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ABSTRACT: Sublethal concentrations of pesticides may drastically alter the evolutionary trajectories of
populations by interfering with mating behaviors. We used a median lethal concentration (LC50)
experiment to test the sensitivity of three amphipod (Hyalella sp.) classes (females, small males, and large
males) to five concentrations [10.4, 1.52, 0.16, 0.05, none detected (ND) lg/L] of the most commonly
applied pesticide (malathion) in the United States. We then tested the sensitivity of female mate choice to
sublethal concentrations (0.55, 0.38, and 0.05 lg/L) of malathion using a dichotomous choice test.
Mortality was relatively high at low concentrations for all three amphipod classes with LC50s ranging from
0.06 lg/L in females to 0.19 lg/L in small males. There was overlap in the 95% CI of these estimates
across amphipod classes suggesting no class-specific differences in sensitivity to malathion. We found
no evidence that malathion interferes with female choice in this species, suggesting that mating behavior
may not always be a good indicator of sublethal pesticide contamination. # 2009 Wiley Periodicals, Inc. Environ

Toxicol 25: 310–314, 2010.
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Anthropogenic chemicals often have cryptic, unintended

consequences for nontarget biota (e.g., DuRant et al., 2007;

Relyea and Diecks, 2008). A relatively unexplored mecha-

nism by which pesticides may negatively impact popula-

tions is through effects on mating. From a life history per-

spective, dealing with the stress imposed by pesticide expo-

sure will require diversion of resources that could be used

to build sexual traits or invest in mate choice (Carriere

et al., 1994; Arellano-Aguilar and Garcia, 2008). In addi-

tion to competing for energy necessary to fuel detoxifying

mechanisms, pesticides can directly affect mating patterns

if they alter signal-receiver dynamics (Park et al., 2001;

Knight and Flexner, 2007) or limit the use of behaviors

responsible for mating biases (e.g., physical female

resistance or male persistence).

We assessed whether the most commonly used pesticide

(malathion) in the United States (Kiely et al., 2004) affects

female mate choice in an undescribed freshwater amphipod

species (Hyalella sp.). Malathion is an organophosphate,

acetylcholinesterase inhibitor that alters behavior in many

organisms (Tietjen, 2006; Ren et al., 2007; Tietjen and

Cady, 2007; Holem et al., 2008). Female Hyalella use

physical resistance to bias mating in favor of large males

(Wellborn, 1995; Wellborn and Bartholf, 2005; Cothran,

2008b), and in at least one species, females gain direct and

indirect benefits associated with mate choice (Cothran,

2008a). Therefore, at sublethal concentrations, the neuro-

toxic effects of malathion may inhibit female mate choice.

A reduction in female choosiness will ultimately affect
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population health if male sexual traits are positively corre-

lated with net offspring fitness (Lorch et al., 2003). In this

study, we first addressed whether three Hyalella amphipod

classes (small males, large males, and females) differ in

their sensitivity to malathion. We then asked whether suble-

thal concentrations of malathion interfere with female mate

choice for male body size.

Amphipods and vegetation were collected from Lake Le

Boeuf, Erie County, PA. In northern US lakes, up to three

cryptic Hyalella species can be found within the littoral

zone. These species sort based on both a distance from

shore and depth gradient (Wellborn and Cothran, 2007). To

assure that animals in our study were the same species, we

collected animals from near shore habitats, which are domi-

nated (accounting for 86% of the amphipod assemblage) by

the largest of the three species [B clade species in Wellborn

and Broughton (2008)]. Animals were housed in 90-L wad-

ing pools, fitted with 60% shade cloth at the Pymatuning

Laboratory of Ecology. All experiments were conducted in

a temperature-controlled room (22.7 6 0.98C) with a 12–12

day-to-night cycle.

We used a randomized factorial LC50 experiment with

seven malathion treatments crossed with three amphipod

classes (females, small males, or large males) to establish

sublethal concentrations and determine LC50 values for

each amphipod class. Each treatment was replicated five

times for a total of 105 experimental units. All malathion

(technical grade 99.1%; Chem Service Lot No. 396-71B)

solutions were prepared from a 1 mg/L stock solution. A

sample of each treatment solution was stored at 28C and

later sent to the Mississippi State Chemical Laboratory

(Starkville, MS) for independent analysis of malathion con-

centrations (lower level detection limit 0.05 lg/L). We

tested five malathion concentrations [nominal concentra-

tions 10.0, 5.0, 1.0, 0.05, and 0.01 lg/L; actual concentra-
tions 10.4, 1.52, 0.16, 0.05, and none detected (ND) lg/L]
along with a 1% ethanol carrier and filtered (charcoal-

filtered and ultraviolet-irradiated) well water control. Our

experimental units were 100 mm 3 20 mm Petri dishes

containing 40 mL of treatment solution and a 2-cm2 Nitex1

screen as substrate for the amphipods. Males were visually

assigned to size classes. To confirm the success of our

visual assignment of individuals to size classes, we used a

dissecting microscope to measure head length (to the near-

est 0.02 mm), an indicator of body size (Edwards and

Cowell, 1992), on a subset of 20 amphipods for each of the

three classes [female (mean head length 6 1 SD; 0.70 6
0.07 mm); small male (0.62 6 0.05 mm); large male (0.75

6 0.07 mm)]. To each dish, we added 10 females, 10 small

males, or 10 large males. Every 24 h during the 96-h

experiment, we recorded mortality and replaced the treat-

ment solutions to maintain desired concentrations. During

solution replacements, old test water was filtered through

the Nitex1 screen to prevent removal of amphipods. No

food was provided during the experiment. We used a

repeated-measures ANOVA to test for an effect of

malathion concentration on survival. Rank-transformed

mortality (variances were not homogeneous across groups)

was used as the response variable and both malathion

treatment and amphipod class (females, small males, and

large males) as explanatory variables. Planned multiple

comparisons (Tukey HSD) were performed either across

time intervals or within time intervals depending on the

presence/absence of a time 3 treatment interaction to deter-

mine the lowest observed effect concentration (LOEC). We

also calculated LC5096-h values and corresponding 95%

confidence intervals using standard probit regression analy-

sis on log10-transformed data. We recognize that our testing

procedures are not completely consistent with standardized

approaches for Hyalella toxicity studies (e.g., Stoughton

et al., 2008), which limits comparisons with past studies.

The primary goal of our LC50 experiment was to arrive at

sublethal concentrations for situations where adult social

interactions were allowed that could then be used to assign

malathion treatment levels for our mate choice study.

Next, we examined whether sublethal concentrations of

malathion affected female mate choice. Males from the

stock population were assigned to size classes (small or

large) and then haphazardly paired (one large male and one

small male). A dyad of males and a single, mid-molt female

were added to each 100 mm 3 20 mm Petri dish. Experi-

mental units were set up as in the previous experiment.

Treatment solutions were replaced every 24 h, and amphi-

pods were fed 4 mg of a 1:1 mix of fish flakes (Tetramin1,

Tetra Werke, Melle, Germany) and spirulina (O.S.I. Marine

Lab, Burlingame, CA) daily. We observed pairing patterns

(larger or smaller male paired) at three malathion concen-

trations (nominal concentrations 1.0, 0.5, and 0.1 lg/L;
actual concentrations 0.55, 0.38, and 0.05 lg/L) based on

results from the LC50 experiment. We also included a 1%

ethanol-carrier and filtered-water control (n 5 20 for each

treatment level). Dishes were checked daily at 0800, 1200,

1600, and 2000 h for pairs. We excluded a trial from

TABLE I. RM-ANOVA results testing for effects of
malathion treatment, amphipod class, time, and all
interactions on amphipod mortality

Source df F P

Malathion 6, 84 48.51 \0.001

Amphipod class 2, 84 5.37 0.006

Malathion 3 amphipod class 12, 84 1.44 0.16

Time 1.40, 117.25a 139.05 \0.001

Time 3 malathion 8.38, 117.25a 14.15 \0.001

Time 3 amphipod class 2.79, 117.25a 1.15 0.33

Time 3 malathion 3
amphipod class

16.75, 117.25a 0.95 0.52

aAdjusted degrees of freedom were used because the sphericity

assumption was violated (Greenhouse–Geisser5 0.47).
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analysis if we missed a pairing (indicated by the presence

of embryos in the female’s marsupium; 25% of cases) or an

individual died in a replicate (28% of cases). We used a

Pearson v2 test to assess whether pairing patterns were in-

dependent of malathion treatment. To assess whether inclu-

sion of multiple species was a problem in our study, we

transferred the female and the unpaired male to a 150-mL

cup containing filtered water. These pairs were subse-

quently checked to determine if the unpaired male was able

to pair with the female. A previous study suggests that Hya-
lella are unlikely to form precopulatory pairs when housed

with heterospecifics (Wellborn et al., 2005).

Actual concentrations of malathion used in our two

experiments (range 5 0.05–10.4 lg/L) fell well within

USEPA expected annual 60-day average environmental

concentrations (mean 6 SD 5 3.11 6 3.84 lg/L; range 5
0.31–18 lg/L) based on application frequencies (2–14

days), application rates, and percentage drift contribution to

aquatic habitats (Odenkrichen and Wente, 2007). Overall,

the Hyalella species we tested was quite sensitive to mala-

thion with 1.52 lg/L (the LOEC in our experiment) result-

ing in almost 100% mortality after 96 h (Table I; Fig. 1).

Repeated-measures ANOVA results showed that the

amphipod classes did not differ in their sensitivity to mala-

thion (lack of a class by malathion concentration interac-

tion; Table I). Survival in controls was generally high (96-h

%mortality 6 SE: females in water 6.22 6 4.06%; females

in ethanol 12.22 6 3.72%; small males in water 2 6 2%;

Fig. 1. Mortality at different malathion concentrations (lg/L) for females, small males, and
large males. Water and ethanol labels refer to water controls and ethanol vehicle controls,
respectively. The ND (none detected) label refers to our lowest nominal concentration of
malathion (0.01 lg/L), which was below the detection level for chemical analysis. Symbols
represent means and error bars 6 1 SE. Data are presented for 24-h, 48-h, 72-h, and 96-h
postintroduction to experimental units. For the 96-h panel, letters below treatment levels
represent results from posthoc tests comparing malathion treatments (Tukey HSD) with
letters representing homogenous subsets within treatments.
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small males in ethanol 206 5.48%) with the lone exception

of large males (in water 38.67 6 15.87%; in ethanol 34 6
6%). Because of this high mortality, large male LC5096-h
values should be considered with caution. Moreover,

LC5096-h values [LC50 lg/L (95% CI): females 0.06 (0.02–

0.16); large males 0.08 (0.03–0.21); small males 0.19

(0.07–0.49)] are low compared to other crustaceans [range

0.9–50,000 lg/L; reviewed in Leight and Van Dolah

(1999)]. To our knowledge, these results represent the first

malathion LC50 values for Hyalella amphipods.

Despite the sensitivity of this Hyalella population to mal-

athion, we found no evidence that sublethal exposure dis-

rupts female mate choice. Large males paired in more than

87% of trials regardless of malathion treatment (test of asso-

ciation between large male pairing success and malathion

treatment; v23 5 3.09, P 5 0.38; Fig. 2; note that the 0.55

lg/L treatment was removed from the analysis due to 75%

mortality). When isolated with the female, we observed pair-

ings by the originally unpaired male in 82% of trials, and the

frequency of these pairings was independent of malathion

treatment (v23 5 2.22, P 5 0.53), suggesting that the occur-

rence of multiple species in our study was not a problem.

Previous studies have shown that pairing behavior is sen-

sitive to various stressors including sublethal levels of the

organochlorine pesticide lindane (Blockwell et al., 1998,

and references therein). Specifically, pairs often directly

separate or are less stable under stressful conditions. Given

these results, it seems likely that more subtle paring patterns

(e.g., female choice of larger males) may be altered by

stress imposed by contaminants. Therefore, it is somewhat

surprising that the sublethal concentrations of malathion

used in the current study had no effect on female mate

choice. Our results suggest that changes in pairing behavior

may not be indicative of sublethal concentrations of mala-

thion and highlight the need for more studies using a variety

of pesticides before it is adopted as a sublethal bioassay.

Traditionally, sexual selection is considered to have a

negative impact on mean population fitness (Lande, 1980;

Kirkpatrick, 1982; Grafen, 1990; Gavrilets et al., 2001;

Houle and Kondrashov, 2002). Females may pay direct

costs associated with mating with attractive males, and

strong selection on a male sexual trait, combined with a

shared genetic architecture with the homologous female

trait, may push female traits away from their naturally

selected optimum. Recent studies, however, have shown

that sexual selection may increase population fitness (e.g.,

Lorch et al., 2003), because traits females prefer are often

positively correlated with male condition and thus fitness

(Rowe and Houle, 1996; Cotton et al., 2004). Anthropo-

genic factors that interfere with female selectivity can thus

have drastic impacts on a population’s health by decreasing

choice of superior male genotypes. Therefore, future work

on how sublethal exposure shapes both male sexual trait

variation (Arellano-Aguilar and Garcia, 2008) and the

effectiveness of female choice (Park et al., 2001) is neces-

sary to fully understand the evolutionary consequences of

chemical contaminants.

We thank Maya Groner, John Hammond, Puni Jeyasingh, and

Aaron Stoler for reviewing an earlier version of the manuscript.
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