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 We exposed crayﬁsh and water bugs to pyrethroid and organophosphate insecticides.
 Insecticide class was a signiﬁcant predictor of risk of mortality during the study.
 Pyrethroid insecticides were consistently more toxic than organophosphates.
 Malathion was the only insecticide identiﬁed as posing low risk to macroarthropods.
 Identifying low-risk insecticides is critical to minimize adverse ecosystem effects.
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a b s t r a c t
As agricultural expansion and intensiﬁcation increase to meet the growing global food demand, so too
will insecticide use and thus the risk of non-target effects. Insecticide pollution poses a particular threat
to aquatic macroarthropods, which play important functional roles in freshwater ecosystems. Thus,
understanding the relative toxicities of insecticides to non-target functional groups is critical for predicting effects on ecosystem functions. We exposed two common macroarthropod predators, the crayﬁsh
Procambarus alleni and the water bug Belostoma ﬂumineum, to three insecticides in each of two insecticide
classes (three organophosphates: chlorpyrifos, malathion, and terbufos; and three pyrethroids: esfenvalerate, k-cyhalothrin, and permethrin) to assess their toxicities. We generated 150 simulated environmental exposures using the US EPA Surface Water Contamination Calculator to determine the proportion
of estimated peak environmental concentrations (EECs) that exceeded the US EPA level of concern
(0.5  LC50) for non-endangered aquatic invertebrates. Organophosphate insecticides generated consistently low-risk exposure scenarios (EECs < 0.5  LC50) for both P. alleni and B. ﬂumineum. Pyrethroid exposure scenarios presented consistently high risk (EECs > 0.5  LC50) to P. alleni, but not to B. ﬂumineum,
where only k-cyhalothrin produced consistently high-risk exposures. Survival analyses demonstrated
that insecticide class accounted for 55.7% and 91.1% of explained variance in P. alleni and B. ﬂumineum
survival, respectively. Thus, risk to non-target organisms is well predicted by pesticide class.
Identifying insecticides that pose low risk to aquatic macroarthropods might help meet increased
demands for food while mitigating against potential negative effects on ecosystem functions.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Global sales of insecticides have increased over the past several
decades (Grube et al., 2011). Insecticide use is positively correlated
with cropland (Meehan et al., 2011) and is almost certain to
increase with the agricultural expansion necessary to feed the
increasing global human population (Tilman et al., 2011; Tilman
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et al., 2001). Pyrethroid use in particular has increased worldwide,
especially to control vector-borne diseases (van den Berg et al.,
2012). Additionally, the organophosphate insecticides chlorpyrifos
and malathion remain among the most-frequently detected insecticides in surface waters of the United States (Gilliom, 2007), even
as agricultural use of organophosphates in the United States has
stagnated (Grube et al., 2011; Thelin and Stone, 2013).
Agrochemical pollution from insecticide run-off can have
important negative consequences for non-target taxa (Brock
et al., 2000; McMahon et al., 2012; Rohr et al., 2013; Rohr et al.,
2008b). Insecticides can adversely impact aquatic macroarthropods (Brock et al., 2000; Van Wijngaarden et al., 2006), which play
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many important functional roles in wetland ecosystems (Wallace
and Webster, 1996), including as predators of aquatic herbivores
(Kesler and Munns, Jr., 1989; Weber and Lodge, 1990) and as prey
for vertebrate predators (Jordan et al., 1996). Because they occupy
intermediate trophic levels, macroinvertebrates can mediate the
effects of both top-down and bottom-up pressures on ecosystems
(Wallace and Webster, 1996). Thus, changes in the abundances of
macroarthropod predators can indirectly affect aquatic community
composition and ecosystem properties (Halstead et al., 2014; Rohr
and Crumrine, 2005).
As new pesticides are developed and approved for use, it is
important that risk assessors can predict the risk these chemicals
pose to non-target wildlife. Pesticides may vary both in their toxicity to organisms and in their estimated environmental exposures,
the latter of which is based on recommended application rates and
the physicochemical properties of the pesticide. Insecticides with
similar modes of action often have similar safe threshold values
in terms of toxic units (concentrations of different pesticides that
are standardized by dividing by the geometric mean of reported
EC50 values of the most sensitive standard test species (typically
Daphnia magna); Brock et al., 2000). Therefore, pesticides of the
same class (i.e., organophosphate vs. pyrethroid insecticides)
might be expected to pose similar risk to focal species even though
individual pesticides within a class might vary in their relative estimated environmental exposures and toxicities.
The United States Environmental Protection Agency (US EPA)
has developed standardized methods for assessing risk to
non-target organisms. Environmental exposure scenarios can be
generated using the US EPA’s Surface Water Contamination
Calculator software (SWCC v1.106), which incorporates recommended pesticide application rates for a given crop, local weather
and soil characteristics, and the physicochemical properties of the
pesticide to generate a 30-year series of peak estimated environmental concentrations (EECs) for a standardized wetland (US
EPA, Washington, DC, USA). The ratio of the EEC for a given pesticide relative to its median lethal concentration (LC50) for an organism of concern is then used to determine a risk quotient for that
organism (RQ = EEC/LC50; US EPA, 2014). The US EPA considers
RQ values of 0.5 or greater as representing acute high risk to aquatic organisms (US EPA, 2014a).
Here we compare the relative toxicities of three insecticides in
each of two classes of compounds (three organophosphates:
chlorpyrifos, malathion, and terbufos; and three pyrethroids: esfenvalerate, k-cyhalothrin, and permethrin) for two important
macroarthropod predators of snails: the crayﬁsh Procambarus alleni
and the water bug Belostoma ﬂumineum. Additionally, as an exploration of relative environmental risk within and between insecticide
classes, we compared simulated peak environmental exposures for
each insecticide to the US EPA level of concern (0.5  LC50) for each
species. Both classes of these insecticides affect the nervous systems
of target organisms; organophosphates inhibit acetylcholinesterase
activity (Newman and Unger, 2002) and pyrethroid insecticides act
on voltage-sensitive ion channels in the axonal membranes of neurons to prevent repolarization of action potentials (Soderlund et al.,
2002). Our goals were to determine if individual insecticides within
a chemical class pose similar threats to these arthropods, and if
there are individual chemicals or classes that might pose a lower
risk to these taxa if runoff events occur.

wetlands throughout Florida. B. ﬂumineum occur throughout much
of North America (Henry and Froeschner, 1988). While P. alleni are
endemic to Florida (Jordan et al., 1996), the genus is widespread
throughout southeastern North America, northern Central
America and the northern Caribbean (Hobbs Jr., 1984), and P. clarkii
have been introduced to every continent except Australia and
Antarctica (Hobbs III et al., 1989). Juvenile P. alleni (10–43 mm
total length) and adult B. ﬂumineum (11–20 mm total length) were
collected from a pond in Tampa, FL, located at 28°4.1720 N,
82°22.6650 W. This pond was located far from agricultural land
and so was not likely to have been contaminated with agrochemicals with the exception of malathion, which is used ubiquitously
throughout Hillsborough County, FL, for adult mosquito control.
Individuals in the experiment were maintained separately in the
lab in artiﬁcial spring water (ASW; Cohen and Neimark, 1980) at
22 °C, on a 14:10 photoperiod, and fed snails (Physa spp.) ad libitum.
Artiﬁcial spring water had a pH of 6.8, dissolved oxygen of
6.1 mg/L, and speciﬁc conductance of 174.4 lS/cm.
2.2. Insecticides

2. Methods

Three organophosphate (chlorpyrifos, malathion, and terbufos)
and three pyrethroid (esfenvalerate, k-cyhalothrin, and permethrin) insecticides were selected for this study. With the exception
of terbufos, all of these chemicals have been used extensively over
at least the past two decades in this region (Stone, 2013; Thelin and
Stone, 2013). We generated 150 simulated annual peak EEC values
in ponds for each pesticide based on the manufacturer’s recommended application rate, the physicochemical properties of the
pesticide (acquired from the University of Hertfordshire’s
Pesticide Properties DataBase; 2013), and local abiotic conditions
using the US EPA SWCC software (v1.106) and standard EPA scenarios for corn production in ﬁve US states (Illinois, Mississippi, North
Carolina, Ohio, and Pennsylvania). Corn was used for all exposure
scenarios to reduce variation associated with application recommendations for other crops and because applications for corn were
included for each insecticide product label. The range of EEC values
and the parameters used to calculate them are reported in Table S1.
We selected pesticide concentration ranges that included both
the range of EECs and known LC50 concentrations for
closely-related species and/or similar pesticides where data were
available in the US EPA’s Ecotox database (US EPA, 2014b). No toxicity data for P. alleni were available in the Ecotox database for any
of the six insecticides used. However, toxicity data were available
for other species of Procambarus. Toxicity data for these taxa are
summarized in Table S2. No effect of malathion concentrations
ranging from 130 to 460 lg/L was observed on B. ﬂumineum mortality in mesocosm trials (Relyea and Hoverman, 2008). No other
toxicity data were available for B. ﬂumineum in the Ecotox database. However, 24-h LC50 concentrations of 15 and 60 lg/L were
reported for an unidentiﬁed Belostoma sp. exposed to chlorpyrifos
and parathion, respectively.
Technical-grade insecticides were used for all trials (purity > 98%; Chemservice, West Chester, PA, USA). Actual chemical
concentrations applied to the replicates were conﬁrmed using
ELISA test kits for detection of organophosphates and pyrethroids
(Abraxis, LLC, Warminster, PA, USA). ELISA assays were calibrated
by using standards of known concentration for each insecticide.
For any nominal concentrations below the limit of detection for
the kit, we conﬁrmed the concentration of the stock solution used
for serial dilutions.

2.1. Study organisms

2.3. Experimental design

Two common macroarthropod predators were selected for this
study. Both P. alleni and B. ﬂumineum are ubiquitous in freshwater

We used a static, nonrenewal (no water changes) dose–
response design with 5 concentrations of each insecticide
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(Table S3), solvent (0.0625 mL/L acetone) and water controls, and 5
replicates of each concentration and control. The B. ﬂumineum
trials included 10 replicates of each control. Each replicate consisted of one individual P. alleni or B. ﬂumineum in a 500 mL glass
jars ﬁlled with 400 mL ASW. Each individual was fed physid snails
ad libitum (snails were replaced as they were consumed).
Observations were made at 3, 12, and 24 h after pesticide
application and daily thereafter for a total of 10 days. P. alleni trials
were conducted from 22 August 2012 to 1 September 2012, and
B. ﬂumineum trials were conducted from 20 September 2012 to
30 September 2012.
2.4. Data analysis
Dose–response curves and estimation of LC50 values were performed using package ‘‘drc’’ (Ritz and Streibig, 2005) in R statistical
software (R Core Team, 2013). We used the two parameter logistic
model to estimate 96-h and 10-d LC50 values and used bootstrapping to determine the 95% conﬁdence intervals around each LC50
value. In cases for which the bootstrapping method in package
‘‘drc’’ gave conﬁdence interval estimates that did not include the
estimated LC50 value, 95% conﬁdence intervals were instead
approximated using the variance of the estimate in package ‘‘drc’’
and back-transformed from the log scale used for concentrations
(Ritz and Streibig, 2005). We determined the proportion of simulated EEC values that exceeded the US EPA’s level of concern
(0.5  LC50) for each LC50 estimate in addition to its lower and
upper 95% conﬁdence limits.
Survival analysis was performed using the Cox proportional
hazard model in package ‘‘survival’’ (Therneau, 2013) in R. To
explore differences in survival that could be attributed to either
chemical class or the individual chemicals, we ran a
mixed-effects Cox model using package ‘‘coxme’’ (Therneau,
2012) in R. To account for variation in absolute toxicity and estimated environmental exposure among chemicals, we converted
all concentrations to toxic units (TUs) using SPEAR Calculator software (v0.8.1, Department System Ecotoxicology – Helmholtz
Centre for Environmental Research, 2014). Because the range of
toxic units for each insecticide did not always overlap (e.g.,
malathion TUs were up to 5 greater than the highest TU for permethrin) numerical estimation results ﬁtted poorly. Therefore, we
added simulated dead individuals at similarly high concentrations

for other chemicals. In all such cases, 100% mortality was observed
at concentrations orders of magnitude below these simulated
higher concentrations. We used standardized chemical concentration as a ﬁxed effect with random intercepts for individual chemicals (esfenvalerate, k-cyhalothrin, etc.) nested within insecticide
class (organophosphate or pyrethroid). Coefﬁcients of the random
effects were extracted from the model to assess the contribution of
each chemical and class to overall mortality risk.
3. Results
Toxicity data for Procambarus spp. from the US EPA’s Ecotox
database were generally consistent with observed toxicities to
P. alleni (Table 1, Table S2). Reported 96-h LC50 toxicities for
P. clarkii exposed to k-cyhalothrin, permethrin, chlorpyrifos, and
malathion were all within the 95% conﬁdence intervals for the
observed 96-h LC50 values for P. alleni in this experiment.
Terbufos was reported to be more toxic to P. clarkii than P. alleni,
although reported toxicity to an unidentiﬁed Procambarus species
was similar to that of P. alleni. Likewise, chlorpyrifos was reported
to be more toxic to P. acutus and an unidentiﬁed Procambarus species than to P. alleni. Conversely, P. blandingii exposed to permethrin in a ﬂow-through experimental design was much more
resistant to permethrin exposure than was P. alleni in this experiment (Table 1, Table S2). Chlorpyrifos toxicity was greater for an
unidentiﬁed Belostoma spp. in a 24-h trial than was observed for
B. ﬂumineum over 96-h in this experiment (USEPA, 2014b).
Simulated environmental exposure scenarios indicated generally consistent patterns of environmental risk associated with
insecticides of the same class (Table 1). Organophosphate exposures generated consistently few EECs above the US EPA level of
concern of half the LC50 for both P. alleni and B. ﬂumineum
(Table 1, Figs. 1 and 2), with the exception of 10-d crayﬁsh mortality after exposure to chlorpyrifos (Table 1). Alternatively, the
majority of all pyrethroid exposure scenarios were above the level
of concern for P. alleni (Table 1, Fig. 1). Only k-cyhalothrin presented consistently high-risk exposure scenarios for B. ﬂumineum,
while the high degree of uncertainty in the 96-h LC50 estimate
for permethrin rendered risk assessment impractical (Table 1,
Fig. 2).
Cox mixed-effects models indicated that insecticide class
accounted for 55.7% and 91.1% of the variance in mortality during

Table 1
96-h and 10-d LC50 values (lg/L) for Procambarus alleni and Belostoma ﬂumineum exposed to multiple concentrations of three pyrethroid (esfenvalerate, k-cyhalothrin, and
permethrin) and three organophosphate (chlorpyrifos, malathion, and terbufos) insecticides. The second column for each endpoint reports the proportion out of 150 annual peak
estimated environmental concentrations (EEC) calculated from the US EPA Surface Water Contamination Calculator (v1.106) that exceeded the US EPA risk quotient threshold of
one-half the estimated LC50.
96-h endpoint

a

10-d endpoint

Species

Chemical

LC50 (95% C.I.)

EECs > 0.5  LC50

LC50 (95% C.I.)

EECs > 0.5  LC50

P.
P.
P.
P.
P.
P.

alleni
alleni
alleni
alleni
alleni
alleni

Esfenvalerate
k-cyhalothrin
Permethrin
Chlorpyrifos
Malathiona
Terbufos

0.22 (0.14–0.26)
0.21 (0.14–0.28)b
0.58 (0.54–1.39)
29.3 (19.2–32.9)
48,936 (14,984–159,822)c
8.89 (7.77–12.8)

0.97
1.00
0.99
0.05
0.00
0.22

(0.93–0.98)
(0.99–1.00)
(0.83–0.99)
(0.01–0.19)
(0.00–0.00)
(0.13–0.24)

0.22 (0.14–0.26)
0.21 (0.14–0.28)b
0.58 (0.54–1.39)
6.26 (5.12–7.66)c
32,935 (12,738–85,157)c
8.89 (7.77–12.8)

0.97
1.00
0.99
0.87
0.00
0.22

(0.93–0.98)
(0.99–1.00)
(0.83–0.99)
(0.77–0.91)
(0.00–0.00)
(0.13–0.24)

B.
B.
B.
B.
B.
B.

ﬂumineum
ﬂumineum
ﬂumineum
ﬂumineum
ﬂumineum
ﬂumineum

Esfenvalerate
k-cyhalothrin
Permethrin
Chlorpyrifos
Malathion
Terbufos

1.62 (0.88–3.00)
0.25 (0.14–0.43)c
6.85 (2.64–17.8)c
37.0 (24.3–56.5)c
2695 (1544–7558)
74.3 (18.8–117)

0.03
0.99
0.09
0.01
0.00
0.00

(0.00–0.33)
(0.99–1.00)
(0.00–0.57)
(0.00–0.10)
(0.00–0.00)
(0.00–0.09)

1.31 (0.36–4.71)c
0.25 (0.08–0.82)c
3.10 (0.96–10.0)c
18.9 (9.06–39.3)c
2058 (598–7090)c
39.4 (11.8–132)c

0.12
0.99
0.46
0.20
0.00
0.01

(0.00–0.86)
(0.87–1.00)
(0.01–0.94)
(0.01–0.67)
(0.00–0.00)
(0.00–0.14)

The logistic model performed poorly because of low mortality, so a probit model was used instead.
All treatments exhibited either 0% or 100% mortality, so the 95% conﬁdence interval is deﬁned by the consecutive concentrations for which 0% and 100% mortality
occurred.
c
The bootstrap method could not be computed in package ‘‘drc’’, so the 95% conﬁdence interval was approximated using the variance estimate and back-transformed from
the log scale used to transform concentrations.
b
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the trials for P. alleni and B. ﬂumineum, respectively (Tables S4 and
S5). When accounting for concentration, pyrethroid insecticides
were more toxic than organophosphates, accounting for, on average, 342% and 47% increases (relative to organophosphates) in
the probability of mortality for P. alleni and B. ﬂumineum, respectively. Individual insecticides accounted for 44.3% of the variance
in mortality during P. alleni trials. Examination of the random
effects coefﬁcients suggests that the variation accounted for by
individual insecticides was largely driven by malathion presenting
a very low risk to P. alleni (Table S4).

Pyrethroid concentrations increased risk of mortality per unit
increase in concentration more rapidly than did organophosphates
(Table 2). In addition, time to death after insecticide exposure was
longer for B. ﬂumineum than for P. alleni (Figs. S1 and S2). Mean
time to death was less than 96-h for P. alleni exposed to concentrations of esfenvalerate P0.26 lg/L, k-cyhalothrin P0.28 lg/L, permethrin P2.84 lg/L, chlorpyrifos P32 lg/L and terbufos
P17 lg/L (Fig. S1). Only one individual P. alleni exposed to the
highest concentration of malathion died in less than 96-h. Mean
time to death was less than 96-h for B. ﬂumineum exposed to

Fig. 1. 96-h dose–response curves for Procambarus alleni exposed to multiple concentrations of three pyrethroid (a–c) and three organophosphate (d–f) insecticides. The
horizontal bar represents the 95% conﬁdence interval around the LC50 estimate with the estimate itself as the point where the conﬁdence interval intersects the curve. The
shaded areas represent concentrations above the US EPA’s level of concern of 0.5  LC50 (medium gray) for acute high risk to aquatic organisms. The light gray and dark gray
regions represent the area of concern calculated from the lower and upper 95% conﬁdence limits of the LC50 estimate, respectively. The dashed curves give the kernel density
estimates from 150 simulated annual peak environmental concentrations (EECs) in ponds determined from the US EPA Surface Water Contamination Calculator (SWCC) for
each insecticide. Thus, those portions of the curve within the shaded areas of each plot indicate simulated peak EECs above the US EPA’s level of concern. The open and black
triangles along the x-axes indicate the median and maximum EECs, respectively, from the SWCC simulations.
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Fig. 2. 96-h dose–response curves for Belostoma ﬂumineum exposed to multiple concentrations of three pyrethroid (a–c) and three organophosphate (d–f) insecticides. The
horizontal bar represents the 95% conﬁdence interval around the LC50 estimate with the estimate itself as the point where the conﬁdence interval intersects the curve. The
shaded areas represent concentrations above the US EPA’s level of concern of 0.5  LC50 (medium gray) for acute high risk to aquatic organisms. The light gray and dark gray
regions represent the area of concern calculated from the lower and upper 95% conﬁdence limits of the LC50 estimate, respectively. The dashed curves give the kernel density
estimates from 150 simulated annual peak environmental concentrations (EECs) in ponds determined from the US EPA Surface Water Contamination Calculator (SWCC) for
each insecticide. Thus, those portions of the curve within the shaded areas of each plot indicate simulated peak EECs above the US EPA’s level of concern. The open and black
triangles along the x-axes indicate the median and maximum EECs, respectively, from the SWCC simulations.

concentrations of esfenvalerate P2.6 lg/L, k-cyhalothrin
P1.4 lg/L, chlorpyrifos P64 lg/L, malathion P13,013 lg/L, and
terbufos P171 lg/L (Fig. S2). Mean time to death for B. ﬂumineum
exposed to 5.68 lg/L permethrin was 192.1-h (±32.1 SE).
4. Discussion
Our results suggest that relative environmental risks among
insecticides to aquatic invertebrates can be predicted based on
chemical class and/or mode of action. Likely environmental exposures to organophosphates rarely approached levels of concern

for either P. alleni or B. ﬂumineum. In contrast, all three pyrethroid
insecticides posed consistently high-risk to P. alleni, but not
B. ﬂumineum. Thus, under similar exposure scenarios, pyrethroid
insecticides generally posed a greater risk to these aquatic
invertebrates
than
did
organophosphate
insecticides.
Additionally, toxicity of organophosphates and pyrethroids to P.
alleni was generally consistent with toxicity levels previously
reported for P. clarkii and other Procambarus species, suggesting
that sensitivity to these contaminants is conserved among crayﬁsh
species, at least within the genus (Table 1). These results support
recent evidence that both phylogeny and the physico-chemical
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Table 2
Cox survival analysis for Procambarus alleni and Belostoma ﬂumineum exposed to multiple concentrations of three pyrethroid (esfenvalerate, k-cyhalothrin, and permethrin) and
three organophosphate (chlorpyrifos, malathion, and terbufos) insecticides for ten days. Positive coefﬁcients (coef) indicate a greater probability of mortality during the study per
unit increase in concentration. The hazard ratio is the exponent of the coefﬁcient and indicates the probability of an increase in mortality for every 1 lg/L increase in
concentration. For example, the hazard ratio of 1.097 for P. alleni exposed to esfenvalerate indicates that every 1 lg/L increase in esfenvalerate increases the probability of
mortality during the study increases by 9.7%. The 95% conﬁdence intervals are provided for the hazard ratio.
Species

Chemical

v2

P

Coef

Hazard ratio

95% CI

P.
P.
P.
P.
P.
P.

alleni
alleni
alleni
alleni
alleni
alleni

Esfenvalerate
k-cyhalothrin
Permethrin
Chlorpyrifos
Malathion
Terbufos

12.17
24.58
33.93
30.62
8.17
24.58

<0.001
<0.001
<0.001
<0.001
0.004
<0.001

0.092
1.283
1.007
0.073
<0.001
0.026

0.024
0.251
0.224
0.015
0.683
0.006

1.097
3.609
2.738
1.076
1.001
1.027

(1.046–1.150)
(2.206–5.905)
(1.766–4.244)
(1.045–1.107)
(0.263–3.813)
(1.015–1.039)

B.
B.
B.
B.
B.
B.

ﬂumineum
ﬂumineum
ﬂumineum
ﬂumineum
ﬂumineum
ﬂumineum

Esfenvalerate
k-cyhalothrin
Permethrin
Chlorpyrifos
Malathion
Terbufos

21.78
19.60
2.88
24.84
39.12
24.12

<0.001
<0.001
0.090
<0.001
<0.001
<0.001

0.158
1.035
0.195
0.068
<0.001
0.028

0.036
0.218
0.106
0.014
<0.001
0.007

1.171
2.816
1.215
1.070
1.000
1.028

(1.091–1.256)
(1.837–4.318)
(0.988–1.495)
(1.041–1.100)
(1.000–1.000)
(1.015–1.042)

properties of pesticides can be used to predict the responses of
untested species-pesticide pairs (Guénard et al., 2014).
Cox mixed-effects survival analysis indicated that a signiﬁcant
proportion of variation in crayﬁsh survival during our trials could
be attributed to differences among individual insecticides.
However, examination of the random effects coefﬁcients suggests
that this might largely be explained by low mortality associated
with exposure to malathion. In particular, because malathion has
been heavily used in peninsular Florida for at least the last two
decades (Stone, 2013) and is approved for mosquito control with
applications directly onto water bodies, it is possible that local
populations of P. alleni and B. ﬂumineum have undergone selection
for malathion resistance, as evidenced by the very low toxicity of
malathion in this study. While malathion resistance for either
species has not been documented, insecticide resistance has been
identiﬁed in hundreds of arthropod species (Roush and
McKenzie, 1987) and mechanisms of resistance to insecticides
are becoming increasingly well understood (Taylor and
Feyereisen, 1996). However, despite the relative lack of toxicity
of malathion to macroarthropods in this study, malathion concentrations of 101 lg/L were sufﬁcient to signiﬁcantly alter zooplankton community composition and ecosystem properties in
mesocosms seeded with organisms from the same area as the current study (Halstead et al., 2014). Likewise, malathion has been
observed to have lethal and sublethal effects on a variety of other
aquatic organisms (Relyea and Diecks, 2008; Rohr et al., 2008a;
USEPA, 2014b; Verbruggen and van den Brink, 2010).
Toxicity of organophosphates or pyrethroids to B. ﬂumineum has
not been previously reported. In general, B. ﬂumineum was less
sensitive to insecticides than P. alleni. Furthermore, there was less
variation in mortality of B. ﬂumineum exposed to insecticides
within the same class than was observed for P. alleni. While the
mechanisms behind this pattern remain equivocal, it might be driven by physiological differences in the mechanisms by which these
phylogenetically distinct species respond to toxins. Anatomical differences between these species might also mediate exposure to
aquatic contaminants. For example, B. ﬂumineum acquire oxygen
for respiration from trapped air bubbles taken above the surface
of the water (Severin and Severin, 1911) whereas crayﬁsh obtain
dissolved oxygen directly from the water through their gills
(Larimer and Gold, 1961).
The loss of macroarthropods in wetlands has the potential to
alter ecosystem functions by removing important functional
groups (Wallace and Webster, 1996). As predators, crayﬁsh and
giant water bugs have important functions and indirect effects
on aquatic communities (Dorn and Wojdak, 2004; Wojdak,
2005). In particular, both crayﬁsh and giant water bugs consume
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snails, and thus probably regulate snail abundance (Halstead
et al., 2014; Hoverman et al., 2014; Sokolow et al., 2014; Wojdak,
2005). Top-down regulation of snails from macroarthropod predators can indirectly mediate the effects that these herbivores have
on ecosystem properties in aquatic habitats (Wojdak, 2005) and
might even affect disease risk given that increases in snail densities
have been demonstrated to increase the prevalence and intensity
of trematode infections transmitted by snails to humans and
wildlife (Picquet et al., 1996; Rohr et al., 2008b). In fact, native
prawns (Macrobrachium vollenhovenii) and non-native crayﬁsh
(Procambarus clarkii) have been identiﬁed as promising biocontrol
agents to reduce human trematode diseases transmitted by snails
(Hofkin and Hoﬁnger, 1992; Mkoji et al., 1999; Sokolow et al.,
2014). Identifying insecticides that pose low risk to important
functional groups in wetlands, such as macroarthropods, should
help to enhance food production without compromising ecosystem
function and human health.
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