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EFFECTS OF AN HERBICIDE AND AN INSECTICIDE ON POND

COMMUNITY STRUCTURE AND PROCESSES

JasoN R. RoHR! AND PATRICK W. CRUMRINE2

101 Morgan Building, Department of Biology, University of Kentucky, Lexington, Kentucky 40506-0225 USA

Abstract. Virtually all species live within complex food webs, and many of these
organisms are exposed to contaminants. However, we know little about how community
processes, such as competition and predation, influence susceptibility to contaminants or
how different types of contaminants shape communities. The objective of our study was
to determine how realistic concentrations of the herbicide atrazine and the insecticide
endosulfan influence the structure of a pond community when the presence of common
community members was manipulated. We employed a factorial design in mesocosms to
evaluate the effects of pesticide treatments (25 pg/L of atrazine, 10 ng/L of endosulfan,
solvent control; two pulses separated by two weeks) and the presence or absence of wood
frog tadpoles (Rana sylvatica), adult snails (Planorbella trivolvis), and caged dragonfly
larvae (Anax junius) on a freshwater community.

Tadpoles, snails, and chironomid larvae, Polypedilum sp. (Dipterans), all competed for
periphyton. As a result, tadpoles reduced the survival, mass, and reproduction of snails;
snails reduced the growth, development, inactivity, and dragonfly avoidance of tadpoles;
snails and tadpoles reduced the abundance of chironomid larvae; and chironomid larvae
reduced snail mass. The adverse effect of snails on tadpole growth and behavior was greater
in the presence of the caged tadpole predator, A. junius. Neither pesticide affected dragonfly
survival, but endosulfan directly reduced zooplankton (Daphnia), and atrazine indirectly
reduced chironomid abundance. Atrazine also directly decreased periphyton, and endosulfan
decimated chironomid larvae, resulting in indirect increases and decreases in competition
for both snails and tadpoles, respectively. Consequently, relative to endosulfan, atrazine
tended to decrease snail mass and reproduction and reduce tadpole mass, development,
inactivity, refuge use, and dragonfly avoidance. However, the indirect effects of pesticides
depended upon the presence of heterospecifics. The indirect benefit of endosulfan on snail
mass was greater in the presence of caged dragonfly larvae, and endosulfan’sindirect benefit
on tadpole mass was greater in the absence of snails. The effect of pesticides on tadpole
activity depended on both caged dragonflies and snails. Thus, environmentally realistic
concentrations of pesticidesdirectly and indirectly shaped species responses and community
composition, but theinitial composition of the community influenced these pesticide effects.
These results emphasize the importance of quantifying the effects of contaminants within

complex natural communities.
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INTRODUCTION

One of the central principles of community ecology
is that changes in the density or behavior of organisms
can have effects that proliferate across and within tro-
phic levels of food webs, influencing these same pop-
ulation- and individual-level traits in other species of
the community (Morin 1999). A fundamental principle
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of evolutionary ecology is that species experience dif-
ferent evolutionary histories and selection pressures,
and consequently, can differ vastly in their tolerances
to stressors (Futuyma 1998). What then syllogistically
follows from these two tenets is that the susceptibility
of a given species to a stressor can have trophic-me-
diated positive or negative effects on other species in
the community, independent of these species suscep-
tibility to the same stressor. For instance, exposure to
a pesticide may have no detectable direct effects on a
focal organism, but may directly reduce the density or
alter the behavior of its prey, competitors, or predators,
and thus may have profound detrimental or beneficial
indirect effects that are only apparent in the context of
its community.

Pesticides are one of many stressors which can
threaten the natural functioning of communities. There
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are approximately 63000 pesticides registered in the
United States (Ramade 1988), and many can be toxic
to nontarget organisms, which can then impact other
community members. In fact, indirect effects of con-
taminants have been detected in nearly all aquatic sys-
tems where they have been studied and may be more
common and more important than direct effects (Flee-
ger et al. 2003). Nevertheless, indirect effects of tox-
icants are one of the more understudied areas of eco-
toxicology (Clements and Kiffney 1994, Boyle and
Fairchild 1997, Clements and Newman 2002). Most
toxicology studies are conducted in the laboratory on
organisms that are isolated from the species and abiotic
environment with which they naturally coexist, and
thus these studies cannot reveal indirect effects (Kim-
ball and Levin 1985, Kapustka et al. 1996). Conse-
quently, it is difficult to extrapolate from single-spe-
cies, laboratory studies to effects in nature (Cairns
1983, Joern and Hoagland 1996).

While it is common for community-level toxicology
studies to focus on how contaminants directly and in-
directly affect community composition, few studies
have assessed how community composition affects re-
sponses to contaminants (Boyle and Fairchild 1997;
but see Hanazato and Yasuno 1990, Hanazato 1991).
This requires manipulating the presence of species
within a community and determining how the remain-
ing species respond to the contaminated environment.
Food web manipulations also serve to experimentally
distinguish between direct and indirect effects and to
elucidate the trophic links propagating indirect effects.
By revealing the mechanistic underpinnings of indirect
effects, factorial food web manipulations can improve
our limited understanding of toxicant effects on natural
communities.

The likelihood of inaccurately estimating the effects
of contaminants in nature is of great concern because
the current rate of species extinction is estimated to be
greater than any known in the last 100 000 years (Wil-
son 1992). These potential inaccuracies are especially
disconcerting for the health of aquatic organisms be-
cause pesticides often accumulate and concentrate in
water bodies (Streit 1992), and many aquatic organisms
are in decline or already extinct. For example, am-
phibians are declining globally (Blaustein and Wake
1990), and declines in the western United States have
been correlated with physiological signatures of insec-
ticide exposure (i.e., reduced cholinesterase activity
and increased insecticide concentrations in tissues;
Sparling et al. 2001), and with greater amounts of up-
wind agriculture (Davidson et al. 2001, 2002). These
findings suggest that pesticide exposure may be a con-
tributing factor in some amphibian declines.

The objectives of our experiment were (1) to deter-
mine whether environmentally realistic concentrations
of the commonly used herbicide, atrazine (Solomon et
al. 1996), and the widely applied insecticide, endosul-
fan (Ernst et al. 1991, Broomhall and Shine 2003), have
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effects that propagate through a pond community, and
(2) to better understand how variation in species com-
position influences the effects of pesticides. To accom-
plish these objectives we reared pond communities in
mesocosms manipulating pesticide treatments and the
presence of adult snails (Planorbella trivolvis), wood
frog tadpoles (Rana sylvatica), and caged dragonfly
larvae (Anax junius), the latter of which is a predator
of larval wood frogs. We hypothesized that adult P.
trivolvis and R. sylvatica tadpoles would compete for
periphytic (adherent) algae, but that this competitive
relationship would be influenced by pesticide and drag-
onfly treatments. We expected atrazine to have net neg-
ative effectson P. trivolvisand R. sylvatica by reducing
periphytic algae, and endosulfan to have net positive
effects on these species by reducing insect predators
(dragonfly larvae) and competitors (chironomid lar-
vae). The magnitude of pesticide-induced, indirect ef-
fects was expected to depend upon the composition of
the community (i.e., competition and predation).

METHODS AND MATERIALS
Chemical contaminants

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-
s-triazine) is an inhibitor of photosynthesis that is used
predominantly for weed control in corn and sorghum
production. It is the most commonly applied herbicide
in the United States and possibly the world, with use
in over 80 countries. Atrazine is relatively mobile,
washing into water bodies in the spring and early sum-
mer during the embryo and larval development of many
amphibians (Solomon et al. 1996). In surface waters,
atrazine seldom exceeds 50 wg/L (Solomon et al. 1996),
but in water bodies near agricultural areas, atrazine
levels have been reported at and above 500 wg/L (e.g.,
Kadoum and Mock 1978, de Noyelles et al. 1982).
Atrazineisrelatively persistent with reported half-lives
in ponds and mesocosms ranging from 95 to 350 days
(Diana et a. 2000).

Endosulfan(6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-
hexahydro- 6, 9- methano- 2, 4, 3- benzodioxathiepin- 3-
oxide) is an organochlorine insect neurotoxin used ex-
tensively worldwide on an assortment of crops, in-
cluding cotton and a variety of fruits, vegetables, and
grains. Concentrations of endosulfan near agricultural
fields have been reported as high as 700 pg/L (Ernst
et al. 1991). Transport of the parent compound is main-
ly through aerial drift, but its primary toxic degradate,
endosulfan sulfate, enters water bodies with surface
run-off (Leonard et al. 1999, Broomhall 2002). Like
atrazine, endosulfan peaks in water bodies during the
spring, when many amphibians breed and their embry-
os and larvae are developing. But, unlike atrazine, en-
dosulfan is relatively short lived. The toxic metabolite,
endosulfan sulfate, has a reported half-life of a few
weeks in freshwater (Miles and Moy 1979).
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Animal collection and maintenance

In late February 2003, we collected 20 R. sylvatica
clutches from Gray’s Arch Pond in Stanton, Kentucky.
We hatched and reared these tadpoles at the University
of Kentucky’s Ecological Research Facility in outdoor
wading pools containing aged tap water and covered
with 60% shade cloth. Tadpoles were fed rabbit chow
ad libitum and clutches were mixed thoroughly before
their use in the experiment to homogenize genetic var-
iation. Adult P. trivolvis were collected in early March
2003 from a pond at the University of Kentucky’s Eco-
logical Research Facility and were raised in pond water
in the laboratory until their usein the experiment. L ate-
instar A. junius were collected in early March 2003
from various ponds at the University of Kentucky's
Ecological Research Facility. Before the experiment,
they were held individually in the laboratory and fed
aguatic invertebrates and R. sylvatica tadpoles.

Experimental design and treatments

To quantify the effects of atrazine and endosulfan on
atypical pond community, we employed a3 X 2 X 2
X 2 completely randomized factorial design with three
pesticides treatments (solvent control, 25 ng/L of at-
razine, 10 png/L of endosulfan), two tadpole treatments
(presence or absence of 10 R. sylvatica tadpoles [ Gos-
ner stage 23-26; Gosner 1960]), two snail treatments
(presence or absence of 10 P. trivolvis), and two drag-
onfly treatments (presence or absence of one caged,
late-instar A. junius). The chosen densities of tadpoles,
snails, and dragonflies are at the high end of regional
densities (J. R. Rohr and P W. Crumrine, personal ob-
servation). The experiment lasted for four weeks and
the entire design was replicated four times in four spa-
tial blocks for atotal of 96 experimental units. A water
control was not included in our design because it would
have required an additional 32 mesocosms. However,
the concentration of acetone used in this study is not
expected to be harmful to any of the fauna, especially
in light of its highly ephemeral nature.

Experimental units were plastic tubs (polyethylene,
11.3L,40.6 X 28.5 X 17.5 cm) containing aperforated,
transparent plastic cup (0.296 L) secured to one end of
the tub with monofilament line and five microscope
slides attached to the side of the tub with silicone. The
tubs were located on gravel at the University of Ken-
tucky’s Ecological Research Facility. On 31 March
20083, each tub received 9.0 L of aged tap water, 1.0 L
of water from the pond from which snails were col-
lected, 15 g of leaves from the mixed deciduous forest
surrounding the pond from which the wood frogs were
collected, and 3 g of rabbit chow. The pond water sup-
plied an inoculation of phytoplankton, zooplankton,
and insect eggs and larvae, and the rabbit chow added
nutrients to accelerate the growth of periphyton (at-
tached algae, protozoa, rotifers, and filamentous bac-
teria), the food source for R. sylvatica and P. trivolvis.
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The leaves simulated pond benthos and provided sur-
face areafor periphyton growth. The tubs were covered
with 60% shade cloth to prevent unwanted predator
and amphibian colonization and to simulate tree cover.
We allowed two weeks for periphyton establishment
before the pesticide, tadpole, snail, and dragonfly treat-
ments were added.

Treatments were applied to the tubs on 14 April
2003. Pesticide stock solutions were first prepared by
dissolving 8.984 mg of atrazine and 0.406 mg of en-
dosulfan (both were 99% pure and purchased from
ChemService, Westchester, Pennsylvania, USA) per
mL of acetone. Concentrations of these stock solutions
were verified using flame ionization detection gas chro-
matography. We added 27.8 pL of atrazine stock so-
lution, 246 p.L of endosulfan stock solution, or 246 L
of acetone to the appropriate tubs, producing nominal
concentrations of 25 pg/L of atrazine and 10 pg/L of
endosulfan. We redosed the tubs two weeks | ater, at the
midpoint of the experiment, to simulate a second run-
off event washing pesticides into these mesocosms.
Thus, the maximum nominal concentrations were 50
g/l of atrazine and 20 pg/L of endosulfan. These
pesticide concentrations were chosen because they are
sublethal to wood frogs (Berrill et al. 1998, Allran and
Karasov 2001) and because they are likely to be en-
countered in ponds (see Methods and Materials: Chem-
ical contaminants).

Actual pesticide concentrations were not monitored,
but the maximum nominal concentrations were cer-
tainly higher than actual concentrations because of
heavy rain inputs. Thus, our nominal concentrations
represent conservative estimates of what was in each
mesocosm. Atrazine is relatively stable and thus deg-
radation probably did not substantially further reduce
its concentration. However, endosulfan is much less
persistent and thus both dilution and degradation
should have reduced concentrations substantially (see
Methods and Materials: Chemical contaminants).

Tadpole, snail, and dragonfly masses were obtained
before they were added to each tub (0.219 + 0.002,
0.692 + 0.007, 0.960 = 0.032 g/individual, respec-
tively[mean = 1 sg]). Dragonflies were placed into the
transparent, perforated cup in each tub so that they were
nonlethal to the tadpoles outside the cup but could be
visually and chemically detected. Dragonflies were fed
two arbitrarily chosen R. sylvatica tadpoles from the
wading pool stocks three times per week throughout
the experiment, and empty cups were picked up and
gently dropped to control for feeding disturbance
across tubs. Although A. junius may consume juvenile
P. trivolvis (Corbett 1999), they are less likely to con-
sume the larger adults and are known to be one of the
predominant predators on R. sylvatica tadpoles (Relyea
2002). Thus, we focused strictly on A. junius predation
on wood frog tadpoles. Dragonfly mortality was as-
sessed during these feedings.
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Periphytic algae in each mesocosm was estimated by
removing a microscope slide, scraping the periphyton
into a vial containing ethanol, and quantifying chlo-
rophyll a concentration in these samples using Amer-
ican Public Health Association standard protocols
(American Public Health Association 1995). Periphy-
ton samples were taken from all 96 mesocosms im-
mediately before the initial pesticide application to es-
timate starting values. Samples were then taken from
half the spatial blocks every other week throughout the
experiment. Dissolved oxygen (DO) and pH were mea-
sured weekly for each mesocosm using meters (ICM
Model 31200, + 0.01 mg/L [Industrial Chemical Mea-
surement, Hillsboro, Oregon, USA] and Corning Model
320, = 0.01 [Corning International, Corning, New
York, USA], respectively).

Twice a week and once during the last week, we
conducted four observations on each mesocosm, re-
cording the number of tadpoles observed (those not
hiding under leaves) and the proportion observed
avoiding the cup (on the opposite half of the mesocosm)
and moving during a 15-s interval. Metamorphs (Gos-
ner stage 42—46; Gosner 1960) were observed and re-
moved during only the last week of the experiment.
The experiment was terminated on 12 May for blocks
1 and 2 and on 13 May for blocks 3 and 4, at which
time we counted and weighed surviving snails and tad-
poles and counted snail egg masses deposited on each
mesocosm. Surviving tadpoles were euthanized with a
0.01% solution of benzocaine and preserved in 10%
neutral buffered formalin for later determination of
Gosner development stage (Gosner 1960). Water clarity
in each mesocosm was independently quantified by the
experimenters using a scale of 1-5. Chironomid larvae
(dipterans) of the genus Polypedilum (periphytivores
and detritivores; Coffman and Ferrington 1984) and
cladoceran zooplankton of the genus Daphnia (pri-
marily Daphnia pulex; phytoplanktivores) were the
most common invertebrates in the mesocosms, and thus
we quantified their abundance on a scale of 1-5. Chi-
ronomids and zooplankton likely entered our meso-
cosms via the pond water aliquots. The presence of
insects and crustaceans in genera other than Polype-
dilumand Daphniawererare. So, we recorded the pres-
ence or absence of ‘*‘ other insects and crustaceans’” and
lumped them into a single category for statistical anal-
ysis.

All statistical analyses were conducted with Statis-
tica 5.5a (Statsoft, Inc., Tulsa, Oklahoma, USA), using
the mesocosm as the experimental unit. Proportion data
were angularly transformed, and covariates and block
effects were included when significant. Because some
response variables were correlated, we conducted three
separate multivariate analyses of variance (MANOVA)
to analyze tadpole behavior (percent hiding, percent
observed avoiding cup, percent observed moving), tad-
pole growth and development (mass/tadpole and Gos-
ner stage), and snail growth and reproduction (mass
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per snail and egg masses per snail), and then followed
these tests with univariate analyses of variance (AN-
OVA). To assess how DO and pH affected tadpole
growth and development (mass per tadpole and Gosner
stage), and snail growth and reproduction (mass per
snail and egg masses per snail), we regressed DO and
pH against these two sets of response variables. The
influence of pesticide treatments on the duration of
dragonfly survival was analyzed with a one-way AN-
OVA. The effect of treatments on chlorophyll a in the
first and second half of the experiment was analyzed
using a repeated-measures ANOVA. Treatment effects
on the number of snails that died and the number of
tadpoles that reached metamorphosis were evaluated
using Poisson regression (PR; with a log link). Water
clarity and the abundance of Daphnia and Polypedilum
were analyzed using logistic regression for an ordinal
multinomial distribution (OMR; with a logit link),
while the presence of other insects or crustaceans and
dragonfly survival were evaluated using logistic re-
gression for a binomial distribution (BR; with a logit
link). Where the main effect of pesticide was significant
(P < 0.05) in ANOVAS, we examined all pairwise
comparisons using a Tukey’s honestly significant dif-
ference multiple comparison test (Tukey’s hsd). Where
the main effect of pesticide was significant (P < 0.05)
using logistic regression (PR, OMR, BR), we examined
all pairwise comparisons using Bonferroni-adjusted
linear contrasts.

ResuLTs
Effects on periphytic algae

Starting values of periphytic algae (F,¢ = 7.40, P
= 0.008) and spatial block (F;¢ = 25.58, P < 0.001)
were controlled for when eval uating the effects of treat-
ments on periphytic algal abundance through time.
Periphytic algae, estimated using chlorophyll a mea-
surements, increased from the first half to the second
half of the experiment (effect of time, Fy ¢ = 6.76, P
= 0.011), predominantly due to an algal increase in
mesocosms containing a dragonfly (time X dragonfly,
F,¢ = 5.44, P = 0.023). There were no other signif-
icant treatment-by-time interactions (F < 1.95, P >
0.149). Atrazine (mean = sg, 5.575 = 0.292 mg/m?)
significantly reduced periphytic algae relative to en-
dosulfan (6.937 = 0.330 mg/m?) and solvent (6.575 =+
0.411 mg/m?; F,¢ = 11.27, P < 0.001; Tukey’s hsd,
P < 0.001), which were not significantly different from
one another (Tukey’s hsd, P = 0.492). Periphytic algae
was reduced by tadpoles (F,¢ = 11.12, P = 0.001)
and snails (Fy¢s = 5.71, P = 0.020). Mesocosms with
a dragonfly had more periphytic algae than those with-
out a dragonfly (Fy e = 5.71, P = 0.020; Fig. 1), pre-
sumably due to nutrient inputs associated with drag-
onfly feeding. The increase in periphytic algae asso-
ciated with dragonflies was reduced by the presence of
tadpoles and snails (tadpole X dragonfly, F, ¢ = 5.86,
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Fic. 1. Interaction among tadpole, snail, and dragonfly
treatments (presence and absence) on the concentration of
chlorophyll a in periphyton. Values represent means and se
of 12 mesocosms; the probability value is for the tadpole X
snail X dragonfly interaction.

P = 0.018; tadpole X snail X dragonfly, F,¢ = 5.08,
P = 0.027; Fig. 1), suggesting consumption of this
algae by these two species. There were no other sig-
nificant interactions among treatments (all F < 0.72,
al P > 0.492).

Effects on water clarity

Water clarity was greater in mesocosms with atra-
zine, (OMR, df = 2, 71, x> = 6.19, P = 0.045), snails
(OMR, df = 1, 71, x? = 3.79, P = 0.050), and greater
quantities of Daphnia (OMR, df = 1, 71, x? = 31.99,
P < 0.001), and lower in mesocosms with a dragonfly
larva (OMR, df = 1, 71, x? = 6.70, P = 0.010). All
other effects were nonsignificant (OMR, x? < 3.48, P
> 0.176).

Effects on insects and crustaceans

Relative to mesocosms containing solvent control,
mesocosms with endosulfan had lower densities of Po-
lypedilum larvae, Daphnia, and other insects and crus-
taceans, which included predominantly mosquito lar-
vae and calanoid copepods (OMR and BR, P < 0.014),
while mesocosms with atrazine had lower densities of
only chironomid larvae (OMR, P = 0.004; Fig. 2). The
abundance of Polypedilum larvae was also reduced by
tadpoles (OMR, df = 1, 72, x2 = 14.27, P < 0.001)
and snails (OMR, df = 1, 72, x> = 4.00, P = 0.046;
Fig. 3). There were no other significant main effects
or interactions for the abundance of Polypedilumlarvae
(OMR, x? < 3.93, P > 0.140), Daphnia (OMR, x? <
5.83, P > 0.054), or other insects and crustaceans (BR,
x2 < 5.82, P > 0.054).

Pesticide treatments did not significantly affect the
percent of dragonfly larvae that survived until the end
of the experiment (Atrazine, 12.5%; endosulfan, 25%;
solvent; 25%; BR, df = 2, 45, x? = 1.08, P = 0.582)
or the mean number of days that dragonfly larvae were

PESTICIDES AND POND COMMUNITIES

1139

alive (means * sE; atrazine, 17.50 = 2.43; endosulfan,
21.56 = 1.96; solvent, 22.13 = 1.72; ANOVA, F,,s =
1.60, P = 0.213).

Effects on snails

When controlling for spatial block, Polypedilum
abundance, and initial snail mass, MANCOVA re-
vealed that snail growth and reproduction were influ-
enced by pesticide and tadpole treatments (Table 1).
Snail final mass was reduced by atrazine (relative to
endosulfan and solvent; Tukey’s hsd, P < 0.001; Fig.
4A), tadpoles (Fig. 5A), and Polypedilum larvae, and
was greater in mesocosms with, than without, a drag-
onfly larva (mean = sg; 0.675 = 0.013 vs. 0.643 =
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Fic. 2. Effects of pesticide treatments (atrazine, endo-
sulfan, solvent control) on (A) Polypedilum (chironomid) lar-
vae abundance, (B) Daphnia abundance, and (C) the per-
centage of mesocosms containing insects or crustaceans other
than Polypedilum and Daphnia. Bars represent means (+ sE)
of 32 mesocosms. Different lowercase letters above bars re-
flect significant differences at P < 0.05 among treatments
according to Tukey’s honestly significant difference multiple
comparison tests.
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Fic. 3. Effects of tadpole and snail presence and absence
on Polypedilum chironomid abundance. Bars represent means
(*=sE) of 48 mesocosms, and probability values are for the
main effects of each treatment.

0.011; Table 1). The increase in snail mass associated
with a dragonfly larva was greater in the presence of
endosulfan than the other pesticide treatments (Fig. 4A,
Table 1). When controlling for final mass, fewer egg
masses were deposited per surviving snail in meso-
cosms with atrazine (relative to endosulfan; Tukey’s
hsd, P = 0.020; Fig. 6A) and with tadpoles (Fig. 5B,
Table 1). Effects on growth and reproduction could not
be attributed to differences in DO (regression; Wilk’s
F,4 = 0.94, P = 0.399) or pH (regression: Wilk's F, 5
= 1.98, P = 0.151) among mesocosms.

Because of low snail mortality, we excluded inter-
action terms from our analyses on snail survival to
increase statistical power. When controlling for the
abundance of chironomid competitors (PR, df = 1, 42,
x? = 2.85, P = 0.091), the presence of tadpoles sig-
nificantly increased snail mortality (13 vs. five dead;
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FiG. 4. (A) Effects of pesticide (atrazine, endosulfan, sol-

vent control) and dragonfly treatments (presence and absence)
on snail mass and (B) effects of pesticide and snail treatments
(presence and absence) on tadpole mass. Values represent
means and sk of eight mesocosms, and probability values are
for the interaction between displayed treatments when con-
trolling for significant predictors (see Tables 1 and 3 for pre-
dictors).

PR, df = 1, 42, x2 = 5.40, P = 0.020). Snail survival
was not significantly affected by pesticide (PR, df =
2,42, x? = 2.19, P = 0.335) or dragonfly treatments
(PR: df = 1, 42, x?2 = 0.01, P = 0.912).

Results of multivariate analysis of covariance (MANCOVA) and univariate analyses of covariance (ANCOVA)

for effects of pesticide (atrazine, endosulfan, or solvent control), tadpole (present or absent), dragonfly (present or absent),
and interactions on final mass per snail and egg masses deposited per snail when controlling for significant predictors.

ANCOVA
MANCOVA Final mass/snail Egg masses/snail
Factor df Wilks F P df F P F P
Block 6, 60 480 <0.001 3 6.33 0.002
Polypedilum 2,30 2.64 0.088 1 10.80 0.003
Initial mass 2,30 8.05 0.002 1 5.43 0.026
Final mass 1 11.43 0.002
Pesticide 4, 60 5.35 0.001 2 6.78 0.004 7.67 0.002
Tadpole 2,30 101.50 <0.001 1 34.89 <0.001 147.76  <0.001
Dragonfly 2, 30 2.67 0.086 1 5.01 0.032 1.46 0.235
Pesticide X tadpole 4, 60 1.37 0.256 2 1.18 0.322 112 0.339
Pesticide x dragonfly 4, 60 161 0.183 2 3.26 0.052 0.10 0.904
Tadpole X dragonfly 2,30 0.94 0.401 1 0.28 0.603 1.36 0.251
Pesticide X tadpole X dragonfly 4, 60 0.41 0.800 2 0.26 0.775 1.27 0.292

Notes: Ellipses represent nonsignificant predictors that were removed from the statistical model. There were no other
significant predictors. The error degrees of freedom are 31 for final mass per snail and 35 for egg masses per snail.
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Fic. 5.  Effects of tadpole presence and absence on (A)
the final mass per surviving snail and (B) the number of egg
masses deposited per surviving snail. Bars represent means
(*se) of 24 mesocosms. Probability values are for the main
effect of treatment when controlling for significant predictors
(see Table 1 for predictors).

Effects on wood frogs

We first examined wood frog behavioral responses
through time and discovered that significant temporal
changes were primarily due to dragonfly mortality. Be-
cause there were no significant treatment differences
in percent dragonfly mortality or in the timing of drag-
onfly mortality, we took the mean of the seven days of
behavioral observations and used this in subsequent
analyses. MANCOVA showed that tadpole behavior
(hiding, avoiding, and moving) depended on Daphnia
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Fic. 6. Effects of pesticide treatments (atrazine, endo-
sulfan, solvent control) on (A) the number of egg masses
deposited per surviving snail and (B) tadpole Gosner devel-
opment stage. Bars represent means (*se) of 16 mesocosms.
Different lowercase letters above bars reflect significant dif-
ferences at P < 0.05 among treatments according to Tukey’s
honestly significant difference multiple comparison tests
when controlling for significant predictors (see Tables 1 and
3 for predictors).

abundance and pesticide, snail, and dragonfly treat-
ments (Table 2). More specifically, agreater percentage
of tadpoles were hiding in the presence of endosulfan
and solvent than atrazine (Tukey’s hsd, P < 0.001 and
P = 0.028, respectively; Fig. 7A) and in the presence,

TaBLE 2. Results of MANCOVA, ANCOVA, and ANOVA for the effects of pesticide (atrazine, endosulfan, or solvent
control), snail (present or absent), dragonfly (present or absent), and interactions on Rana sylvatica tadpole behavioral
responses (percentages hiding, observed avoiding cage, and observed moving in 15 s).

ANOVA and ANCOVA

MANCOVA Hiding Avoiding Moving
Factor df  Wilks' F P df F P F P F P

Daphnia 3,33 327 0.033 1 9.73 0.004
Pesticide 6,66 442 <0.001 2 8.64 <0.001 4.41 0.019 9.44 <0.001
Snail 3,33 6.76 0.001 1 217 0.150 9.94 0.003 15.23 <0.001
Dragonfly 3,33 5311 <0.001 1 43.04 <0.001 36.88  <0.001 141.75 <0.001
Pesticide X snail 6,66 193 0.089 2 0.26 0.771 1.16 0.326 4.84 0.014
Pesticide X dragonfly 6,66 148 0.200 2 1.74 0.191 1.76 0.186 3.28 0.049
Snail X dragonfly 3,33 382 0.019 1 1.02 0.318 7.20 0.011 7.41 0.010
Pesticide X snail X

dragonfly 6,66 047 0.828 2 0.03 0.969 0.14 0.870 1.32 0.281

Notes: Ellipses represent nonsignificant predictors that were removed from the statistical model. There were no other
significant covariates. The error degrees of freedom are 36 for hiding and avoiding and 35 for moving.
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Fic. 7. Effects of pesticide treatments (atrazine, endo-
sulfan, solvent control) on (A) the percentage of tadpoles
hiding (measured as the percentage of total individuals that
were not observed) and (B) the percentage of individuals
observed that were avoiding the cup. Bars represent means
(£sk) of 16 mesocosms. Different lowercase letters above
bars reflect significant differences at P < 0.05 among treat-
ments according to Tukey’s honestly significant difference
multiple comparison tests when controlling for significant
predictors (see Table 2 for predictors).

than absence, of a dragonfly (Fig. 8A, Table 2). Tad-
poles were more likely to avoid the cup when it con-
tained a dragonfly, but this avoidance was significantly
reduced in the presence of snails (Fig. 8B, Table 2). A
greater percent of tadpoles exhibited cup avoidance in
the presence of endosulfan than atrazine (Tukey’s hsd,
P = 0.025; Fig. 7B, Table 2), due primarily to atrazine
reducing dragonfly avoidance. Tadpole activity was el-
evated in mesocosms containing atrazine (relative to
endosulfan, Tukey’s hsd, P = 0.007) and snails, and
lower in mesocosms with abundant Daphnia and drag-
onflies (relative to solvent control). This reduction in
tadpole activity associated with dragonflies was greater
when reared in endosulfan and solvent than atrazine
(pesticide X dragonfly) and when reared in the absence,
than presence, of snails (snail X dragonfly). Further-
more, the increase in tadpole activity associated with
snails was greater in the presence of endosulfan and
solvent than in the presence of atrazine (pesticide X
snail; Fig. 9, Table 2).

One solvent control mesocosm was a significant and
influential outlier (determined using leverage, DFFITS,
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and DFBETAStests; Neter et al. 1996) for tadpole mass
and development and thus was removed from the anal-
yses. No tadpoles were found dead at anytime during
the experiment and none had any obvious physical de-
formities. When controlling for initial tadpole massand
spatial block, MANCOVA revealed that tadpole growth
and development were affected by Daphnia abundance,
and pesticide, snail, and dragonfly treatments (Table
3). At the end of the experiment, tadpoles weighed
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Fic. 8. (A) Effects of dragonfly treatments (presence and

absence) on the percentage of tadpoles hiding (measured as
the percentage of total individuals that were not observed);
(B) the interaction between dragonfly and snail treatments
(presence and absence) on the percentage of tadpoles ob-
served that were avoiding the cup, and (C) tadpole final mass.
Values in (A) represent means (*+sg) of 24 mesocosms and
values in (B) and (C) represent means (+sg) of 12 meso-
cosms. The probability valuesin (B) and (C) are for the snail
X dragonfly interaction.
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80
Fic. 9. Interaction among pesticide (atra- S
zine, endosulfan, solvent control), snail, and < 60 4
dragonfly treatments (presence and absence) on £
the percentage of tadpoles observed that were 3 40 -
moving during a 15-s observation period. Val- =
ues represent means (*se) of four mesocosms. 20
All main effects and two-way interactions were
significant (P < 0.05) when controlling for 0

Daphnia abundance (see Table 2).

more in mesocosms with abundant Daphnia, endosul -
fan (Tukey’s hsd; atrazine, P = 0.004; solvent, P =
0.025; Fig. 4B), and a dragonfly, and weighed less in
mesocosms with snails (Fig. 4B, Table 3). This de-
creasein tadpole massin the presence of snails(relative
to their absence) was significantly greater when tad-
poles were reared in the presence of endosulfan (vs.
atrazine and solvent, pesticide X snail; Fig. 4B) or a
dragonfly (snail X dragonfly; Fig. 8C, Table 3). De-
velopment was slowed by atrazine (Tukey’s hsd; en-
dosulfan, P = 0.002; solvent, P = 0.067; Fig. 6B) and
snails (Fig. 10A), and there were fewer wood frog me-
tamorphs in mesocosms with, than without, snails (Fig.
10B, Table 3). Effects on wood frog growth and de-
velopment could not be attributed to differencesin DO
(regression, Wilk's F,,, = 0.87, P = 0.425) or pH
(regression, Wilk's F,,, = 0.98, P = 0.385) among
Mesocosms.

DiscussioN

This study demonstrated that adult P. trivolvis, R.
sylvatica tadpoles, and Polypedilum chironomid larvae
are competitors; that predation, competition, and pes-
ticides can have synergistic effects on aquatic organ-

TaBLE 3. Resultsof MANCOVA, ANCOVA, ANOVA, and
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absent present absent present absent present
Atrazine Endosulfan Solvent

isms; and that low, ecologically relevant concentrations
of pesticides can have both positive and negative ef-
fects on species that are mediated through indirect and
direct trophic interactions. Below we discuss the sup-
porting evidence for these claims and their consequenc-
es for ecotoxicology and conservation biology.
Various results support a competitive relationship
among adult P. trivolvis, larval R. sylvatica, and larval
Polypedilum chironomids. Both P. trivolvis and R. syl-
vatica reduced adherent algae, and when coexisting,
they significantly reduced the growth, development,
and/or abundance of the other species. The snails and
tadpoles also consumed the increased periphyton as-
sociated with mesocosms containing adragonfly, which
elevated both of their growth rates. The presence of P.
trivolvis reduced tadpole refuge use, predator avoid-
ance, and inactivity, responses which are typically as-
sociated with increased feeding rates (e.g., Horat and
Semlitsch 1994, Relyea and Werner 1999). While these
responses might increase periphyton intake, they
should increase predation risk as well, a common con-
sequence of competition (Chase et al. 2002). Although
thereis evidence for some species of snailsto facilitate
the growth of tadpoles (Bronmark et al. 1991), our

Poisson regression for effects of pesticide (atrazine, endosulfan,

or solvent control), snail (present or absent), dragonfly (present or absent), and interactions on final mass per tadpole,

tadpole Gosner stage, and number of metamorphs.

ANCOVA and ANOVA Poisson regression
MANCOVA Final mass/tadpole Gosner stage No. metamorphs
Factor df  Wilks' F P df F P F P X2 P
Block 6,58 318 0.009 3 4.43 0.011
Daphnia 2,29 340 0.047 1 6.64 0.015
Initial mass 2,29 761 0.002 1 9.62 0.004
Pesticide 4,58 531 0.001 2 9.65 <0.001 6.80 0.003 227 0.322
Snail 2,29 12.05 <0.001 1 11.44 0.002 23.83  <0.001 8.16  0.004
Dragonfly 2,29 1484 <0.001 1 32.50 <0.001 1.23 0.275 0.50 0.479
Pesticide X snail 4,58  1.99 0.108 2 4.08 0.027 1.33 0.278 0.19  0.909
Pesticide X dragonfly 4,58  1.02 0.404 2 1.95 0.159 0.38 0.684 1.02  0.600
Snail x dragonfly 2,29 6.02 0.006 1 8.49 0.007 0.69 0.412 <0.01 0.961
Pesticide X snail X
dragonfly 4, 58 1.46 0.226 2 0.87 0.428 1.01 0.374 2.70 0.260

Notes: Ellipses represent nonsignificant predictors, which

were removed from the statistical model. There were no other

significant predictors. The error degrees of freedom are 31 for final mass per tadpole, 34 for tadpole Gosner stage, and 35

for number of metamorphs.
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Fic. 10. Effects of snail presence and absence on (A)
tadpole Gosner stage and (B) the number of tadpoles reaching
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results, like those of Holomuzki and Hemphill (1996)
and Lefcort et al. (1999), support a strict competitive
relationship between these two species. This compe-
tition may be asymmetric because wood frog tadpoles
reduced the survival and reproduction of the snailswith
no evidence of reciprocal effects. Snails and tadpoles
also reduced the density of the periphytivorous Poly-
pedilum larvae, and in turn, these larvae reduced the
growth of snails and tadpoles. However, growth re-
ductions for tadpoles were not significant, suggesting
that Polypedilum larvae may be less effective com-
petitors with R. sylvatica than with P. trivolvis.

Unlike Polypedilum larvae and snails, the phyto-
planktivorous Daphnia had a positive effect on the
growth of tadpoles. We suspect that Daphnia may fa-
cilitate tadpole growth by increasing water clarity,
which would then allow more light to reach surfaces
on which periphyton can grow (see Underwood et al.
1992, Thomas and Daldorph 1994). However, a more
specific test of this hypothesis is necessary.

Pesticide treatments had direct lethal effects on pho-
tosynthetic organisms, chironomid larvae, and crusta-
ceans, but not on dragonfly larvae. Atrazine reduced
algae, consistent with work examining the effects of
similar levels of atrazine on periphyton and phyto-
plankton (see review by Solomon et al. 1996). Endo-
sulfan decreased densities of cladoceran zooplankton
and chironomids, as shown previously for comparable
concentrations (Ernst et al. 1991, Barry and Logan
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1998, Leonard et al. 1999, Barry 2000). Although en-
dosulfan is designed to target insects, it surprisingly
did not increase the mortality of A. junius. In addition
to dragonfly larvae, tadpol es experience predation from
hemipterans and beetle larvae (Relyea 2002), both of
which have been shown to be susceptible to endosulfan
(Ernst et al. 1991, Huang et al. 1994). Thus, by re-
ducing other insect predators, endosulfan may reduce
tadpole predation risk despite it having no detectable
direct effect on A. junius survival.

As expected, the direct effects of atrazine and en-
dosulfan proliferated through the food web resulting in
indirect effects on snails, tadpoles, and chironomid lar-
vae. Atrazine reduced snail reproduction, tadpole de-
velopment, snail and tadpole growth, and chironomid
survival, presumably by reducing periphyton, whereas
endosulfan increased snail and tadpole growth through
a reduction in chironomid competition. These effects
on gastropods and amphibians are probably strictly in-
direct because the concentrations of the pesticides used
in this study have rarely induced any detectable direct
effects on these taxa (e.g., Baturo et al. 1995, Jonnal-
agadda and Rao 1996, Solomon et al. 1996, Berrill et
al. 1998, Diana et al. 2000, Allran and Karasov 2001,
Downs et al. 2001, Rohr et al. 2003, Rohr et al. 2004).
Theindirect effectson P. trivolvisand R. sylvaticawere
transmitted through a single trophic link—atrazine re-
ducing their prey and endosulfan reducing their insect
competitors. Thus, ecologically important effects of at-
razine and endosulfan would have gone overlooked had
we not conducted the study in the presence of peri-
phytic algae or Polypedilum chironomid larvae, organ-
isms commonly found in many freshwater habitats.

There were also at |east three cases where these sin-
gle-trophic-link effects would have been estimated in-
accurately if other common, heterospecific community
members were not included (i.e., pesticide X heter-
ospecific interactions). First, the endosulfan-induced
growth increase for tadpoles was smaller in the pres-
ence than absence of snails (pesticide X snail), most
likely because the snails prevented the tadpoles from
monopolizing the increased periphyton resulting from
endosulfan reductions in chironomid larvae. Second,
the endosulfan-induced growth increase for snails was
synergistically modified by the presence of dragonflies
(pesticide X dragonfly), presumably because dragon-
flies provided a release from tadpole competition (by
reducing their foraging activity) on top of the release
from chironomid competition imparted by endosulfan.
Finally, the effect of atrazine on tadpole activity was
dependent upon the presence of snails and dragonflies.
This was apparently because periphyton was limiting
in atrazine mesocosms encouraging tadpoles to sustain
high foraging activity regardless of the presence of
competitors or predators. Interestingly, thisincreasein
foraging activity did not compensate for the reduced
periphyton in atrazine mesocosms and, in combination
with the concomitant reductionsin refuge use and drag-
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onfly avoidance, should increase encounter rates with
predators. Although the presence of caged predators
has been shown to increase the lethality of the insec-
ticide carbaryl for several tadpole species (including
R. sylvatica; Relyea and Mills 2001, Relyea 2003), we
found no evidence of this extreme pesticide-hetero-
specific synergism for the selected concentration of at-
razine or endosulfan. The multiple examples above of
heterospecifics dictating the impacts of pesticides
clearly demonstrate that community composition can
play an important role in determining the ecological
effects of contaminants.

The interaction between pesticides and heterospe-
cifics has been an issue of concern for amphibian pop-
ulations exposed to pathogens (e.g., Taylor et al. 1999,
Christin et al. 2003). For instance, pesticides can re-
duce amphibian immunocompetence increasing therisk
of trematode infections that cause malformations and
mortality associated with amphibian population de-
clines (Kiesecker 2002, Blaustein and Johnson 2003).
By clarifying the relationship between the intermediate
hosts of these trematodes (planorbid snails and tad-
poles) within a community context and in the presence
and absence of common pesticides, this study may fa-
cilitate understanding the epidemiology of this impor-
tant amphibian disease.

Although the spatial scale of toxicology experiments
conducted in mesocosms and microcosms typically
does not match that of natural systems, numerous stud-
ies have documented the success of these experimental
venues in predicting the effects of toxicants on higher
levels of ecological organization (e.g., Larsen et al.
1986, Pontasch et al. 1989, Stay et al. 1989, Nieder-
lehner et al. 1990, Pontasch and Cairns 1991, but see
Skelly 2002). Thus, the results of this study, and other
mesocosm and microcosm studies, may be useful for
predicting the impacts of pesticides on populations in
similarly structured, natural communities. For exam-
ple, wood frog development and growth were reduced
in mesocosms with atrazine and increased in meso-
cosms with endosulfan. These results may have neg-
ative and positive effects on anuran populations, re-
spectively, because, for many amphibians, accelerated
development reduces the risk of desiccation from water
body drying and larger size at metamorphosisincreases
immunocompetence, terrestrial survival, and lifetime
reproduction (Berven and Gill 1983, Smith 1987, Scott
1994, Carey et al. 1999).

Because anurans are presumably less susceptible to
herbicides than their photosynthetic prey and more tol-
erant to insecticides than their insect competitors and
predators, anuran populations may, in general, incur
negative effects from herbicide exposure and positive
effects from insecticide exposure (at environmentally
common concentrations). Of the studies which have
considered secondary effects of pesticides on fresh-
water herbivores (taken from Fleeger et al. 2003), we
estimate that 92% (11 out of 12, with one study show-
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ing both positive and negative effects) showed adverse,
indirect effects of herbicides on herbivores, and that
96% (23 out of 24, with three studies showing both
positive and negative effects) showed that insecticides
provide a competitive release for tolerant herbivores.
Although these findings provide considerable support
for the hypothesis that herbicides and insecticides have
contrasting effects on freshwater herbivores, such as
anurans, greater support may be needed to substantiate
the hypothesis because of the great variety of pesticides
(Ramade 1988), the vast differences in species suscep-
tibilities (e.g., Bridges and Semlitsch 2000, Boone et
al. 2001), and the enormous variation in species com-
position among ponds (e.g., Wellborn et al. 1996, Skel-
ly et a. 1999, Relyea 2002). In fact, it is for these
reasons, and others, that make it particularly challeng-
ing to identify and predict general responses to con-
taminants in nature. Nevertheless, research testing the
generality of the contrasting effect of herbicides and
insecticides on anurans should provide valuable insight
into their global declines.

Perhaps most notably, this study underscores the im-
portance of examining the effects of contaminants
within natural or semi-natural, complex communities.
Environmentally realistic concentrations of pesticides
both directly and indirectly shaped community com-
position and community composition influenced the ef-
fects of pesticides. These ecologically important effects
would have gone unnoticed in traditional toxicology
studies where species are tested in the laboratory iso-
lated from their natural communities. Because virtually
all species live within complex food webs consisting
of heterospecifics with different tolerances to contam-
inants, there is a pressing need for more toxicology
studies conducted on communities where the presence
of species are manipulated so we can better understand
the effects of contaminants in nature.

ACKNOWLEDGMENTS

We thank Erin Yost and Jeffrey Stahr for field assistance,
John Niedzwiecki for assistance in chironomid identification,
Brent D. Palmer for the use of his plate reader, and Hugh
Lefcort and an anonymous reviewer for insightful comments
on this manuscript. This experiment complied with the Uni-
versity of Kentucky’s animal care protocols and was partly
funded by a NSF Doctoral Dissertation |mprovement Grant
to P W. Crumrine, a Kentucky Academy of Sciences grant
to J. R. Rohr, and an Environmental Protection Agency STAR
grant (R829086).

LITERATURE CITED

Allran, J. W., and W. H. Karasov. 2001. Effects of atrazine
on embryos, larvae, and adults of anuran amphibians. En-
vironmental Toxicology and Chemistry 20:769—-775.

American Public Health Association. 1995. Standard meth-
ods for examination of water and wastewater. Washington,
D.C., USA.

Barry, M. J. 2000. Effects of endosulfan on Chaoborus-in-
duced life-history shifts and morphological defenses in
Daphnia pulex. Journal of Plankton Research 22:1705—
1718.

Barry, M. J,, and D. C. Logan. 1998. The use of temporary
pond microcosms for aquatic toxicity testing: direct and



1146

indirect effects of endosulfan on community structure.
Aquatic Toxicology 41:101-124.

Baturo, W., L. Lagadic, and T. Caquet. 1995. Growth, fe-
cundity and glycogen utilization in Lymnaea palustris ex-
posed to atrazine and hexachlorobenzene in freshwater me-
socosms. Environmental Toxicology and Chemistry 14:
503-511.

Berrill, M., D. Coulson, L. McGillivray, and B. Pauli. 1998.
Toxicity of endosulfan to aquatic stages of anuran am-
phibians. Environmental Toxicology and Chemistry 17:
1738-1744.

Berven, K. A., and D. E. Gill. 1983. Interpreting geographic-
variation in life-history traits. American Zoologist 23:85—
97.

Blaustein, A. R., and P. T. J. Johnson. 2003. The complexity
of deformed amphibians. Frontiers in the Ecology and En-
vironment 1:87-94.

Blaustein, A. R., and D. B. Wake. 1990. Declining amphibian
populations: a global phenomenon. Trends in Ecology and
Evolution 5:203-204.

Boone, M. D., C. M. Bridges, and B. B. Rothermel. 2001.
Growth and development of larval green frogs (Rana clam-
itans) exposed to multiple doses of an insecticide. Oecol-
ogia 129:518-524.

Boyle, T. P, and J. F Fairchild. 1997. The role of mesocosm
studies in ecological risk analysis. Ecological Applications
7:1099-1102.

Bridges, C. M., and R. D. Semlitsch. 2000. Variation in pes-
ticide tolerance of tadpoles among and within species of
ranidae and patterns of amphibian decline. Conservation
Biology 14:1490-1499.

Bronmark, C., S. D. Rundle, and A. Erlandsson. 1991. In-
teractions between fresh-water snails and tadpoles: com-
petition and facilitation. Oecologia 87:8-18.

Broomhall, S. 2002. The effects of endosulfan and variable
water temperature on survivorship and subsequent vulner-
ability to predation in Litoria citropa tadpoles. Aquatic
Toxicology 61:243-250.

Broomhall, S., and R. Shine. 2003. Effects of the insecticide
endosulfan and presence of congeneric tadpoles on Aus-
tralian treefrog (Litoria freycineti) tadpoles. Archives of
Environmental Contamination and Toxicology 45:221—
226.

Cairns, J, Jr. 1983. Are single species toxicity tests alone
adequate for estimating environmental hazards? Hydro-
biologia 100:47-57.

Carey, C., N. Cohen, and L. Rollins-Smith. 1999. Amphibian
declines: an immunological perspective. Developmental
and Comparative |Immunology 23:459-472.

Chase, J. M., P A. Abrams, J. P. Grover, S. Diehl, P. Chesson,
R. D. Holt, S. A. Richards, R. M. Nisbet, and T. J. Case.
2002. The interaction between predation and competition:
a review and synthesis. Ecology Letters 5:302—-315.

Christin, M. S., A. D. Gendron, P. Brousseau, L. Menard, D.
J. Marcogliese, D. Cyr, S. Ruby, and M. Fournier. 2003.
Effects of agricultural pesticides on the immune system of
Rana pipiens and on its resistance to parasitic infection.
Environmental Toxicology and Chemistry 22:1127-1133.

Clements, W. H., and P M. Kiffney. 1994. Assessing con-
taminant effects at higher levels of biological organization.
Environmental Toxicology and Chemistry 13:357—359.

Clements, W. H., and M. C. Newman. 2002. Community
Ecotoxicology. John Wiley and Sons, West Sussex, UK.

Coffman, W. P, and L. C. Ferrington,Jr. 1984. Chironomidae.
Pages 635754 in R. W. Merritt and K. W. Cummins, ed-
itors. An introduction to the aquatic insects of North Amer-
ica. Third edition. Kendall/Hunt Publishing Company, Du-
buque, lowa, USA.

Corbet, P S. 1999. Dragonflies: ecology and behavior of
Odonata. Cornell University Press, Ithaca, New York, USA.

JASON R. ROHR AND PATRICK W. CRUMRINE

Ecological Applications
Vol. 15, No. 4

Davidson, C., H. B. Shaffer, and M. R. Jennings. 2001. De-
clines of the California red-legged frog: climate, UV-B,
habitat, and pesticides hypotheses. Ecological Applications
11:464—-479.

Davidson, C., H. B. Shaffer, and M. R. Jennings. 2002. Spa-
tial tests of the pesticide drift, habitat destruction, UV-B,
and climate-change hypotheses for California amphibian
declines. Conservation Biology 16:1588—-1601.

de Noyelles, F, W. D. Kettle, and D. E. Sinn. 1982. The
responses of plankton communities in experimental ponds
to atrazine, the most heavily used pesticide in the United
States. Ecology 63:1285-1293.

Diana, S. G., W. J. Resetarits, Jr., D. J. Schaeffer, K. B.
Beckmen, and V. R. Beasley. 2000. Effects of atrazine on
amphibian growth and survival in artificial aguatic com-
munities. Environmental Toxicology and Chemistry 19:
2961-2967.

Downs, C. A., R. T. Dillon, J. E. Fauth, and C. M. Woodley.
2001. A molecular biomarker system for assessing the
health of gastropods (Ilyanassa obsoleta) exposed to natural
and anthropogenic stressors. Journal of Experimental Ma-
rine Biology and Ecology 259:189-214.

Ernst, W. R., P. Jonah, K. Doe, G. Julien, and P. Hennigar.
1991. Toxicity to aquatic organisms of off-target deposi-
tion of endosulfan applied by aircraft. Environmental Tox-
icology and Chemistry 10:103-114.

Fleeger, J. W., K. R. Carman, and R. M. Nisbet. 2003. Indirect
effects of contaminants in aquatic ecosystems. Science of
the Total Environment 317:207-233.

Futuyma, D. J. 1998. Evolutionary biology. Third edition.
Sinauer Associates, Sunderland, Massachusetts, USA.

Gosner, N. 1960. A simplified table for staging anuran em-
bryos and larvae with notes on identification. Herpetolo-
gica 16:183-190.

Hanazato, T. 1991. Effects of repeated application of carbaryl
on zooplankton communities in experimental ponds with
or without the predator Chaoborus. Environmental Pollu-
tion 74:309-324.

Hanazato, T., and M. Yasuno. 1990. Influence of Chaoborus
density on the effects of an insecticide on zooplankton
communities in ponds. Hydrobiologia 194:183-197.

Holomuzki, J. R., and N. Hemphill. 1996. Snail-tadpole in-
teractions in streamside pools. American Midland Natu-
ralist 136:315-327.

Horat, P, and R. D. Semlitsch. 1994. Effects of predation
risk and hunger on the behavior of two species of tadpoles.
Behavioral Ecology and Sociobiology 34:393-401.

Huang, H. W., Z. Smilowitz, M. C. Saunders, and R. Weisz.
1994. Field-evaluation of insecticide application strategies
on development of insecticide resistance by Colorado po-
tato beetle (Coleoptera, Chrysomelidae). Journal of Eco-
nomic Entomology 87:847-857.

Joern, A., and K. D. Hoagland. 1996. In defense of whole-
community bioassays for risk assessment. Environmental
Toxicology and Chemistry 15:407—-409.

Jonnalagadda, P. R., and B. P Rao. 1996. Histopathological
changes induces by specific pesticides on some tissues of
the fresh water snail, Bellamya dissimilisMuller. Bulletin
of Environmental Contamination and Toxicology 57:648—
654.

Kadoum, A. M., and D. E. Mock. 1978. Herbicide and in-
secticide residues in tailwater pits: water and pit bottom
soil fromirrigated corn and sorghum fields. Journal of Ag-
riculture and Food Chemistry 26:45-50.

Kapustka, L. A., B. A. Williams, and A. Fairbrother. 1996.
Evaluating risk predictions at population and community
levels in pesticide registration: hypotheses to be tested.
Environmental Toxicology and Chemistry 15:427—-431.

Kiesecker, J. M. 2002. Synergism between trematode infec-
tion and pesticide exposure: a link to amphibian limb de-



August 2005

formities in nature? Proceedings of the National Academy
of Sciences (USA) 99:9900—9904.

Kimball, K. D., and S. A. Levin. 1985. Limitations of lab-
oratory bioassays: the need for ecosystem-level testing.
BioScience 35:165-171.

Larsen, D. P, F de Noyelles, F Stay, and T. Shiroyama. 1986.
Comparisons of single-species, microcosm and experimen-
tal pond responses to atrazine exposure. Environmental
Toxicology and Chemistry 5:179-190.

Lefcort, H., S. M. Thomson, E. E. Cowles, H. L. Harowicz,
B. M. Livaudais, W. E. Roberts, and W. F. Ettinger. 1999.
Ramifications of predator avoidance: predator and heavy-
metal-mediated competition between tadpoles and snails.
Ecological Applications 9:1477-1489.

Leonard, A. W., R. V. Hyne, R. P Lim, and J. C. Chapman.
1999. Effect of endosulfan runoff from cotton fields on
macroinvertebrates in the Namoi River. Ecotoxicology and
Environmental Safety 42:125-134.

Miles, J. R. W., and P Moy. 1979. Degradation of endosulfan
and its metabolites by a mixed culture of soil-microorgan-
isms. Bulletin of Environmental Contamination and Toxi-
cology 23:13-19.

Morin, P J. 1999. Community ecology. Blackwell Science,
Malden, Massachusetts, USA.

Neter, J., M. H. Kutner, C. J. Nachtsheim, and W. Wasserman.
1996. Applied linear statistical models. Fourth edition.
WCB/McGraw-Hill, Boston, Massachusetts, USA.

Niederlehner, B. R., K. W. Pontasch, J. R. Pratt, and J. Cairns.
1990. Field evaluation of predictions of environmental ef-
fects from a multispecies microcosm toxicity test. Archives
of Environmental Contamination and Toxicology 19:62—
71.

Pontasch, K. W., and J. Cairns. 1991. Multispecies toxicity
tests using indigenous organisms: predicting the effects of
complex effluents in streams. Archives of Environmental
Contamination and Toxicology 20:103-112.

Pontasch, K. W., B. R. Niederlehner, and J. Cairns. 1989.
Comparisons of single species, microcosm and field re-
sponses to a complex effluent. Environmental Toxicology
and Chemistry 8:521-532.

Ramade, F 1988. Ecotoxicology. Wiley, New York, New
York, USA.

Relyea, R. A. 2002. Local population differences in phe-
notypic plasticity: predator-induced changes in wood frog
tadpoles. Ecological Monographs 72:77-93.

Relyea, R. A. 2003. Predator cues and pesticides: a double
dose of danger for amphibians. Ecological Applications13:
1515-1521.

Relyea, R. A., and N. Mills. 2001. Predator-induced stress
makes the pesticide carbaryl more deadly to gray treefrog
tadpoles (Hyla versicolor). Proceedings of the National
Academy of Sciences (USA) 98:2491-2496.

Relyea, R. A., and E. E. Werner. 1999. Quantifying the re-
lation between predator-induced behavior and growth per-
formance in larval anurans. Ecology 80:2117-2124.

PESTICIDES AND POND COMMUNITIES

1147

Rohr, J. R., A. A. Elskus, B. S. Shepherd, P H. Crowley, T.
M. McCarthy, J. H. Niedzwiecki, T. Sager, A. Sih, and B.
D. Palmer. 2003. Lethal and sublethal effects of atrazine,
carbaryl, endosulfan, and octylphenol on the streamside
salamander, Ambystoma barbouri. Environmental Toxicol-
ogy and Chemistry 22:2385-2392.

Rohr, J. R., A. A. Elskus, B. S. Shepherd, P H. Crowley, T.
M. McCarthy, J. H. Niedzwiecki, T. Sager, A. Sih, and
B. D. Palmer. 2004. Multiple stressors and salamanders:
effects of an herbicide, food limitation, and hydroperiod.
Ecological Applications 14:1028-1040.

Scott, D. E. 1994. The effect of larval density on adult de-
mographic traits in Ambystoma opacum. Ecology 75:1383—
1396.

Skelly, D. K. 2002. Experimental venue and estimation of
interaction strength. Ecology 83:2097-2101.

Skelly, D. K., E. E. Werner, and S. A. Cortwright. 1999.
Long-term distributional dynamics of a Michigan amphib-
ian assemblage. Ecology 80:2326-2337.

Smith, D. C. 1987. Adult recruitment in chorus frogs: effects
of size and date at metamorphosis. Ecology 68:344—-350.

Solomon, K. R., D. B. Baker, R. P Richards, D. R. Dixon,
S. J. Klaine, T. W. LaPoint, R. J. Kendall, C. P. Weisskopf,
J. M. Giddings, J. P. Giesy, L. W. Hall, and W. M. Williams.
1996. Ecological risk assessment of atrazine in North
American surface waters. Environmental Toxicology and
Chemistry 15:31-74.

Sparling, D. W., G. M. Fellers, and L. L. McConnell. 2001.
Pesticides and amphibian population declinesin California,
USA. Environmental Toxicology and Chemistry 20:1591—
1595.

Stay, E S., A. Katko, C. M. Rohm, M. A. Fix, and D. P
Larsen. 1989. The Effects of atrazine on microcosms de-
veloped from four natural plankton communities. Archives
of Environmental Contamination and Toxicology 18:866—
875.

Streit, B. 1992. Bioaccumulation processes in ecosystems.
Experientia 48:955-970.

Taylor, S. K., E. S. Williams, and K. W. Mills. 1999. Effects
of malathion on disease susceptibility in woodhouse's
toads. Journal of Wildlife Diseases 35:536-541.

Thomas, J. D., and P W. G. Daldorph. 1994. The influence
of nutrient and organic enrichment on a community dom-
inated by macrophytes and gastropod mollusks in a eutro-
phic drainage channel: relevance to snail control and con-
servation. Journal of Applied Ecology 31:571-588.

Underwood, G. J. C., J. D. Thomas, and J. H. Baker. 1992.
An experimental investigation of interactionsin snail-mac-
rophyte-epiphyte systems. Oecologia 91:587-595.

Wellborn, G. A., D. K. Skelly, and E. E. Werner. 1996. Mech-
anisms creating community structure across a freshwater
habitat gradient. Annual Review of Ecology and System-
atics 27:337-363.

Wilson, E. O. 1992. The diversity of life. Harvard University
Press, Cambridge, Massachusetts, USA.



