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Synergistic effects of predators and trematode parasites
on larval green frog (Rana clamitans) survival
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Abstract. Parasites and predators can have complex, nonadditive effects on a shared group
of victims, which can have important consequences for population dynamics. In particular,
parasites can alter host traits that influence predation risk, and predators can have
nonconsumptive effects on prey traits which influence susceptibility (i.e., infection intensity
and tolerance) to parasites. Here, we examined the combined effects of trematode parasites
(Digenea: Echinostomatidae) and odonate (Anax) predators on the survival of larval green frogs
(Rana clamitans). First, in a large-scale mesocosm experiment, we manipulated the presence or
absence of parasites in combination with the presence of no predator, caged predators, or free
predators, and measured survival, traits, and infection. Parasites, caged predators, and free
predators decreased survival, and we found a strong negative synergistic effect of parasites in
combination with free predators on survival. Importantly, we then examined the potential
mechanisms that explain the observed synergistic effect of parasites and predators in a series of
follow-up experiments. Results of the follow-up experiments suggest that increased predation
susceptibility due to elevated activity levels in the presence of free-swimming parasite infective
stages (i.e., an avoidance response) is the most likely mechanism responsible for the observed
synergism. These results suggest a potential trade-off in susceptibility to parasites and predators,
which can drive nonadditive effects that may have important consequences for natural enemy
interactions in natural populations and amphibian conservation.
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INTRODUCTION

Species are inevitably embedded in complex food

webs, in which they interact with multiple natural

enemies, competitors, and resources. Classically, inter-

actions between these species have been studied pairwise

in isolation, despite the acknowledged importance of

higher order interactions (Wootton 1994, Peacor and

Werner 2004). In particular, trait-mediated effects are a

widespread source of higher order effects and can be

comparable in magnitude to density-mediated effects

(Bolker et al. 2003, Werner and Peacor 2003). Interac-

tions between parasites and predators are a common

source of trait-mediated effects (reviewed in Hatcher et

al. 2006), which can have nonadditive, often synergistic,

effects on a shared group of victims (e.g., Johnson et al.

2006, Ramirez and Snyder 2009, Duffy et al. 2011).

These nonadditive effects are understudied, despite

evidence that there may be important implications for

population dynamics (e.g., Hudson et al. 1992, Ives and

Murray 1997, Dwyer et al. 2004, Fenton and Rands

2006) and community structure (e.g., Thomas et al.

1998, Lefevre et al. 2009). Understanding both the

relative strength of such effects and the underlying

mechanisms will be crucial to developing a predictive

theory of natural enemy ecology.

Predators and parasites in combination may have

interactive effects on shared victims through several

mechanisms. For instance, parasites may affect host

traits, such as behavior (Poulin 1994, Rohr et al. 2009)

and growth (Palacios et al. 2012), which can influence

susceptibility to predators (e.g., Kagan 1951, Lafferty

and Morris 1996, Behringer and Butler 2010). Such host

trait modifications may reduce costs of parasitism for

hosts (e.g., anti-parasite behavior; Hart 1990) or

increase parasite fitness (e.g., parasite-increased trophic

transmission; Lafferty 1999, Lagrue et al. 2007),

although many trait effects of parasites are not

necessarily adaptive (Poulin 1995). These effects on

traits may affect predation rates by increasing predator–

prey encounter rates or reducing prey escape ability. In

addition, nonlinearities in predator–prey (e.g., Type II

functional response; Holling 1959) or parasite–host

interactions (e.g., Diaz and Alonso 2003, Luong et al.

2011) may lead to nonadditive effects. For example,
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predators can reduce host densities, which may increase

the ratio of parasite infective stages to hosts, thereby
resulting in higher per capita infection rates. These

density-mediated effects of predators on infection rates
may lead to an interactive effect on mortality, if

mortality increases nonlinearly with infection intensity.
Finally, the presence of predators may influence traits of
prey, such as behavior (Relyea 2001a), growth (Relyea

2004), or immunocompetence (Horak et al. 2006), that
in turn influence susceptibility to parasites (Ramirez and

Snyder 2009, Duffy et al. 2011). Such trait changes may
be adaptive prey defenses (Van Buskirk and McCollum

2000, Relyea 2001b) or nonadaptive by-products of
other trait changes (Bourdeau and Johansson 2012). The

consequence of these predator-induced trait changes
may be higher infection rates or reduced tolerance of

infection. All of these mechanisms potentially could
drive interactive effects that may have important

implications for parasite transmission and population
dynamics.

Here, we examined the separate and combined effects
of predators and trematode (Digenea: Echinostomati-

dae) parasites on larval frogs, and then we evaluated
potential underlying mechanisms that were responsible

for interactions. Larval frogs exhibit an array of trait
effects in response to parasites (e.g., Rohr et al. 2009,
Raffel et al. 2010) and predators (e.g., Relyea 2001a,

2004), which can drive interactive effects (Thiemann and
Wassersug 2000, Belden and Wojdak 2011). First, we

hypothesized that parasites (echinostomes) and predator
(larval odonate) cues interact synergistically to decrease

tadpole survival, because of a documented positive effect
of visual and chemical predator cues on echinostome

infection intensity (Thiemann and Wassersug 2000,
Szuroczki and Richardson 2012). Second, we hypothe-

sized that echinostomes further interact with direct
predation to decrease survival, because parasites can

affect traits involved in predation susceptibility. To test
these hypotheses, we conducted a large-scale mesocosm

experiment in which we examined the effects of
echinostome parasites in combination with caged

predators (i.e., nonconsumptive effects) and direct
predation (i.e., consumptive and nonconsumptive ef-
fects) on traits and survival. As a key next step, we then

performed a series of follow-up experiments to evaluate
the contribution of potential mechanisms driving

synergistic effects.

METHODS

Study system

Echinostomes infect the kidneys of larval frogs,

causing edema and often death at high infection
intensities in early Gosner (1960) stage tadpoles

(Holland et al. 2007). In addition, echinostomes can
also affect larval amphibian growth (Fried et al. 1997)
and behavior (e.g., parasite avoidance; Koprivnikar et

al. 2006, Rohr et al. 2009). Echinostomes have a
complex life cycle involving three hosts and can exploit

multiple host species during each life stage (Kanev et al.

2000). A free-living miracidium hatches from an egg

released in the feces of the definitive host (mammal or

bird), which infects a snail host. Within the snail host,

the parasite undergoes asexual reproduction during

sporocyst and multiple redia stages before a free-

swimming cercaria stage is released. Cercariae then

infect the second-intermediate host (snail, larval am-

phibian, or fish). In larval amphibians, cercariae enter

via the cloaca and encyst in the kidney, forming

metacercariae. When the definitive host consumes the

second-intermediate host, the parasite develops into an

adult in the definitive host’s digestive tract and

reproduces sexually.

Green frog (Rana clamitans) larvae are common hosts

for echinostomes in ponds in the eastern and central

United States (Najarian 1954, Skelly et al. 2006). At our

study site in southeastern Michigan, green frogs breed

from late May to early August, and larvae typically

overwinter in ponds before metamorphosis.

General methods and animal care

Tadpoles used in experiments were from egg masses

collected from the Edwin S. George Reserve (ESGR;

University of Michigan, Pinckney, Michigan, USA)

experimental ponds and moved into 300-L pools

containing aged well water. After hatching, tadpoles

were fed Purina Rabbit Chow ad libitum until the

beginning of experiments. Gosner (1960) stage 25

tadpoles were used at the initiation of experiments in

both mesocosms and aquaria. Aquaria experiments

occurred in plastic boxes (26 3 38 3 14 cm) filled with

8 L of water, during which tadpoles were fed 6% of their

biomass per day with 3:1 Purina Rabbit Chow :Tetra-

Min Fish Flake mixture every 2–3 days. Water used in

the laboratory was reverse-osmosis and UV-filtered well

water with 63 mg/L of API aquarium salt added.

Predators were a combination of late-stage larval

odonates Anax longipes and A. junius (common preda-

tors of larval frogs) collected from the ESGR experi-

mental ponds. Parasites were from Planorbella trivolvis

snails, a first-intermediate host of echinostomes, collect-

ed from three natural ponds on the ESGR and from two

nearby ponds, Duck Pond (42.481308 N, �83.983442
W) and Kaiser South Pond (42.430299 N, �84.036582
W), in Livingston County, Michigan, USA. To deter-

mine infection status, snails were placed in 60 mL water

10 cm underneath a 60-W lamp for at least 4 h to

stimulate cercariae shedding. Cercariae were identified

to family (i.e., Echinostomatidae) using a taxonomic key

(Schell 1985). This research was performed in accor-

dance with University of Michigan UCUCA Protocol

#07765.

Experiment 1: Combined effects of echinostomes

and predators

We performed a 3 3 2 factorial experiment in

mesocosms (1300-L cattle watering tanks; 150 cm
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diameter 3 75 cm depth) to examine the effects of

predators, echinostomes, and their combination on

larval green frogs. The three predator treatments

consisted of no predators, two individually caged Anax,

and two free Anax. Caged Anax release chemical cues

and thus allow us to examine the nonconsumptive

effects of predators independent of consumptive effects.

Each caged predator was fed a total mass of 300 mg of

green frog tadpoles three times per week throughout the

duration of the experiment. The cages were constructed

from a 10 3 10 cm piece of slotted drain pipe with the

ends covered with window screen attached by rubber

bands. Each cage contained a small piece of polystyrene

so that it would float at the surface of the mesocosm.

Empty cages were placed in containers in the other

treatments. We manipulated the presence of parasites in

tanks by stocking either three infected or three

uninfected P. trivolvis snails (;1 g). The three snails

were placed together into a cage (same type as for

predators), along with three pieces of polystyrene, and

the cage was placed into the appropriate treatment.

Each treatment combination was replicated five times,

and we used a randomized-block design.

Between 30 June and 1 July 2010, the cattle tanks were

filled with well water and covered with 60% shade cloth

to exclude colonization by other frogs and predators. On

2 July, we inoculated each tank with zooplankton and

phytoplankton, and we added 300 g of leaf litter (mostly

Quercus) to provide a natural substrate and 25 mg

Purina Rabbit Chow to provide food and nutrients. On

5 and 6 July (day 1 and 2), we added 200 green frog

larvae (12.7 6 0.6 mg, mean 6 SE), originating from six

egg masses (collected on 17 and 18 June) to each tank.

Caged snails and predators were then added to

appropriate containers on the evening of day 2. We

also placed a cage in each mesocosm containing 10 green

frog tadpoles on day 5. Infection of caged tadpoles

provided a separate measure independent of any

selective predation by free predators that may have

affected the observed infection in non-caged tadpoles.

Cages (30 3 45 3 5 cm) were constructed of window

screening covering a frame of plastic fencing. Tadpoles

were added to each cage along with three pieces of

polystyrene, and the cage was closed with two plastic zip

ties. The cages were removed on day 24, and surviving

tadpoles were counted, weighed, euthanized, and pre-

served in 70% ethanol for later dissection.

To measure behavior, two observers conducted

observations of tadpoles by slowly circling each tank

and counting the number of visible individuals that were

active (moving) using scan sampling (Altmann 1974).

We performed five replicate sets of observations over 2 h

on four dates (days 8, 12, 18, and 23), all occurring

between 08:00 and 18:00 hours. To estimate infection

midway through the experiment, 10 tadpoles from each

tank were removed, euthanized, and preserved in 70%
ethanol on day 14. To estimate survival midway through

the experiment, we took a standardized sample of

tadpoles from each tank on day 17. First, we used a

‘‘pipe sampler’’ to sample all animals within a 0.1 m2 of

water column within each tank. The pipe sampler was

constructed of aluminum pipe 76 cm long and 36 cm

diameter, fitted with handles at the top. The sampler was

quickly thrust down in the center of each tank to trap

any animals within the column, and all animals within

were counted by sweeping through with a dip net (22 3

27 cm with a 132 mm mesh size) until we had 10 sweeps

that captured no animals. Second, we performed an

additional 10 sweeps of the dip net through other

regions of the tank and counted the number of

individuals captured with each sweep. The total number

of tadpoles captured was used to estimate survival, and

all animals were returned to the tank at the end of

sampling.

The experiment was terminated on days 26 and 27.

We haphazardly selected and weighed 25 individuals (or

all, if fewer survived), and then all tadpoles were

euthanized and preserved in 10% buffered formalin.

To measure infection intensity, five tadpoles collected on

day 14 and five from the end of the experiment (except

one container where only one individual survived) were

dissected under a microscope using fine forceps. We also

dissected five tadpoles (or all surviving when fewer) from

the mesh cages in each tank. Unfortunately, we could

not measure infection intensity of tadpoles that died

during this and subsequent mesocosm experiments

because they were consumed by predators or decom-

posed rapidly before the end of experiments. During

dissections, we counted the number of metacercariae

present in the mesonephri, nephric ducts, and pronephri.

Survival was analyzed using ANOVA to make three

orthogonal comparisons: no predator vs. caged preda-

tor, no predator vs. free predator, and caged predator

vs. free predator. These comparisons allowed us to

assess the contribution of nonlethal predator effects to

the overall effects of predators separately and in

combination with parasites. We analyzed both mid-

experiment (day 17) estimated survival and final (day

26) survival, because an interaction may be difficult to

detect if few individuals in some treatments survived to

the end of the experiment. Final mass and Gosner stage

were analyzed using MANOVA. Survival, mass, and

stage were log-transformed prior to analysis, because a

multiplicative model better represents the potential

interactive effects of multiple natural enemies (Vonesh

and Osenberg 2003). Activity (mean proportion active

across dates) was analyzed using ANOVA only for the

no predator vs. caged predator comparison, because few

or no tadpoles were visible in the free predator treatment

containers on most dates to calculate activity. Activity

was arcsine square-root-transformed to improve nor-

mality. The mean number of encysted metacercariae

(day 14 and final) across predator treatments was

analyzed using repeated-measures ANOVA. Log-trans-

formed survival, final mass, and infection of caged

tadpoles were analyzed using ANOVA. All analyses in
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this study were performed in the R statistical package

v. 2.15 (R Development Core Team 2012).

Follow-up experiments to evaluate potential mechanisms

Following Experiment 1, we performed a series of

additional experiments to examine four potential mech-

anisms (A–D) underlying interactive effects of predators

and parasites, as follows. (A) Cercariae may affect traits

(e.g., parasite avoidance behavior, Koprivnikar et al.

2006, Rohr et al. 2009) that cause increased visibility and

higher predator encounter rates, thereby leading to

increased predation susceptibility. (B) Infection may

affect traits that impair predator escape ability, thereby

leading to increased predation susceptibility. (C) De-

creases in density due to consumption by predators may

increase per capita infection rates, if infection rates are

density dependent. (D) Predator cue may increase

infection rates or reduce tolerance through effects on

host behavior and physiology.

Experiment 2: Effects of cercariae exposure

on predation risk

To measure the effects of cercariae exposure on

predation susceptibility (Mechanism A), we performed a

set of predator trials in aquaria in which tadpoles were

exposed to Anax in the presence or absence of cercariae.

On 26 August 2011, 10 tadpoles (42.6 6 2.3 mg,

originating from eight egg masses [collected on 15 and

26 July]) were placed into 40 aquaria. After 30 min, we

added one infected or uninfected snail to each aquarium.

After another 30 min, we added a small amount of

predator cue (water from five 1-L containers containing

Anax fed 100 mg of tadpoles was divided among

aquaria, ;100 mL cue per aquarium) to alert tadpoles

of impending predator presence, and finally we placed

one Anax into each aquarium. Anax were sorted visually

by size, and comparably sized Anax were used in the

uninfected and infected snail treatments. Aquaria also

contained a piece of window screen (;3 3 30 cm) to

provide a perching structure for Anax. We counted the

number of surviving tadpoles in each container every 30

min and terminated the experiment after 6 h. We

compared time to the first predation event in each

aquarium using Cox proportional hazards survival

analysis (the coxph function in the R survival package,

available online).2

Experiment 3: Effects of echinostome infection

on predation risk

To evaluate the effects of echinostome infection on

predation susceptibility (Mechanism B), we performed a

series of predator trials in mesocosms. Groups of

tadpoles were exposed to three infected or three

uninfected snails and empty cages or two caged

predators in an initial set of mesocosms (hereafter,

exposure tanks), and then subsets of tadpoles were

moved to a new set of cattle tanks (hereafter, trial

tanks), where predator trials were performed in the

absence of cercariae (i.e., post-exposure). Exposure

tanks were thus set up using a 2 3 2 factorial design

similar to the caged vs. no predator treatments in

Experiment 1. These treatments allowed us to assess the

effects of echinostome infection and prior exposure to

predator cue on predation rates during predator trials.

The presence or absence of caged predators was

manipulated to assess whether parasitism inhibits

adaptive trait responses to predators, which anuran

larvae can exhibit (Relyea 2001b). Exposure tanks were

32 1300-L cattle tanks set up as in Experiment 1 (tanks

filled and leaf litter added 20–21 June 2011, inoculated

with plankton and rabbit chow added on 24 June). We

added 250 tadpoles (16.0 6 0.6 mg, originating from

seven egg masses [collected on 8 and 10 June]) to

exposure tanks on 27 June, and added caged predators

and snails on 29 June.

Two sets of predator trials were conducted in 32 trial

tanks at 8 and 15 days after treatments were instituted in

exposure tanks. Trial tanks were filled with well water

and covered with 60% shade cloth on 1 July, and 300 mg

of leaf litter was added before each trial. One and two

weeks after the predator and parasite treatments were

instituted in the exposure tanks, we haphazardly moved

40 individuals from each exposure tank into a trial tank,

thereby removing them from exposure to cercariae and

predator cues. Additional samples were also collected

from exposure tanks on each date to estimate mass (10

tadpoles on each date) and infection intensity (5

tadpoles dissected from first week, 10 from second

week) of tadpoles used in predation trials. Tadpoles in

trial tanks were fed 10% of their biomass of rabbit chow

per day. We added two Anax to each trial tank 24 h after

tadpoles were moved into trial tanks, thereby initiating

the predation trials. After another 24 h, all tadpoles were

removed from trial tanks and were counted, euthanized,

and preserved. Mortality in trial tanks after the 24-h

trial was used to estimate predation rate. Each treatment

combination was replicated seven times, with one

additional set of tanks used to estimate survival of the

40 tadpoles in the absence of predators. Predation rate

during trials performed during weeks 1 and 2 and log-

transformed tank means for mass and infection of

tadpoles on each date were analyzed using repeated-

measures ANOVA. The remaining tadpoles in exposure

tanks were collected on 14 and 15 July, and log-

transformed final survival was analyzed using ANOVA.

Experiment 4: Density-dependent infection rates

To evaluate the effects of density on infection rates

(Mechanism C), we performed a mesocosm experiment

in which tadpoles were exposed to parasites at a range of

densities. Density depends on both the number of

animals and spatial scale, so we manipulated both

factors here. We performed a 3 3 8 factorial mesocosm2 http://cran.r-project.org/web/packages/survival/
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experiment in which we manipulated both the initial

number of tadpoles per container (25, 50, 75, 100, 125,

150, 200, and 250 tadpoles) and spatial scale (i.e.,

container size: 100 L [diameter 3 depth ¼ 90 3 20 cm],

300 L [1203 30 cm], and 1300 L [1503 75 cm]). We had

one missing treatment (300 L 3 75 tadpoles). We also

had six additional containers to assess tadpole survival

in the absence of parasites: two containers of each size,

stocked with either 50 or 250 animals. All containers

were filled with aged well water and ;100 mg of leaf

litter. On 29 July 2011, tadpoles (17.5 6 1.3 mg,

originating from 14 egg masses [collected between 28

June and 1 July 2011]) were moved into containers.

Three infected snails were then added in cages to each

treatment container. Tadpoles were fed 10% of their

biomass per day with 3:1 Purina Rabbit Chow : Tetra-

Min Fish Flake mixture on day 1 and 4 of the six day

experiment.

Because temperature can influence the rate at which

snails shed cercariae (Morley et al. 2010), we also

assessed temperature differences between different-sized

containers. HOBO pendant UA-001-64 temperature

loggers (Onset Computer Corporation, Onset, Massa-

chusetts, USA) were placed in one container of each size

to measure water temperature over a 24-h period

(beginning at 12:00 hours on 3 August). The loggers

were suspended with weights from a floating piece of

polystyrene 6 cm from the water surface. On 6 August,

the experiment was terminated and all animals were

collected, euthanized, and preserved in 70% ethanol. Ten

tadpoles were haphazardly selected from each of the

containers and dissected to measure infection loads.

Log-transformed survival and tank mean infection

intensity were analyzed using linear models. AIC values

were calculated for all permutations of both predictors

and the interaction to determine which terms to include

in the final models.

Experiment 5 and 6: Effects of predator cue

on parasite susceptibility

To evaluate the effect of predator cue on infection

rates and survival after parasite exposure (Mechanism

D), we performed two experiments in 8-L aquaria using

controlled exposures to cercariae and a gradient of

predator cue concentrations. For both experiments,

cercariae were collected from infected snails placed

;10 cm beneath a 60-W light. We counted cercariae in a

watch glass under a dissecting microscope and moved

into plastic cups containing 60 mL water, and all

cercariae were introduced to tadpole hosts within 8 h of

leaving snail hosts.

Experiment 5 examined the effects of predator cue on

infection rates. We used a 3 3 2 factorial design with 10

replicates in which we exposed green frog larvae to three

predator cue concentrations (none, low, or high) and 0

or 200 echinostome cercariae. On the morning of 17

August 2011, five tadpoles (23.8 6 1.1 mg, originating

from four egg masses [collected on 26 July]) were moved

into each aquarium and allowed 1 h to acclimate. To

produce predator cues, two sets of seven Anax were

placed in plastic cups containing 0.5 L of water and were

fed either 100 mg or 300 mg of green frog larvae to

generate the low- and high-cue treatments, respectively.

The water from containers for each treatment was then

mixed together in a bucket and divided evenly among

the aquaria at each cue level (;175 mL cue per aquaria).

Predator cue was added to aquaria 2 h after tadpoles

were added; water was used for the no-cue treatment.

We added 0 or 200 cercariae in 60 mL water to aquaria 1

h after predator cue addition. We performed behavior

observations 15 min after addition of cercariae by slowly

approaching aquaria and counting the number of

individuals that were active over a 5-s interval. We

performed 10 sets of observations (;9 min per set) over

90 min. After 48 h, all tadpoles were collected,

euthanized, preserved in 70% ethanol, and later dissect-

ed to measure infection loads. Log-transformed infec-

tion intensity (tank mean) and arcsine square-root-

transformed activity (mean proportion active) were

analyzed using ANOVA.

Experiment 6 examined how predator cue concentra-

tion affects the survival of tadpoles after parasite

exposure (i.e., removed from any effect of cue on initial

infection intensity). We used a 13 3 3 factorial design

varying predator cue concentrations (none, low, and

high) and parasite exposure levels (0, 5, 10, 20, 25, 30,

35, 40, 45, 50, 55, 60, or 65 cercariae per individual).

Each parasite exposure level was crossed once with each

predator cue concentration level, with the exception that

we had two sets of the 20 cercariae treatment. On 19 July

2011, tadpoles (22.7 6 1.2 mg, originating from 14 egg

masses [collected on 28 June and 1 July]) were moved

into the laboratory and allowed to acclimate 1 h prior to

beginning parasite exposure. Tadpoles were then added

individually to plastic cups containing 60 mL of water

and the appropriate number of cercariae. Tadpoles were

left in the cups overnight (12–18 h) to ensure exposure,

and then five tadpoles were moved to the aquaria of

appropriate treatments on the following morning.

Aquaria contained either an empty cage or a caged

Anax. Predators in the low and high treatments were fed

100 mg and 300 mg of tadpoles three times per week

during the two-week experiment. We changed the water

in aquaria after one week. Behavior observations were

performed 72 h after parasite exposure. The number of

active tadpoles was counted for each aquarium 10 times

over 90 min, as in Experiment 5. We measured survival

over the two weeks and final mass at the end of the

experiment. Final survival was analyzed using ordinal

logistic regression, and log-transformed final mass and

arcsine square-root-transformed activity were analyzed

using linear models. We did not measure infection

intensity in this experiment, but parasite exposure level

is strongly correlated with infection load using the

method employed here (J. A. Marino, unpublished data).
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Parasite identification to species

One infected snail from each pond was used for

species-level parasite identification. Infected snails used

for identification were preserved in 70% alcohol for later

dissection. Five parasite larval stages (sporocysts or

rediae) were dissected from snails and DNA was

extracted using a Qiagen DNeasy Tissue Extraction

Kit (Qiagen, Valencia, California, USA). DNA samples

were run through PCR with the digenean-specific

primers Dig12 and 1500R (Invitrogen, Carlsbad, Cal-

ifornia, USA), as used in Tkach et al. (2000) and Olson

et al. (2003). The PCR product was run through gel

electrophoresis and purified using a Qiagen QIAquick

Gel Extraction Kit, and the product was submitted to

the University of Michigan DNA Sequencing Core for

sequencing. Chromatograms for each sequence were

examined in FinchTV version 1.4 (Geospiza, Seattle,

Washington, USA; available online).3 Clean sequences

were compared to those of known species using the

NCBI Nucleotide BLAST algorithm (available online).4

RESULTS

Experiment 1: Combined effects of echinostomes

and predators

Compared to controls, addition of caged predators

decreased survival 8%, and addition of free predators

decreased survival 62% (Fig. 1a). Addition of parasites

decreased survival 10% compared to controls, 42% when

combined with caged predators, and 91% when com-

bined with free predators (Fig. 1a). In the no-predator

vs. caged-predator comparison, the negative effect of

caged predators on survival was significant for both

dates, the negative effect of parasites on survival was

significant only for the second date, and the interaction

was not significant on either date (Table 1). In the no-

predator vs. free-predator comparison, the negative

effects of predators and parasites were significant on

both dates, and the interaction was significant on both

dates, suggesting a synergistic effect on survival. Finally,

in the caged- vs. free-predator comparison, there was

significantly lower survival of tadpoles exposed to free

predators compared to those exposed to caged predators

on both dates, the negative effect of parasites on survival

was significant on both dates, and the interaction was

significant mid-experiment, but marginally nonsignifi-

cant on the final date. The significant interaction in the

caged- vs. free-predator comparison suggests that the

combination of free predators and parasites had a

greater interactive effect than the combination of caged

predators and parasites. However, by the end of the

experiment, the survival of tadpoles in the presence of

free predators was reduced to such an extent that the

interaction was more difficult to detect and marginally

nonsignificant. The block effects were not significant for

any comparison.

Parasites had a significant positive effect on activity

levels (Fig. 1b; F¼ 9.30, df¼ 1, 12, P¼ 0.01), predators

had a marginally nonsignificant negative effect (F¼4.17,

df ¼ 1, 12, P ¼ 0.06), and the predator 3 parasite

interaction was marginally nonsignificant (F¼ 4.50, df¼
1, 12, P ¼ 0.06). The MANOVA of final mass and

Gosner stage revealed no significant effect of predators

(Wilks’ K¼ 0.67, df¼ 2, 20, P¼ 0.09), parasite exposure

(Wilks’ K¼ 0.65, df¼ 1, 20, P¼ 0.8), or the predator 3

parasite interaction (Wilks’ K¼0.65, df¼2, 20, P¼0.8).

Final infection intensity did not differ among predator

treatments (F¼ 1.51, DF¼ 2, 8, P¼ 0.3) or across dates

(F ¼ 1.61, df ¼ 1, 12, P ¼ 0.2), and the predator 3 date

interaction was not significant (F¼ 1.691, df¼ 2, 12, P¼
0.23); however, the block effect was significant (F¼ 6.18,

df¼ 4, 8, P¼ 0.01). Final infection intensity of the caged

tadpoles were much lower (1.1 6 0.4 metacercariae per

individual, mean 6 SE) than for free animals (19.4 6 1.7

FIG. 1. Results of Experiment 1. (a) Log-transformed
number of surviving green frog larvae (mean 6 SE) after 26
days in the presence of no predator, two caged (nonlethal) Anax
predators, or two free (lethal) Anax, and in the absence (black
circles) or presence (white circles) of echinostome parasites. (b)
Proportion of visible tadpoles (mean 6 SE) that were active in
the no-predator and caged-predator treatments in the presence
and absence of echinostome parasites.

3 http://www.geospiza.com/Products/finchtv.shtml
4 www.ncbi.nlm.nih.gov/BLAST/
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metacercariae per individual) and also did not differ

among predator treatments (F ¼ 2.325, df ¼ 2, 7, P ¼
0.2). Predator and parasite treatments also did not affect

survival or final mass of animals in cages.

Experiment 2: Effects of echinostome exposure on

predation risk

Results of the survival analysis demonstrated that the

first predation event occurred more quickly in aquaria

that contained infected snails (z¼ 2.08, P¼ 0.04). Block

effects were also significant (z ¼ �2.006, P ¼ 0.04).

Overall predation rates on tadpoles exposed to parasites

were higher than controls, with the greatest difference

occurring 150 min after the addition of predators, at

17% lower survival in treatments with infected snails

(Fig. 2). All tadpole mortality appeared to be due to

predation during the experiment, because animals were

either consumed or visibly damaged by predators. One

infected snail was consumed by the Anax, but excluding

that aquarium did not affect results.

Experiment 3: Effects of echinostome infection

on predation risk

Prior exposure to echinostomes and predator cue did

not affect predation rates in the mesocosm predator

trials (P . 0.1), but predation rate decreased between

week 1 and 2 (F ¼ 24.85, df ¼ 1, 20, P , 0.001). Mean

infection intensity of tadpoles from exposure tanks was

not affected by predator treatment (F¼ 0.012, df¼ 1, 7,

P¼0.91) or block (F¼1.044, df¼7, 7, P¼0.48), and the

date 6 predator treatment interaction was not signifi-

cant (F ¼ 0.882, df ¼ 1, 14, P ¼ 0.36). Mean size of

tadpoles from exposure tanks increased between weeks 1

and 2 (F ¼ 0.58, df ¼ 1, 28, P , 0.001) but was not

affected by predator treatment (F¼0.012, df¼1, 21, P¼
0.92), parasite treatment (F¼ 2.14, df¼ 1, 21, P¼ 0.16),

the parasite 3 predator interaction (F¼ 2.06, df¼ 1, 21,

P¼0.17), or block effects (F¼1.24, df¼7, 21, P¼0.33).

As in the no-predator vs. caged-predator comparison in

Experiment 1, survival in exposure tanks decreased in

the presence of caged predators (F¼ 5.56, df¼ 1, 21, P¼
0.007) and infected snails (F ¼ 8.85, df ¼ 1, 21, P ¼
0.007), but there was no evidence for a predator 3

parasite interaction (F ¼ 0.56, df ¼ 1, 21, P ¼ 0.46) or

block effect (F ¼ 1.00, df ¼ 7, 21, P ¼ 0.46).

Experiment 4: Density-dependent infection rates

The initial number of animals per container and the

number 3 container size interaction did not explain any

variation in final infection intensity or survival and was

excluded from the final regression models based on AIC.

Log-transformed infection intensity was negatively

correlated with log-transformed container size (b ¼
�0.26, t¼ 4.948, df¼ 20, P¼ 0.02), and log-transformed

container size explained a significant portion of the

FIG. 2. Number of surviving larval green frogs (mean 6
SE) over 6-h predator trial in aquaria during Experiment 2,
during which tadpoles were exposed to one Anax predator.
Trials began with 10 tadpoles in each aquarium and included
one uninfected control (black circles) or parasite-infected (white
circles) Planorbella trivolvis snail.

TABLE 1. Results of ANOVAs for comparisons of green frog
(Rana clamitans) tadpole survival across predator and
parasite treatments on day 17 and day 26 of Experiment 1.

Estimated survival period
and factor(s) by treatment F df P

a) Survival to day 17

No predator vs. caged predator

Predator 7.07 1, 12 0.02*
Parasite 1.35 1, 12 0.3
Predator 3 Parasite 0.62 1, 12 0.6
Block 0.65 4, 12 0.4

No predator vs. free predator

Predator 63.72 1, 12 ,0.001***
Parasite 12.96 1, 12 0.004**
Predator 3 Parasite 10.49 1, 12 0.007**
Block 1.84 4, 12 0.2

Caged predator vs. free predator

Predator 4.93 1, 12 ,0.001***
Parasite 3.19 1, 12 0.002**
Predator 3 Parasite 1.03 1, 12 0.04*
Block 1.42 4, 12 0.2

b) Final survival (to day 26)

No predator vs. caged predator

Predator 7.27 1, 12 0.02*
Parasite 11.05 1, 12 0.006**
Predator 3 Parasite 3.457 1, 12 0.09
Block 0.952 4, 12 0.5

No predator vs. free predator

Predator 38.95 1, 12 ,0.001***
Parasite 9.37 1, 12 0.01**
Predator 3 Parasite 6.79 1, 12 0.02*
Block 1.12 4, 12 0.4

Caged predator vs. free predator

Predator 24.90 1, 12 ,0.001***
Parasite 11.32 1, 12 0.006**
Predator 3 Parasite 3.50 1, 12 0.09
Block 11.32 4, 12 0.6

Notes: The three predator treatments were no predator, two
caged Anax predators, and two free Anax. Survival was log-
transformed prior to analysis. The pairs of df values are given in
sequence as between-groups df and within-groups df.
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variance (R2¼0.25, F¼7.05, df¼1, 21, P¼0.02; Fig. 3).

Mean survival was 62% in both control containers and

containers containing infected snails. A marginally

nonsignificant trend suggests that survival was lower in

smaller containers (F ¼ 4.323, df ¼ 1, 21, P ¼ 0.050).

Temperatures (mean 6 SE) in the 100-L, 300-L, and

1300-L containers were 25.28 6 0.188C, 25.28 6 0.118C,

and 25.68 6 0.088C, and maximum daily temperatures

were 27.98C, 26.98C, and 26.68C, respectively.

Experiments 5 and 6: Effects of predator cue

on parasite susceptibility

In experiment 5, infection rates did not differ among

predator treatments (F¼ 0.764, df¼ 1, 18, P¼ 0.4) and

the block effect was not significant (F¼ 0.91, df¼ 9, 18,

P ¼ 0.5). Activity levels were very low (,1%) across

treatments and did not change in response to predator

cue (F¼0.87, df¼1, 47, P¼0.4), parasite treatment (F¼
0.074, df ¼ 1, 47, P ¼ 0.79), the predator 3 parasite

interaction (F¼ 0.14, df¼ 1, 47, P¼ 0.7), or block (F¼
1.86, df¼ 9, 47, P ¼ 0.08).

In experiment 6, survival decreased with parasite

exposure level (z ¼�2.241, P ¼ 0.02), but there was no

effect of predator cue (z¼�0.214, P¼0.8) or evidence of

an interaction (z ¼ 0.619, P ¼ 0.5). Final mass was not

affected by parasite exposure (t ¼ 1.01, P ¼ 0.3) or

predator cue level (t ¼ �0.40, P ¼ 0.7). Activity

decreased at higher levels of predator cue (t ¼�2.82, P
¼ 0.008), but was not affected by parasite exposure level

(t¼ 1.635, P ¼ 0.1).

Parasite identification

Echinostomes dissected from snails from four ponds

(Kaiser South, Duck Pond, West Marsh Dam Pond,

and East Marsh) were identified as Echinostoma

revolutum based on comparison of our sequence in

NCBI Nucleotide BLAST (99% similarity, accession

AY222246). Echinostomes from the snail from West

Marsh #11 were identified as Echinoparyphium rubrum

(100% similarity, accession JF820595). All experiments

except Experiment 2 used snails only where E. revolutum

was found. Snails used in Experiment 2 were from all

five ponds, including eight snails from West Marsh #11;

consequently, a mixture of snails infected with either E.

revolutum or E. rubrum was used in Experiment 2.

Because parasites were not identified from all snails

used, a mixture of echinostome species may have been

used in other experiments if E. rubrum and E. revolutum

co-occurred in some ponds.

DISCUSSION

Our results demonstrate that the joint presence of

predators and parasites had strong nonadditive effects

on survival of anuran larvae. As expected, both parasites

and free predators decreased larval green frog survival,

but together their synergistic effect amplified this

mortality by 21%. Importantly, we conducted a series

of follow-up experiments to isolate the mechanistic basis

of this interaction. Our results directly support our

second hypothesis that free predators and parasites have

synergistic effects, which implies that the combined

effects of predators and parasites may have complex

consequences for amphibian demographic processes,

because infection intensities here fall well within the

range observed in the field (Skelly et al. 2006; J. A.

Marino and M. P. Holland, unpublished data).

Our results suggest that the effect of parasite-

avoidance behavior on predation risk (Mechanism A)

contributes to the observed interaction. The observed

increase in activity in the presence of infected snails in

Experiment 1, even when predator cues were present,

suggests that tadpoles increased activity to avoid

cercariae, which in turn likely increased susceptibility

to predators. The results of Experiment 2 demonstrate

that predation rate increased in the presence of

parasites, reinforcing this interpretation. This mecha-

nism therefore is driven by a fundamental difference in

the behavioral response of larval frogs to parasites as

opposed to predators. Increased activity (i.e., avoidance

behavior) of larval frogs in response to cercariae

enhances the ability of larval frogs to avoid infection

by trematode cercariae (Koprivnikar et al. 2006, Rohr et

al. 2009, Daly and Johnson 2011). However, increased

activity also can increase larval frog susceptibility to

visual predators (Anholt and Werner 1998). This trade-

off between susceptibility to parasites and predators is

the most likely explanation for the observed interaction

demonstrated here. Such a trade-off probably also

contributes to the interactive effects of predatory

salamanders and trematode parasites on larval wood

frogs (Belden and Wojdak 2011) and the positive effects

of fish predators on infection (Thiemann and Wassersug

2000, Szuroczki and Richardson 2012).

FIG. 3. Log-transformed individual infection intensity
(number of metacercariae, mean þ SE) of tadpoles in 100-L,
300-L, and 1300-L containers in Experiment 4. Different
lowercase letters indicate significant differences between sizes
(Tukey HSD, a¼ 0.05). The number of tadpoles per container
ranged from 25 to 250, but the number of tadpoles did not
affect infection intensities (F¼ 0.12, df ¼ 1, 20, P¼ 0.7).
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The observed interaction here may result from

constraints on the ability of tadpoles to reliably assess

risks from the combination of natural enemies. The

engagement of tadpoles in parasite avoidance behavior

despite the presence of predator cue is surprising,

because the individual fitness cost of a predation event

outweighs any sublethal costs of parasitism. Here,

tadpoles may have perceived greater risk through tactile

cues of cercariae than from predator cue. This response

may not necessarily be maladaptive, if the immediate

benefits of an avoidance response (i.e., escape from

cercariae) outweigh the risk of increased visibility in a

natural setting, especially for smaller tadpoles, which

may be generally less visible and experience greater

susceptibility to parasites (Holland et al. 2007). Alter-

natively, tadpoles may be engaging in a generalized

reflexive response (i.e., a physiological response) to

irritation, which is maladaptive in the presence of

predators. Future research varying the force of infection

and perceived threats from predators could provide

more insight into the limitations on tadpoles’ responses

to each threat.

A predation risk–parasite susceptibility trade-off

probably occurs in other systems as well (e.g., Ruther-

ford et al. 2007), because many traits play an important

role in susceptibility to parasitism (reviewed in Hart

1990, Moore 2002) as well as predation (e.g., Biro et al.

2003, Strobbe et al. 2011), and these two threats can

pose conflicting pressures when the optimal response to

predation risk differs from that to parasitism. From an

ecological perspective, the consequences of this trade-off

may be elevated parasite transmission or higher

predation rates, depending on the perceived fitness costs

associated with each natural enemy. Such effects may

synergistically alter disease prevalence and population

dynamics. From an evolutionary perspective, this trade-

off could create an external constraint on the evolution

of phenotypic plasticity in response to natural enemies

(i.e., induced defenses), leading to traits that may appear

to be maladaptive in the context of a single species–pair

interaction.

Our results also suggest that alternative mechanisms

(B–D), although likely important in other contexts or

systems, made small or no contribution to the observed

interaction here. We expected that infected individuals

would experience morbidity and thus would be less able

to escape from predators (Mechanism B). The results of

Experiment 3, however, suggest that parasite infection

did not influence predation susceptibility. It is possible

that an effect of infection on escape ability, if present,

may have been countered by lowered overall activity of

more infected individuals after infection (observed in

Thiemann and Wassersug 2000) and thus reduced

visibility to predators.

If per capita infection rates increase at lower densities,

and parasite-induced mortality increases nonlinearly

with infection rates (i.e., mortality occurs only at high

infection intensities), predator-induced reduction in prey

density could magnify effects of parasites on survival

(Mechanism C). However, the lack of an effect of lethal

predators on final infection intensity in Experiment 1

and the results of Experiment 4 suggest that predators

did not drive higher per capita infection rates through

effects on tadpole density. A 10-fold increase in density

in Experiment 4 at the scale of Experiment 1 (i.e., 1300-

L cattle tank), did not influence final infection intensity,

suggesting that infection rates are not limited by the

number of tadpole hosts at this scale. Interestingly, the

significant effect of container size on final infection

intensity suggests that infection rates can depend on the

scale of host–parasite interaction, which will be impor-

tant to extrapolate effects measured in the laboratory to

larger scales. An explanation for this result is that the

change in spatial scale increases the contact rate between

parasites and hosts and, thus, infection rates. Temper-

ature also varied across container sizes, but the relatively

small mean difference (,0.58C) is not likely to entirely

explain the observed pattern.

Notably, caged predators had a significant effect on

survival in mesocosms (Experiments 1 and 3), a

nonconsumptive effect that has been previously reported

in this system (Werner and Anholt [1996]; for a case with

odonate larvae, see also McCauley et al. [2011]).

However, contrary to our first hypothesis, the combi-

nation of caged predators with echinostomes had

additive, rather than synergistic, effects on survival.

This finding was consistent with the findings of Raffel et

al. (2010), who found that the effects of Echinostoma

trivolvis and caged newt predators (Notophthalmus

viridescens) on larval American toads (Bufo americanus)

were additive. The results of Experiment 1 were

insufficient to rule out the contributions of predator

cue to the observed interaction entirely (i.e., Mechanism

D), because predator cues generated by free predators

can exceed those of caged predators (Peacor and Werner

2001). However, the results of Experiments 5 and 6

provide further support that higher cue concentrations

did not explain the observed interaction in Experiment

1, because predator cue did not influence infection rates

or post-exposure effects of parasites on hosts.

These results contrast with the findings of others,

potentially due to differences in design (e.g., predator

species, experiment duration, spatial scale, and parasite

exposure level). The lack of an effect of parasites or

predator cues on activity levels in Experiment 5 was

surprising, given demonstrations of such effects else-

where (e.g., Relyea 2001a, Rohr et al. 2009). Addition-

ally, we failed to observe the positive effect of predator

cue on individual infection intensity documented else-

where (Thiemann and Wassersug 2000, Szuroczki and

Richardson 2012). A possible explanation is that we

used a relatively small size class (;23 mg), which

exhibited a low baseline activity level, so behavioral

effects of natural enemies may have been difficult to

observe. For our investigation, however, effects on

smaller size classes are more relevant, as effects of
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infection on survival decline in larger tadpoles (Holland

et al. 2007). Finally, although we did not observe

interactive effects of echinostomes and predator cue on
survival in Experiment 6, Koprivnikar (2010) reported

an interactive effect of caged predators and echinostome

infection on larval leopard frog (Rana pipiens) survival.

However, this interaction may have resulted partly from

an unexplained positive effect of echinostomes on
leopard frog survival in the absence of predators.

Additionally, differences among species in parasite

susceptibility (e.g., Johnson et al. 2012) may explain

why the same interaction did not occur here.

One final mechanism that we did not address here
may be important in other systems. Nonlinearities in

predator–prey interactions (e.g., Type II functional

response; Holling 1959) could also drive nonadditive

effects and can be altered by parasites (Dick et al. 2010).
However, given the relatively small effect of echino-

stomes on survival in the absence of predators in

Experiment 1, this mechanism did not likely contribute

to the observed interaction.

Given the ubiquity of parasitism as a lifestyle
(Dobson et al. 2008) and the dominance of food web

links by parasites (Lafferty et al. 2008), measuring the

overall effects of parasites will be essential to developing

predictive models of trophic interactions within many

animal communities. Synergistic effects of predators and
parasites provide additional challenges to the already

difficult task of measuring interaction strengths. How-

ever, our approach of separately evaluating potential

mechanisms provides a powerful method to determine
which processes are dominant or unimportant. In

particular, trait-mediated trade-offs in susceptibility

are likely drivers of potential synergisms and merit

greater attention. Such trade-offs may be mediated by
behavior (as evidenced here), by physiology (Ramirez

and Snyder 2009), or by other traits (e.g., growth, Duffy

et al. 2011). The resulting synergism could modify

important ecological processes, such as dilution effects,
trophic cascades, and keystone effects.

In addition to furthering our knowledge of the role of

multiple natural enemies in animal communities, these

results have important implications for amphibian

conservation and wetland management, as echinostomes

have been reported to be in higher abundance near
human activities, such as pesticide use (Rohr et al. 2008)

and urbanization (Skelly et al. 2006). A realistic

evaluation of the impacts of higher parasite abundance

must include the influence of existing stressors of
amphibians, which typically include predators. More

generally, these results can inform our understanding of

interactions among multiple stressors on amphibian

populations, which is of particular importance due to
recent global amphibian declines (Stuart et al. 2004).
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