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Abstract—In ecotoxicology, appreciation is growing for the influence that ecological interactions have on the toxicity of contaminants,
such as insecticides, to sensitive species. Most previous studies, however, have focused on factors that exacerbate insecticide effects on
species, while factors that may mitigate these effects have been relatively ignored. In aquatic habitats, a small number of studies have
shown that submersed macrophytes can remove some insecticides from the water column via sorption. Although examining sorption
dynamics is important for understanding the environmental fate of insecticides, whether and to what extent macrophytes actually
mitigate insecticide effects on aquatic species remains unknown. In the present study, the authors examined how much and how quickly
several realistic densities of the macrophyte Elodea canadensis decreased the toxicity of the insecticide malathion to Daphnia magna, a
keystone aquatic herbivore. To do this, the authors quantified Daphnia survival in outdoor test systems (0.95 L) exposed to a factorial
combination of five Elodea densities crossed with five malathion concentrations. The authors discovered that malathion’s lethality to
Daphnia decreased with increasing Elodea density. Furthermore, the rate at which Elodea reduced malathion’s toxicity in the water
column increased with macrophyte density. These results provide strong evidence that submersed macrophytes can mitigate the
ecological impacts of a popular insecticide and further support that ecological interactions can strongly influence contaminant
environmental effects. Environ. Toxicol. Chem. 2013;32:699–706. # 2012 SETAC
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INTRODUCTION

Insecticides are important tools for improving human health
and the productivity of forestry and agriculture. Projected
increases in insecticide use for the foreseeable future, however,
will likely lead to greater exposure for natural ecosystems [1].
Insecticides pose a significant threat to aquatic habitats, because
they can exacerbate declines in already threatened taxa [2,3]
and decrease biodiversity [4,5]. Thus, a major contemporary
challenge for ecologists and toxicologists is to understand the
factors that influence the environmental effects of insecticides
in aquatic habitats better.

Traditional toxicological models designed to predict the
impacts of insecticides in aquatic communities are derived
from the results of laboratory tests that determine concentra-
tions at which some effect occurs (e.g., median lethal concen-
tration [LC50] equals the concentration of an insecticide that
kills 50% of a population) [6]. To compare the relative toxicity
of a large number of insecticides directly, agencies responsible
for registering and regulating pesticides worldwide (e.g., the
U.S. Environmental Protection Agency [U.S. EPA], the Organ-
isation for Economic Co-operation and Development [OECD],
the American Society for Testing and Materials International
[ASTM]) have established standardized testing guidelines
designed to provide unambiguous cause and effect relationships
by examining species in isolation of most biotic and abiotic
environmental variation. However, there is a growing recog-
nition not only that the environmental conditions are important
in determining the outcome of toxicity tests, but also that they

incorporate the reality of what organisms experience in nature
[7–9].

To date, research that has incorporated natural environ-
mental conditions has primarily focused on identifying factors
that increase the toxicity or ecological impacts of insecticides.
For example, variation in the abiotic environment [10,11],
predatory stress [12–15], and competitive stress can all make
insecticides more lethal to animals [16–17]. In contrast, studies
examining the ecological factors that might mitigate insecticide
effects are rare, despite the clear conservation and societal
implications.

Submersed macrophytes possess traits that may allow them
to at least partially mitigate the direct effects of insecticides on
sensitive aquatic taxa. For example, macrophytes can sorb
insecticides, potentially reducing the duration and intensity
of exposure experienced by aquatic taxa [18,19]. In fact,
submersed macrophytes can sorb up to 90% of insecticides
from the water column within 24 h, but such high sorption rates
only occur for highly lipophilic compounds (i.e., Log octanol-
water partition coefficient, KOW> 6.0), such as organochlorine
(e.g., dichlorodiphenyltrichloroethane [DDT]) and pyrethroid
(e.g., lambda-cyhalothrin) insecticides [20,21]. For less lip-
ophilic compounds—such as the commonly applied organo-
phosphate insecticides chlorpyrifos (LogKOW¼ 4.81) and
malathion (LogKOW¼ 2.3)—the amount of insecticides
removed from the water column by macrophytes typically
ranges from 0 to 50% in a 24-h period [18,22,23].

Although it is clear that some submersed macrophytes
have the ability to reduce the aqueous concentrations of some
insecticides, very limited evidence exists regarding the ability of
submersed macrophytes to mitigate the effects of insecticides on
sensitive aquatic taxa. In one study, which compared the eco-
logical effects of the organophosphate insecticide chlorpyrifos
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(35mg/L) between macrophyte-dominated and phytoplankton-
dominated artificial test systems (�0.85m3), Brock et al. [24]
found that cladocerans were eliminated within hours in the
phytoplankton-dominated system. In contrast, it took several
weeks for die-offs to occur in the macrophyte-dominated
system. In addition, Roessink et al. [25] examined the effects
of five concentrations of the pyrethroid insecticide lambda-
cyhalothrin (ranging from 10–250 ng/L) in macrophyte-
dominated and phytoplankton-dominated ditch test systems
(�0.5m3). In macrophyte-dominated systems, the authors
estimated the no observable effect concentration (NOEC)
of lambda-cyhalothrin on Chaoborus obscuripes to be at
least 10 ng/L, whereas the NOEC was less than 10 ng/L in
phytoplankton-dominated systems (no lower concentrations
were tested). Although these studies found differences in the
indirect effects of insecticide exposure on community structure
and function between phytoplankton- and macrophyte-
dominated systems, the influence of insecticide exposure versus
idiosyncratic differences in ecological interactions on the com-
munity responses is unclear.

While these studies compared the effects of insecticides in
macrophyte-dominated versus phytoplankton-dominated envi-
ronments, they were not designed to test the extent to which
macrophytes alone influence the ecological impacts of insecti-
cides directly. For example, Brock et al. [24] compared the
effects of chlorpyrifos on aquatic communities inhabiting
macrophyte-dominated systems in 1988 with the effects of
chlorpyrifos on similar (but not identical) communities inhab-
iting open-water systems in 1989. In addition, Roessink et al.
[25] examined the response of macrophyte- and phytoplankton-
dominated communities that differed in nutrient environment
and species composition. To understand the influence that
submersed macrophytes have on the biological effects of
insecticides in aquatic communities, we need experiments that
are designed specifically to address whether the manipulation
of macrophytes in a system can alter insecticide effects on
sensitive species.

We addressed this challenge by conducting an outdoor
experiment that manipulated macrophyte density and insecti-
cide concentration to determine whether, and to what extent,
macrophytes could mitigate the lethality of the popular insec-
ticide malathion to Daphnia magna. Studies elucidating the
impacts of environmental stressors on Daphnia population
dynamics are imperative because these animals serve as key
drivers of aquatic community dynamics [26] and water quality
[27]. Specifically, we addressed two hypotheses. First, as sub-
mersed macrophyte density increases, malathion’s toxicity to
D. magna will decrease; and second, as submersed macrophyte
density increases, malathion’s toxicity in the water column will
decrease at a faster rate.

Insecticide background

Malathion is an organophosphate insecticide that inhibits
acetylcholineesterase function in the nervous system.Malathion
is commonly used for both agricultural and residential pest
control throughout the world, with approximately 9.1 to 11.3�
106 kg of active ingredient applied annually in the agricultural
sector and another 1.8 to 3.6� 106 kg applied annually in the
home, garden, industrial, and governmental sectors of the
United States alone [28]. Recently, the U.S. EPA determined
the estimated environmental concentration (EEC) for malathion
in California surface waters based on application frequencies
(every 2 to 14 d), rates, and expected drift [29]. Based on these
values for more than 50 terrestrial crops, the EEC for malathion

in water was found to be 9� 27mg/L (mean� 95% confidence
interval). Furthermore, aerial applications of malathion used to
control insect pests can produce even higher concentrations in
surface waters. For example, in the 1990s, the spraying of
malathion for Mediterranean fruit fly control resulted in average
surface water concentrations of approximately 50mg/L [30].

MATERIALS AND METHODS

Experimental design

We conducted the experiment at the University of Pittsburgh’s
Pymatuning Laboratory of Ecology, Pennsylvania, USA. To
investigate the effect of submersed macrophytes on insecticide
toxicity, we examined the survival of the cladoceran zoo-
plankter, D. magna, when exposed to a range of concentrations
of the organophosphate insecticide, malathion, in the presence
of different densities of the macrophyte Elodea canadensis
(hereafter called Elodea). We used a complete factorial design,
crossing five Elodea densities (0, 344, 612, 889, and 1,102 g dry
wt/m3) with five nominal malathion concentrations (0, 2.5, 10,
25, and 50mg/L) for a total of 25 treatment combinations. Each
treatment was replicated four times for a total of 100 exper-
imental units.

Elodea canadensis is a globally widespread, submersed
macrophyte that lives at a wide range of densities (i.e., from
less than 50 g dry wt/m3 to more than 800 g dry wt/m3) [31]. On
June 15, 2011, we collected Elodea from three separate shallow
ponds in northwestern Pennsylvania. None of these ponds have
been treated with any chemicals (nutrients, pesticides, etc.)
within the past five years (J. Bish, Pennsylvania Game Com-
mission, Pennsylvania, USA, personal communication). Once
collected, we mixed and cultured the macrophytes in 300-L
culture pools containing 50 L of loamy sediment. We placed a
40% shade cloth over the top to prevent any invertebrates from
colonizing and to reduce water evaporation. The macrophytes
were kept in these conditions for 23 d before being used in the
experiment.

The malathion concentrations we chose for this experiment
spanned the range of concentrations estimated or observed to
be present in surface waters following typical agricultural
and pest control practices [29,30]. Assuming the California
data are representative of exposure scenarios in other regions
where similar data are unavailable, these concentrations likely
represent realistic exposure scenarios for aquatic taxa. Direct
malathion application to surface waters for mosquito control
(EEC¼ 539mg/L) and for protecting aquatic crops (EEC¼
1,404–1,797mg/L) can produce dramatically higher exposure
scenarios [29]. Such worst case scenarios, however, are likely
rare occurrences for a majority of freshwater habitats; therefore,
we elected to use concentrations that would occur more com-
monly in nature.

Test species

In winter 2010, we obtained 18 genetically distinctD. magna
(hereafter called Daphnia) clones originating from Katholieke
Universiteit Leuven, Belgium. Using these lab-reared clones for
our experiment rather than animals collected directly from
nature allowed us to ensure that the lineages had not been
exposed to any environmental contaminants for dozens of
generations prior to the present study. Furthermore, using these
clones ensured genetic variability among the Daphnia popula-
tions used in the present study. We housed the Daphnia in
500-ml glass jars containing 300mL of UV-filtered well water.
We culled the Daphnia populations and performed water
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changes every two weeks. Daphnia were fed 1ml of concen-
trated Scenedesmus spp. algae that had been grown in a high-
phosphorus COMBO medium [32]. Because of the logistical
issues associated with coordinating the reproduction of these
animals to achieve the very large number of Daphnia used in
the present experiment (7,200 total), we did not use less than
24-h-old neonates to test malathion’s toxicity. Instead, we used
intermediate sized individuals (�instars 3–6) that had not yet
produced eggs.

Toxicity test setupp

On July 8, 2011, we set up our aquatic test systems, which
were 0.95-L glass jars. To do this, we removed all coarse
organic debris from loamy terrestrial topsoil (collected on site)
and added 100 g of this soil to each jar to serve as a nutrient
source and rooting substrate for Elodea. We then added 700ml
of aged, UV-filtered well water to each jar. We let the jars sit
overnight to allow the suspended sediment to settle. The
following day, we haphazardly selected Elodea shoots from
the culture pools, cut each shoot 15 cm below the apex, and
added the appropriate number of shoots to each jar. To span the
range of Elodea densities commonly observed in nature (see
Experimental Design), we added 0, 3, 6, 9, or 12 Elodea shoots
to each jar, which created density treatments of 0, 344� 60.7,
612� 62.8, 889� 101.7, and 1,102� 148.4 g dry weight/m3

(mean� standard deviation).
Although we performed the present experiment in jars

designed to maximize our control over the abiotic and biotic
environment inside each jar, we also wanted to expose the
macrophytes and zooplankton to environmental conditions that
were somewhat representative of what they would experience in
nature. To achieve this, we moved the jars outside and placed
them in glass aquaria positioned on their sides inside 300-L
pools located on wooden tables. We randomly assigned each jar
to an aquarium and placed ten jars into each of the twelve
aquaria in the pools. This setup allowed us to expose the jars to
natural temperature and light fluctuations while preventing rain
from entering and diluting the water. After the jars were in
place, we added approximately 10 cm of cold well water to each
pool until it rose to approximately one half of the height of the
jars. Placing the pools on flat tables ensured that the water level
outside of each jar was equal. We drained each pool twice daily
(at 11:00 h and 15:00 h) and added new, cool well water to help
buffer the water inside the jars from reaching unnatural temper-
ature extremes. To allow Elodea to acclimate to the jars
conditions, we let the jars sit outside for 3 d prior to applying
insecticides. During this time, we visually inspected the plants
and determined that they were healthy, as evidenced by
new foliar growth and production of roots extending into the
sediment.

Malathion application

On July 12, 2011, we applied the appropriate concentration
of technical grade (99.1%) malathion (Chem Service) to each
test system. We elected to use technical-grade malathion rather
than commercial formulations (typically containing �50%
malathion) because little information exists about the degree
to which aquatic organisms are actually exposed to the inert
ingredients comprising the other 50% of commercial formula-
tions of malathion. To achieve nominal concentrations of 0, 2.5,
10, 25, and 50mg/L, we added 0, 0.366, 1.463, 3.660, and
7.320ml, respectively, of stock solution (0.123mg malathion/ml
ethanol) to 1.2 L of UV-filtered water to create our working
solutions. This large batch of working solution provided a

sufficient volume for dosing each appropriate test system, plus
provided two additional jars for malathion concentration anal-
ysis. Although we did not perform a control for the ethanol
carrier in this experiment, other experiments have documented
no adverse effects of ethanol at concentrations (0.5ml ethanol/L
water) higher than those used in our study (0.41ml ethanol/L
water) on Daphnia [33]. We used a separate container to make
each working solution. After mixing each working solution for
approximately 30 s, we added 50ml into each appropriate jar to
bring the total volume of each test system to 750ml. We applied
the malathion stock solution to each test system in a circular
motion that ensured thorough mixing and even distribution
inside of each container. We began applying malathion at
12:00 h and finished at 14:00 h.

To determine the actual malathion concentrations achieved
for each treatment, we applied 50ml of each working solution
(same solution as above) to two separate glass jars containing
700ml of UV-filtered water, using identical application tech-
niques as we used for the experimental containers. We then took
450ml of this water and transferred it to 500-ml pre-cleaned
amber glass jars and stored the jars in a 38C refrigerator until
analysis. All samples were sent to an independent laboratory
(University of Georgia Agricultural and Environmental Serv-
ices Laboratory, Athens, Georgia, USA) for analysis using gas
chromatography–mass spectrometry within one week of being
collected. The actual malathion concentrations corresponding
to the nominal concentrations of 0, 2.5, 10, 25, and 50mg/L
were 0, 3.2, 4.7, 17.7, and 29.6mg/L (hereafter referred to as 0,
3, 5, 18, and 30mg/L). Because water samples collected during
dosing were not analyzed for one week, it is possible that some
malathion breakdown occurred during this time, resulting in the
discrepancy between our nominal and actual malathion con-
centrations. If breakdown did occur, then the true malathion
concentrations the Daphnia in the present study encountered
would be even higher than reported. This, however, would not
affect the overall conclusions.

Determining the effect of Elodea density on malathion’s toxicity

After the insecticide was applied, we added 10 Daphnia to
each jar. Because the malathion application took 2 h, Daphnia
were added to each test system 2 h after it had received its
malathion application (i.e., Daphnia were added in same order
that malathion was applied). Each day we fed theDaphnia in the
jars by adding 0.5ml of the algae solution that was being fed to
the Daphnia cultures. After 48 h, we removed the Elodea from
the jars to facilitate Daphnia survival counts and gently shook
the shoots in a separate container of water to ensure that no
Daphnia had been removed from the jars during Elodea
removal. We then counted the number of surviving Daphnia
in each jar by applying a gentle burst of water over the
individuals with a transfer pipette. We considered an individual
to have survived if it began to swim vertically in the water
column within three applications of this stimulus. Any indi-
viduals that were twitching but unable to swim were considered
dead.

Determining Elodea’s effect on the rate of decrease in malathion’s
toxicity

In addition to comparing the amount that different Elodea
densities reduced malathion’s toxicity, we also compared the
rate at which they caused malathion’s toxicity to decrease in the
water column. To accomplish this, we removed small amounts
of water from the jars over time and tested the toxicity of this
sampled water against new groups of Daphnia. We used a glass
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pipette to remove 25ml of water from the middle of the water
column of each jar at 2, 6, 10, and 48 h after we had applied
malathion. Again, this step was done in the same order that the
jars had been dosed so that the duration between insecticide
application and water collection was equal for each test system.
We then transferred the water from each jar to a separate 50-ml
glass vial and immediately added 10 Daphnia to each vial. We
transferred the vials indoors, where they were kept at 208C
under a 12:12-h light:dark cycle. We fed Daphnia 0.25ml of
Scenedesmus spp. algae daily. After 48 h, we quantified the
number of surviving Daphnia after they had been added to each
vial using the criteria described above. Thus, the response data
for the present experiment were the number of surviving
Daphnia after 48 h of exposure to water collected from each
jar at each time point.

Measuring Elodea’s effects on water pH, dissolved oxygen, and
temperature

We documented the effects of Elodea on water pH (using a
calibrated digital pH meter; Oakton Instruments), dissolved
oxygen (DO) and temperature (using a calibrated digital oxygen
meter; WTW), 1 h before applying malathion to the experiment.
In addition, we documented water pH and DO in each test
system 48 h after applying malathion.

Statistical analysis

To determine the effect of Elodea density on the survival of
Daphnia exposed to malathion, we comparedDaphnia LC5048 h
values between each macrophyte density treatment. To estimate
these values for each Elodea density treatment, we used probit
analyses to fit sigmoid-shaped curves to the Daphnia survival
data. If necessary, data were smoothed to ensure equal or
decreasing survival with increasing malathion concentration
and adjusted for mortality in the controls using Abbott’s for-
mula [34]. To compare the effects of different Elodea densities
on theDaphnia LC50 values, we examined the overlap between
the 84% confidence intervals. Payton et al. [35] have demon-
strated that 84% confidence intervals approximate an a¼ 0.05.
In one of the Elodea treatments (889 g dry wt/m3), the highest
mortality levels only approached 50%. As a result, this distri-
bution of mortality values produced LC50 estimates that were
not reliable (LC50¼ 64mg/L, 84% confidence interval¼
26� 4,356mg/L).

To determine whether Elodea densities differed in the rate at
which they reduced malathion’s toxicity in the water column,
we compared the amount of time it took for the toxicity of water
treated with each concentration of malathion to return to control
levels in each Elodea density treatment. To do this, we used
Dunnett’s tests to compareDaphnia survival 48 h after exposure
to control water versus water treated with each respective
malathion concentration collected at each sampling time point
within each Elodea density treatment. Due to unequal varian-
ces, we first rank transformed the survival data. Although the
utility of Dunnett’s test in toxicological testing is controversial
[36], we emphasize that we used this approach simply as a tool
to compare the rates at which different Elodea densities detoxi-
fied the water. This is in contrast to the more conventional uses
of Dunnett’s tests, such as trying to determine acceptable and
unacceptable contaminant loads in the environment.

Finally, we evaluated the effects of Elodea density on
aqueous pH, DO, and temperature immediately prior to adding
malathion using a multivariate analysis of variance (MANOVA).
We also examined the effect of Elodea density, malathion treat-
ment, and the interaction on pH and DO 48 h following the

application of malathion. Where appropriate, we used univari-
ate analysis of variances (ANOVAs) to examine treatment
effects on each response variable. We used Tukey’s multiple
comparisons tests to determine differences between treatments.

RESULTS

Influence of Elodea density on malathion’s lethality to Daphnia

As Elodea density increased, malathion’s lethality toDaphnia
decreased (Fig. 1). One way to quantify this is by estimating the
LC5048 h values for malathion within each Elodea treatment.
The LC5048 h value for Daphnia in the absence of Elodea
(2.8mg/L) was significantly lower than the LC50 values of
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combination of malathion concentrations (0, 3, 5, 18, 30mg/L) and Elodea
canadensis densities (0, 344, 612, 889, 1,102 g dry wt/m3). Data are
means� 1 standard error.
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all treatments containing Elodea (Table 1). Moreover, with each
increase in Elodea density, we observed a significant increase in
the estimated LC50 value for Daphnia exposed to malathion.

Elodea’s effect on the rate of decrease in malathion’s toxicity

In general, we observed that the toxicity of a givenmalathion
concentration in the water column decreased at a faster rate,
relative to insecticide-free controls, with each increase in
Elodea density. The exception was in all jars receiving 3mg/L
of malathion, in which Daphnia survival never differed from
insecticide-free controls (p � 0.081). In jars receiving appli-
cations of 5, 18, and 30mg/L of malathion, however, water
detoxification rates increased with macrophyte density. For
example, with 0 g dry weight/m3 of Elodea, water collected
from jars at 2, 6, 10, and 48 h following the application of 5, 18,
and 30mg/L of malathion always caused greater than
50% Daphnia mortality (Fig. 2; p � 0.011). With 344 g dry
weight/m3 of Elodea, it took 6, 48, and 48 h for Daphnia
survival to return to control levels in the 5, 18, and 30mg/L
malathion treatments, respectively (p> 0.108). With 612 g dry
weight/m3 of Elodea, it took just 6 h for Daphnia survival to
return to control levels in the 5, 18, and 30mg/L malathion
treatments (p> 0.561). With 889 g dry weight/m3 of Elodea, it
took only 2 h for Daphnia survival to return to control levels in
the 5 and 18mg/L malathion treatments, but took 6 h in the
30mg/L treatment (p � 0.369). The strongest mitigative effect
we observed occurred with 1,102 g dry weight/m3 of Elodea;
under this condition, each water sample collected between 2 and
48 h after the initial malathion application caused no more
Daphniamortality than that which occurred in the no-malathion
controls (p � 0.054).

Finally, an interesting phenomenon we observed when
examining the rate at which different Elodea densities detoxify
the water column was the apparent decrease in Daphnia sur-
vival following exposure to water collected from the jars
between 6 and 10 h following malathion application. To exam-
ine this pattern further, we performed Wilcoxon signed-ranks
tests onDaphnia survival following exposure to water collected
after 6 h versus 10 h in each malathion and Elodea treatment
combination. These analyses confirmed that none of the appa-
rent differences between Daphnia survival in the samples
collected at 6 and 10 h were significant (p> 0.066).

Effects of Elodea and malathion on water pH, DO, and
temperature

When we analyzed pH, DO, and temperature immediately
prior to applying malathion, we found multivariate effects of

Table 1. Median lethal concentration (LC5048h) values and 84%
confidence intervals (CIs) calculated for Daphnia magna exposed to
malathion in the presence of different densities of the submersed

macrophyte, Elodea canadensisa

Elodea density
(g dry wt/m3)

Daphnia LC50 value
(mg/L)

Lower
84% CI

Upper
84% CI

0 2.8A 2.1 3.1
344 5.5B 4.8 6.3
612 14.0C 11.5 17.2
889 – b – –
1,102 25.2D 19.5 36.6

a Letters indicate significant differences between groups based on the
overlap of 84% CIs.

b LC50 estimates for 889 g dry weight/m3 were not reliable because the
highest Daphnia mortality only approached 50%.
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Fig. 2. The influence of Elodea canadensis density on the toxicity of
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Elodea density (Wilk’s l, F12,246¼ 49.8, p< 0.001). The multi-
variate effects were driven by univariate effects of pH
( F4,95> 494.3, p< 0.001) and DO ( F4,95> 113.3, p< 0.001).
There was no effect of Elodea treatment on temperature
( F4,95¼ 0.8, p¼ 0.513) as the five Elodea densities were all
within 18C of each other (mean�SE; 29.8� 0.1). Tukey’s test
revealed that pH increased significantly with each increase in
Elodea density (Fig. 3; all p< 0.029). Dissolved oxygen also
increased with each increase in Elodea density (Fig. 3; all
p< 0.021), except for the two highest Elodea densities, which
did not differ (p> 0.760).

When we analyzed pH and DO 48 h after applying mala-
thion, we observed significant multivariate effects of Elodea
density (Wilk’s l, F8,148¼ 75.9, p< 0.001), as well as effects of
malathion concentration (Wilk’s l, F8,148¼ 31.5, p< 0.001),
but not the Elodea-by-malathion interaction (Wilk’s l,
F32,148¼ 1.5, p¼ 0.061). The effects of Elodea density were
driven by univariate effects of pH ( F4,16> 3.7, p< 0.009) and
DO ( F4,16> 65.6, p< 0.001). Tukey’s tests revealed that each
increase in Elodea density caused a corresponding increase
in pH (Fig. 3; p< 0.001) except for the highest two Elodea
density treatments, which did not differ (p¼ 0.152). Dissolved
oxygen also increased with each increase in Elodea density
(p< 0.001) with the exception of the two highest Elodea
densities, which did not differ (p> 0.463). Although we
detected significant multivariate effects of malathion concen-
tration on the abiotic environment 48 h after malathion
applications, the range of pH (9.2� 9.4) and DO values
(12.3� 16.8mg/L) that we observed across malathion treat-
ments were unlikely to have resulted in significant biological
effects on Daphnia or Elodea; therefore, they will not be
discussed further.

DISCUSSION

Although previous studies have reported the mitigating
effects of emergent vegetation contained within agricultural
constructed wetlands and drainage ditches on the toxicity of
insecticides to aquatic taxa [37], the present study appears to be

the first experimental demonstration that submersed macro-
phytes can strongly mitigate the lethal effects of insecticides
on an aquatic species. Specifically, we discovered that the
common macrophyte E. canadensis substantially reduced the
lethality of the popular insecticide malathion to the keystone
herbivore, D. magna, [26] and also increased the rate at which
water treated with malathion was detoxified.

By generating LC5048h estimates for Daphnia exposed to
malathion in the presence of five different Elodea densities,
we found strong support for our hypothesis that Elodea
would reduce malathion’s lethality to Daphnia. Furthermore,
these data demonstrate that this mitigating effect increases with
Elodea density. In fact, we found that the LC5048h estimates for
Daphnia significantly increased with each increase in Elodea
density. For example, comparing the 0 g dry weight/m3

Elodea treatment to the 344, 612, and 1,102 g dry weight/m3

Elodea density treatments, we observed approximately twofold,
fivefold, and ninefold increases in the LC5048h estimates for
Daphnia.

The estimated LC5048h value for Daphnia exposed to mala-
thion in the absence of Elodea (2.8mg/L) is consistent with
other studies employing more traditional toxicological exper-
imental designs [38] (www.pesticideinfo.org). Thus, while
incorporating submersed macrophytes into our experiment
made it impractical for our study to adhere to traditional toxicity
testing guidelines using D. magna (U.S. EPA, OETC, ASTM,
etc.), the similarity between our results and others provides
external validity that our testing methodology did not strongly
influence malathion’s toxicity to this species.

The present study also revealed that the rate at which Elodea
reduced the toxicity of water following the application of
malathion increased with increasing Elodea density. For exam-
ple, in jars containing 0 g dry weight/m3 of Elodea, the average
survival ofDaphnia exposed to water extracted from treatments
that had initially received 5, 18, or 30mg/L of malathion was
less than 50% even 48 h after malathion had been applied. In
jars containing 1,102 g dry weight/m3 of Elodea, however,
regardless of the malathion concentration that had been applied,
Daphnia survival never significantly differed from controls
following exposure to water collected from the test systems
at any sampling interval after the initial application. Thus, our
data also strongly support our second hypothesis that higher
Elodea densities increase the rate at which malathion’s toxicity
in the water column is reduced.

Curiously, we did not observe significant lethal effects of
water extracted at any time point following the application of
3mg/L malathion to Daphnia in any of the Elodea treatments.
Given the low survival (less than 50%) of Daphnia directly
added to the jars containing 0 g dry weight/m3 of Elodea in
response to this malathion concentration, we expected to
observe at least a partial reduction in Daphnia survival after
being exposed to water collected from these test systems,
particularly at the early extraction time points (e.g., after
2 h). Malathion breakdown during the time interval before
the 2 h water extraction is not a likely cause of this difference
because the Daphnia placed directly into the jars, which
experienced substantial mortality, were added simultaneously
with the water extraction that took place at 2 h. Although the
mechanisms underlying this observation are unclear, it is
possible that the Daphnia in these jars faced greater exposure
as their swimming movements near the benthos could have
resuspended sediment particles bound to malathion that the
Daphnia then ingested. In addition, it is possible that desorption
of malathion from the sediments caused an exposure that the
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Daphnia in test vials (which contained only water from the jars)
would not have encountered. While such mechanisms would be
interesting to tease apart, they cannot be separated by our
experiment and are thus beyond the scope of the present study.

Though no previous studies have examined the rates at
which submersed macrophytes can reduce the toxicity of
water to aquatic taxa following insecticide exposure, a
small body of research has examined dissipation rates of
insecticides in the presence of submersed macrophytes. For
example, Gao et al. [23] examined the rate at which malathion
concentrations decreased in culture medium in the presence of
two submersed macrophyte species (Myriophyllum aquaticum
and E. canadensis). However, the macrophyte densities
(100,000 g fresh wt/m3) used in that study were 10 times higher
than even the maximum Elodea density used in the present
study (�10,000 g fresh wt/m3). Thus, one would expect that the
authors would have observed higher malathion dissipation
rates compared to the present study. Interestingly, the opposite
appears to have occurred. For example, whereas Gao et al. [23]
documented less than a 50% reduction in aqueous malathion
concentration over 48 h (nominal concentration applied¼
1,000mg/L), the present study’s data suggest much higher
dissipation rates, because all of the macrophyte treatments
containing Elodea made the water completely non-toxic to
Daphnia within 48 h, even at the highest malathion concen-
trations tested.

Because so few data are available on the role that submersed
macrophytes play in the dissipation of malathion from aquatic
environments, it is difficult to draw broad conclusions about
the factors that may have influenced malathion’s toxicity to
Daphnia in the present study. For example, Elodea could be
sorbing malathion onto its surfaces and thus reducing water
toxicity to Daphnia. However, although many highly-lipophilic
insecticides with Log KOW values greater than 6.0 (e.g.,
pyrethroid and organochlorine insecticides) will bind rapidly
to submersed macrophytes [20,21], malathion is relatively
hydrophilic (LogKOW¼ 2.3), and it remains unclear how much
macrophytes will sorb this insecticide. In the aforementioned
experiment by Gao et al. [23], the authors found no evidence
that malathion was taken up bymacrophytes during the first 48 h
following exposure. Though they attribute the dissappearance
of malathion from the water column after 48 h to sorption by
Elodea, the authors only measured malathion’s concentration in
Elodea on day 8 and thus cannot determine how much of
malathion’s disappearance from the water column was due to
sorption versus other breakdown processes.

Another mechanism that might contribute substantially to
malathion’s disappearance from the water column is the rise
in pH associated with each increase in Elodea density in the
present study (Fig. 3). Increases in aqueous pH are known to
affect the persistence of many insecticides [39]. For example,
Wolfe et al. [40] demonstrated that each unit increase in pH
(e.g., from pH8 to pH9) decreases malathion’s half-life by
approximately one order of magnitude [40]. Their data
suggest that at pH levels similar to those documented in our
no-macrophyte treatments (i.e., pH�8), malathion’s half-life in
water is slightly less than 10 h at the average daytime water
temperatures occurring in our study (�308C). However, mala-
thion’s half-life is expected to decrease to approximately 1 h in
the 344 g dry weight/m3 Elodea density treatments (pH¼ 9) and
to substantially less than 1 h in the highest Elodea treatments
(pH¼ 10). Though it is unknown howmuch decreasing the half-
life of an insecticide may affect its toxicity, it is possible that
reductions in malathion’s persistence could be contributing to

the lower toxicity of this insecticide that we observed at higher
Elodea densities. Thus, an important future step is to compare
the relative effects of macrophyte sorption versus differences
in pH resulting from the presence of macrophytes on insecticide
persistence and toxicity. While dissolved oxygen also corre-
lated positively with Elodea density, the authors know of no
studies indicating that the differences in DO between Elodea
treatments observed in the present study would cause differ-
ences in malathion’s persistence or toxicity.

CONCLUSIONS

The field of ecotoxicology is beginning to explore the
influence of ecological interactions more fully when examining
the effects of toxic contaminants in the environment. Despite
major advancements in this area, however, relatively little
attention has focused on the ecological factors that can poten-
tially reduce the biological impacts of contaminants in nature.
We performed the first experiment to explicitly test the extent to
which submersed macrophytes mitigate the direct toxic effects
of a common insecticide contaminant. Our results demonstrate
that the common waterweed E. canadensis can dramatically
reduce the toxicity of the insecticide malathion to D. magna, an
herbivorous zooplankton species that plays a key role in the
functioning of many aquatic ecosystems. Moreover, the miti-
gating effect of Elodea increases with increases in its density. In
addition, we discovered that Elodea can remove malathion
quickly from the water column, but that the rate at which this
macrophyte does so is also related to the plant’s density. These
findings suggest that processes that reduce the abundance of
submersed macrophytes, such as eutrophication or vegetation
eradication programs, may indirectly increase the susceptibility
of sensitive aquatic taxa to other contaminants such as insecti-
cides. Future research should focus on the generalizability of
contaminant mitigation ability across other species of sub-
mersed macrophytes and other insecticides. In addition, an
important next step is to examine whether the mitigative
influence of submersed macrophytes on free-swimming
Daphnia also applies to other aquatic species that may spend
more time perching on macrophyte shoots or even ingesting
macrophytes or their epiphytes directly. Such research will help
to fill important gaps in our understanding of the ways that
biological components of ecosystems may buffer the environ-
ment from increasingly common exposure to contaminants.
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