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Abstract Understanding the effects of predation on dis-
ease dynamics is increasingly important in light of the role
ecological communities can play in host—parasite interac-
tions. Surprisingly, however, few studies have characterized
direct predation of parasites. Here we used an experimental
approach to show that consumption of free-living parasite
stages is highly context dependent, with significant influ-
ences of parasite size, predator size and foraging mode,
as well as environmental condition. Among the four spe-
cies of larval trematodes and two types of predators (fish
and larval damselflies) studied here, parasites with larger
infective stages (size >1,000 pwm) were most vulnerable
to predation by fish, while small-bodied fish and damsel-
flies (size <10 mm) consumed the most infectious stages.
Small parasite species (size approx. 500 pm) were less
frequently consumed by both fish and larval damselflies.
However, these results depended strongly on light avail-
ability; trials conducted in the dark led to significantly
fewer parasites consumed overall, especially those with
a size of <1,000 pm, emphasizing the importance of cir-
cadian shedding times of parasite free-living stages for
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predation risk. Intriguingly, active predation functioned to
help limit fishes’ infection by directly penetrating parasite
species. Our results are consistent with established theory
developed for predation on zooplankton that emphasizes
the roles of body size, visibility and predation modes and
further suggest that consumer—resource theory may provide
a predictive framework for when predators should signifi-
cantly influence parasite transmission. These results con-
tribute to our understanding of transmission in natural sys-
tems, the role of predator—parasite links in food webs and
the evolution of parasite morphology and behavior.

Keywords Consumer—resource interaction -
Host—parasite - Infection - Predator—prey - Transmission

Introduction

In natural systems, host—pathogen interactions can be
strongly influenced by the broader ecological community,
including predators. Predation can be an important factor
influencing infection across diverse host—pathogen sys-
tems (Ostfeld and Holt 2004; Borer et al. 2009; Duffy et al.
2011). The most well-documented effects of predation tend
to be indirect, in which predation influences host popula-
tion densities, leading to changes in transmission, or when
selective predators remove infected individuals from the
population, thereby reducing infection risk for other hosts
(Packer et al. 2003; Ostfeld and Holt 2004; Borer et al.
2009). For example, loss of vertebrate mesopredators can
increase the number of infected rodent prey (Ostfeld and
Holt 2004), potentially altering the abundance of infected
vectors and human disease risk. Predation can also induce
changes in host traits, such as in behavior, susceptibility or
morphology, leading indirectly to changes in transmission
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or pathology (Johnson et al. 2006; Keesing et al. 2006;
Belden and Wojdak 2011; Duffy et al. 2011).

Concurrently, however, predators can also affect patho-
gen transmission directly. On the one hand, predators can
become infected by multi-host parasites acquired during
foraging (i.e. trophic transmission; Lafferty 1999; Hall
et al. 2007); on the other hand, predators can directly con-
sume parasites and thereby reduce transmission or persis-
tence. Examples range from the grooming of ectoparasites
to the consumption of free-living infectious stages encoun-
tered in the environment (Hopper et al. 2008; Thieltges
et al. 2008; Prinz et al. 2009; Johnson et al. 2010; Orlofske
et al. 2012). A specific example is the predation of trema-
tode parasites by aquatic invertebrates, which was found
to reduce transmission to tadpole hosts by 50 % in labora-
tory trials (Orlofske et al. 2012). Thus far, however, lim-
ited attention has focused on the role of direct predation on
parasites and its importance for mediating transmission.

Understanding the influence of predation on parasite
transmission requires explicit examination of the host,
parasite and environmental conditions that influence para-
site vulnerability. One valuable strategy to guide such
investigations is to draw upon previous ecological research
examining predator—prey interactions, such as that between
zooplankton prey and aquatic predators. Aquatic infec-
tive stages of certain parasites, specifically trematodes, are
similar in size to zooplankton (0.2-2 mm) and face many
of the same challenges while trying to find a suitable host
(Morely 2012). As with free-living prey, predation risk for
parasites may differ based on predator foraging mode. In
the study of Orlofske et al. (2012) active predators, ambush
foragers, and filter feeders were effective predators of
trematode parasite stages in aquatic systems, while insect
predators with piercing sucking mouthparts were not. Pre-
dation risk for aquatic organisms will also depend on prey
size, which influences their visibility to predators (Grif-
fiths 1975; O’Brien et al. 1976). In a study of trematode
infectious stages in marine systems, Kaplan et al. (2009)
found that estuarine fish consumed larger parasites more
frequently than small parasites. Factors that influence
prey visibility, including pigmentation, water clarity and
amount and/or timing of activity (e.g., diurnal vs. noctur-
nal), are also well documented to affect the vulnerability of
zooplankton prey (Zaret and Kerfoot 1975; O’Brien et al.
1976; Wright and O’Brien 1982). Interestingly, however,
because some parasites can survive a predation event or
even infect the predator (e.g. trophic transmission), in some
cases it may be adaptively advantageous for a parasite to
increase its own visibility or that of its host to predators
(Lewis et al. 1989; Combes 1991). It is therefore important
to consider the parasite life cycle (or transmission mode)
along with species traits and environmental factors when
the aim is to determine predation risk to parasites.
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In the study reported here, we used an experimental
approach to examine the effects of predator and parasite
species traits on the consumption of parasite free-living
stages under different environmental conditions. We tested
the capacity of two common aquatic predator groups, fish
and larval insects, to consume free-living infective stages
of four trematode species, which are an important group of
parasites in aquatic ecosystems (Lafferty et al. 2008; Pres-
ton et al. 2013). We investigated the following questions:
(1) How does predator identity and size influence their con-
sumption of parasites? (2) How does parasite (prey) iden-
tity and size influence vulnerability to predation? (3) How
is predation mediated by parasite (prey) density and light
availability?. By selecting parasites with a range of trans-
mission strategies and carefully tracking the fate of individ-
ual parasites (successful infection, eaten or died), we also
investigated the role of predation in regulating transmission
directly to predators, which simultaneously serve as hosts
for some of the parasites included in the study. Our primary
aim was to provide an empirical exploration of how preda-
tion can lead to changes in disease risk, using the relative
importance of species traits and environmental context on
consumer—resource interactions.

Materials and methods
Study system

We used four species of trematodes for our experimental
procedures: a distinct morphotype “Magnacauda”, Ribei-
roia ondatrae, Echinostoma trivolvis and Cephalogonimus
americanus (Fig. 1a—d). Details on the collection of infected
snails and morphological and molecular species identifica-
tion are provided in Electronic Supplementary Material
(ESM) Appendix A. All species have complex life cycles
that involve sequential infection of freshwater snails (Heli-
soma trivolvis) as the first intermediate hosts followed by
larval amphibians as the second intermediate hosts. How-
ever, “Magnacauda” and E. trivolvis can also use fish and
snails, respectively, as second intermediate hosts. We spe-
cifically chose these parasite species to provide a range of
sizes, behavior and transmission strategies (Table 1). For
three taxa (C. americanus, E. trivolvis, R. ondatrae) trans-
mission occurs when cercariae directly penetrate the second
intermediate host. Alternatively, “Magnacauda” is trophi-
cally transmitted to a second intermediate host through con-
sumption. Notably, “Magnacauda” cercariae were observed
to aggregate in large clumps and engage in synchronous
swimming, which may facilitate detection by fish hosts by
appearing to be larger (Beaver 1939a; Kaplan et al. 2009).
In contrast, both E. trivolvis and R. ondatrae are con-
tinuous swimmers with no aggregation behavior, while C.
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Fig. 1 Plate of trematode cercariae used in laboratory study [aver-
age total length (in microns =+ standard error (SE)]. a “Magnacauda”
(1,179 + 117 wm), b Ribeiroia ondatrae (1,077 &+ 57 wm), ¢ Echi-

nostoma trivolvis (771 £ 43 pwm), d Cephalogonimus americanus
(532 £ 74 pm). Note differences in the length of the scale bars

Table 1 Morphological data on the four trematode species used in the predation trials, including body, tail and total length and number of indi-

viduals measured

Parasite species® Number of individuals Body length (wm) Tail length (m) Total length (jum)
measured (1)

“Magnacauda” 5 113+ 14 1,066 £+ 104 1,179 £ 117

Ribeiroia ondatrae 9 427 + 34 651 + 28 1,078 £ 57

Echinostoma trivolvis 7 344 £+ 19 428 £ 37 772 £43

Cephalogonimus americanus 3 374 £ 54 158 +£20 533+ 74

Data are presented as the average =+ standard error (SE)

 Parasites are presented in the order of largest (top) to smallest (bottom) based on total length

americanus swim actively but intermittently with periods of
resting (Beaver 1939b; Lang 1968; Haas 2003). In addition,
these parasite species differ in their circadian emergence
times, which may influence the risk of consumption by vis-
ual predators, such as fish and some invertebrates. Cepha-
logonimus americanus and R. ondatrae emerge at night,
whereas E. trivolvis and “Magnacauda” emerge during the
day or in response to light, which we determined based on
life-history data gathered through literature searches and
direct observation of infection and shedding behavior in the
laboratory (Beaver 1939a, b; Lang 1968, 1969; Dronen and
Lang 1974; Johnson et al., unpublished observations).

We examined predation by two types of aquatic organ-
isms, namely, fish and invertebrates, which commonly
co-occur with these parasites in freshwater ecosystems
(Orlofske et al. 2012). Specifically, we used western mos-
quitofish (Gambusia affinis) and damselfly nymphs (Enal-
lagma spp.), both of which have been observed to consume
parasites in laboratory studies (Schotthoefer et al. 2007;
Orlofske et al. 2012). Mosquitofish have an exceptionally
wide diet range and have served in studies as a model sys-
tem for investigating consumer—resource dynamics (Bence
and Murdoch 1986; Pyke 2008). Vertebrate predators, such
as fish, are generally active foragers that rely on visual cues
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for prey detection, often leading to a positive relationship
between prey size and consumption, particularly when vis-
ibility is high (Zaret 1980; Hanazato and Yasuno 1989).
For our experiments, we selected two body sizes of mos-
quitofish that roughly correspond to juveniles (<10 mm
body length) and adults (>25 mm body length) and there-
fore treated fish size as a categorical variable in all analy-
ses. Gape size in mosquitofish is linearly related to stand-
ard length (Bence and Murdoch 1986). Based on evidence
from studies with free-living prey (Garcia-Berthou 1999;
Blanco et al. 2004), we predicted that juvenile fish would
consume higher numbers of parasites than adults due to the
similarity in size of parasites to their typical zooplankton
prey (Morely 2012).

Damselflies are largely opportunistic, ambush forag-
ers, with their diet broadly reflecting the prey composition
of the habitat (Johnson 1973; Thompson 1978). Inverte-
brate predators, including many aquatic insects, are size-
dependent predators that exhibit a non-linear relation-
ship between consumption and prey size, such that small
prey are avoided and large prey are often too difficult to
capture (Dodson 1974; Zaret 1980; Hanazato and Yasuno
1989). Because damselflies are tactile, ambush foragers,
the amount of light in the environment may have less of an
influence on prey detection (Peckarsky 1982). The meth-
ods for predator collection and maintenance are provided
in ESM Appendix B and predator body sizes are provided
in ESM Table B1.

Predation bioassay

Laboratory bioassays were used to determine how parasite,
predator and environmental traits influenced the ability of
predators to consume free-living cercariae (Orlofske et al.
2012). The experimental design consisted of an individual
predator, naive to parasite prey, provided with a single den-
sity of one parasite species under either light or dark con-
ditions. Each individual predator was fasted for 24 h prior
to the assay and used only once. We isolated cercariae from
field-collected snails (Helisoma trivolvis) by placing them
individually in 50-mL centrifuge tubes during their appro-
priate peak shedding time (day or night) and collecting cer-
cariae within 2 h. For each assay, we placed a predator in
60 ml of water with 30 cercariae; after 30 min, we removed
the predator and counted any remaining cercariae. Contain-
ers were 8 cm in diameter and 2.5 cm deep and were open to
the air during the course of the experiment. To examine the
effect of light condition on predation, half of the experimen-
tal containers were covered with a box sealed to the bench
top to prevent all light from entering the box. Standard fluo-
rescent room lights were the light source for all experiments.

Because mosquitofish also have the potential to become
infected by some of the parasites used, we necropsied fish

@ Springer

48 h after the trials to quantify encysted parasites (see ESM
Appendix C for necropsy procedures). We also dissected
a subset of damselflies to confirm that they never became
infected (n = 10/each parasite species) (see also Schotthoe-
fer et al. 2007). To account for parasite loss in the absence
of predators, we included control containers without preda-
tors, for which we successfully recovered all administered
cercariae, verifying the effectiveness of our approach in
tracking parasites. We directly observed mosquitofish
and damselflies consuming cercariae and recovered a low
number of cercariae tails [fish + R. ondatrae 2.9 + 0.4
(mean £ SE) of 30 parasites administered], which is indic-
ative of a low level of attempted infection (Orlofske et al.
2012).

Density of infectious stages

The design of the laboratory bioassay used to characterize
consumption by both mosquitofish and damselfly nymphs
to varying densities of two parasite species, R. ondatrae
and E. trivolvis, was similar to that of the predation assay.
For each assay, we placed a single individual of each pred-
ator species in 60 ml of water with one of three parasite
treatments: 30, 60 or 90 cercariae. Different densities were
selected in order to identify whether the proportion of para-
sites consumed was influenced by parasite density, and the
specific densities chosen were based on previous data sug-
gesting that fish could consume over 90 % of cercariae at
the lowest density (Orlofske et al. 2012). Each trial lasted
30 min, after which we removed the predator and counted
any remaining cercariae. We conducted all trials of parasite
density in the light condition.

Analysis

We assessed (1) whether predator consumption differed
among parasite (prey) species, (2) whether this relationship
could be explained by parasite or predator size and (3) how
light availability mediated these relationships. The fate of
each parasite was recorded as “consumed” or “remaining”
after a 30-min trial and analyzed using generalized linear
mixed models (GLMMs) with a binomially distributed error
and logit-link function in the R package lme4 (using the
Laplace approximation method; R Development Core Team
2008; Zuur et al. 2009). Thus, in a trial involving one preda-
tor and 30 administered parasites, the fate of each parasite
was recorded as O (persisting after 30 min) or 1 (consumed).
Although “consumed” parasites could also have infected the
predator, we conducted necropsies of sub-sets of predators
to quantify successful infection, see following text). Predic-
tor variables included parasite species (categorical), parasite
total length (in millimeters), predator body length (in mil-
limeters) and light condition (light or dark). Similarly, for
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the parasite density trials conducted with R. ondatrae and
E. trivolvis, we analyzed the relationship between consump-
tion and parasite densities using GLMMs with the binomi-
ally distributed error and logit-link function and parasite
species as a covariate. In all analyses, individual preda-
tor identity was included as a random effect to account for
variation due to predator satiation or individual differences
among predators. We included all possible interactions; if
the interaction was found to be non-significant, the models
were subsequently reduced and reassessed (Crawley 2007).

For both the bioassay and density trials, we analyzed
data for each predator species (fish vs. dragonflies) sepa-
rately for theoretical and empirical reasons: (1) consump-
tion patterns were expected to differ between these preda-
tors; (2) our aim was to examine the effect of predator
size, which would otherwise be confounded with predator
identity (Zaret 1980). For the bioassay data, we used body
length as a continuous measure of damselfly size; for fish,
we treated body size as a categorical variable (juvenile vs.
adult) because of the distinct size classes used (see ESM
Appendix B). Parasite length (tail included) was included
as both a linear and non-linear effect (polynomial regres-
sion) in statistical models based on theory derived from
zooplankton systems suggesting that the relationship
between predation risk and prey body size is often non-lin-
ear (Zaret 1980). We further examined the relationship of
parasite length on predation through a series of non-linear
regressions (ESM Appendix D).

Depending on the parasite-by-predator combination,
several fates were possible. For damselflies, consumption
was equivalent to the number of parasites removed during
trials. However, for two of the parasite-by-fish combina-
tions, infection was also possible. For R. ondatrae, infec-
tion of fish can be measured directly by quantifying meta-
cercariae. For “Magnacauda”, where consumption leads to
infection (trophic transmission), we considered all the cer-
cariae removed during the trial to be consumed (i.e. preda-
tion and infection were equivalent). To examine the effects
of predator size and light condition on infection of R.
ondatrae and “Magnacauda”, we used GLMMs with indi-
vidual predator identity included as a random effect. For
this analysis, we used the number that successfully infected
the host (based on necropsy) versus the number that did not
(eaten or remaining at the end of 30 min). Mosquitofish
used in the density trials were not evaluated for parasite
infection because they were euthanized and necropsied
within 20 min of the trial to evaluate cercariae digestion
time (Orlofske et al., unpublished data). However, based
on the results of the bioassay experiment (see Results)
with fish of similar size and light conditions, we assumed
that the contribution of infection to the number eaten was
minimal for R. ondatrae and that the fish were refractory to
infection with E. trivolvis.
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Fig. 2 Number of parasites eaten by damselfly nymphs under light
(gray circles) or dark (black circles) conditions across a range of
predator body length (range 4—15 mm; n = 15 per each parasite spe-
cies; light treatment). Panels are arranged in descending order of par-
asite body size: a “Magnacauda” (1,179 £ 116 wm), b R. ondatrae
(1,078 & 57 wm), ¢ E. trivolvis (772 + 43 pwm), d C. americanus
(533 &£ 74 wm)

Results
Predation bioassay

For damselflies, predation success depended strongly on
the species of parasite (GLMM effect of parasite spe-
cies Z < 2.64, P < 0.008; Fig. 2a). Damselflies consumed
an average of 30 % of E. trivolvis and 50 % of R. ondatrae
cercariae, but <1 % of C. americanus or “Magnacauda”.
Because cercariae of the smallest and largest parasite species
were least vulnerable to predation (whereas the two interme-
diate-sized species were the most vulnerable; Table 1), the
relationship between predation risk and parasite body size
was non-linear (parasite size Z = 11.26, P < 0.0001; (parasite
size)2 Z=-297, P =0.003; Table 2; Fig. 2b—). Both dam-
selfly size and the absence of ambient light (i.e. darkness)
reduced parasite consumption (damselfly size Z = —11.34,
P <0.0001; light Z = 3.43, P = 0.0006; Fig. 2a). Even in the
dark, however, there was still a strong non-linear relation-
ship with parasite size (parasite size Z = 14.62, P < 0.0001;
(parasite size)’ Z = —14.74, P < 0.0001; ESM Appendix D)
and a negative relationship with damselfly size (Z = —3.73,
P < 0.0001; Fig. 2b). These results suggest a stronger effect
of prey and predator traits relative to environmental condi-
tion for these tactile predators (Table 2).

Mosquitofish were highly effective predators of all para-
site species, with an average consumption ranging from
38 to 75 % (GLMM of parasite species identity Z < 0.73,
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Table 2 Results of generalized linear mixed models examining the consumption of parasite prey by damselfly nymphs and the role of parasite
species, parasite total length, predator body size and light condition on those trophic interactions

Trials Variable Zvalue  Pvalue Bayesian Information Akaike Information NP
Criterion® Criterion®
Light trials—parasite species  Intercept —2.73  0.006* 4.22 1,312 1,800
“Magnacauda” —7.69  0.000% 55.82
Ribeiroia ondatrae 2.64  0.008* 3.70
Cephalogonimus americanus —6.08  0.000% 33.75
Light trials—parasite size® Intercept —11.11  0.000%* 120.18 1,347 1,800
Parasite body size 11.26  0.000% 123.53
(Parasite body size)? —2.97  0.003* 5.57
Predator body size —11.34  0.000* 125.34
Light and dark trials— Intercept —14.52  0.000*  207.22 2,699 3,600
parasite size® Parasite body size 1462 0.000%  210.07
(Parasite body size)? —14.74  0.000* 213.65
Predator body size —3.73  0.000% 10.36
Light condition 343  0.001%* 8.19

Results are arranged based on partitions of the dataset by light condition and whether parasites were analyzed by species (categorical) or body

size (continuous)
* Significant at P = 0.05

@ Bayesian Information Criterion (BIC) values indicate the relative strength of the relationship of the particular predictor variables to the
response of numbers of cercariae consumed while the Akaike Information Criterion (AIC) indicates the relative fit of the overall model

b N = sample size based on number of cercariae

# Trials conducted in the light using parasite species identity
® Trials conducted in the light using parasite body size

¢ Both light and dark trials and parasite body size

P > 0.223). Consumption patterns again depended on
predator size (fish size class x parasite size Z = —3.4,
P = 0.0006; Fig. 3); for all parasites except “Magnacauda”,
juvenile fish consumed more parasites than adult fish
(Z <17.37, P <0.0001; Fig. 3b—d; “Magnacauda” Z = 1.12,
P =0.262; Fig. 3a). For juvenile fish only, light availability
increased consumption (light x fish size class Z = 18.05,
P < 0.0001; Table 3). Parasite species also tended to be
more vulnerable as a function of light availability, with the
exception of “Magnacauda”, which was consumed read-
ily in both conditions (light x parasite size Z = —2.23,
P = 0.026). Thus, consumption of parasites by fish was
strongly influenced by the body size of both predator and
prey and the environment in which they interacted, result-
ing in varying predation risk for the parasite species.
Infection patterns within fish differed based on parasite
species and transmission mode. ‘“Magnacauda” infection
intensities were marginally higher in adult fish relative to
juvenile fish (Z = —1.87, P = 0.062), but showed no rela-
tionship to light condition (Z = 0.25, P = 0.801). For R.
ondatrae, which actively infects fish, light availability
interacted with predator size to influence infection (light x
predator size Z = —3.22, P = 0.001; ESM Appendix D;
ESM Table E1; Fig. 4b). Under ambient light, juvenile fish
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Fig. 3 Mean number of parasites eaten by mosquitofish predators
under light (open bars) or dark (filled bars) conditions and between
two size classes (Large >25 mm, Small <10 mm; n = 5 per each
body size and light treatment for C. americanus, n = 10 for all oth-
ers). Panels are arranged in descending order of parasite body size: a
“Magnacauda” (1,179 & 116 wm), b R. ondatrae (1,078 & 57 pm), ¢
E. trivolvis (772 £ 43 pm), d C. americanus (533 £+ 74 pm)
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Table 3 Results of generalized linear mixed models examining the consumption of parasite prey by mosquitofish and the role of parasite spe-
cies, parasite total length, predator body size and light condition on those trophic interactions

Trials Variable Data®  Zvalue  Pvalue  BIC AIC® N
Light trials—parasite species® Intercept 3.12 0.002* 6.40 1,529 2,070
“Magnacauda” 0.73 0.468 —2.79
Ribeiroia ondatrae -0.27 0.786 —3.24
Cephalogonimus americanus —1.22 0.223 —1.83
Light trials—parasite size® Intercept —1.02 0.308 —2.28 1,691 2,070
Parasite body size —0.11 0916 -3.30
(Parasite body size)? 0.95 0.341 —2.41
Predator size class 7.60 0.000%* 54.37
Predator size class x parasite body size —3.40 0.001* 8.24
Partition x parasite species® Intercept Mag 3.68 0.000%* 10.75 402 570
Predator size class 1.12 0.262 —1.50
Intercept R. o. —2.15 0.032%* 1.83 439.2 600
Predator size class 7.37 0.000* 51.52
Intercept E. t —0.90 0.368 —-1.97 337.9 600
Predator size class 4.88 0.000* 21.00
Intercept C.a. —3.66 0.000* 10.94 284.2 300
Predator size class 6.79 0.000* 43.57
Light and dark trials—parasite size’ Intercept 0.31 0.755 —3.52 4,056 4,170
Light condition 2.09 0.037* 0.73
Parasite body size —2.60 0.009* 3.12
(Parasite body size)? 431 0.000* 14.98
Predator body size 2.34 0.019%* 1.85
Predator size class x parasite body size —4.44 0.000* 16.12
Light condition x parasite body size —2.23 0.026* 1.33
Light condition x predator size class 18.05 0.000* 322.04
Dark trials® Intercept 0.75 0.453 —-2.76 2,161 2,100
Parasite body size —1.57 0.116 —0.86
(Parasite body size)’ 2.21 0.027* 1.55
Predator body size 1.08 0.278 —2.15
Predator size class x parasite body size —1.98 0.047* 0.61
Dark trials x parasite species’ Intercept Mag 3.90 0.000* 12.46 454 600
Predator size class -3.20 0.001* 7.44
Intercept R. o. —3.26 0.001* 7.86 718.7 600
Predator size class —3.49 0.000* 9.42
Intercept E. t —2.55 0.011* 3.71 650.6 600
Predator size class —0.36 0.720 —2.65
Intercept C.a. —4.03 0.000* 13.80 298 300
Predator size class —2.31 0.021* 2.84

Results are arranged based on partitions of the dataset by light condition and whether parasites were analyzed by species (categorical) or body

size (continuous)
* Significant at P = 0.05

 Parasite species are referred to in table by the first letter of genus and species names (C. a. = Cephalogonimus americanus, E. t. = Echinos-
toma trivolvis, R. 0. = Ribeiroia ondatrae, Mag = “Magnacuada”)

® BIC values indicate the relative strength of the relationship of the particular predictor variables to the response of numbers of cercariae con-
sumed while AIC indicates the relative fit of the overall model

¢ N = sample size based on number of cercariae

4 Trials conducted in the light using parasite species identity

¢ Trials conducted in the light using parasite body size and was further partitioned by parasite species to examine significant interactions

f Both light and dark trials and parasite body size and was further partitioned by light treatment and parasite species to examine significant interactions
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a Magnacauda || b Ribeiroia ondatrae

Number of Parasites Encysted
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Fish Size Class

Fig. 4 Mean number of parasites encysted in mosquitofish preda-
tors/hosts under light (open bars) or dark (filled bars) conditions and
between two size classes (Large >25 mm, Small <10 mm; n = 10 per
each body size and light treatment). a “Magnacauda”, b R. ondatrae.
Error bars: £ 1 SE

had lower infection intensities than adult fish (Z = —3.37,
P < 0.001); in the dark, however, infection intensities in
both groups increased and did not differ from each other
(Z = -0.27, P = 0.791). The high number of R. ondatrae
cercariae eaten by the juvenile fish in the light treatment
(Fig. 3b) suggests that these fish limited their infection by
consuming the parasites before they were able to infect.

Parasite density

For E. trivolvis, the proportion of parasites consumed by
damselfly predators increased from 50 % to almost 80 %
with increases in parasite density. For R. ondatrae, however,
consumption remained level at approximately 30 % (para-
site density x species Z = —2.06, P = 0.039; ESM Table
E2; Fig. 5a). For mosquitofish, the proportion of parasites
consumed showed a weakly positive relationship with par-
asite density (parasite density Z = 2.01, P = 0.044; ESM
Table E2). However, the relationship appeared to be nega-
tively related to density for R. ondatrae and positive for E.
trivolvis, as indicated by a marginally significant interaction
between density and parasite species (parasite density x
species Z = -1.83, P = 0.067; ESM Table E2; Fig. 5b).

Discussion

Our results indicate that both the vertebrate and invertebrate
predators studied here were highly effective at consuming
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Fig. 5 Proportion of parasites R. ondatrae and E. trivolvis eaten
across a range of densities for both Damselfy nymphs (a; n = 15) and
Mosquitofish (b; n = 12 for E. trivolvis and n = 9 for R. ondatrae).
Error bars £1 SE

free-living trematode stages (consumption rate 50-75 %)
in the laboratory. This relationship depended critically on
predator traits, parasite (prey) traits and the environmental
context in which predator and parasite interacted. Damsel-
flies only consumed parasites of intermediate sizes (size
range 0.7-1 mm), with consumption declining with increas-
ing damselfly body size and in the absence of ambient
light. Fish consumed all parasite species, particularly the
largest parasite species (mean size 1.2 mm); juvenile fish
were the most effective predators, but darkness strongly
reduced their consumption rate. While current research on
predation on parasites focuses on contributions to food web
structure and function or on the consequences of predation
on parasites for the transmission of individual parasite spe-
cies (Orlofske et al. 2012; Thieltges et al. 2013), here we
contribute to a trait-based foundation for predicting when
predation on parasites is likely to occur, with consequences
for transmission dynamics (Kaplan et al. 2009).

Consistent with results from earlier studies (Schotthoe-
fer et al. 2007; Orlofske et al. 2012), we found that damsel-
fly nymphs were effective predators of parasites; however,
by testing a range of parasite species we identified specific
traits that influence their efficiency. Specifically, predation
by damselflies exhibited a strongly non-linear relation-
ship with parasite total length, potentially due to a reduced
detection of C. americanus, the smallest and least active
parasite, and/or the avoidance of the largest parasite “Mag-
nacauda”, possibly due to handling limitations (Zaret 1980;
Hanazato and Yasuno 1989). In addition to their large indi-
vidual size, we propose that the unique clumping behavior
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of “Magnacauda” cercariae may have further contributed
to their low predation rate, assuming damselflies did not
respond to a large mass (diameter of approx. 1 cm) that
appears as a single prey item. Additional studies with other
species of parasites across a wider range of body size with
different activity patterns will be necessary to distinguish
the importance of these various traits. Consumption of
parasites also tended to decrease with progressive increases
in damselfly body size, likely because of optimal foraging
considerations where parasite prey may be too small to be
useful energetically (Peckarsky 1982). Light availability
had a significant, but much weaker effect on parasite con-
sumption, which agrees well with predictions based on the
primarily ambush foraging mode of these tactile predators
(Peckarsky 1982). While the absence of light may have
limited damselfly vision, it may also have reduced para-
site activity, thereby reducing the consumption rate of the
damselflies. Our study only examined a single invertebrate
predator that used an ambush foraging strategy, so a wider
range of invertebrates, including ambush foragers, need to
be examined in order to distinguish between these factors.

For vertebrate fish predators, traits of both prey and
predator species and light availability mediated the preda-
tion of parasites. Predation by fish was greatest on the larg-
est parasite (“Magnacauda”), which approaches the size of
large-bodied Daphnia prey (mean size 1.2 mm; Brooks and
Dodson 1965). Larger bodied fish were less effective pred-
ators of cercariae, which has also been reported for estua-
rine fish and cercariae species (Kaplan et al. 2009). This is
similar to our results for damselflies and could also be a
reflection of optimal diet theory where fish select the most
profitable prey items (Bence and Murdoch 1986). As fish
grow and mature, the diet shifts towards selection for larger
prey, as in mosquitofish with zooplankton (Garcia-Berthou
1999). Because cercariae represent more closely the size
range of zooplankton prey commonly used by juvenile
fish, they may be more effective predators than adult fish
which more commonly feed on macroinvertebrates (Blanco
et al. 2004). Fish consumption of parasites also tended to
decrease in the absence of light, likely because these vis-
ual predators rely on light for detecting prey (Aksnes et al.
2004). In general, these patterns of fish—parasite preda-
tion follow the expectations for how these visual predators
interact with free-living prey based on prey and predator
body size and visibility (Zaret 1980).

By examining the role of parasite density in relation to
their consumption by damselfly and mosquitofish, we fur-
ther explored how the experimental results on species traits
and light conditions are applicable for a range of parasite
densities. An individual infected snail can produce hun-
dreds of cercariae in a single 24-h period, ranging from
approximately 90 cercariae by E. trivolvis up to approxi-
mately 580 cercariae by C. americanus (Preston et al.

2013). Given the varying densities of infected snails in
nature, we expect highly variable levels of parasite densi-
ties in nature. Our experimental results specifically suggest
that damselflies continued to consume large proportions of
parasites even at relatively high densities, especially the
smaller parasite E. trivolvis. Based on the proportion con-
sumed, the overall number of parasites eaten continued to
increase with density, suggesting that in no case had satia-
tion or handling limitation been reached. For R. ondatrae,
however, the proportion of cercariae consumed by fish was
relatively constant across increases in parasite density. This
contrast between the two parasite species may be related to
size differences between the two parasites, where predators
were unable to consume more of the larger parasite (Ribei-
roia) during the short (30 min) time trials. Investigating
functional responses remains an important area for future
research as it may help predict when predators will regu-
late parasite populations and thereby transmission (Mur-
doch and Oaten 1975). Previous experiments with both
damselflies and mosquitofish demonstrate that parasites
are consumed in the presence of alternative prey (Orlof-
ske et al. 2012); however, this is another important influ-
ence on predator prey selection and subsequent effects on
transmission.

Predation of free-living stages can reduce transmission
by increasing parasite mortality, sometimes with substan-
tial reductions in host pathology, making predicting when
predation on parasites may be significant particularly rel-
evant (Hopper et al. 2008; Thieltges et al. 2008; Prinz et al.
2009; Orlofske et al. 2012). Based on our experimental
results, we suggest that information on species traits and
environmental conditions can provide a useful framework
for understanding when transmission may be affected. Par-
asites ranging in size from 0.5 to 1 mm were vulnerable to
both predator types, while those >1 mm in size were par-
ticularly at risk of predation from fish. Communities with a
high diversity and abundance of both vertebrate and inver-
tebrate taxa have the potential to regulate transmission of
the widest breadth of parasite species. Furthermore, pre-
dation risk may change seasonally based on the presence
of small, early ontogenetic stages of predators, which may
prefer parasite prey as well as correspond with peaks in
availability of cercariae in the environment (Kaplan et al.
2009; Preston et al. 2013). Our results also highlight the
role of visibility in determining predation risk to parasites.
While light availability is a well-known factor which medi-
ates predation on free-living species—even driving vertical
migrations patterns in zooplankton (Zaret 1980)—precisely
how predation risk varies among parasites that emerge at
different times of day remains poorly understood. We pro-
pose that the transmission of parasite species with a diurnal
shedding pattern is more likely to be influenced by preda-
tion. In contrast, parasites that exhibit a nocturnal circadian
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release of free-living stages may decrease their visibility
to non-host predators, thereby increasing potential contact
with appropriate hosts (Lewis et al. 1989; Combes 1991).
Intriguingly, predation may be an additional selective force
on the circadian emergence behavior and body size of para-
sites (Orlofske et al. 2014). In a specific case, parasites fre-
quently consumed may be selected to acquire predators as
hosts through trophic transmission (Schmid-Hempel 2011).

Through their consumption of infectious stages, preda-
tors may even influence their own infection risk. For the
trophically transmitted cercariae, “Magnacauda”, consump-
tion by fish led to infection. By tracking the fate of individ-
ual parasites, we observed that the predator body size and
light treatments with the highest consumption also had the
highest infection levels, suggesting that increased predation
leads to higher transmission. Importantly, we found that
cercariae behavior, including active, synchronous swim-
ming and aggregation, may have prevented consumption
by unsuitable hosts (invertebrates) while increasing preda-
tion by appropriate hosts (fish), even in conditions of low
visibility. In contrast, juvenile mosquitofish exposed to the
directly penetrating parasite, R. ondatrae, limited their own
infection in conditions of high visibility from an average
of approximately five in the dark treatment to 0.2 (Fig. 4).
This process may contribute to the low infection levels of
R. ondatrae in wild mosquitofish populations (Orlofske
et al. 2012). Similarly, zebrafish consumption has been
observed to limit infection by cercariae of Trasversotrema
patialense (Anderson et al. 1978). By reducing their own
infection levels, predation on cercariae parallels grooming
behavior where organisms reduce their own ectoparasite
infection intensities (Johnson et al. 2010).

Results from our experimental approach provide pre-
liminary evidence that aquatic predators respond to para-
site prey in a manner consistent with patterns based on
consumer—resource theory developed for freshwater com-
munities (Brooks and Dodson 1965; Zaret 1980), including
the responses of different types of predators (ambush and
active foragers), the role of prey and predator body sizes
and the availability of light. This theory may therefore pro-
vide a useful bridge for linking predator—prey and disease
ecology, both for addressing when predation on parasites
may influence transmission and for food web dynamics nat-
ural systems. Studies of additional species of parasites and
predators as well as processes such as functional response
can lend further support to the generalization of this theory.
Further extensions of this research include examining the
role of predator—parasite relationships in the stability of
aquatic food webs, the contribution of parasites to predator
diets and the evolutionary selection of parasite traits, such
as circadian shedding rhythms, body size and transmission
mode in response to predation threats (Zaret 1980; Lafferty
et al. 2008; Johnson et al. 2010).
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