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Abstract: As the numbers of chemical contaminants in freshwater ecosystems increase, it is important to understand whether
contaminants interact in ecologically important ways. The present study investigated the independent and interactive effects of 2
contaminants that frequently co-occur in freshwater environments among higher latitudes, including a commonly applied insecticide
(carbaryl) and road salt (NaCl). The hypothesis was that the addition of either contaminant would result in a decline in zooplankton, an
algal bloom, and the subsequent decline of both periphyton and periphyton consumers. Another hypothesis was that combining the
contaminants would result in synergistic effects on community responses. Outdoor mesocosms were used with communities that
included phytoplankton, periphyton, zooplankton, amphipods, clams, snails, and tadpoles. Communities were exposed to 4
environmentally relevant concentrations of salt (27mgCl–L�1, 77mgCl–L�1, 277mgCl–L�1, and 727mgCl–L�1) fully crossedwith 4
carbaryl treatments (ethanol, 0 mg L�1, 5mg L�1, and 50mg L�1) over 57 d. Contaminants induced declines in rotifer and cladoceran
zooplankton, but only carbaryl induced an algal bloom. Consumers exhibited both positive and negative responses to contaminants,
which were likely the result of both indirect community interactions and direct toxicity. In contrast to the hypothesis, no synergistic
effects were found, although copepod densities declined when high concentrations of both chemicals were combined. The results suggest
that low concentrations of salt and carbaryl are likely to have mostly independent effects on aquatic communities. Environ Toxicol Chem
2016;9999:1–9. # 2016 SETAC
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INTRODUCTION

Chemical contamination can trigger changes in ecological
communities that alter species composition and ecosystem
stability [1]. To understand andmitigate the impacts of chemical
contamination, traditional approaches rely on examining the
effects of individual chemicals on test organisms during short-
duration laboratory studies (e.g., median lethal concentration
[LC50] tests; [2]). However, the effects of individual chemicals
can strongly depend on community interactions [3]. For
example, predation and competition generate additional
stressors that can decrease the tolerance of biota to chemical
contaminants [4]. In addition, the effects of individual chemical
stressors are often mediated by interactions with other chemical
contaminants that can induce synergistic effects on exposed
organisms [3]. Realistic management strategies must be
informed by studies that explore the interactions between
chemical contaminants in varying community contexts.

Among ecosystems that commonly experience chemical
contamination, freshwater environments are particularly vul-
nerable because they are often in close proximity to areas where
chemicals are released [3]. For example, more than 450
million kg of pesticides are used in the United States
annually [5], and many of these chemicals find their way to
freshwater systems through aerial drift, overspray, and
runoff [6]. Surveys reveal that up to 95% of freshwater streams
and many associated groundwater resources are contaminated
with at least 1 pesticide [7]. The ecological effect of pesticides
depends on community structure and the range of sensitivities
among community members [3,8]. For example, several species

of zooplankton are far more sensitive to low concentrations of
insecticides than are larger, benthic grazers (e.g., tadpoles [9]).
However, zooplankton mortality can also lead to dramatic algal
blooms that shade the benthos, resulting in the decline of benthic
algal resources (i.e., periphyton) and grazer survival [10].

Such community interactions are equally important for
understanding the effects of contaminants that frequently co-
occur with pesticides in aquatic systems. For example, the
application of salt as a deicing agent has dramatically increased
in developed and developing areas over the past several
decades, particularly in northern latitudes. More than 22 million
metric tons of salt are currently applied on roadways annually,
most commonly in the form of sodium chloride (NaCl) [11].
Spring snowmelt and storm water runoff can lead to an
accumulation of chloride in ponds and wetlands throughout the
growing season [12]. Indeed, past studies have observed
chloride concentrations up to 500mg Cl– by the end of the
growing season [13,14], and temporary chloride concentrations
up to 5000mgL�1 following severe runoff events [12]. Short-
term (1–7 d) laboratory tests suggest that aquatic taxa greatly
vary in their tolerance to chloride contamination but are
generally tolerant to concentrations below 1000mg Cl– L�1,
with the exception of some sensitive zooplankton spe-
cies [12,15,16]. Such variations can have important, long-
term effects in ecological communities. For example, both Van
Meter et al. [17] and Dananay et al. [18] demonstrated that
increasing chloride concentrations up to 900mgL�1 leads to the
mortality of salt-sensitive zooplankton species and to an
increase in phytoplankton density.

Because the interaction between chemical contaminants can
result in synergistic effects [3], we examined the independent
and interactive effects of NaCl and a common insecticide,
carbaryl, on wetland communities. We hypothesized that the
addition of either contaminant would result in a decline of
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zooplankton abundance, a subsequent increase in phytoplankton
density, and a decrease in periphtyon biomass as a result of
phytoplankton shading. We predicted that such a trophic
cascade would also result in a decline in benthic grazer growth
and survival because of a reduction in food resources. We
further hypothesized that synergistic effects between salt and
carbaryl would occur whereby the combination of the 2
contaminants would lead to negative synergistic effects on
zooplankton survival and grazer growth and survival. We tested
our hypotheses in an outdoor mesocosm experiment with a full-
factorial combination of 3 carbaryl concentrations and 4
chloride concentrations.

METHODS

Pesticide background

Carbaryl (CAS no. 63-25-2; Sigma-Aldrich) is a broad-
spectrum insecticide that works by inhibiting acetylcholines-
terase [19]. This mode of action is similar to many other
carbamate insecticides, and past studies have found that the
effects of carbaryl are generalizable to many other pesti-
cides [20]. It is estimated that 1.8 million to 2.7 million
kilograms of carbaryl are applied annually in the United States
to control a variety of agricultural pests [5]. Although laboratory
studies indicate that carbaryl has a relatively short half-life (12
d) in a neutral aquatic environment [19], several studies have
indicated that carbaryl can be highly toxic to nontarget
organisms [19]. Moreover, sublethal effects might occur
through indirect interactions such as trophic cascades [21].

Experimental design and setup

We conducted our experiment during summer 2015 at the
Rensselaer Aquatic Lab (Troy, NY, USA). Our experiment
consisted of a full-factorial design with 4 salt treatments (0mg
Cl– L�1, 50mg Cl– L�1, 250mg Cl– L�1, and 700mg Cl– L�1)
crossed with 4 insecticide treatments (0mg carbaryl L�1, 5mg
carbaryl L�1, and 50mg carbaryl L�1, and an ethanol control).
We added salt to the ambient chloride concentration in our water
supply, which was 27mg Cl– L�1, to achieve nominal
concentrations of 27mg Cl– L�1, 77mg Cl– L�1, 277mg Cl–

L�1, and 727mg Cl– L�1. We selected salt and pesticide
concentrations that are representative of concentrations mea-
sured in freshwater ecosystems [12,22,23]. We replicated each
of the 16 treatment combinations 4 times for a total of 64
experimental units. Our experimental units consisted of 100-L
plastic wading pools.

We filled mesocosms with aged tap water on 8 July. We
placed a 60% shade cloth cover on each pool to simulate
moderate canopy cover and to prevent oviposition of insects and
frogs. On 13 July, we added 5 g of rabbit chow (Blue Bunny 16;
Kent Nutrition Group) to each mesocosm to provide an initial
source of organic nutrients that would normally be present in a
natural wetland [24]. On the same day, we added 100 g of air-
dried black oak (Quercus velutina) litter collected in the spring.
This amount of litter mimics natural densities of litter inputs and
is common in mesocosm studies [25]. To generate microbial,
algal, and zooplankton communities, we added 0.34 L of
homogenized water collected from 2 local wetlands. To provide
a substrate to sample macroinvertebrate grazers, we added 2
coarse-mesh bags (10-mm opening) containing 5 g of litter to
each pool. The mesh size of the bag allowed entry by all
consumers except for late-stage tadpoles. To measure periphy-
ton biomass, we placed a single ceramic tile (surface
area¼ 112.5 cm2) on the east-facing side of each pool.

After allowing microbes, algae, and zooplankton communi-
ties to develop for 2 wk, we established communities of
macroconsumers found in temperatewetlands [26].We collected
all organisms from nearby wetlands immediately adjacent to
roadways (<2m). To avoid the potential introduction of parasites
typically associated with freshwater snails, we added 20 pouch
snails (Physa acuta) as hatchlings collected from a culture of 100
adults maintained in aged tap water for 2 mo. We also added 15
amphipods (Hyallela azteca) and 8 fingernail freshwater clams
(Musculium transversum) of similar size. Finally, we added 10
green frog tadpoles (Lithobates clamitans) to each mesocosm.
We collected green frogs as 3 newly laid eggmasses from a single
wetland and reared them under common garden conditions in
outdoor culture pools filled with aged tap water. We fed tadpoles
rabbit chow ad libitum and added them to mesocosms once they
reached a safe handling stage (Gosner stage 25 [27];
0.017� 0.001 g). We set aside 20 tadpoles to assess 24-h
survival as a result of handling stress, which was 100%.

Following the addition of all organisms to ourmesocosms, we
applied our carbaryl and salt treatments on 22 and 23 July,
respectively. We first dissolved technical grade carbaryl in
ethanol to create a working solution, dosed the appropriate
amounts of this working solution into 500mL of water from each
mesocosm, and then distributed the solution across the surface of
the respective mesocosms. For salt additions, we used 100%
NaCl rock salt (Ice-a-Away Rock Salt Ice Melter1; Compass
Minerals) that was first dissolved in 1 L of water taken from each
mesocosm and then redistributed across the surface of the
mesocosm. After the addition of salt and pesticides, we used a
plastic cup to gently push water around the mesocosm and
homogenize the concentration of solute. For mesocosms that did
not receive any salt or carbaryl additions,we removed and poured
1L of water across the surface of the mesocosm and also pushed
water around the tank to equalize disturbance between treat-
ments. The day of salt addition is termed day 0 of the experiment.

To ensure that our chemical additions achieved nominal
concentrations, we measured both carbaryl and salt concen-
trations. Immediately after carbaryl additions on day 0, we took
60mL of water from each carbaryl treatment, pooled and
homogenized all samples, preserved 500mL with 2mL
methylene chloride, and tested them for actual pesticide
concentration via gas chromatography-mass spectrometry
(Center for Environmental Sciences and Engineering, Univer-
sity of Connecticut, Storrs, CT, USA). Actual carbaryl
concentrations were 0mg L�1, 6.3mg L�1, and 56.3mg L�1

in our nominal treatments of 0mg L�1, 5mg L�1, and 50mg L�1

of carbaryl, respectively. We did not detect carbaryl in our
ethanol vehicle treatment. On day 29, we measured chloride
concentrations with a hand-held meter (YSI). Actual chloride
concentrations were 27mg Cl– L�1, 84mgCl– L�1, 279mgCl–

L�1, and 746mgCl– L�1 in the 27mgCl– L�1, 77mg Cl– L�1,
277mg Cl– L�1, and 727mg Cl– L�1 treatments, respectively.
Because actual chloride and carbaryl concentrations were
within 10% of nominal concentrations, we report all results
using nominal values.

Abiotic measurements

On day 29, we measured the pH, dissolved oxygen, and
temperature in each mesocosm. We conducted these measure-
ments with a hand-held multimeter (YSI).

Biotic measurements

Throughout the study, we collected measurements on algal
and microbial resources, as well as on consumer responses. On
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days 11 and 27, we measured phytoplankton as the concentra-
tion of chlorophyll a in the water column using the fluorometric
method of Arar and Collins [28] without acid correction. On day
20, we measured periphyton as the oven-dried biomass of
attached material brushed from the clay tile. On days 4 and 19,
we collected and preserved zooplankton samples to enumerate
the densities of rotifers, copepods, and cladocerans. In
ecotoxicological studies, zooplankton are frequently grouped
by these larger taxonomic groups because species within each
group respond similarly to insecticides [29]. To measure
amphipod and snail abundance, we preserved and enumerated
all organisms that were rinsed from leaf packs into a 250-mm
sieve on days 28 and 56. At the conclusion of our study (day 57),
we removed all remaining leaf litter (i.e., litter not placed into
bags) and collected clams and tadpoles using a 0.5-mm mesh
aquarium net. Because some clamsmight attach to leaf litter, we
visually inspected all leaves for attached organisms before
removing them. After preserving all individuals in 70% ethanol,
we assessed the abundance and oven-dried biomass of clams.
We also assessed the survival and average individual blot-dry
mass of tadpoles in each mesocosm. We did not measure
amphipod or snail biomass because oven-dried mass values
were often very close to or below the detection limits of our
balance. All methods were performed in concordance with the
Rensselaer Polytechnic Institute Institutional Review Board and
with Institutional Animal Care and Use Committee protocol
REL-001-15.

Statistics

Abiotic responses. We used analysis of variance (ANOVA)
to assess the effects of carbaryl and salt on abiotic responses.We
first assessed abiotic responses (pH, dissolved oxygen,
temperature, and decay rate) with a multivariate ANOVA
(MANOVA). After finding a significant multivariate effect, we
conducted univariate ANOVAs. We used Tukey’s honest
significant difference (HSD) post hoc comparison tests to
determine significant treatment differences.

Biotic responses. We also employed ANOVA to assess the
effects of salt and pesticides on all community responses.
Because we measured phytoplankton concentrations on 2
sample dates, we employed repeated-measures ANOVA. In a
similar manner, we assessed the effects of time and treatments
on snail and amphipod abundances. If we found a significant
interaction between treatment and time, we conducted univari-
ate analyses within sample date and employed Tukey’s HSD
post hoc comparison tests to determine significant treatment
differences.

To analyze zooplankton responses, we first conducted a
repeated-measures MANOVA (rm-MANOVA) on copepod,
cladoceran, and rotifer densities. After finding a significant
multivariate effect, we conducted univariate rm-ANOVAs
on individual zooplankton groups, and conducted univariate
analyses within sample date if there was an interaction
between treatment and time. We employed Tukey’s HSD
post hoc comparison tests to determine significant treatment
differences.

We quantified the remaining community responses only
once (periphyton biomass, clam biomass, and average individ-
ual tadpole mass), so we analyzed these responses with
univariate ANOVAs. We employed Tukey’s HSD post hoc
comparison tests to determine significant treatment differences.

When necessary, we log- or square root-transformed the data
to fit parametric assumptions of ANOVA.We rank-transformed
amphibian survival data. We verified normality of individual
responses by assessing the linearity of residual Q-Q plots.When
required by the analysis, we verified multivariate normality of
response sets by examining the scatterplot of x2-values with
squared Mahalanobis distances, and assuming normality if the
line was reasonably straight. We removed a single replicate
(27mg Cl– L�1/5mg carbaryl L�1) from all analyses because of
a leak in the mesocosm. We also removed 4 replicates of
periphyton biomass (2 replicates of 27mg Cl– L�1/50mg
carbaryl L�1, 1 replicate of 277mg Cl– L�1/ethanol, and 1
replicate of 277mg Cl– L �1/50mg carbaryl L�1), and a single
replicate of zooplankton (277mg Cl– L�1/5mg carbaryl L�1)
because of mistakes in the processing of samples. We accounted
for the loss of replicates in our statistics. We analyzed all data in
R (version 3.1.2) using the packages MVN, vegan, car, and
agricolae [30–33].

RESULTS

Throughout the following discussion of the results, we omit
mention of treatment comparisons with the ethanol controls
because the results of these treatments never differed from
treatments with 0mg carbaryl L�1. However, the values for all
statistical tests account for the inclusion of the ethanol control.

Abiotic measurements

We found an effect of salt on pH but found no other abiotic
response (i.e., dissolved oxygen, temperature, and leaf litter
decay rate) and no effect of carbaryl or a salt� carbaryl
interaction (measured on day 6; Table 1). Univariate analyses
revealed a strong effect of salt on pH (F3,47¼ 8.2,
p< 0.001); pH decreased from 7.9 to 7.6 between chloride

Table 1. Analysis of variance results for abiotic responses, phytoplankton concentration, and periphyton biomass

Abiotic (pH, DO, temperature,
and decay rate)a Phytoplankton concentrationb Periphyton biomass

Factor Fc p Fc p Fc p

Salt 3.412,114 <0.001 4.43,47 0.008 0.13,43 0.942
Carbaryl 0.912,114 0.543 9.73,47 <0.001 2.23,43 0.100
Salt� carbaryl 1.236,163 0.201 0.79,47 0.672 0.69,43 0.749
Time 161.61,47 <0.001
Time� salt 1.23,47 0.315
Time� carbaryl 4.43,47 0.008
Time� salt� carbaryl 1.09,47 0.466

aValues represent statistics for a multivariate analysis of variance on pH, dissolved oxygen (DO), temperature, and decay rate.
bValues represent statistics for a repeated-measures analysis of variance on measurements over 2 sample dates.
cSubscripts of F values represent treatment and error degrees of freedom.
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concentrations of 27mgL�1 and 727mgL�1. We did not find
any univariate effects on dissolved oxygen, temperature, or litter
decay rate (p� 0.092).

Biotic measurements

Phytoplankton and periphyton. For phytoplankton density,
we detected effects of salt, carbaryl, and a carbaryl� time
interaction (Figure 1 and Table 1). Phytoplankton density was
54% higher, with 727mg Cl– L�1 relative to 277mg Cl– L�1

(p¼ 0.006), but not significantly higher than 77mg Cl– L�1 or
27mg Cl– L�1 treatments (p� 0.245). We detected effects of
carbaryl on day 11 (F3,47¼ 4.9, p¼ 0.004) and day 27
(F3,47¼ 7.9, p< 0.001). On day 11, phytoplankton density
was 55% higher, with 50mg carbaryl L�1 relative to 0mg L�1

(p¼ 0.002). On day 27, phytoplankton density was 61% to
182% higher, with 50mg carbaryl L�1 relative to all other
treatments (p� 0.006). We did not detect any significant effects
of salt or carbaryl on periphyton biomass (Table 1).

Zooplankton. We detected effects of salt, carbaryl, and time
on zooplankton densities, as well as several interactions
(Figure 2 and Table 2). For cladocerans, we detected univariate
effects of salt (Table 2), which was generated by 38% to 51%
lower cladoceran densities with 727mgCl– L�1 relative to all
other salt concentrations (averaged across both sample dates;
p� 0.039). We also found effects of carbaryl and a carbaryl
� time interaction (Table 2). On the first sample date (day 4;
F3,46¼ 47.3, p< 0.001), cladoceran densities were 93% to 99%
lower in the 0mg L�1 carbaryl treatments relative to the
5mgL�1 and 50mg L�1 carbaryl treatments, respectively
(p< 0.001). On the second sample date (day 19; F3,46¼ 24.5,
p< 0.001), we found 98% to 99% lower densities in 50mg L�1

carbaryl treatments relative to all other treatments (p< 0.001).
For rotifers, we found significant effects of salt, time,

salt� time, and carbaryl� time (Table 2). On day 4, we
detected an effect of salt on rotifer density (F3,46¼ 9.0,
p< 0.001). Specifically, 727mgCl– L�1 reduced rotifer densi-
ties by 44% and 49% relative to the 77mg Cl– L�1 and 27mg
Cl– L�1 treatments, respectively. On day 19, we detected a
nearly significant effect of salt (F3,46¼ 2.7, p¼ 0.055) but no
significant post hoc treatment comparisons. We did not detect a
significant effect of carbaryl on either sample date (p� 0.200).

For copepods, we detected effects of salt, time, and a 3-way
interaction with salt, carbaryl, and time (Table 2). Although no
terms were significant on day 4 (p� 0.420), all 3 terms were
significant on day 19 (salt: F3,46¼ 2.9, p¼ 0.013; carbaryl:
F3,46¼ 3.3, p¼ 0.02; salt� carbaryl: F9,46¼ 3.0, p¼ 0.007).
On this date, we detected differences in copepod densities
among salt treatments, but only when carbaryl was present. At
5mg carbaryl L�1, 727mg Cl– L�1 induced 63% and 70% lower
densities relative to 27mg Cl– L�1 and 277mg Cl– L�1

treatments, respectively (p� 0.045). Similarly, 50mg carbaryl
L�1 combined with 727mg Cl– L�1 induced 77% and 55%
lower densities relative to the 77mg and 277 Cl–L�1 treatments,

Figure 1. Effects of salt and carbaryl on phytoplankton densities among
chloride and carbaryl treatments. Values are log-transformed relative
fluorescence units (FSUs). Because there was no interaction between time
and salt treatment, averaged responses across sample dates are presented.
Letters above points denote significant differences within treatment type and
within sample date. Bars are� 1 standard error.

Figure 2. Effects of salt and carbaryl on densities of cladocerans (A) and
rotifers (B) with values that represent averaged responses across sample
dates in the absence of a treatment� time interaction or average treatment
means within sample date when there was an interaction. For copepod
densities (C), we present only data for the second sample date. Because of
the presence of a significant salt� carbaryl interaction, we present values for
salt within carbaryl treatments. Letters above points denote significant
differences within treatment type and within sample date (when provided).
For copepod densities (C), letters indicate significant differences within
carbaryl treatment. Bars are� 1 standard error.
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respectively (p� 0.033), and 27mg Cl– L�1 induced 58% lower
densities relative to the 77mg Cl– L�1 treatment (p¼ 0.040).

Amphipods. We found a significant effect of carbaryl on
amphipod abundance, but no effect of salt, time, or any
interaction (Figure 3A and Table 3). Amphipod abundance was
73% lower in 50mg carbaryl L�1 treatments relative to 5mg L�1

treatments (averaged across sample dates; p� 0.049), but not
relative to the 0mg L�1 control (p¼ 0.118).

Snails. We found significant effects of salt, carbaryl, and
time on snail abundance, but no interactions (Figure 3B and
Table 3). Snail abundance was 42% higher with 727mg Cl– L�1

relative to 27mg Cl– L�1 (averaged across sample dates;
p¼ 0.022) and 40% higher with 0mg carbaryl L�1 relative to
5mg carbaryl L�1 (p¼ 0.022). We also found 38% higher snail
abundancewith 50mg carbaryl L�1 relative to 0mg carbaryl L�1

(p¼ 0.060). Between sample dates, we recorded a 22% increase
in snail abundance across all treatments.

Clams. We found significant effects of salt and carbaryl on
clam responses, but no effect of their interaction (Figure 4 and
Table 3; measured on day 57). For both abundance and biomass,
we found univariate effects of salt (abundance: F3,47¼ 7.4,
p< 0.001; biomass: F3,47¼ 4.1, p¼ 0.012) and carbaryl
(abundance: F3,47¼ 10.3, p< 0.001; biomass: F3,47¼ 7.6,
p< 0.001). We found 61% to 68% lower abundance in
700mg Cl– L�1 treatments relative to all other chloride
treatments (p� 0.016), as well as 59% and 71% lower biomass
in 700mg Cl– L�1 treatments relative to 50mg Cl– L�1 and
250mg Cl– L�1 treatments, respectively (p� 0.017), but not
relative to 0mg Cl L�1 (p¼ 0.353). We also detected 103%
greater clam biomass in 250mg Cl L�1 treatments relative to
0mg Cl– L�1 treatments (p¼ 0.003). Regarding the effects of
carbaryl, we found 44% lower abundance in 50mg L�1

treatments relative to 5mg L�1 treatments (p¼ 0.026), but not
relative to 0mg L�1 controls (p¼ 0.784). We also found 97%
and 174% higher biomass in 5mgL�1 treatments relative to 0
and 50mgL�1 treatments, respectively (p� 0.050).

Amphibians. We found a significant effect of carbaryl on
green frog tadpole responses, but no effect of salt or their
interaction (Figure 5 and Table 3). For average individual mass,
we found an effect of carbaryl (F3,47¼ 3.2, p¼ 0.032); pairwise
comparisons revealed 37% greater individual mass in 50mg
carbaryl L�1 treatments relative to 5mg L�1 treatments
(p¼ 0.024), but not relative to 0mgL�1 controls (p¼ 0.363).
We found no effect of carbaryl on tadpole survival (F3,47¼ 1.8,
p¼ 0.165), which averaged 99% across all treatments.

DISCUSSION

The present study is the first to examine the combined effects
of environmentally relevant concentrations of carbaryl and
NaCl on wetland communities. Moreover, our study adds to the
growing body of evidence regarding interactions among
chemical contaminants [34]. As expected, we found that
carbaryl and road salt induced declines in some groups of
zooplankton, although this resulted in an algal bloom only in the
presence of carbaryl. We also found significant positive effects

Table 2. Multivariate and univariate results for analyses on zooplankton densities

MANOVA Cladocerans Rotifers Copepods

Factor Fa p Fa p Fa p Fa p

Salt 22.93,46 <0.001 9.03,46 3.13,46 0.038 <0.001 4.93,46 0.005
Carbaryl 16.63,46 <0.001 52.03,46 2.13,46 0.118 <0.001 0.33,46 0.832
Salt� carbaryl 1.19,46 0.412 1.69,46 1.89,46 0.104 0.148 1.19,46 0.391
Time 395.41,46 <0.001 <0.11,46 4.91,46 0.032 0.859 388.71,46 <0.001
Time� salt 2.53,46 0.068 0.23,46 2.33,46 0.094 0.862 6.23,46 0.001*
Time� carbaryl 8.33,46 <0.001 15.23,46 2.33,46 0.093 <0.001 3.03,46 0.042
Time� salt� carbaryl 2.19,46 0.047 1.39,46 2.39,46 0.029 0.273 1.09,46 0.429

aSubscripts of F values represent treatment and error degrees of freedom.
*Not significant at the multivariate level.
MANOVA¼multivariate analysis of variance.

Figure 3. Effects of salt and carbaryl on the abundance of amphipods (A)
and snails (B) in litter bags. There was no effect of chloride concentrations
on amphipods, so these values are not shown. Values represent averaged
responses across sample dates. Letters above points denote significant
differences within treatment type. Bars are� 1 standard error.
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of road salt on snails and clams, as well as a positive effect of
carbaryl on tadpoles. In contrast to our hypothesis of synergistic
effects, we found that the effects of both contaminants were
largely independent for measured responses, although we did
find an interactive effect of salt and carbaryl on copepod
densities.

Effects of carbaryl

As expected from previous studies with carbaryl and
other insecticides [10,21,34–37], the presence of carbaryl
induced a decline in large-bodied cladocerans and a subsequent
increase in phytoplankton. Large-bodied cladocerans are
sensitive to carbaryl at concentrations <10mgL�1 (median
effective concentrations forDaphnia pulex andD. magna range
from 5.6mgL�1 to 10.1mg L�1[19]), and their decline typically
results in an increase of phytoplankton resources [38]. Although

a decline in cladocerans can lead to an increase in rotifers, which
are considered to be poor competitors with cladocerans [39], we
did not observe any change in rotifer densities among carbaryl
treatments. It is possible that sublethal effects of carbaryl
induced lower rotifer reproduction. Although rotifers generally
exhibit the highest tolerance to insecticides of all zooplankton
groups [39], other studies have found reduced reproductive and
population growth rates of rotifers at increasing insecticide
concentrations [40].

Similar to the effects of carbaryl on cladocerans and
phytoplankton, the effects of carbaryl on macroconsumers in
our study were likely the result of both community interactions
and toxic effects. For example, we found that filter-feeding
clams increased in abundance at a low concentration of carbaryl
but decreased at a high concentration. This pattern suggests that
the clams benefitted from the increase in phytoplankton density
at a low carbaryl concentration, but suffered from direct toxicity
at a higher concentration. To our knowledge, there are no studies
that document the sensitivity ofM. transversum to insecticides,
and future work should verify whether the observed decline was
an effect of direct toxicity.

As phytoplankton blooms, we expected to observe a decline
in periphyton resources and a parallel decline in periphyton
grazers. In contrast, we did not observe any variation in
periphyton standing crop. Although we did find a decline in

Table 3. Analysis of variance results for amphipod abundance, snail abundance, clams, and tadpole individual mass

Amphipod abundance Snail abundance
Clams (biomass and

abundance)a
Tadpoles (survival and

individual mass)b

Factor Fc p Fc p Fc p Fc p

Salt 0.33,47 0.792 3.03,47 0.041 6.96,92 <0.001 0.86,92 0.606
Carbaryl 4.03,47 0.014 3.13,47 0.034 4.36,92 0.001 2.56,92 0.026
Salt� carbaryl 1.39,47 0.268 1.69,47 0.155 1.618,92 0.086 1.018,92 0.490
Time 0.51,47 0.466 5.51,47 0.023
Time� salt 1.73,47 0.179 0.63,47 0.592
Time� carbaryl 0.63,47 0.590 1.43,47 0.264
Time� salt� carbaryl 0.99,47 0.529 0.69,47 0.754

aValues represent statistics for a multivariate analysis of variance on biomass and abundance.
bValues represent statistics for a multivariate analysis of variance on survival and individual mass.
cSubscripts of F values represent treatment and error degrees of freedom.

Figure 4. Effects of salt and carbaryl on the abundance (A) and biomass (B)
of fingernail clams collected at the end of the experiment. Letters above
points denote significant differences within treatment type. Bars are� 1
standard error.

Figure 5. Effect of carbaryl on average individual mass of tadpoles at the
end of the experiment. Letters above points denote significant differences
within treatment type. Bars are� 1 standard error.
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amphipod abundance at 50mg carbaryl L�1, this was not likely a
consequence of declining periphyton productivity but rather
because amphipods cannot tolerate carbaryl levels greater than
15mg L�1 [19]. Moreover, we found that 5mg carbaryl L�1

increased amphipod abundance. A possible explanation for this
is that there were changes in the nutritional value of periphyton.
In combination with endosulfan insecticide, cyanobacteria
exhibit reduced growth, photosynthetic pigments, and carbohy-
drates [41]. This reasoning might also explain why we observed
a reduction in snail abundance, even though P. acuta is known
to tolerate carbaryl concentrations up to 27 000mgL�1 [19].
Although a reduction in periphyton resources should also have
an impact on tadpole grazers, we actually observed an increase
in tadpole mass. However, evidence suggests that green
frog tadpoles can filter-feed large-bodied phytoplankton in
addition to grazing periphyton [42]. Future studies should
explicitly examine the effects of carbaryl on the composition
and stoichiometry of algal and microbial resources, and their
interaction with the breadth of consumer diets.

Effects of salt

The magnitude of negative effects from chloride was less
than the effects of carbaryl, and effects were actually positive
for some consumers. Among zooplankton, we found that
densities of both rotifers and cladocerans declined with
increasing chloride concentration, which is similar to the
findings of Van Meter et al. [17]. Although a decrease in
zooplankton densities is likely to result in a phytoplankton
bloom, we found no evidence for an increase in phytoplankton
but actually detected a decrease in phytoplankton densities at
277mg Cl– L�1. This contrasts with the study of Van Meter
et al. [17], which notes an increase in phytoplankton between
0mg Cl– L�1 and 645mg Cl– L�1. However, their study did not
include any filter feeders other than zooplankton, whereas the
present study included freshwater clams. Indeed, we found a
substantial increase in clam biomass at 277mg Cl– L�1, which
would account for the slight decrease in phytoplankton.
However, we found a decline in clam abundance and biomass
at the highest salt concentration. This decline is somewhat
surprising given thatM. transversum has a reported 96-h LC50
value of 1930mg Cl– L– [43]. However, studies have also
reported population die-offs of M. transversum along the
Mississippi River (USA) and suggest that the species is
intolerant to many contaminants [44]. In contrast to clams, we
observed a consistent increase in the abundance ofP. acuta up to
700mg Cl– L�1, which supports prior evidence that this species
has a relatively high tolerance to salt pollution [45]. Similarly,
we found no difference in the survival or mass of green frog
tadpoles among chloride treatments. Karraker [46] also
found no effect of chloride concentrations on green frog
tadpoles up to 465mg Cl– L�1, but did note a slight decrease in
survival at 945mg Cl– L�1. In comparative studies among
several species of North American anurans, green frogs
exhibit intermediate tolerances to elevated chloride levels,
with LC50 values at approximately 3000mg Cl– L�1 [16]. Such
interspecific variation in salt tolerance likely exists for most
families of freshwater organisms, so mitigation strategies
must be tailored to the tolerance of species comprising local
communities.

Interactive effects of salt and carbaryl

Among all measured responses, the only part of our
mesocosm communities that exhibited an interaction between
salt and carbaryl inputs was copepod density. We found no

difference in densities among salt concentrations with control
and ethanol treatments. However, we found that densities
tended to increase with lower concentrations of both carbaryl
and chloride. This might be because of an increase in rotifer
prey following the decline of cladocerans. In contrast, we
detected substantial declines in copepod densities when the
highest carbaryl and chloride concentrations were combined.
These results suggest that moderate levels of both chloride and
carbaryl additions might increase copepod reproduction until a
threshold of contamination is reached. Previous studies have
found that copepods are tolerant to the highest level of
carbaryl in the present study [47]. Salt tolerance varies
substantially among copepod species [15], but previous
research shows a decline in density at concentrations of
645mg Cl– L�1 [17]. The lack of copepod declines among salt
treatments within control and low carbaryl treatments suggests
that our species (primarily Skistodiaptomus spp. and Micro-
cyclops spp.) might be more tolerant than those present in Van
Meter et al. [17]. However, the decline of copepod densities in
the high contamination treatment indicates that individuals
were nearing their tolerance threshold, and that higher
concentrations of either contaminant might generate further
adverse effects.

Higher concentrations of chloride might also alter the
effects of insecticide contamination as a result of changing
abiotic conditions. We found that chloride reduced pH levels
by 0.3 units between the control and highest concentration.
This is likely because of the formation of hydrochloric acid
following the dissolution of NaCl in the water column.
Although the range of pH is not very large, the breakdown rate
of carbaryl in aquatic systems is greatly reduced at pH levels
below 7 [19]. For this reason, it is possible that further
elevated chloride concentrations might extend the life span of
carbaryl and result in more substantial effects. However, it is
worth noting that Karraker et al. [47] found higher pH in
roadside ponds contaminated with 91mg Cl– L�1 to 250mg
Cl– L�1 salt relative to forest ponds without chloride
contamination. Because their study was a survey of natural
ponds, it is unclear whether this change is because of the
effects of salt inputs or other factors (e.g., external subsidies).
Hence, it is possible that road salt contamination might
alleviate or exacerbate the effect of pesticides at higher
chloride concentrations, and the effects of salt on pH warrant
further research.

CONCLUSIONS

Although we did find an interactive effect of carbaryl and
salt on copepod density, most other components of the
community exhibited independent responses to either con-
taminant. Given that this effect only occurred by combining
the highest concentrations of salt and carbaryl, our results
suggest that additional interactive effects might occur at even
higher concentrations of road salt and carbaryl. It is important
to note that the phenomenon observed in our mesocosm
communities might be substantially altered by the effects of
other natural stressors such as competition and predation.
Such stressors are known to exacerbate the negative effects of
chemical contaminants, even at sublethal concentrations [48].
Hence, it will be crucial for future research to consider the
breadth of other factors that structure natural aquatic systems
to fully elucidate when and where synergistic interactions
among chemical contaminants might occur. In addition, it is
uncertain whether one can generalize our results to the effects
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of other pesticides and salt alternatives. There is a substantial
body of literature examining the comparability of community
effects from exposure to pesticides of similar and differing
modes of action [49], yet comparatively little is known
regarding the comparability of salts such as magnesium
chloride and calcium chloride. Such salt alternatives are
increasing in use as potentially safer and more effective
solutions, and further work is needed to understand their
effects on aquatic communities.
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