Functional Ecology

Functional Ecology 2010, 24, 1110-1121

doi: 10.1111/3.1365-2435.2010.01709.x

Developmental variation in resistance and tolerance in a

multi-host—parasite system

Jason R. Rohr*T, Thomas R. Raffel’ and Callyn A. Hall*
Department of Integrative Biology, 4202 East Fowler Avenue, SCA 110, Tampa, Florida 33620, USA

Summary

1. Organisms can protect themselves against parasitism by reducing either parasite burden
(resistance) or damage caused by parasites at a given burden (tolerance), but little is known
about resistance and tolerance to multiple parasites among wild animal populations and species.
The fitness effects of parasitism can be broken down into two components: (i) cost of parasite
exposure, the difference in fitness between organisms that were not exposed to parasites and
those that were exposed but not infected, and (ii) tolerance, the change in host fitness as a func-
tion of parasite burden. For amphibians, a taxon that is being decimated by disease, knowing
which species and ontogenetic stages are least resistant or least tolerant to which parasites would
help target research and management efforts.

2. We reared American toad (Bufo americanus) and green frog (Rana clamitans) tadpoles in a
common garden environment and quantified survival and trematode burdens after exposure to
20 Echinostoma trivolvis, Ribeiroia ondatrae or plagiorchid trematode cercariae.

3. All three trematodes caused significant B. americanus mortality, but R. ondatrae was the only
species to induce significant mortality of R. clamitans and was the most deadly of the parasites.
Young tadpoles had greater parasite-induced mortality than older tadpoles.

4. Mortality patterns were driven by B. americanus having lower resistance and a higher cost of
parasite exposure than R. clamitans, older tadpoles having higher tolerance than younger tad-
poles, B. americanus and R. clamitans exhibiting lower resistance and a higher cost of parasite
exposure, respectively, to R. ondatrae relative to the other tested trematodes, and skin-penetrat-
ing trematodes inducing a higher cost of parasite exposure than non-skin-penetrators. Host size
was not predictive of resistance but was a positive predictor of the cost of resistance and toler-
ance; however, size alone could not fully account for host differences in tolerance.

5. Interactions among developmental stage and host and trematode species emphasize the plas-
ticity and context-dependency of defence strategies and the importance of considering resistance
and tolerance to multiple parasites in wild host species.

Key-words: Bufo americanus, disease, Echinostoma trivolvis, Rana clamitans, Ribeiroia
ondatrae

Introduction

When faced with parasites, hosts can utilize two strategies
to maximize fitness. They can reduce parasite burden by
avoiding or directly attacking parasites, or they can
minimize the harm caused by a given parasite load (Read,
Graham & Raberg 2008; Schneider & Ayres 2008; Raberg,
Graham & Read 2009). Since the late 1800s, these strategies
have been referred to as resistance and tolerance, respec-
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tively, by plant biologists (Cobb 1894). Operationally,
resistance has been defined as the inverse of the number of
parasites per host given constant parasite exposure, whereas
tolerance has been defined as the change in host fitness
with a change in parasite burden (i.e. the slope of the rela-
tionship between fitness and burden) (Read, Graham &
Raberg 2008; Raberg, Graham & Read 2009). Only
recently have animal biologists empirically deconstructed
variation in pathogen control (resistance) and damage
control (tolerance), but thus far these studies have only been
conducted on laboratory and domesticated animals (Read,
Graham & Raberg 2008; Raberg, Graham & Read 2009).
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Furthermore, these studies have emphasized variation
within a species among genetic lines, despite the framework
allowing for comparisons of tolerance and resistance among
populations, species and communities if individuals are
reared under a common garden environment. Conse-
quently, we know little about variation in tolerance vs. resis-
tance in wild-caught animals or at levels of biological
organization above genetic lines.

Plant biologists and theoreticians have long highlighted the
value of distinguishing between resistance and tolerance
because of the diverse selection pressures they can impose on
hosts and pathogens (Fineblum & Rausher 1995; Pilson 2000;
Roy & Kirchner 2000; Tiffin & Inouye 2000; Rausher 2001;
Kover & Schaal 2002; Restif & Koella 2004). For instance,
resistance should reduce parasite prevalence because it
reduces pathogen fitness, whereas tolerance should have a
neutral or even positive effect on prevalence (Roy & Kirchner
2000; Restif & Koella 2004; Best, White & Boots 2008).
Hence, resistance is expected to cause much greater antago-
nistic coevolution between host and parasite (Miller, White &
Boots 2006; Boots 2008); nevertheless, there is very little
empirical evidence to support this assertion. Given the multi-
ple parasites and environmental contexts to which most hosts
are exposed, hosts are also expected to face an array of trade-
offs and selection pressures that could prevent the fixation of
resistance or tolerance traits (Roy & Kirchner 2000; Best,
White & Boots 2008). Hence, to more thoroughly understand
the context-dependency of resistance and tolerance strategies,
animal biologists must quantify resistance and tolerance to
multiple parasites through development and across environ-
mental conditions (Ayres & Schneider 2008; Ayres, Freitag &
Schneider 2008; Du et al. 2008; Raberg, Graham & Read
2009). However, host strategies for managing infections
might be limited if resistance and tolerance are not indepen-
dent traits. Indeed, research on mice unveiled a negative cor-
relation between tolerance and resistance across mouse
strains (Raberg, Sim & Read 2007).

The resistance-tolerance paradigm might have no greater
importance than for amphibians. Amphibians are arguably
the most threatened vertebrate taxon on the globe (Stuart
et al. 2004) and many of their declines have been associated
with emerging infectious diseases (Daszak, Cunningham &
Hyatt 2003). For example, the amphibian chytrid fungus
increased in prevalence in the 1980s and has subsequently
decimated amphibian species worldwide (Lips et al. 2006;
Rohr et al. 2008a). The global loss of amphibians has
prompted captive breeding and artificial selection and release
efforts (Mendelson et al. 2006), which could greatly benefit
from knowledge of resistance and tolerance. For instance,
artificial selection (and release to the environment) for
amphibian tolerance to a deadly parasite might be more likely
to successfully re-establish the amphibian in nature than
selection for resistance. This is because parasites often evolve
more quickly than their hosts and tolerance, unlike resistance,
is not expected to strongly select for parasite countermeasures
(Boots 2008). Given the number of threatened amphibian
species, their complex lifecycles and the myriad of parasites
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with which they are challenged, knowing which amphibian
species and ontogenetic stages are least resistant or least toler-
ant to which parasites would help target future research and
management efforts.

We studied amphibian resistance and tolerance to larval
trematode infections for several reasons. First, in contrast to
microparasites, larval trematodes do not replicate in their
hosts and are seldom cleared by their hosts once established
(but see Holland 2009), allowing for a more straightforward
quantification of parasite burden. Secondly, populations of
frogs can average over 1000 larval trematodes per individual
(Rohr et al. 2008c), suggesting substantial tolerance to these
infections. Thirdly, larval trematode infections can cause sub-
stantial amphibian mortality and morbidity (e.g. limb malfor-
mations, kidney damage), and have been linked to amphibian
mortality events (Fried, Pane & Reddy 1997; Johnson et al.
1999; Schotthoefer et al. 2003b; Holland ez al. 2007). Finally,
two of three of the amphibian trematode taxa we studied,
Ribeiroia ondatrae and Echinostoma spp., are considered
emerging parasites (Johnson & Sutherland 2003; Beasley
et al. 2004; Skelly et al. 2006). We therefore designed an
experiment to quantify resistance and tolerance, through
development (i.e. across a context), of two amphibian species,
Bufo americanus (American toad) and Rana clamitans (green
frog), to three trematode taxa — Echinostoma trivolvis, Ribei-
roia ondatrae and an undetermined species of plagiorchid.

TERMINOLOGY, HYPOTHESES AND PREDICTIONS

We define resistance as the inverse of the proportion of cerca-
riae that successfully encysted. While previous studies have
focused on disentangling tolerance from resistance, there are
also at least two components of the fitness effects of parasit-
ism which have not been disentangled previously (Fig. 1).
Other researchers have assumed that organisms exposed to
parasites but not infected, represented by the y-intercept of
the relationship between burden and fitness, will have the
same fitness as control organisms not exposed to parasites
(Fig. la,c; Raberg, Graham & Read 2009). However, expo-
sure to parasites could have fitness consequences even for
hosts that do not get infected (Fig 1b,d), either due to direct
damage from parasites at the time of exposure or due to the
cost of parasite resistance (Lochmiller & Deerenberg 2000),
which might be considerable for hosts with 100% resistance
(i.e. zero parasite burden). Hence, there can be a difference in
fitness between organisms not exposed to parasites and the
y-intercept of the relationship between parasite burden and
fitness (Fig. 1b,d). We refer to this difference (or slope; see
Fig. 1) as ‘cost of parasite exposure’; a greater difference (or
more negative slope) indicates a greater cost of exposure. In
contrast, the subsequent loss of fitness due to infections,
measured by the slope of the relationship between parasite
burden and fitness, is ‘tolerance’ (Fig. 1). Throughout this
study, time to death is used as our fitness proxy in our
tolerance and cost of parasite exposure estimates.

Hereafter, we will use the terminology ‘relative resistance’
and ‘relative tolerance’ to refer to investment in one defence
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Fig. 1. A heuristic model comparing fitness of species A (circles) and B (squares) when exposed (solid symbols) and not exposed to parasites
(open symbols). (a) A difference in vigour between the species (because their fitness differs when they are not exposed to parasites), but no differ-
ence in cost of parasite exposure (because the slopes in the inset do not differ) or tolerance (because the slopes in the main graph do not differ).
(b) A difference in cost of parasite exposure, but no differences in vigour or tolerance. (¢) A difference in vigour and tolerance, but no difference
in cost of parasite exposure. (d) Differences in both cost of parasite exposure and tolerance, but no difference in vigour. Error bars are only shown
in insets for simplicity. Only a subset of possible combinations of vigour, cost of parasite exposure and tolerance of infection are shown.

strategy relative to the other, whereas ‘resistance’ or ‘absolute
resistance’ and ‘tolerance’ or ‘absolute tolerance’ will refer to
resistance and tolerance independent of investment in the
alternate defence strategy. We distinguish between relative
and absolute measures for three reasons. First, many theoreti-
cal models focus on relative rather than absolute measures
(Restif & Koella 2004). Secondly, it is theoretically possible
that two species could differ in their absolute measures of
resistance and tolerance but have identical relative invest-
ments in each. Thirdly, scientists have hypothesized negative
relationships between virulence and tolerance (Restif & Koel-
la 2004), but a hypothesis that low virulence selects for high
absolute tolerance, rather than high relative tolerance, would
be tautological because, by definition, low virulence means
that the host has high tolerance. Thus the emphasis for this
hypothesis is on relative tolerance and relative resistance.
Importantly, relative resistance and relative tolerance do not
imply that these two defence types must trade off. Hosts could
increase both absolute resistance and absolute tolerance by
diverting resources from other activities. Hence the trade-off
could be between resistance or tolerance and other activities
rather than between resistance and tolerance themselves.

We hypothesized that host size would have little effect on
resistance but would affect absolute tolerance because a para-
site should cause proportionally greater harm in a small than
in a large host (Rohr, Raffel & Sessions 2009a). We also
predicted that, after controlling for host size, the amphibian
species would differ in their relative resistance because of
different life-history traits. Given that green frogs over-
winter in ponds but American toads leave ponds just
3-5 weeks after hatching, we expected that green frogs would
have higher average larval trematode exposure and thus
would experience greater selection for relative tolerance to
larval trematodes than American toads (when controlling for
size differences).

In our comparison of different trematode taxa, we hypoth-
esized that trematode size and mode of entry would influence
virulence (how deadly a parasite is to a host) and thus affect
selection for tolerance or resistance in a given host (Rohr,
Raffel & Sessions 2009a). Specifically, we predicted that
R. ondatrae would have the highest virulence of the three
trematodes tested because it has the largest cercariae and bur-
rows through amphibian skin. Hence, it was predicted to be
most likely to select for host resistance. However, cercarial
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size and mode of entry lead to conflicting predictions
regarding the virulence of E. trivolvis vs. the plagiorchid.
Echinostoma trivolvis cercariae are about two times larger
than the plagiorchid cercariae, but they appear to cause less
tissue damage during infection because they enter through
the cloaca of amphibians (Fried, Pane & Reddy 1997,
Schotthoefer, Cole & Beasley 2003a), whereas the plagiorchid
penetrates amphibian skin using a stylet and proteolytic
enzymes (Rohr et al. 2008c¢).

Additionally, we formed predictions about the context-
dependency of resistance vs. tolerance investments. Larval
trematode infections tend to be more virulent to younger tad-
poles (Schotthoefer, Cole & Beasley 2003a) and there is no
known consistent change in the rate of exposure with age.
Hence, we predicted that younger tadpoles would invest more
in relative resistance mechanisms than older tadpoles, which
would invest more in relative tolerance mechanisms. Identify-
ing developmental stages that are particularly susceptible to
infections might facilitate effectively timing management
strategies and targeting future research efforts.

Materials and methods

Bufo americanus Holbrook (American toad) and Rana clamitans
Latrielle (green frog) egg masses were collected from the neighbouring
‘Parking lot” (40°45'51-4”N, 78°0°58:6”W) and ‘Beaver 1’ ponds
(40°45"52-6”N, 78°0’43-6”"W), respectively, in State College, Pennsyl-
vania, USA, during the summer of 2006. Both species were reared in a
common garden environment from the embryo stage. That is, each
was placed in 37-8 L tanks containing aerated, dechlorinated tap
water maintained at room temperature (21-22 °C) on a 12: 12 h
photoperiod. The tadpoles were fed fish flakes and rabbit chow
(ground alfalfa pellets) ad libitum.

To obtain the trematodes Echinostoma trivolvis and a plagiorchid
species, we collected several hundred Planorbella trivolvis snails from
a pond in Harrisburg, Pennsylvania, USA (40°4'56:0”N,
76°46"2-0”W). Ribeiroia ondatrae appears to be rare in Pennsylvania
and thus P. trivolvis infected with R. ondatrae were shipped from Illi-
nois. The snails were maintained in aerated, artificial spring water
(ASW, as described by Cohen, Neimark & Eveland 1980) at room
temperature (21-22 °C) on a 12:12 h photoperiod and were fed boiled
lettuce and fish flakes ad libitum.

A total of 240 tadpoles were used in this experiment. The experi-
ment was organized into three temporal blocks with 40 American
toad and 40 green frog tadpoles in each block. Of the 40 tadpoles per
amphibian species, 10 served as controls (i.e. not exposed to cerca-
riae), 10 were exposed to E. trivolvis cercariae, 10 were exposed to
plagiorchid cercariae, and 10 were exposed to R. ondatrae cercariae.
Each one of these 240 tadpoles was placed individually into a plastic
cup containing 75 mL of ASW and treatments were assigned ran-
domly to the tadpoles in each block. With the exception of the control
tadpoles, each tadpole was exposed to 20 cercariae of the assigned
trematode species. Exposure to this number of cercariae is reasonable
considering that certain populations of recently metamorphosed
northern leopard frogs (Rana pipiens) can average over 1000 larval
trematodes per individual (Rohr ez al. 2008c). To obtain cercariae, at
least five snails per trematode species per block were placed in 75 mL
of ASW and positioned under a light source to stimulate cercarial
shedding. Within 1 h of shedding, we used a pipette to transfer the
cercariae to the cups with the tadpoles.
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For 7 days after initial cercarial exposure, the tadpoles were main-
tained at room temperature (21-22 °C) under natural light and were
fed fish flakes ad libitum. Mortality was assessed daily and dead tad-
poles were immediately preserved in 70% ethanol (30% water). At
the end of 7 days, the surviving tadpoles were euthanized by immer-
sion in 1% benzocaine and preserved in 70% ethanol. We quantified
the snout-vent length and Gosner stage (Gosner 1960) of each pre-
served tadpole. Thus, Gosner stage was not manipulated but varied
naturally among individuals. All tadpoles were between Gosner stage
(Gosner 1960) 24 and 37 when they were exposed to cercariae. The
preserved tadpoles were cleared and stained using the protocols of
Hanken & Wassersug (1981) and their trematode cysts were counted
under a compound scope.

STATISTICAL ANALYSES

We used General Linear Models and/or survival analysis for all
statistical tests. Predictors were removed from each model by
backward selection if P > 0-05. P-values were calculated with F-ratio
tests (general linear models) or submodel deviance tests (survival
analyses), using the procedure for Type II sum of square errors
(Langsrud 2003). Non-significant two-way interactions were removed
by backward selection (if P > 0-05) unless they were components of
a significant three-way interaction. The temporal block effect was
included in all statistical models. Because toad tadpoles developed
more rapidly than green frog tadpoles and represented a wider range
of developmental stages, we removed toad tadpoles greater than
Gosner (1960) stage 30 from all analyses, to provide a fair comparison
of stage-dependent resistance and tolerance in the two tadpole
species.

If there was a significant interaction with tadpole spp., we tested
for effects on each tadpole species individually to elucidate the inter-
action. When there were significant effects of trematode spp., we
tested for effects of each trematode relative to the control. Given the
controversy regarding which multiple comparison tests are most
appropriate, we chose not to make any alpha adjustment for multiple
comparisons and leave determinations of significance to the reader
(Gotelli & Ellison 2004). Statistics were calculated using R statistical
software (R Development Core Team 2006).

We analysed tadpole survival as a proxy for host fitness using a sur-
vival analysis with Cox proportional hazards, testing for interactive
effects of tadpole spp., trematode spp. and developmental stage
(package ‘survival’ in R). Tadpoles surviving to the end of the
experiment were censored to account for our lack of information
about their true times to death. Censoring is a standard technique
that down-weights the influence of these individuals in the survival
analysis.

Tadpole survival after trematode exposure can be broken down
into two components: host ability to resist or prevent infections and
host ability to tolerate infections. As an inverse measure of host resis-
tance to infection, we used the (arc-sine transformed) proportion of
trematodes encysted (out of 20 cercariae). To test for effects of toler-
ance, we re-conducted our survival analysis but we included main
effects and interactions with parasite burden in our statistical model.
Nonlinear relationships between fitness and parasite burden can lead
to spurious variation in tolerance (Tiffin & Inouye 2000); thus we also
tested for nonlinear relationships by adding a quadratic effect of
parasite burden to our models of tolerance.

Tolerance analyses often first entail subtracting fitness estimates in
the presence of the parasites from fitness in the absence of parasites,
to control for differences in overall vigour (fitness in the absence of
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parasite exposure; Fig. 1). Although some studies have used the
y-intercept of burden vs. fitness as a measure of vigour, survival of
hosts that are not exposed to parasites is a better indicator of vigour
because exposure to parasites could have fitness consequences even
for hosts that do not get infected. Mortality in our control animals
was negligible, with only one control green frog and two control toads
dying during the experiment. We therefore used the raw mortality
data for parasite-exposed tadpoles (excluding the controls) in our
analysis of tolerance. Given that we had no differences in vigour
between our two species, significant main effects of host or trematode
species in our tolerance analyses represent differences in their costs
of parasite exposure, whereas a significant host or trematode
species x burden interaction represents differences in tolerance of
infection (Fig. 1 b, d).

To test many of our hypotheses, it was necessary to quantify rela-
tive investment in tolerance vs. resistance, but these two variables are
quantified in different units. To facilitate comparison between the
two variables, we transformed each to standard deviation units (i.e.
z-scores; difference from the grand mean divided by the standard
deviation). Hence, this allows us to compare the number of standard
deviations resistance and tolerance are from their grand mean. For
tolerance, we obtained the residuals from the final censored survival
analysis (as shown in Table S2) and then transformed these residuals
into z-scores. For resistance, we obtained the residuals from the final
model on the arc-sine proportion of encysted trematodes and trans-
formed them into z-scores. We multiplied each z-score by —1 so that
positive values indicate higher resistance or tolerance. We then sub-
tracted the resistance score for each individual from its tolerance
score to obtain an estimate of relative investment in tolerance. Hence,
negative difference scores indicate greater estimated investment in
resistance relative to tolerance, whereas positive difference scores
indicate greater estimated investment in tolerance relative to resis-
tance. We subtracted the values rather than using a ratio because the
properties of ratios are not ideal for statistical analyses. If the numer-
ator in a ratio is equal to or greater than the denominator, the value
can be between | and e, whereas if the denominator is greater than
or equal to the numerator, the value can only be between 0 and 1.
Hence, both the variance and weight in a statistical analysis will be
larger when the numerator is greater than the denominator than
when the denominator is greater than the numerator. For the resis-
tance, tolerance and relative tolerance analyses, we tested for interac-
tive effects of trematode spp., tadpole spp., and developmental stage,
including significant two- and three-way interactions with parasite
burden in the tolerance analysis. We repeated these analyses with tad-
pole length as a covariate to test whether size differences between the
host species could eliminate the significance of any effect containing
host species.

Results

TREMATODE VIRULENCE -EFFECTS OF TREMATODE
EXPOSURE ONHOST SURVIVAL

Tadpole survival was significantly affected by treatment
(trematode spp. and controls), tadpole species, and tadpole
developmental stage (Treatment: »° = 281, d.f. = 3,
P < 0:001; Tadpole spp.; »* = 37-1, d.f. = 1, P < 0:001;
Stage: ¥ = 157,d.f. = 1, P < 0-001; Treatment X tadpole
spp.: 7> = 22, d.f. = 3, P = 0-536). Overall, R. ondatrae
was more deadly than E. trivolvis or plagiorchid cercariae

7 Q @ @
6 * * é
S
©
2 *
< 44
T
% %
P 3
Q
£ 21
£
1
0

Control Echinostoma Plagiorchid Ribeiroia

Fig. 2. Effects of trematode infection on survival of green frog tad-
poles (open circles) and toad tadpoles (filled diamonds). Averages
were based on both dead and euthanized animals (time to euthana-
sia = 7 days); euthanized animals were censored in the survival anal-
ysis. Error bars indicate standard errors and an asterisk indicates a
significant difference from the control treatment.

(Fig. 2), but the only significant difference in survival was
between R. ondatrae- and plagiorchid-exposed tadpoles
(=57 df. =1, P=0017, P> 02 for the other
two comparisons). Green frogs had higher overall
survival than toads (coef. = 2-54 for Toad = 1; Fig. 2),
apparently because toads had higher mortality due to
infection (Fig. 2). Control tadpoles had negligible rates of
mortality, with no effects of tadpole spp. or developmental
stage (both P > 0-5, Fig. 2). Toads experienced significant
mortality due to infection by all three trematode species,
whereas green frogs only experienced significant mortality
due to R. ondatrae (Fig. 2). More highly developed tadpoles
had significantly higher survival (coef. = —0-53), but devel-
opmental stage did not significantly influence the effect of
Treatment or Tadpole spp. on survival (interactions including
Stageall P > 0-2).

ABSOLUTE RESISTANCE TO TREMATODE INFECTIONS

Resistance was significantly affected by tadpole species and
tadpole developmental stage, with a nearly significant main
effect of trematode species (Table S1). Ribeiroia ondatrae had
higher proportions of cercariae successfully encyst than did
E. trivolvis or the plagiorchid (R. ondatrae vs. E. trivolvis:
Figy =35 P = 0039 R ondatrae vs. plagiorchid:
Fig4 = 59, P = 0-018), whereas E. trivolvis and the plagior-
chid had similar encystment rates (F g3 = 0-003, P = 0-955;
Fig. 3a). However, the effect of trematode spp. on resistance
depended significantly on tadpole spp. (Table S1). This inter-
action was driven by green frogs having higher average resis-
tance than toads to R. ondatrae and the plagiorchid
(controlling for the main effect of developmental stage) but
similar resistance to E. trivolvis (Fig. 3a).

More highly developed tadpoles had generally lower
encystment rates (Table S1), but this effect depended on
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Fig. 3. Effects of tadpole species (open circles = green frogs; filled
diamonds = toads) on (a) resistance to trematode infection, (b) toler-
ance to trematode infections and (c) the difference between tolerance
and resistance (relative tolerance). For tolerance, we obtained the
residuals from the final censored survival analysis (as shown in
Table S2) and then transformed these residuals into z-scores. For
resistance, we obtained the residuals from the final model on the
arc-sine proportion of encysted trematodes and transformed them
into z-scores. We multiplied each z-score by —1, so that positive values
indicate higher resistance or tolerance. Least squares means from the
statistical model are presented to control for the effects of develop-
mental stage. Error bars indicate standard errors; an asterisk indicates
a significant difference between tadpole species. A horizontal dashed
line through (0, 0) indicates the null model of no effect.

trematode and tadpole species (Table S1). Both toads and
green frogs became less resistant to E. trivolvis infections
through development at approximately the same rate
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(Fig. 4a; Stage x tadpole spp.: Fiq = 131, P = 0-259).
Toads developed resistance to the plagiorchid more rapidly
through development than green frogs (Fig. 4b; Stage x tad-
pole spp.: Fy43 = 202, P < 0-001), but green frogs devel-
oped resistance to R. ondatrae more rapidly through
development than toads (Fig. 4c; Stage x tadpole spp.:
Fy 36 = 87, P = 0:000).

COST OF PARASITE EXPOSURE AND ABSOLUTE
TOLERANCE

Over the range of parasite burdens we studied, we found no
evidence that the relationship between burden and host sur-
vival was nonlinear (parasite burden®: y> = 1-157, d.f. = 1,
P = 0-282; Fig. 5). Green frogs had significantly lower cost
of trematode exposure than toads, as indicated by the lower
y-intercept of toads than green frogs in Fig. 5 and the signifi-
cant main effect of tadpole spp. (Table S2, Fig. 3b). This dif-
ference in cost of trematode exposure was independent of
trematode species (non-significant tadpole x trematode spp.
interaction; Table S2). The two amphibian species, however,
did not significantly differ in their tolerance because we did
not detect any tadpole spp. X parasite burden interaction
(Table S2). Tolerance increased with tadpole developmental
stage (Table S2), an effect that was particularly pronounced
for R. ondatrae (E. trivolvis: P = 0-089; plagiorchid:
P = 0:015; R. ondatrae; P = 0-004; Table S3, Fig. 4d-f).
However, green frogs had a more rapid increase in tolerance
through development than toads (Tadpole spp. X stage;
coef. = 158, 4* = 122, df. =1, P < 0:001; Table S2,
Fig. 4d-f). The significant and non-significant results in the
survival analysis on tolerance match those for a logistic
regression analysis on survival until the end of the experiment
(same model but with binomial response), indicating that the
findings are robust.

RELATIVE INVESTMENT IN TOLERANCE VS. RESIS-
TANCE

Although there were no main effects on relative tolerance (all
P > 0:05), trematode spp. significantly interacted with both
developmental stage and tadpole spp. (Trematode spp. X
stage: F5 o3 = 12:6, P < 0-001; Trematode spp. x tadpole
spp.: Fri03 = 187, P < 0-001; Stage x tadpole spp.:
F> 103 = 0:6, P = 0-435; Trematode spp. x stage x tadpole
Spp.: Fo.123 = 58, P = 0-004). The trematode spp. x tadpole
spp. interaction was driven by green frogs having higher
relative tolerance to E. trivolvis than toads (Fr40 = 262,
P < 0:001), but similar relative tolerance to R. ondatrae
(Fi36 < 01, P = 0960) and the plagiorchid () 43 = 09,
P = 0-356; Fig. 3c). This effect was driven mostly by differ-
ences in resistance and cost of parasite exposure, given that
tolerance did not differ between tadpole species (Table S2,
Fig. 5). Interactions including stage can be explained by
more developed tadpoles having higher relative tolerance to
E. trivolvis (Fy 49 = 156, P < 0-001, coef. = 0-52), but not
to R.ondatrae (Fi36 = 17, P = 0197, P > 0-05 for
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Fig. 4. Effects of tadpole development on (a—c) resistance to trematode infection, (d—f) tolerance to trematode infection and (g—i) the difference
between tolerance and resistance (relative tolerance). For tolerance, we obtained the residuals from the final censored survival analysis (as shown
in Table S2) and then transformed these residuals into z-scores. For resistance, we obtained the residuals from the final model on the arc-sine pro-
portion of encysted trematodes and transformed them into z-scores. We multiplied each z-score by —1 so that positive values indicate higher resis-
tance or tolerance. Separate panels indicate responses to (a, d, g) Echinostoma trivolvis, (b, e, h) the plagiorchid and (C, F, I) Ribeiroia ondatrae.
Open circles and dashed trendlines represent green frogs, whereas filled diamonds and solid trendlines represent toads. A horizontal dashed line

through (0, 0) indicates the null model of no effect.

both Tadpole spp. x stage interactions). There was no
significant main effect of development on relative tolerance
to plagiorchids (Fj43; = 0-3, P = 0-559), but there was
a significant difference in this relationship between the
tadpole species, with toads decreasing their relative toler-
ance more rapidly through development than green
frogs (Tadpole spp. xstage: Fjq3 = 138, P < 0-001,
coef. = —1-09).

EFFECT OF HOST SIZE ON ABSOLUTE RESISTANCE
AND TOLERANCE AND RELATIVE TOLERANCE

Tadpole length was not a significant predictor of resistance
(Fi122 < 01, P = 0-967) but was a significant positive pre-
dictor of tolerance (y* = 29-4,d.f. = 1, P < 0:001) and rela-
tive tolerance (Fy 12 = 243, P < 0-001). However, adding
length to the statistical models did not eliminate the
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Fig. 5. Relationship between parasite burden and tadpole time to
death (up to the end of the experiment at 7 days) for exposure to
(a) Echinostoma trivolvis, (b) the plagiorchid and (c) Ribeiroia ondat-
rae. Open circles and dashed trendlines are for green frogs, whereas
filled diamonds and solid trendlines are for toads. Linear trendlines
were added to only qualitatively represent the patterns; survival anal-
yses were conducted on the data and the residuals from this analysis
were normally distributed around the mean. There are cases where
multiple points are on top of one another. All graphed points repre-
sent tadpoles that were exposed to cercariae; nearly all tadpoles not
exposed to cercariae lived for 7 days [Control toads = 695 + 0-05
(SE); Control green frogs = 6:83 + 0-17].

significance of any effect containing host species for any given
parasite (one-tailed test), nor did it change the direction
of any effects. Thus, although host size accounted for a con-
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siderable amount of variation in tolerance, size differences
between the host species alone could not fully account for
their differences in tolerance or relative tolerance.

Discussion

SURVIVAL AND ABSOLUTE RESISTANCE
AND TOLERANCE

By rearing B. americanus and R. clamitans in a controlled
environment and quantifying their survival after a stan-
dardized exposure to three trematode taxa, we showed that
parasite-associated mortality was higher for B. americanus
than for R. clamitans, for younger than for older tadpoles,
and for tadpoles exposed to R. ondatrae cercariae than to
E. trivolvis or plagiorchid cercariae. These patterns in para-
site-associated mortality can be partitioned into resistance
and tolerance defences of the hosts to the specific parasites.
Bufo americanus should incur a smaller cumulative cost of
aquatic trematode exposure because its aquatic tadpole
stage is shorter. Consequently, it was expected to have
lower absolute resistance and tolerance to infection than
R. clamitans, and the results supported this prediction, even
after controlling for size differences between the host
species. Johnson & Hartson (2009) also revealed that
B. americanus have a relatively low resistance and high
mortality risk associated with R. ondatrae exposure. Within
each amphibian species, more developed and larger
tadpoles appeared to be more tolerant than less developed
and smaller tadpoles, also as expected.

Smaller tadpoles of a given developmental stage might
have been more likely to succumb to trematodes because the
cercariae were relatively larger and thus might have caused
relatively more damage. Similarly, the large, skin-penetrating
R. ondatrae was more deadly to both host species than was
either E. trivolvis or the plagiorchid. For toads, of the trema-
todes tested, only E. trivolvis showed a negative slope for tol-
erance and a y-intercept for the tolerance relationship
matching the survival of toads not exposed to cercariae
(Fig. 5). This was also the only trematode tested that does not
infect toads via skin penetration. All of the toad tadpoles
exposed to R. ondatrae and plagiorchid cercariae likely had
20 trematode-induced holes in their bodies (because all the
cercariae seemed to enter the tadpole), regardless of the num-
ber that successfully encysted. These 20 puncture wounds are
likely why the number of encysted R. ondatrae and plagior-
chid cercariae were not negatively associated with toad
health, and why toads that were exposed to these cercariae
but had zero successfully encyst (y-intercept for the burden—
fitness relationship) had significantly lower survival than
toads that were not exposed to trematodes (Fig. 5). These
results are consistent with the notions that larger size makes
trematodes more virulent, that penetration of amphibian skin
by cercariae is more immediately harmful to the amphibian
than the trematode infection itself and that responses to trem-
atode-induced skin injuries drive host differences in their
costs of trematode exposure. However, other factors such as
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the location of encystment, parasitic growth within the host
and toxins produced by the parasite might also be important
determinants of trematode virulence, and many more species
of trematodes must be tested before we can confidently iden-
tify trematode traits that predict virulence.

Unlike past studies, we partitioned changes in tolerance
into that which was putatively caused by exposure to para-
sites and that caused by subsequent infections (Fig. 1). Inter-
estingly, the tadpole species significantly differed in their cost
of parasite exposure, because they had similar vigours (sur-
vival in the absence of trematode exposure) but different
y-intercepts for the relationship between parasite burden and
host survival. However, they did not differ in their tolerance
because the slopes of their relationships between survival and
parasite burden were not significantly different. These find-
ings suggest that the cost of parasite exposure might be an
important component of the overall parasite tolerance of
hosts and that researchers should not assume that the y-inter-
cept of the relationship between host health and parasite bur-
den will always match the average health of hosts not exposed
to parasites.

RELATIVE RESISTANCE AND TOLERANCE
AND TRADE-OFFS

We hypothesized that high rates of parasite exposure and/or
low pathogen virulence should select for host tolerance rela-
tive to resistance, whereas low rates of parasite exposure
and/or high pathogen virulence should favour resistance rela-
tive to tolerance. This hypothesis was supported by a recent
mathematical model (Restif & Koella 2004, p. E97). Rana
clamitans was predicted to have higher relative tolerance to
trematodes than B. americanus because R. clamitans tadpoles
have higher exposure to trematodes (due to a longer larval
period). The data for E. trivolvis corroborated this prediction,
but there was no indication of a difference in relative toler-
ance for R. ondatrae or the plagiorchid. We also predicted
that tadpoles should invest in relative resistance early in life
but relative tolerance later in life, because trematodes were
more deadly to younger than to older tadpoles. This predic-
tion was corroborated for both host species in response to
E. trivolvis, but was not supported for R. ondatrae or the
plagiorchid. We suspect that these predicted responses to
E. trivolvis but not to the other trematode species reflect local
adaptation of frog species to a locally abundant trematode
species. Echinostoma trivolvis is the only trematode species to
have been observed naturally occurring in the two ponds
where the frogs were collected (J. Rohr and T. Raffel, pers.
obs.), and thus was the only parasite species tested for which
host selection has certainly occurred. Although the responses
of both tadpole species to this locally abundant trematode are
consistent with the hypothesis that high rates of parasite
exposure and/or low pathogen virulence should select for
host tolerance relative to resistance, measurements of resis-
tance and tolerance of many more host and parasite species,
controlling for phylogenetic relationships, will be necessary
to provide a rigorous test.

Several researchers have reported a trade-off between resis-
tance and tolerance (Fineblum & Rausher 1995; Stowe 1998;
Kover & Schaal 2002; Raberg, Sim & Read 2007), but others
found no correlation between the two defence strategies
(Simms & Triplett 1994; Mauricio, Rausher & Burdick 1997).
Both negative and positive associations between resistance
and tolerance are possible in mathematical models, depend-
ing on the environmental context (Restif & Koella 2004).
Researchers have also speculated or demonstrated that hosts
trade off defences against multiple natural enemies (Ayres &
Schneider 2008; Ayres, Freitag & Schneider 2008; Raffel,
Martin & Rohr 2008). Indeed, evidence suggests that poly-
morphisms increasing defence against one parasite might
reduce defences against other parasites, leading authors to
advocate conducting resistance-tolerance studies on multiple
parasite species (Ayres & Schneider 2008; Read, Graham &
Raberg 2008). However, demonstrations of trade-offs in
many empirical studies might not be valid because resistance
and tolerance are not independent of one another given that
tolerance has parasite burden as the denominator. This is
why we did not test for a correlation between resistance and
tolerance in this study.

IMPORTANT CAVEATS

It is important to note that the results of resistance-tolerance
studies can depend on many factors, such as the length of the
study, the quantified fitness or health parameter, and whether
both behavioural and physiological resistance are quantified.
For some factors and species, there might be a latency for
their effects on fitness to become apparent (e.g. Rohr et al.
2006). Hence, the duration of the study can affect the conclu-
sions, but few, if any, tolerance studies last long enough for
every organism to have opportunities to reproduce and to
die, often because of logistical constraints. At the southern
ends of their ranges, B. americanus and R. clamitans clami-
tans can have larval periods of 3-4 and 7-9 weeks respectively
(Skelly & Werner 1990). Hence, this 1-week study could
account for up to a third and a seventh of the larval periods of
these two species. Although this study could represent a con-
siderable portion of their larval periods, 1 week is not likely
to be a considerable portion of the larval periods at the north-
ern ends of their ranges or a considerable portion of their
entire life span. Hence, we cannot discount the possibility that
a longer experiment would have produced different results.
However, we believe this is unlikely for two reasons. First,
60% of the tadpoles that died did so within 2 days of expo-
sure (23-5% daily mortality rate), with far fewer dying later in
the experiment (average mortality rate of 11-8% for days
3-7), and species differences in the fitness effects of parasite
exposure tended to persist or diverge through the experiment
(Fig. S1). These patterns of mortality through time suggest
that, if the experiment had been longer, the observed differ-
ences in the fitness effects of parasite exposure would have
increased. Secondly, several studies document the persistent
effects of larval environments on estimates of amphibian fit-
ness (e.g. Smith 1987; Scott 1994; Carey, Cohen & Rollins-

© 2010 The Authors. Journal compilation © 2010 British Ecological Society, Functional Ecology, 24, 1110-1121



Smith 1999; Relyea & Hoverman 2003; Rohr & Palmer 2005;
Rohr et al. 2006).

Conclusions in tolerance studies can also depend on the
chosen fitness proxy. Certain fitness proxies, such as growth,
might not be as reliable as others, such as survival or repro-
duction. Often, the chosen fitness proxy is, again, a function
of logistical constraints.

Hosts can use various strategies to defend against parasites
and this too might affect conclusions about investments in
resistance and tolerance (Boots & Bowers 1999; Restif &
Koella 2003, 2004). We exposed our tadpoles to cercariae in
small cups, isolating physiologically based mechanisms for
resistance by preventing behavioural avoidance of cercariae.
However, cercariae can induce tadpole avoidance and activity
changes that can alter parasite infection rates (Koprivnikar,
Forbes & Baker 2006; Rohr et al. 2009b), and these defence
mechanisms might also influence overall levels of tadpole
resistance and tolerance. Hence, inferences for every tolerance
study should be limited to the study conditions.

Finally, it is also important to keep in mind that tolerance
studies are inherently correlational because we cannot control
the number of parasites with which a host is infected. That is,
both burden and host health are response variables with
error. Consequently, it is difficult to determine whether bur-
den is the cause of the change in host health or whether host
health is the cause of the change in burden.

A COMMUNITY AND PARASITE PERSPECTIVE

Much of the emphasis on resistance and tolerance has focused
on host—parasite interactions, but resistance and tolerance
might also affect host-host interactions and thus species coex-
istence patterns (Raffel, Martin & Rohr 2008). For example,
by having an adverse effect on the fitness of the parasite, resis-
tant hosts could facilitate invasions and establishment of less
resistant or less tolerant hosts (Raffel, Martin & Rohr 2008).
Hence, hosts with high resistance might represent keystone
species in communities, facilitating the persistence of hosts
with inferior defences against given parasites (Raffel, Martin
& Rohr 2008).

Resistance and tolerance should also have considerable
effects on decisions made by parasites. For example, parasites
might choose among hosts, or induce behavioural manipula-
tions in vectors to facilitate host choice, based on fitness con-
sequences of infecting particular host species (Raffel, Martin
& Rohr 2008). Much of the work on host—parasite interac-
tions has focused on resistance (Read, Graham & Raberg
2008; Raberg, Graham & Read 2009), but parasites likely
select hosts based on both resistance and tolerance. Parasite
fitness should be maximized by choosing hosts with low resis-
tance and high tolerance. Indeed, supershedders and perhaps
superspreaders, at both the individual and species level, are
more likely to materialize when parasites differentially select
hosts that have low resistance and high tolerance. Supersp-
readers are a considerable focus of disease management
because of their disproportional impact on disease outbreaks
(Lloyd-Smith et al. 2005), and thus understanding resistance
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and tolerance might have important management implica-
tions.

APPLICATIONS FOR MANAGEMENT

Two out of three of the trematodes we studied are considered
emerging infections of amphibians that appear to be driven
by human activities, such as increases in pesticide and fertil-
izer use (Johnson & Sutherland 2003; Beasley et al. 2004;
Skelly et al. 2006; Johnson et al. 2007; Rohr et al. 2008b,c).
This suggests that amphibian trematodiasis might be con-
trolled through landscape management. However, to effec-
tively manage the health of any host population or
community, we must first understand which parasites pose
the greatest risk to which hosts and under what contexts.
Otherwise, management efforts might be directed at host spe-
cies that are relatively tolerant to infections, towards parasite
species that are relatively benign to hosts or towards environ-
mental contexts that pose little disease threat. By identifying
particularly sensitive hosts and developmental stages, deadly
parasites and inauspicious disease contexts, this study should
serve to improve the prospects for effectively managing
amphibian trematodiasis. Additionally, amphibian artificial
selection and reintroduction efforts might benefit from select-
ing for amphibian tolerance to virulent pathogens because
tolerance, unlike resistance, should limit the selection of para-
site countermeasures. Given the importance of resistance and
tolerance strategies to animal health, disease management
and co-evolution, we encourage further research on resis-
tance-tolerance investments in wild animals across multiple
hosts, parasites and contexts.

Acknowledgements

We thank L. Martin for introducing us to the concepts of resistance and toler-
ance, A. Schotthoefer for providing R. ondatrae-infected snails, L. Fayish,
S. Laverty, D. Moore and R.A. Hudson for assistance with clearing and stain-
ing, and L. Martin and the Rohr lab for comments and suggestions on this
work. Funds were provided by a National Science Foundation (DEB 0516227)
grant to J.R.R., US Department of Agriculture (NRI 2006-01370, 2009-35102-
05043) grants to J.R.R., and a US Environmental Protection Agency STAR
grant to J.R.R.and T.R.R. (R833835).

Author contributions

J.R.R. was responsible for hypothesis and question development, experimental
design and implementation, and oversight of the project. J.R.R. wrote most of
the paper, but all authors contributed to the writing. T.R.R. oversaw the clear-
ing and staining and cyst counting, conducted the statistical analyses and was
integral to data interpretation. C.A.H. counted the cysts.

References

Ayres, J.S. & Schneider, D.S. (2008) A signaling protease required for melaniza-
tion in Drosophila affects resistance and tolerance of infections. PLoS
Biology, 6,2764-2773.

Ayres, J.S., Freitag, N. & Schneider, D.S. (2008) Identification of drosophila
mutants altering defense of and endurance to Listeria monocytogenes infec-
tion. Genetics, 178, 1807-1815.

Beasley, V.R., Faeh, S.A., Wikoff, B., Stachle, C., Eisold, J., Nichols, D., Cole,
R., Schotthoefer, A.M., Greenwell, M. & Brown, L.E. (2004) Risk factors

© 2010 The Authors. Journal compilation © 2010 British Ecological Society, Functional Ecology, 24, 1110-1121



1120 J. R. Rohr et al.

and the decline of the northern cricket frog, Acris crepitans: evidence for
involvement of herbicides, parasitism, and habitat modifications. The Status
and Conservation of United States Amphibians (ed. M.J. Lannoo) pp. 75-86.
University of California Press, Berkeley, California.

Best, A., White, A. & Boots, M. (2008) Maintenance of host variation in toler-
ance to pathogens and parasites. Proceedings of the National Academy of Sci-
ences of the United States of America, 105,20786-20791.

Boots, M. (2008) Fight or learn to live with the consequences? Trends in Ecology
& Evolution, 23, 248-250.

Boots, M. & Bowers, R.G. (1999) Three mechanisms of host resistance to
microparasites — avoidance, recovery and tolerance — show different evolu-
tionary dynamics. Journal of Theoretical Biology, 201, 13-23.

Carey, C., Cohen, N. & Rollins-Smith, L. (1999) Amphibian declines: an immu-
nological perspective. Developmental and Comparative Immunology, 23,
459-472.

Cobb, N. (1894) Contributions to an economic knowledge of Australian rusts
(Uredineae). The Agricultural Gazette of New South Wales, 5, 239-250.

Cohen, L.M., Neimark, H. & Eveland, L.K. (1980) Schistomsoma mansoni:
response of cercariae to a thermal gradient. Journal of Parasitology, 66,
362-364.

Daszak, P., Cunningham, A.A. & Hyatt, A.D. (2003) Infectious disease and
amphibian population declines. Diversity and Distributions, 9, 141-150.

Du, D.L., Winsor, J.A., Smith, M., Denicco, A. & Stephenson, A.G. (2008)
Resistance and tolerance to herbivory changes with inbreeding and ontog-
eny in a wild gourd (Cucurbitaceae). American Journal of Botany, 95, 84-92.

Fineblum, W.L. & Rausher, M.D. (1995) Tradeoff between resistance and tol-
erance to herbivore damage in a morning glory. Nature, 377, 517-520.

Fried, B., Pane, P.L. & Reddy, A. (1997) Experimental infection of Rana pipiens
tadpoles with Echinostoma trivolvis cercariae. Parasitology Research, 83,
666-669.

Gosner, N. (1960) A simplified table for staging anuran embryos and larvae
with notes on identification. Herpetologica, 16, 183-190.

Gotelli, N.J. & Ellison, A.M. (2004) A Primer of Ecological Statistics. Sinauer
Associates, Inc., Sunderland Massachusetts.

Hanken, J. & Wassersug, R.J. (1981) The visible skeleton. Functional Photogra-
phy, July/Aug, 22-26, 44.

Holland, M.P. (2009) Echinostome metacercariae cyst elimination in Rana
clamitans (green frog) tadpoles is age-dependent. Journal of Parasitology, 95,
281-285.

Holland, M.P., Skelly, D.K., Kashgarin, M., Bolden, S.R., Harrison, L.M. &
Cappello, M. (2007) Echinostome infection in green frogs (Rana clamitans)
is stage and age dependent. Journal of Zoology, 271, 455-462.

Johnson, P.T.J. & Hartson, R.B. (2009) All hosts are not equal: explaining dif-

ferential patterns of malformations in an amphibian community. Journal of

Animal Ecology, 78, 191-201.

Johnson, P.T.J. & Sutherland, D.R. (2003) Amphibian deformities and Ribei-
roia infection: an emerging helminthiasis. Trends in Parasitology, 19,
332-335.

Johnson, P.T., Lunde, K.B., Ritchie, E.G. & Launer, A.E. (1999) The effect of
trematode infection on amphibian limb development and survivorship.
Science, 284, 802-804.

Johnson, P.T.J., Chase, J.M., Dosch, K.L., Hartson, R.B., Gross, J.A.,
Larson, D.J., Sutherland, D.R. & Carpenter, S.R. (2007) Aquatic
eutrophication promotes pathogenic infection in amphibians. Proceed-

ings of the National Academy of Sciences of the United States of

America, 104, 15781-15786.

Koprivnikar, J., Forbes, M.R. & Baker, R.L. (2006) On the efficacy of anti-par-
asite behaviour: a case study of tadpole susceptibility to cercariae of
Echinostoma trivolvis. Canadian Journal of Zoology, 84, 1623-1629.

Kover, P.X. & Schaal, B.A. (2002) Genetic variation for disease resis-
tance and tolerance among Arabidopsis thaliana accessions. Proceedings
of the National Academy of Sciences of the United States of America,
99, 11270-11274.

Langsrud, Y. (2003) ANOVA for unbalanced data: use Type II instead of Type
11T sums of squares. Statistics and Computing, 13, 163-167.

Lips, K.R., Brem, F., Brenes, R., Reeve, J.D., Alford, R.A., Voyles, J., Carey,
C., Livo, L., Pessier, A.P. & Collins, J.P. (2006) Emerging infectious disease
and the loss of biodiversity in a Neotropical amphibian community.

Proceedings of the National Academy of Sciences of the United States of

America, 103, 3165-3170.

Lloyd-Smith, J.O., Schreiber, S.J., Kopp, P.E. & Getz, W.M. (2005) Super-
spreading and the effect of individual variation on disease emergence. Nat-
ure, 438, 355-359.

Lochmiller, R.L. & Deerenberg, C. (2000) Trade-offs in evolutionary immunol-
ogy: just what is the cost of immunity? Oikos, 88, 87-96.

Mauricio, R., Rausher, M.D. & Burdick, D.S. (1997) Variation in the defense
strategies of plants: are resistance and tolerance mutually exclusive? Ecology,
78, 1301-1311.

Mendelson, J.R., Lips, K.R., Gagliardo, R.W., Rabb, G.B., Collins, J.P., Dif-
fendorfer, J.E., Daszak, P., Ibanez, R., Zippel, K.C., Lawson, D.P., Wright,
K.M., Stuart, S.N., Gascon, C., da Silva, H.R., Burrowes, P.A., Joglar,
R.L., La Marca, E., Lotters, S., du Preez, L.H., Weldon, C., Hyatt, A.,
Rodriguez-Mahecha, J.V., Hunt, S., Robertson, H., Lock, B., Raxworthy,
C.J., Frost, D.R., Lacy, R.C., Alford, R.A., Campbell, J.A., Parra-Olea, G.,
Bolanos, F., Domingo, J.J.C., Halliday, T., Murphy, J.B., Wake, M.H.,
Coloma, L.A., Kuzmin, S.L., Price, M.S., Howell, K.M., Lau, M., Pethiya-
goda, R., Boone, M., Lannoo, M.J., Blaustein, A.R., Dobson, A., Griffiths,
R.A., Crump, M.L., Wake, D.B. & Brodie, E.D. (2006) Confronting
amphibian declines and extinctions. Science, 313, 48.

Miller, M.R., White, A. & Boots, M. (2006) The evolution of parasites in
response to tolerance in their hosts: the good, the bad, and apparent
commensalism. Evolution, 60, 945-956.

Pilson, D. (2000) The evolution of plant response to herbivory: simultaneously
considering resistance and tolerance in Brassica rapa. Evolutionary Ecology,
14,457-489.

R Development Core Team (2006) R: A Language and Environment for Statisti-
cal Computing. R Foundation for Statistical Computing, Vienna, Austria.
http://www.R-project.org.

Raberg, L., Sim, D. & Read, A.F. (2007) Disentangling genetic variation for
resistance and tolerance to infectious diseases in animals. Science, 318,
812-814.

Raberg, L., Graham, A.L. & Read, A.F. (2009) Decomposing health: tolerance
and resistance to parasites in animals. Philosophical Transactions of the
Royal Society B-Biological Sciences, 364, 37-49.

Raffel, T.R., Martin, L.B. & Rohr, J.R. (2008) Parasites as predators: unifying
natural enemy ecology. Trends in Ecology & Evolution, 23, 610-618.

Rausher, M.D. (2001) Co-evolution and plant resistance to natural enemies.
Nature, 411, 857-864.

Read, A.F., Graham, A.L. & Raberg, L. (2008) Animal defenses against infec-
tious agents: is damage control more important than pathogen control?
PLoS Biology, 6,2638-2641.

Relyea, R.A. & Hoverman, J.T. (2003) The impact of larval predators and com-
petitors on the morphology and fitness of juvenile treefrogs. Oecologia, 134,
596-604.

Restif, O. & Koella, J.C. (2003) Shared control of epidemiological traits in a
coevolutionary model of host—parasite interactions. The American Natural-
ist, 161, 827-836.

Restif, O. & Koella, J.C. (2004) Concurrent evolution of resistance and toler-
ance to pathogens. The American Naturalist, 164, E90-E102.

Rohr, J.R. & Palmer, B.D. (2005) Aquatic herbicide exposure increases sala-
mander desiccation risk eight months later in a terrestrial environment. Envi-
ronmental Toxicology and Chemistry, 24, 1253-1258.

Rohr, J.R., Sager, T., Sesterhenn, T.M. & Palmer, B.D. (2006) Exposure, post-
exposure, and density-mediated effects of atrazine on amphibians: breaking
down net effects into their parts. Environmental Health Perspectives, 114,
46-50.

Rohr, J.R., Raffel, T.R., Romansic, J.M., McCallum, H. & Hudson, P.J.
(2008a) Evaluating the links between climate, disease spread, and amphibian
declines. Proceedings of the National Academy of Sciences of the United
States of America, 105, 17436-17441.

Rohr, J.R., Raffel, T.R., Sessions, S.K. & Hudson, P.J. (2008b) Understanding
the net effects of pesticides on amphibian trematode infections. Ecological
Applications, 18, 1743-1753.

Rohr, J.R., Schotthoefer, A.M., Raffel, T.R., Carrick, H.J., Halstead, N.,
Hoverman, J.T., Johnson, C.M., Johnson, L.B., Lieske, C., Piwoni,
M.D., Schoff, P.K. & Beasley, V.R. (2008c) Agrochemicals increase
trematode infections in a declining amphibian species. Nature, 455,
1235-1239.

Rohr, J.R., Raffel, T.R. & Sessions, S.K. (2009a) Digenetic trematodes and
their relationship to amphibian declines and deformities. Amphibian Biology,
Vol. 8, Amphibian Decline: Diseases, Parasites, Maladies, and Pollution (ed.
H. Heatwole), pp. 3067-3088. Surrey Beatty & Sons, Chipping Norton, New
South Wales, Australia.

Rohr, J.R., Swan, A., Raffel, T.R. & Hudson, P.J. (2009b) Parasites, info-
disruption, and the ecology of fear. Oecologia, 159, 447-454.

Roy, B.A. & Kirchner, J.W. (2000) Evolutionary dynamics of pathogen resis-
tance and tolerance. Evolution, 54, 51-63.

Schneider, D.S. & Ayres, J.S. (2008) Two ways to survive infection: what resis-
tance and tolerance can teach us about treating infectious diseases. Nature
Reviews Immunology, 8, 889-895.

© 2010 The Authors. Journal compilation © 2010 British Ecological Society, Functional Ecology, 24, 1110-1121



Schotthoefer, A.M., Cole, R.A. & Beasley, V.R. (2003a) Relationship of tad-
pole stage to location of echinostome cercariae encystment and the conse-
quences for tadpole survival. Journal of Parasitology, 89, 475-482.

Schotthoefer, A.M., Koehler, A.V., Meteyer, C.U. & Cole, R.A. (2003b) Influ-
ence of Ribeiroia ondatrae (Trematoda : Digenea) infection on limb develop-
ment and survival of northern leopard frogs (Rana pipiens): effects of
host stage and parasite-exposure level. Canadian Journal of Zoology, 81,
1144-1153.

Scott, D.E. (1994) The effect of larval density on adult demographic traits in
Ambystoma opacum. Ecology, 75, 1383-1396.

Simms, E.L. & Triplett, J. (1994) Costs and benefits of plant responses to
disease: resistance and tolerance. Evolution, 48, 1973-1985.

Skelly, D.K. & Werner, E.E. (1990) Behavioral and life-historical responses of
larval American toads to an odonate predator. Ecology, 71,2313-2322.

Skelly, D.K., Bolden, S.R., Holland, M.P., Freidenburg, L.K., Freidend-
felds, N.A. & Malcolm, T.R. (2006) Urbanization and disease in amphib-
ians. Disease Ecology: Community Structure and Pathogen Dynamics (eds
S.K. Collinge & C. Ray), pp. 153-167. Oxford University Press, New
York.

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

Stowe, K.A. (1998) Experimental evolution of resistance in Brassica rapa:
correlated response of tolerance in lines selected for glucosinolate content.
Evolution, 52, 703-712.

Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Rodrigues, A.S.L.,
Fischman, D.L. & Waller, R.W. (2004) Status and trends of amphibian
declines and extinctions worldwide. Science, 306, 1783-1786.

Tiffin, P. & Inouye, B.D. (2000) Measuring tolerance to herbivory: accuracy
and precision of estimates made using natural versus imposed damage.
Evolution, 54, 1024-1029.

Resistance and tolerance across hosts and parasites 1121

Received 10 December 2009; accepted 25 February 2010
Handling Editor: Peter Niewiarowski

Supporting information

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Cumulative host mortality as a function of parasite expo-
sure and experimental day.

Table S1. Statistical results for the interactive effects of tadpole and
species and tadpole developmental stage on the proportion of cerca-
riae encysted per tadpole.

Table S2. Statistical results for the interactive effects of tadpole and
species and tadpole developmental stage on tadpole tolerance to
metacercariae.

Table S3. Statistical results for the interactive effects of tadpole and
trematode and tadpole developmental stage on tadpole tolerance to
metacercariae.

As a service to our authors and readers, this journal provides sup-
porting information supplied by the authors. Such materials may be
re-organized for online delivery, but are not copy-edited or typeset.
Technical support issues arising from supporting information (other
than missing files) should be addressed to the authors.

© 2010 The Authors. Journal compilation © 2010 British Ecological Society, Functional Ecology, 24, 1110-1121



