laboratory toxicity data could be
used to protect species assemblages in aquatic ecosystems.
This was achieved by comparing SSDs constructed from nat-
ural and artificial assemblages exposed in (micro)mesocosms
and single-species laboratory tests, respectively. The HCs de-
rived from single-species SSDs were then compared to thresh-
old levels for the direct toxic effects of insecticides in fresh-
water (micro)mesocosms.

Both aims of the present study were addressed using aquatic
toxicity data for 16 insecticides, including organophosphate,
pyrethroid, organochlorine, carbamate, and benzylphenyl urea
compounds. Sensitivity distributions were constructed using
acute toxicity data and described by a log-normal model [24].
Previous studies have used chronic toxicity data to construct
SSDs [17]; however, acute toxicity data have a number of
advantages over chronic toxicity data. First, for most chemi-
cals, insufficient chronic toxicity data are available to generate
appropriate SSDs, but there may be sufficient acute toxicity
data. Second, whereas acute toxicity data relate to a limited
number of responses and time scales (e.g., 96-h median lethal
concentrations), chronic toxicity data include a wide range of
responses and test durations, thereby introducing additional
variability into the SSD. Third, pesticide risks often are short-
term and, therefore, are more appropriately assessed using
acute toxicity data.

MATERIALS AND METHODS
Data selection and SSD generation

The present study focused on 16 insecticides: Seven or-
ganophosphates (azinphos-methyl, carbofuran, chlorpyrifos,
diazinon, fenitrothion, parathion-ethyl, parathion-methyl), five
pyrethroids (cypermethrin, deltamethrin, fenvalerate, lambda-
cyhalothrin, permethrin), two organochlorines (lindane, me-
thoxychlor), a carbamate (carbaryl), and a benzylphenyl urea
(diflubenzuron). Single-species acute toxicity data and (mi-
croymesocosm data were collated from existing toxicity da-
tabases (e.g., Rijksinstituut voor Volksgezondheid en Milieu
[RIVM] database [25]), published literature, and unpublished
industry data. Criteria used to select single-species toxicity
data were related to test endpoint and duration, and outliers
were checked using original publications. Selected endpoints
were median lethal concentration or median effect concentra-
tion (EC50) regarding immobility for animals and EC50 re-
garding biomass or growth for plants. Test duration was 2 to
21 d for fish, 1 to 7 d for invertebrates, 2 to 28 d for mac-
rophytes, and 1 to 7 d for algae. The geometric mean was
calculated when more than one toxicity value was reported for
a species, and a genus-specific geometric mean was used when

L. Maltby et al.

no specific names were provided. Selection criteria for (mi-
croymesocosm data followed those described by Brock et al.
[26].

The method of Aldenberg and Jaworska [24], as incorpo-
rated in the ETX software [27], was used to generate SSDs
and associated lower (95% confidence), median (50% confi-
dence), and upper (5% confidence) HC5 estimates. A log-
normal distribution model was fitted to a minimum of six data
points, with model fit being evaluated using the Anderson—
Darling goodness-of-fit test. Toxicity data reported as greater-
than values were not used to generate a SSD.

Species selection

Separate SSDs were produced for arthropod and vertebrate
species for each of the 16 insecticides and HC5 values esti-
mated. In addition, SSDs for nonarthropod invertebrates and
algae were generated for those compounds having sufficient
data. The influence of habitat on HC5 estimates was investi-
gated by comparing freshwater and saltwater arthropods and,
within freshwater arthropods, by comparing lentic and lotic
species. Only species that were endemic to one of the habitats
being compared were used in the analysis. Sufficient datawere
available to perform the freshwater—saltwater comparison for
10 compounds (azinphos-methyl, carbaryl, chlorpyrifos, cy-
permethrin, fenitrothion, fenvalerate, lindane, methoxychlor,
parathion-methyl, permethrin) and the lentic— otic comparison
for eight compounds (carbaryl, chlorpyrifos, diazinon, feni-
trothion, lambda-cyhalothrin, lindane, parathion-ethyl, per-
methrin). Most saltwater arthropods are crustaceans, whereas
freshwater arthropods include both crustaceans and insects.
Because this taxonomic difference may confound the com-
parison of freshwater and saltwater arthropod SSDs, the com-
parison was restricted to crustaceans and run again for al 10
compounds.

Freshwater arthropods also were classified according to
their geographical distribution (i.e., their zoogeographical re-
gion and whether they are from temperate or tropical zones).
Many species, however, are cosmopolitan and occur in several
regions. To minimize any confounding effects caused by wide-
ly dispersed species, only data for species that occurred
uniquely in one of the categories being compared were used.
A comparison of temperate and tropical species was possible
for three compounds (carbofuran, chlorpyrifos, fenitrothion),
whereas a comparison of Palaearctic and Nearctic species was
possible for four compounds (chlorpyrifos, diazinon, fenitro-
thion, lindane).

Several of the arthropod species in the database have been
recommended for use in toxicity test guidelines produced by
the Organisation for Economic Cooperation and Devel opment
(OECD), U.S. Environmental Protection Agency (U.S. EPA),
American Society for Testing and Materials (ASTM), and En-
vironment Canada. Sufficient data were available to compare
HC5 estimates for recommended and nonrecommended ar-
thropod species for all compounds except diflubenzuron.

The HC5 estimates were compared both within and across
compounds. Within compounds, the criterion to determine
whether median HC5 values were significantly different was
nonoverlapping HC5 estimates (i.e., lower to upper), and sen-
sitivity distributions were compared using the two-sampleKol-
mogorov—Smirnov test (S-Plus 6.1; Insightful, Seattle, WA,
USA). Comparing across compounds, the statistical signifi-
cance of differences in HC5 estimates derived using species
from different taxonomic groups, habitats, geographical re-



Insecticide SSDs: Species selection and ecological relevance

Environ. Toxicol. Chem. 24, 2005 381

Table 1. Median (50% confidence) hazardous concentration for 5% of species (HC5; g/L) calculated from species sensitivity distributions
constructed for aguatic arthropods, nonarthropod invertebrates, vertebrates, or algae exposed to pesticides in single-species acute toxicity tests®

Taxonomic group

Nonarthropod
Insecticide Arthropods invertebrate Vertebrates
Azinphos-methyl 0.04 (0.01, 0.14) 0.36 (0.07, 1.18)
Carbaryl 2.67 (1.26, 4.85) 314 (64, 902) 450 (246, 718)
Carbofuran 0.23 (0.03, 0.90) 68 (28, 128)
Chlorpyrifos 0.07 (0.04, 0.11) 0.58 (0.15, 1.59)
Cypermethrin 0.003 (0.001, 0.007) 0.17 (0.05, 0.42)
Deltamethrin 0.009 (0.003, 0.18) 0.21 (0.1, 0.38)
Diazinon 0.36 (0.13, 0.77) 229 (34, 723) 52 (17, 117)
Diflubenzuron 0.05 (0.001, 0.42) 23,176 (2,202, 66,435)
Fenitrothion 790 (305, 1,379) 0.32 (0.15, 0.59) 8.16 (0.85, 37.8) 53 (19, 117)
Fenvalerate 0.013 (0.003, 0.036) 0.19 (0.06, 0.41)

Lambda-cyhalothrin
Lindane
Methoxychlor

0.003 (0.001, 0.006)
0.79 (0.34, 1.53)
0.47 (0.21, 0.84)

Parathion-ethyl 0.23 (0.11, 0.41)
Parathion-methy! 0.31 (0.08, 0.81)
Permethrin 0.096 (0.04, 0.19)

278 (68, 707)

176 (15, 631)
754 (231, 1,589)

0.08 (0.03, 0.16)
4.84 (2.39, 8.51)
4.56 (2.48, 7.22)

93 (30, 196)

1,471 (926, 2,033)

0.39 (0.05, 1.6)

aLower (95% confidence) and upper (5% confidence) HC5 estimates are given in parentheses.

gions, and whether species were recommended or not was
assessed using the Wilcoxon paired-sampl e test, with estimates
being paired within compounds.

Comparison with ecosystem studies

Species sensitivity distributions were constructed for fresh-
water arthropods exposed to chlorpyrifos or lambda-cyhal oth-
rin in multispecies (micro)mesocosms. Chlorpyrifos datawere
taken from Van Wijngaarden et al. [28] and |lambda-cyhal othrin
data from Schroer et al. [29]. (Micro)mesocosm SSDs were
then compared to those constructed using single-species lab-
oratory toxicity data using the two-sample Kolmogorov—Smir-
nov test. Laboratory data were restricted to freshwater arthro-
pod toxicity values of less than or equal to 50% of the highest
test concentration used in the (micro)ymesocosm studies (i.e.,
44 pg/L for chlorpyrifos and 250 ng/L for lambda-cyhaloth-
rin).

The relationship between HC values derived from short-
term, single-species toxicity data and effects observed in (mi-
cro)mesocosm studies was investigated for all 16 insecticides.
Data from a recent review of (micro)mesocosm studies pub-
lished between 1980 and 2001 [30] were used as the basis of
this analysis. This review focused on neurotoxic insecticides
and was supplemented by data from Brock et al. [26] for
nonneurotoxic insecticides (i.e., diflubenzuron, lindane, meth-
oxychlor). For each insecticide, studies were classified as sin-
gle application or as multiple or continuous application, and
(micro)mesocosm responses observed for the most sensitive
endpoint at each exposure concentration were assigned to one
of five effect classes following the method of Brock et al. [26].
The NOEC,, (i.e., highest test concentration at which class 1
effects were observed) and LOEC_, (i.e., lowest test concen-
tration at which slight and transient effects [class 2] were
observed) were determined for each compound and exposure
scenario. These ecosystem threshold levels were compared to
estimates of HC5 and HC10 derived from single-species acute
toxicity data for freshwater arthropods.

RESULTS
Species selection

Toxicity data were collated for a total of 467 animal taxa
exposed to 16 insecticides: 258 Arthropods, 153 vertebrates

(fish and amphibians), and 56 nonarthropod invertebrate taxa.
The dataset also contained toxicity information on 20 species
of algae, a macrophyte, and a bacterium. Median HC5 values
derived from arthropod SSDs were significantly lower than
those derived from vertebrate (Wilcoxon paired test: W = 136,
n = 16, p < 0.001) or nonarthropod invertebrate (W = 28, n
= 7, p < 0.05) SSDs. The difference in median HC5 values
ranged from less than one order of magnitude (e.g., chlorpyr-
ifos) to more than five orders of magnitude (i.e., diflubenzuron)
(Table 1). Forty-three percent of arthropod species in the tox-
icity dataset were crustaceans. Of these, more than 60% were
malacostracans (Amphipoda, Isopoda, Decapoda), 20% bran-
chiopods (Anostraca, Cladocera, Notostraca), and the remain-
der copepods (Cyclopoida, Calanoida), ostracods, and mysids.
The most abundant insect orders in the dataset were Diptera
(40%), Plecoptera (12%), Ephemeroptera (12%), Trichoptera
(9%), Odonata (9%), Hemiptera (8%), and Coleoptera (8%).

Eighty-four percent of arthropod species were from fresh-
water habitats, and sufficient data were available to compare
freshwater and saltwater taxafor 10 compounds. No significant
difference was found in median HC5 values estimated from
SSDs constructed using either freshwater or saltwater taxa (W
= 43, n = 10, p = 0.14), athough median HC5 estimates for
saltwater arthropods tended to be less than those derived using
freshwater arthropods (Fig. 1). Comparing within compounds,
the sensitivity distributions for freshwater and saltwater ar-
thropods were significantly different for permethrin (Kolmo-
gorov—Smirnov test: ks = 0.7, n, = 27, n, = 6, p = 0.006)
and chlorpyrifos (ks = 0.45, n, = 81, n, = 11, p = 0.03),
although this difference was removed when the analysis was
restricted to crustaceans (permethrin: ks = 0.59, n, = 12, n,
= 6, p = 0.12; chlorpyrifos: ks = 0.29, n, = 19, n, = 10, p
= 0.53) (Fig. 2). Approximately 50% of the freshwater test
species were from lentic habitats, 31% from lotic habitats, and
the remaining 17% from both lotic and lentic habitats. Com-
paring among compounds, no significant difference was found
in median HC5 estimates derived using lentic or lotic species
(W= 25,n =8, p=0.36). No consistent pattern in relative
values was observed, and the differences noted between lentic
and lotic median HC5 estimates were less than one order of
magnitude (Fig. 1).
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Fig. 1. Distribution of median hazardous concentration for 5% of
species (HC5; pg/L) estimated from species sensitivity distributions
constructed using arthropods from different habitats: Freshwater and
saltwater or lentic and lotic. Each point represents a single compound,
and lines link HC5 estimates within compounds. Ten insecticideswere
used for the freshwater—saltwater comparison and eight for the lentic—
lotic comparison. The HC5 estimates for freshwater and saltwater
arthropods exposed to permethrin or chlorpyrifos are highlighted.
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Fig. 2. Species sensitivity distributions for saltwater (solid symbols)
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(HC5; ngl/L) are presented for each distribution with lower (95%
confidence) and upper (5% confidence) estimates givenin parentheses.
Median effect concentrations (EC50s) are derived from single-species
laboratory studies.
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The majority (69%) of freshwater arthropod species tested
were restricted to temperate zones. Of these, 23% were re-
stricted to the Palaearctic region and 64% to the Nearctic re-
gion. Only 11% of the species tested were restricted to tropical
zones, and more than 50% of these were from the Oriental
region, primarily India. Although median HC5 values derived
from Palaearctic species generally were lower than those de-
rived using Nearctic species (Fig. 3), sensitivity distributions
for species from Palaearctic or Nearctic regions were not sig-
nificantly different (ks = 0.62, n, = 13, n, = 36, p = 0.051).
Similarly, no significant difference was found in the sensitivity
distributions of tropical and temperate species within a com-
pound (ks = 0.38, n, = 46, n, = 12, p = 0.15) (Fig. 4), nor
was a significant difference observed in median HC5 estimates
across compounds (W = 6, n = 3, p = 0.18).

Thirty-eight aquatic arthropod species have been recom-
mended in toxicity test guidelines published by the OECD,
U.S. EPA, ASTM, and Environment Canada, and acomparison
of SSDs generated using either recommended or nonrecom-
mended arthropod species was possible for al insecticides
except diflubenzuron. For 13 of the 15 insecticides investi-
gated, HC5 estimates for recommended or nonrecommended
arthropods overlapped, and no significant difference wasfound
in median HC5 estimates across compounds (W = 40, n =
15, p = 0.27). However, carbaryl and chlorpyrifos had a sig-
nificant difference in sensitivity distributions of recommended
and nonrecommended species (carbaryl: ks = 0.67, n, = 15,
n, = 48, p < 0.001; chlorpyrifos: ks = 0.51, n, = 24, n, =
64, p < 0.001), with recommended species having the smaller
HC5 estimates (Fig. 5). Thirty-two of the 38 recommended
arthropods are crustaceans, but nonrecommended arthropods
are a mixture of crustaceans and insects. When SSDs for car-
baryl and chlorpyrifos were constructed using recommended
and nonrecommended crustaceans only, the differencesin sen-
sitivity distributions persisted (ks = 0.71, n, = 11, n, = 14,
p = 0.06), but the HC5 estimates were no longer distinct (Fig.
5).

Comparison with ecosystem studies

Comparisons between the responses of freshwater arthro-
pods in single-species laboratory tests and in multispecies as-
semblages in (micro)mesocosms were possible for two com-
pounds (chlorpyrifos, lambda-cyhalothrin). In both cases, the
SSDs were similar for laboratory and field data (ks = 0.38,
n, = 82, n, = 14, p > 0.05), and the HC5 estimates overlapped
(Fig. 6).

Freshwater arthropod data were used to estimate HC5 and
HC10 values for each of the 16 insecticides studied, and these
values were then compared to ecological threshold levels for
freshwater assemblages exposed to either single or multiple
applications (Table 2). Precise NOEC,, values were available
for 10 of the 16 insecticides, and these are presented with the
median (50% confidence) and lower (95% confidence) HC5
values in Figure 7. The HC5 is considered to be protective
when it is smaller than the NOEC,, or LOEC,,, because in
the present study, the latter represents the concentration at
which only transient, slight effects are observed.

For single, multiple, and continuous applications, the lower
HCS5 estimate was less than the LOEC,, of all 11 insecticides
for which this comparison was possible (Table 2) and lower
than the NOEC,, for 9 of the 10 insecticides for which a
precise NOEC,, was available, with the exception being lin-
dane (Fig. 7). A comparison of the median HC5 estimate and
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Fig. 3. Species sensitivity distributions for Palaearctic (open symbols) or Nearctic (solid symbols) arthropods exposed to (a) chlorpyrifos, (b)
fenitrothion, (c) diazinon, or (d) lindane. Median hazardous concentrations for 5% of species (HC5; pg/L) are presented for each distribution,
with lower (95% confidence) and upper (5% confidence) estimates given in parentheses. Median effect concentrations (EC50s) are derived from

single-species laboratory studies.

either the LOEC,, or NOEC,, from single-application (mi-
cro)mesocosm studies was possible for eight insecticides (azin-
phos-methyl, carbaryl, carbofuran, chlorpyrifos, diflubenzu-
ron, fenitrothion, fenval erate, methoxychlor). The median HC5
estimate exceeded the LOEC,, for carbaryl and the NOEC,,
for carbaryl and fenvalerate. A comparison of the median HC5
estimate and either the LOEC,,, or NOEC,, from multiple- or
continuous-application (micro)mesocosm studies was possible
for six insecticides (azinphos-methyl, diflubenzuron, fenval-
erate, lindane, parathion-ethyl, lambda cyhalothrin). The me-
dian HC5 estimate exceeded the LOEC,, for lindane and fen-
valerate (Table 2) and was lower than the NOEC,, for azin-
phos-methyl and diflubenzuron (Fig. 7). Regarding the re-
maining three insecticides for which a precise NOEC,, was
available (lindane, parathion-ethyl, lambda cyhalothrin), the
median HC5 estimate was within one order of magnitude of
the NOEC,.

Comparisons between median HC10 estimates and single-
application LOEC,, values were possible for eight insecticides
(azinphos-methyl, carbaryl, carbofuran, chlorpyrifos, diflu-
benzuron, fenitrothion, fenvalerate, methoxychlor), and com-
parisons between HC10 estimates and multiple- or continuous-
application LOEC,,, values were possible for five insecticides
(azinphos-methyl, chlorpyrifos, fenvalerate, lambda-cyhal oth-
rin, lindane). Median HC10 estimates exceeded LOEC,, val-
ues for single applications of carbaryl and fenvalerate and for
multiple or continuous applications of chlorpyrifos, fenval-
erate, and lindane (Table 2).

Regarding the compounds for which neither precise NOEC,,
nor LOEC,,, values have been determined (cypermethrin, del-
tamethrin, diazinon, parathion-methyl, permethrin), more severe
effects (classes 3-5) have been reported at concentrationsgreater
than the median HC10 and at least one order of magnitude
greater than the median HC5. The exception is permethrin, for
which severe effects have been reported at concentrations twice
the median HCS.

DISCUSSION

The present study addressed two questions: Do the identity
and source of the species used to construct SSDs influence the
assessment of hazard, and can SSDs derived from single-spe-
cies laboratory acute toxicity data be used to protect species
assemblages in aquatic ecosystems. These questions are fun-
damental to the use of the species sensitivity approach in aquat-
ic risk assessment, and they were investigated with reference
to insecticides. The major conclusions of the present study are
as follows: First, whereas the species used to construct SSDs
do affect hazard assessment, the habitat and geographical dis-
tribution of species generally do not have a significant influ-
ence. Second, the lower HC5 estimate (i.e., 95% protection
level with 95% confidence) derived from acute toxicity data
for the most sensitive taxonomic group is protective of adverse
ecological effects in aquatic model ecosystems even with re-
peated insecticide applications. Third, the median HC5 esti-
mate (i.e., 95% protection level with 50% confidence) derived
from acutetoxicity datafor the most sensitive taxonomic group



384 Environ. Toxicol. Chem. 24, 2005

(a) Chlorpyrifos
c 1
il
k3]
£ 08 -
e
Qo
g 0.6
5
204 - Tropical: HC5=0.06
s (0.002, 0.16)
gcg 02 - Temperate: HC5 = 0.13
5 0.
o (0.06, 0.23)
0 -

0.001 10
EC50 data (ug/l)

100000

(b} Fenitrothion

C

il

©

g 08

e

o

9 0.6 A

&

%‘ 0.4 Tropical:  HC5 = 0.05
£ (0.003, 0.29)
§ 0.2 Temperate: HC5 = 0.84

(0.29, 1.71)

0 -
0.001 10 100000
EC50 data (ug/l)
c 14 © Carbofuran
Kel
©
£ 038 A
el
9
g 06 4
&
©
%’0.4 T Tropical:  HC5=0.04
‘%‘ (0.0001, 0.82)
5 02~ Temperate: HC5 = 0.56
o (0.02, 3.0)
N M
0.0001 10 1000000

EC50 data (ug/l)

Fig. 4. Species sensitivity distributions for tropical (solid symbols) or
temperate (open symbols) arthropods exposed to (a) chlorpyrifos, (b)
fenitrothion, or (c) carbofuran. Median hazardous concentrations for
5% of species (HC5; wg/L) are presented for each distribution, with
lower (95% confidence) and upper (5% confidence) estimates given
in parentheses. Median effect concentrations (EC50s) arederived from
single-species laboratory studies.

is generally protective of single applications of insecticide in
aguatic model ecosystems but not of continuous or multiple
applications. In these latter cases, a safety factor of at least
five should be applied to the median HC5 to ensure that the
threshold level derived using the SSD approach is lower than
the NOEC,, derived from (micro)mesocosm studies.

All 16 insecticides investigated were more toxic to arthro-
pods than vertebrates (fish and amphibians) or nonarthropod
invertebrates (i.e., Mollusca, Annelida, Platyhelminthes, Ro-
tifera, Protozoa). The magnitude of difference between median
HCS5 values derived from vertebrate or arthropod SSDs ranged
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Fig. 5. Median hazardous concentration for 5% of species (HC5)
estimated from species sensitivity distributions constructed using rec-
ommended (solid symbols) or nonrecommended (open symbols) ar-

thropods or crustaceans. Bars denote the range between lower (95%
confidence) and upper (5% confidence) HC5 estimates.

from a factor of four (permethrin) to a factor of 4 X 10°
(diflubenzuron). The increased sensitivity of arthropods to in-
secticides is not surprising given the toxic mode of action of
these compounds. For instance, diflubenzuron inhibits chitin
production and, therefore, is highly toxic to arthropods, but it
has low toxicity to nonarthropod invertebrates and vertebrates.
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Fig. 6. Species sensitivity distributions for freshwater arthropods ex-
posed to (a) chlorpyrifos or (b) lambda-cyhalothrin in single-species
laboratory tests (open symbols) or in (micro)mesocosms (solid sym-
bols). Median hazardous concentrations for 5% of species (HC5) are
presented for each distribution with lower (95% confidence) and upper
(5% confidence) estimates given in parentheses. Median effect con-
centrations (EC50s) are derived from single-species laboratory stud-
ies.
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Table 2. Median hazardous concentrations for 5% (HC5) and 10% (HC10) of potentially affected species estimated from species sensitivity
distributions constructed using freshwater arthropod single-species acute toxicity data?

NOEC,/LOEC,,

Single Multiple or
Pesticide HC5 HC10 application continuous application
Azinphos-methyl 0.1 (0.02) 0.21 0.2/0.72 0.22/<0.95
Carbaryl 294 (1.3) 6.22 <2/2
Carbofuran 0.22 (0.03) 0.63 5/<25
Chlorpyrifos 0.08 (0.05) 0.18 0.1/0.3 <0.1/<0.1
Cypermethrin 0.004 (0.001) 0.009 <0.07/<0.07
Deltamethrin 0.015 (0.006) 0.027 <0.2/<0.2
Diazinon 0.26 (0.09) 0.56 <24/<24
Diflubenzuron 0.06 (0.005) 0.19 0.3/0.7 0.1/<1
Fenitrothion 0.44 (0.19) 0.88 1.1/<18.7 <14.3/<14.3
Fenvalerate 0.042 (0.007) 0.088 0.01/<0.05 <0.01/0.01
Lambda-cyhalothrin 0.003 (0.001) 0.005 0.0016/0.01
Lindane 1.7 (0.74) 8.2 0.25/1
Methoxychlor 0.37 (0.14) 0.64 3/5
Parathion-ethyl 0.24 (0.03) 0.47 0.2/<0.5
Parathion-methy! 0.38 (0.09) 0.76 <10/<10
Permethrin 0.21 (0.09) 0.41 <0.5/<0.5

a Ecosystem no-observed-effect concentrations (NOEC,,,) and lowest-observed-effect concentrations (LOEC,,,) are nominal concentrations at
which class 1 and class 2 effects[26] were observed in (micro)mesocosm studieswith either asingle or multiple/continuousinsecticideapplication.
The lower (95% confidence) estimate of the HCS is given in parentheses. All concentrations are given in pg/L.
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using freshwater arthropod acute toxicity data. Rectangles represent the ecosystem |lowest-observed-effect concentration (LOEC,,; class 2) to
ecosystem no-observed-effect concentration (NOEC,,; class 1) concentration range derived from (micro)mesocosm studies.
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These results are consistent with those of Solomon et al. [16],
who reported a one order of magnitude difference in median
HCS5 values for fish and those for arthropods using short-term
toxicity data for cypermethrin, permethrin, and fenvalerate.
The results of the present study also support previous rec-
ommendations [31] that the toxic mode of action of pesticides
should be taken into account when deciding which taxonomic
groups are most appropriate for assessing risk, which in the
case of insecticides are the arthropods.

Even within the arthropods, however, taxonomic compo-
sition may influence hazard assessment, as is the case when
comparing the sensitivity distributions of freshwater and salt-
water species. Several authors have reported that saltwater
species are more sensitive than freshwater species to insecti-
cides [16,18,32], although a study of 160 compounds, includ-
ing 92 pesticides, found no significant differencein theaverage
sensitivity of freshwater and saltwater species [25]. We com-
pared the sensitivity distributions of freshwater and saltwater
arthropods for 10 insecticides and found no significant overall
difference in median HC5 estimates. However, for permethrin
and chlorpyrifos, saltwater arthropods were significantly more
sensitive than freshwater arthropods. With the exception of the
dipteran Chironomus salinarius, all saltwater arthropods test-
ed were crustaceans, whereas the mgjority of freshwater ar-
thropods tested were insects. No significant difference was
found in the sensitivity distributions of freshwater or saltwater
crustaceans to either chlorpyrifos or permethrin, suggesting
that the apparent increased sensitivity of saltwater arthropods
resulted from differences in the taxonomic composition of the
two datasets being compared rather than from a fundamental
difference in the responses of freshwater and saltwater taxato
insecticides.

One of the criticisms made about the use of SSDs in risk
assessment is that the species assemblage used to construct
the sensitivity distribution is not representative of the ecosys-
tem to be protected [21]. As discussed above, we have no
evidence that taxonomically similar freshwater and saltwater
species differ in their sensitivity to insecticides, but does fresh-
water habitat matter? Freshwater ecosystems are divided into
lentic (ditches, ponds, lakes) and lotic (rivers, streams) habi-
tats, each with their own distinct community. Half the fresh-
water arthropodsin the toxicity dataset were restricted to lentic
habitats, and a third were restricted to lotic habitats. The sen-
sitivity distributions of lentic and lotic arthropods were com-
pared for eight insecticides, and no evidence of a significant
difference among or within compounds was found.

Environmental hazard assessment for freshwater environ-
ments has primarily used species native to Europe or North
America, and this is reflected in the dataset compiled here.
More than two-thirds of the species in the dataset were re-
stricted to temperate zones, and of these, a quarter were re-
stricted to the Palaearctic zoogeographical region, which in-
cludes Europe, and two-thirds to the Nearctic zoogeographical
region, which includes North America. The relevance of using
species from one geographical region to assess the hazard
posed to speciesin adifferent region has been questioned [33],
and differences in the sensitivity of cold-water, temperate, and
tropical fish species have been reported [34]. The importance
of geographical distribution was evaluated by comparing the
sensitivity of Palaearctic and Nearctic arthropods as well as
the sensitivity of tropical and temperate arthropods. Sufficient
data were available to conduct the temperate—tropical com-
parison with three insecticides and the Palaearctic—Nearctic
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comparison with four compounds. Palaearctic species tended
to have lower HC5 values than Nearctic species and tropical
species to have lower HC5 values than temperate species, but
the differences were not statistically significant.

On the basis of this analysis, insecticide SSDs therefore
can be constructed using arthropods from any freshwater hab-
itat and, as long as taxonomic composition is taken into ac-
count, may be constructed using both freshwater and saltwater
arthropods. Furthermore, there is no evidence to suggest that
the use of northern hemisphere temperate species in hazard
assessment places tropical or southern hemisphere freshwater
ecosystems at undue risk from insecticides, a conclusion also
reached by Hose and Van den Brink [35] for endosulfan. How-
ever, what about the range of species tested? Toxicity datasets
are dominated by a limited number of species, usually those
recommended in national and international test guidelines.
Thirty-eight aquatic arthropod species have been recommend-
ed in test guidelines produced by the OECD, U.S. EPA, ASTM,
and Environment Canada, and of these, 32 are crustaceans.
Species are recommended on the basis of their sensitivity,
suitability for laboratory culture/maintenance, and ecological
or economic importance. It has been argued that by focusing
on sensitive species, SSDs that are generated using recom-
mended species may overestimate hazard to natural commu-
nities and, hence, be overprotective [20]. The SSDs and HC5
estimates for recommended and nonrecommended arthropods
were compared for 15 insecticides. For carbaryl and chlor-
pyrifos, recommended arthropods were significantly more sen-
sitive than nonrecommended arthropods, but the difference in
median HC5 estimates was not significant when the analysis
was restricted to crustaceans, again highlighting the impor-
tance of taxonomy in assessing hazard.

Species sensitivity distributions are used to estimate HCs
that can be used to protect natural ecosystems. This approach
has been criticized for depending on data from single-species
laboratory toxicity tests conducted with a haphazard collection
of species [20,21,23]. Despite these apparent deficiencies,
SSDs constructed for chlorpyrifos and lambda cyhal othrin us-
ing laboratory acute toxicity data for freshwater arthropods
did not differ significantly from those produced using acute
toxicity data from (micro)mesocosm studies. Therefore, SSDs
generated from a ‘‘haphazard’ collection of species were rep-
resentative of the sensitivity distribution of a functioning as-
semblage of species exposed in the field to the same compound
under a similar exposure regime, thus extending the contention
that similar or related species do not have different sensitivities
under field or laboratory conditions [29,36,37].

The lower HC5 estimate from laboratory SSDs was less than
the LOEC,, from (micro)mesocosm studies examining all 11
insecticides for which the comparison was possible, irrespective
of the exposure regime. Furthermore, the corresponding median
HC5 estimate was less than the LOEC,, from acute (single-
application) (micro)mesocosm studies for all but one (carbaryl)
of the eight insecticides for which comparison was possible.
Considering chronic (multiple- or continuous-application) (mi-
cro)mesocosm studies, the median HC5 exceeded the LOEC,,
for two (fenvalerate and lindane) of the six insecticides for
which comparison was possible. The LOEC,, is the lowest
concentration at which aslight effect (class 2 [26]) was observed
on the most sensitive endpoint, structural or functional, whereas
the NOEC,, is the highest concentration at which no treatment
effect was demonstrated. Again, except for carbaryl, lindane, and
fenvalerate, the lower HC5 estimate was less than the NOEC,,
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for both acute and chronic insecticide exposures. The median
(lower) HC5 estimate for lindane of 1.71 (0.74) wg/L compares
to reported values of 3.2 (1.9) ng/L calculated using all fresh-
water lethality data [18] and of 0.45 (0.34) ng/L calculated
using freshwater and saltwater arthropod lethality data [38].
The lower HC5 estimate for carbaryl (1.3 png/L) iscomparable
to published values of 0.43 to 0.66 png/L calculated using the
concentration lethal to 1% of test organisms for stream in-
vertebrates [39], and the HC10 for fenvalerate (i.e., 0.088 pg/
L) is comparable to a reported value of 0.04 pg/L calculated
using acute toxicity data from freshwater arthropods [16].

Previous studies have demonstrated that the median HC5
based on single-species NOEC datais protective of ecosystem-
level effects [17,36]. However, most chemicals have insuffi-
cient chronic toxicity data to generate appropriate sensitivity
distributions. Acute toxicity data are more abundant, and in
the present study, we have demonstrated that SSDs constructed
using acute toxicity data can estimate threshold concentrations
that are protective of the adverse ecological effects of insec-
ticides in aquatic systems. Although the potential of this ap-
proach has been demonstrated previously for individual chem-
icals [38,40], to our knowledge this is the first demonstration
of the general application of this approach to insecticide risk
assessment.

In summary, the results of the present investigation of 16
insecticides indicate that acute toxicity data for freshwater
arthropods from different geographical regions and different
freshwater habitats may be combined within a single SSD. If
necessary, data from freshwater and saltwater habitats also can
be combined, but it is important to be aware of differencesin
taxonomic composition and possible consequences for any
threshold concentrations that are calculated. The lower HC5
(i.e., 95% protection level with 95% confidence[24]) estimated
using acute toxicity data for freshwater arthropods provides a
conservative estimate of the ecosystem threshold concentration
for both acute and multiple or continuous applications of in-
secticide. The median HC5S estimate (i.e., 95% protection level
with 50% confidence) based on acute toxicity data for fresh-
water arthropods is generally protective of single insecticide
applications and of continuous or multiple applications when
a safety factor of at least five is applied.
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