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Summary

1. An emerging framework in animal disease ecology seeks to ‘decompose’ a host’s response to
disease into resistance, or its ability to resist infection following exposure, and tolerance, or its
ability to limit the damage associated with infection. How these processes vary over the life his-
tory of a host, however, and whether developmental changes in resistance and tolerance account
for ‘critical windows’ of disease vulnerability remain open questions.

2. Critical developmental windows are particularly important for infections that alter host devel-
opment. Recently, increased observations of amphibians with severe limb malformations have
stimulated debate over the causes responsible and whether malformation types can be used to
infer the agent responsible. The trematode parasite Ribeiroia ondatrae, for example, is often
implicated in accounts of extra-legged frogs, but is believed to be unimportant in explaining
missing legged animals. Here, we test the influence of host developmental stage, from eggs to
post-metamorphosis, on the risk of mortality and the types of malformations produced in Pacific
chorus frogs (Pseudacris regilla) following exposure to trematode infection.

3. Consistent with a critical window of vulnerability, host mortality and malformations were
greatest among animals exposed during pre-limb and early limb development (15-90%) and
decreased to < 5% with progressive development. Early stage animals also exhibited a higher
frequency of missing limbs, whereas extra limbs and limb elements developed predominantly
among tadpoles exposed after limb development was initiated. Hosts infected later in limb devel-
opment were normal or exhibited only minor outgrowths and abnormal skin webbings.

4. Increases in host tolerance rather than host resistance largely explained the observed changes
in pathology. Prior to host metamorphosis, parasites exhibited comparable success invading host
tissue, but the amount of resulting damage differed significantly as a function of host size and
developmental stage. Following metamorphosis hosts were significantly more resistant to infec-
tions, however.

5. These findings highlight the importance of critical developmental windows for infectious dis-
eases and underscore the role of developmental changes in host tolerance in controlling this pro-
cess. Forecasted changes in climate, for example, have enormous potential to influence both the
timing and intensity of host—parasite interactions in nature.

Key-words: amphibian decline, emerging disease, infectious disease, malformations, parasite,
Ribeiroia, trematode

Introduction

Disease is often the product of complex interactions among
hosts, pathogens and the environment in which they are
embedded (e.g. Plowright ef al. 2008; Skerratt, Garner &
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Hyatt 2010). While well accepted in principle, the impor-
tance of such interactions is rarely quantified. Changes in
host age or condition, for example, can significantly alter
patterns of infection and disease. In toxicology and teratol-
ogy, which focus on non-infectious diseases, subtle changes
in host developmental stage can lead to profoundly differ-
ent forms of pathology, as illustrated tragically through
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discovery of foetal alcohol syndrome, DES toxicity, thalido-
mide teratogenesis and mercury poisoning (Mittendorf
1995; Dally 1997; Tabin 1998; Astley et al. 1999; Tchoun-
wou et al. 2003). Such developmental sensitivity is often
referred to as a ‘critical window’ in development, during
which exposure to a toxin (or lack of an essential nutrient)
causes impairment (Bunn ez al. 2001; Kalter 2003; Pryor
et al. 2000). Similar patterns have been observed for infec-
tious diseases, in which susceptibility to infection or the risk
of pathology vary with host age or prior exposure. Infec-
tions of very young or very old hosts, for instance, are often
more likely to be associated with human illness and pathol-
ogy (Baird 1998; Thompson et al. 2004; Goodwin, Viboud
& Simonsen 2006). The occurrence of such age-dependent
pathology creates complexity in understanding the aetiol-
ogy of diseases in both humans and wildlife.

Hosts of different ages or developmental stages can vary in
disease risk because of differences in either susceptibility to
infection or the likelihood of developing pathology following
infection. An emerging framework in disease ecology seeks to
mechanistically understand the disease process by distin-
guishing between these two processes, which can be classified
as ‘resistance’, or the ability of a host to limit infection follow-
ing exposure, and ‘tolerance’, or the ability of a host to limit
pathology following infection (Boots 2008; Read, Graham &
Raberg 2008; Raberg, Graham & Read 2009; Rohr, Raffel &
Hall 2010). This framework and its statistical application
stem from nearly a century of use in plant disease research
(e.g. Kover & Schaal 2002). While often confused in the ani-
mal disease literature, resistance and tolerance have very dif-
ferent implications for the ecology and evolution of a
pathogen. Higher host resistance, for instance, places a
greater selective pressure on pathogens to increase virulence,
whereas tolerance may have a negative or neutral effect on
virulence (Raberg, Graham & Read 2009). Similarly, while a
resistant host may act as a ‘decoy’ or ‘dilution’ host for multi-
host pathogens, even helping to reduce disease risk (see John-
son & Thieltges 2010), tolerant hosts may be more likely to
act as disease reservoirs, maintaining infection in a commu-
nity even as sensitive (less tolerant) host species decline
(Lloyd-Smith et al. 2005).

Critical windows of development that influence properties
of host resistance and tolerance may have particular relevance
for infections that induce morphological abnormalities (Mac-
Lachlan, Conley & Kennedy 2000). In North America, for
example, infection by the trematode Ribeiroia ondatrae causes
larval amphibians to develop severe limb deformities, includ-
ing missing, extra and misshapen limbs (Sessions & Ruth
1990; Johnson et al. 1999, 2001; Stopper et al. 2002; Johnson
& Hartson 2009). Previous work has established that (i) infec-
tion dosage influences the risk of mortality and malforma-
tions; (ii) pathology varies among host species; and (iii) the
timing of exposure can influence the probability of death and
deformity (see Johnson ez al. 2010). Schotthoefer et al.
(2003b) reported that tadpoles exposed at the pre-limb bud
stage were more likely to exhibit mortality, whereas those
infected during early limb development had higher survival

rates but exhibited developmental malformations. Bowerman
& Johnson (2003) suggested that variation among amphibian
species’ phenology and the timing of infection may help to
explain patterns of malformation in nature and why some
species are more likely to exhibit high frequencies (e.g.
>20%) of developmental abnormalities.

However, the mechanisms driving such observations and
whether stage-dependent pathology owes to changes in host
resistance, host tolerance or both remains largely unexplored.
Moreover, a pressing problem in pursuing this question
involves how, exactly, resistance and tolerance are measured.
A common strategy in infection experiments is to measure
parasite load either at death (among animals suffering mor-
tality) or at the end of the experiment (among survivors). For
macroparasites that do not reproduce within a host, however,
parasite recovery decreases with time post-exposure as a
result of host immunity and/or parasite mortality (i.e. clear-
ance rate) (Telfer e al. 2008; Holland 2009; Johnson & Hart-
son 2009). This creates a confounding problem: do hosts that
die have more parasites because of greater infection success
(which caused their death) or because they were examined for
infection significantly earlier than were survivors? Given that
parasites can also delay host development (see Johnson &
Buller in press), thereby providing additional time for parasite
clearance to occur, experiments need to recognize that host
resistance is a time-dependent process and needs to be mea-
sured at a single point in time or analyzed with time post-
exposure as a covariate.

Here, we use the Ribeiroia-amphibian system as a model
for exploring whether changes in host resistance or host toler-
ance explain stage-dependent variation in pathology. By
exposing amphibians to Ribeiroia across a wide range of
developmental stages, ranging from eggs to post-metamor-
phic frogs, our goals were to (i) isolate the ‘critical window’ of
development during which amphibians experience mortality
and malformations; (ii) evaluate how the types of malforma-
tions induced vary with the developmental stage of exposure;
and (iii) test whether observed changes owe to shifts in host
tolerance, host resistance or both. Importantly, because of
the potential loss of parasites with increasing time post-expo-
sure, we measured parasite recovery during a narrow window
of time (10 days), rather than following metamorphosis. If
observed patterns are the result of developmental changes in
resistance alone, we would expect infection intensity (number
of recovered parasites) to predict pathology with no addi-
tional contributions from stage of exposure. However, if the
occurrence of a critical developmental window were due to
changes in host tolerance, we would expect a significant inter-
action between infection and stage of exposure in explaining
mortality, such that the slope of the relationship varies among
groups (e.g. Raberg, Graham & Read 2009). Because of the
large number of pathogens with stage- or age-dependent
effects, understanding the relative roles of resistance and tol-
erance in explaining developmental heterogeneity in disease
risk has broad relevance for human and wildlife diseases
alike. Persistent controversies over the types of amphibian
malformations induced by different agents further underscore
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the applied contributions of this study in the continued inves-
tigation of amphibian malformations (e.g. Ballengee & Ses-
sions 2009; Johnson & Bowerman 2010; Skelly & Benard
2010).

Materials and methods

STUDY SYSTEM

Ribeiroia ondatrae is a digenetic trematode that requires three hosts to
complete its life cycle. Asexual reproduction occurs in freshwater
snails of the family Planorbidae, leading to release of free-swimming
cercariae that are infectious to larval amphibians and some fishes
(Beaver 1939; Johnson et al. 2004). Cercariae lose their tails and form
encysted metacercariae in these second intermediate hosts. Because
cysts often form around the developing limbs of larval amphibians,
they can cause developmental disruption and improper limb forma-
tion (Stopper et al. 2002). Such malformations are hypothesized to
increase the probability that infected frogs are consumed by the defin-
itive host, which is most often a bird (Johnson et al. 2004; Rohr, Raf-
fel & Sessions 2009). Following consumption of an infected frog or
fish, birds become infected with the adult stage of the parasite, which
reproduces sexually within the host and releases eggs that are distrib-
uted across the landscape along with the host’s faeces (Johnson &
McKenzie 2008).

EXPERIMENTAL EXPOSURES

We collected egg masses of Pseudacris regilla from Lake Penhollow,
Oregon (43-:8907, —121-4111; 1297 m), and shipped them to Colorado
where they were acclimated to commercial spring water. We used P.
regilla owing to its sensitivity to Ribeiroia infection and its tendency
to exhibit a wide range of parasite-induced malformations following
parasite exposure, ranging from completely missing limbs to multiple
extra limbs (Johnson ez al. 1999, 2002). Upon reaching the appropri-
ate developmental stage, individual tadpoles (or egg masses) were
transferred into 10 L containers and maintained at 23 °C. We
exposed P. regilla to Ribeiroia cercariae at each of the following six
distinct developmental periods: egg masses (Gosner 1960; stage 15—
17; n = 15), pre-limb growth [stages 23 (n = 19) and 24 (n = 35)],
early limb development [stages 26 (n = 67), 28 (n = 53) and 30
(n = 35)], late limb growth [stage 32 (n = 20) and 34 (n = 20)],
post-limb development [stage 37 (n = 20)] and following metamor-
phosis [stage 47 (n = 20)]. To provide a control treatment for mortal-
ity and malformation comparisons, 35 tadpoles (stage 26) were sham-
exposed to water from an uninfected snail and raised to metamorpho-
sis. All experimental tadpoles (Gosner 23-37) were exposed to 10
cercariae in a volume of 1-0 L. This dosage was selected based on
extensive previous experiments to provide an intermediate yet realistic
level of infection, capable of inducing pathology but unlikely to cause
complete mortality (Johnson et al. 1999, 2001). However, to test
whether late-stage tadpoles were, in fact, no longer vulnerable to par-
asite-induced pathology, we also exposed 20 late-stage tadpoles (Gos-
ner stage 32) to 30 Ribeiroia cercariae as above.

Exposure of amphibian eggs and post-metamorphic frogs required
a slightly different approach relative to tadpoles. For P. regilla eggs,
which occur in groups of 15-50, we exposed three masses to 50 cerca-
riae in a volume of 100 mL with the primary goal of assessing whether
cercariae could detect and penetrate unhatched larvae. For post-
metamorphic frogs, which spend most of their time out of water, we
exposed individual frogs to cercariae in 20 mL scintillation vials filled
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with 7 mL of water. Vials were turned horizontally and rotated peri-
odically to ensure frogs were in constant contact with water but would
not drown. We used a higher dosage of cercariae (20) for this group
because we expected frogs would be insensitive to infection and
wanted to maximize the likelihood of detecting encysted parasites.

We obtained cercariae of R. ondatrae from Helisoma trivolvis snails
collected at field sites in California and Oregon. Individual snails were
isolated into 50 mL centrifuge tubes, maintained in the dark from
17:00 to 21:00 hrs, and then checked for the presence of free-swim-
ming cercariae. After identifying cercariae as R. ondatrae (see John-
son et al. 2004), we pooled parasites from individual snails and used a
stereo dissecting scope to administer cercariae to tadpoles with a glass
pipette (see Johnson & Hartson 2009). Ten cercariae were added to
each tadpole’s container and allowed to infect the animal. Although
tadpoles varied considerably in size as a function of developmental
stage, cercariae are highly effective at locating amphibian hosts within
small volumes of water (Kiesecker 2002; Johnson & Hartson 2009).

Amphibians were monitored for mortality over a period of 10 days
following exposures. Animals that died were necropsied immediately
to quantify infection. Tadpoles were fed a diet of 1 : 1 Tetramin to
Spirulina administered ad libitum while water and containers were
replaced twice weekly. A subset of animals (n = ~10) from each
experimental group were euthanized after 48 h and subsequently nec-
ropsied to minimize the confounding effects of time since exposure in
determining parasite recovery. Following the 10-day period, surviving
animals were combined by treatment into 33 L containers (n = 20
tadpoles per container) and raised to metamorphosis (Gosner 1960;
stage 42). We described malformations in metamorphic frogs using a
dissecting scope following the methods and terminology of Johnson
et al. (2001). This approach assumes that a frog’s malformation status
(yes or no) is determined by parasite exposure alone and will be inde-
pendent of being raised alongside other animals, which is reasonable
given the rarity of severe limb malformations under normal rearing
conditions. This same assumption cannot be made for growth and
mortality, however, and as such we did not include time to metamor-
phosis or any mortality data beyond the 10 days following exposure
in our analyses (as these could be influenced by co-housed animals).
A subset of metamorphosing frogs was necropsied to quantify Ribei-
roia metacercariae as above.

ANALYSIS

We analyzed the effect of Ribeiroia exposure on host mortality and
malformation status using logistic regression with Firth’s correction
in cases for which independent variables were overpredictive (Heinze
& Schemper 2002). Survival was assessed only during the 10-day per-
iod following exposure, which is the general time frame during which
parasite-induced mortality occurs (Johnson & Hartson 2009; Rohr,
Raffel & Hall 2010), whereas malformations were assessed among
animals surviving to metamorphosis. We evaluated the effects of
developmental stage on parasite recovery only for animals necropsied
within 10 days of exposure to minimize the effects of time since expo-
sure on estimates of resistance. This included tadpoles that had died
and those that were euthanized. Host resistance was estimated as the
inverse proportion of successful parasites recovered in a host follow-
ing exposure and we used linear regression to evaluate the effects of
host stage and days-since-exposure (as a covariate) on this response
measure. We used the proportion of parasites recovered (rather than
the raw number of metacercariae) because metamorphic frogs were
exposed to 20 rather than the 10 cercariae administered to tadpoles.
However, after excluding metamorphic frogs, we also conducted
the analysis on the raw numbers of Ribeiroia recovered using a
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generalized linear model with a Poisson distribution and log-link
function with appropriate tests for overdispersion (see Bolker et al.
2008; Zuur et al. 2009).

Following Raberg, Graham & Read (2009), who summarized the
statistical approach used in the plant disease literature, we estimated
tolerance as the slope of the relationship between parasite burden and
host fitness (here as survival). An effect of tolerance is detected as a
significant interaction term between parasite burden and group (here
as development stage) in predicting host fitness. We therefore tested
for tolerance by conducting a logistic regression analysis to predict
10-day mortality (yes or no), with parasites recovered, host develop-
mental stage, and the stage-by-infection interaction term as indepen-
dent variables. For some measures of fitness, ‘general vigour’ or the
fitness in the absence of infection can vary by host species or geno-
type. We assumed that survival in the absence of infection was con-
stant (i.e. 100%) across developmental stages, which is supported by
the following observations: (i) all tadpoles were of the same species
and genotype; (ii) unexposed animals at early development stages (26)
had 100% survival; and (iii) even exposed animals at later stages had
95-100% survival.

Results

SURVIVAL AND MALFORMATIONS

Exposure to 10 Ribeiroia cercariae caused a significant
increase in 10-day host mortality relative to unexposed tad-
poles (x> = 3473, d.f. = 1, P < 0-0001; n = 105). While
all unexposed tadpoles survived, 43% of tadpoles infected at
stage 26 died within 10 days of exposure, consistent with pre-
vious work on the lethality of Ribeiroia (Johnson et al. 1999).
However, parasite-induced pathology depended strongly on
the developmental stage of the host at the time of exposure.
Mortality was greatest among early staged tadpoles and
decreased monotonically with stage of exposure
(x* = 113-75,df. = 1, R> = 049, P < 0-0001; stage coeffi-
cient = —0-66, Wald = 52-33, odds ratio (OR) = 0-515,
n = 269; Fig. 1). Whereas nearly 90% of tadpoles exposed at
stage 23 died within 10 days, mortality fell to 0% by stage 30
and remained at <5% for all later-staged animals (one tad-
pole exposed at stage 30 died). No cercariae penetrated P. reg-
illa egg masses and all exposed eggs hatched successfully.

The occurrence and form of developmental malformations
in metamorphosing P. regilla also depended on the timing of
exposure, although the window was less narrow than that
observed for survival. Because of low survival among exposed
tadpoles in the earliest developmental stages (23-24), we
pooled metamorphic animals from these stages for compari-
son with later stages that exhibited higher survival. As with
mortality, malformation frequency was greatest among tad-
poles exposed at or before limb development (Gosner 1960;
stages 23-28), with steadily declining malformation levels
thereafter (x> = 5095, d.f. = 1, R = 0-39, P < 0-0001;
stage coefficient = —0-45, Wald = 31'12, OR = 064,
n = 166; Fig. 1). However, low frequencies of relatively
minor malformations were observed even in animals exposed
at stage 30 (9-1%), stage 32 (5:6%) and stage 37 (5:3%). Stage
32 tadpoles exposed to 30 cercariae rather than 10 did not

1 = Survival
mMalformations

Animals (%)
& 8 2

23 24 26 28 30 32 34 37 47
Stage of exposure

Fig. 1. Survival and malformations in larval amphibians (Pseudacris
regilla) exposed to Ribeiroia ondatrae infection at different stages of
development. Grey bars reflect the percentage of animals surviving
for 10 days or longer following an exposure to 10 parasite cercariae.
Black bars reflect the percentage of animals with limb malformations
among individuals that survived to metamorphosis. Stage of exposure
indicates the developmental stage (Gosner 1960) during which the
amphibians were exposed to infection.

exhibit significantly more malformations (6:3% vs. 5:6%,
y> = 027,df. = 1, P = 0-869). Only one of the unexposed
animals exhibited an abnormality at metamorphosis (a miss-
ing eye), relative to abnormalities in 654% of animals
exposed to Ribeiroia (y* = 3725, d.f. = 1, P < 0-0001; Ri-
beiroia coefficient=0-383,n = 64).

Qualitatively, the types and severity of malformations
also changed as a function of stage of exposure (Table 1;
Fig. 2). Among tadpoles exposed at stage 24 (pre-limb
development), completely missing limb abnormalities pre-
dominated (four of five observed abnormalities). For ani-
mals exposed at stage 26 (ecarly limb development), bony
triangles (43-8%) and extra limbs or projections (37-5%)
were the most common malformations (n = 32 abnormal-
ities). Skin webbings or cutaneous fusion occurred only
among tadpoles exposed at stage 28 (30%, n = 20 abnor-
malities) or later (Table 1; Fig. 2). The few abnormalities
observed in animals exposed after stage 30 involved
minor skin webbings (# = 1) or femoral projections
(n = 4), which are unarticulated, digit-like outgrowths
with variable levels of ossification (Fig. 2; Johnson et al.
1999).

PARASITE EXPOSURE AND HOST RESISTANCE

To evaluate the effects of exposure stage on parasite recovery,
which is the inverse of host resistance, we compared the pro-
portion of Ribeiroia metacerariae (arcsin-square root trans-
formed) isolated from tadpoles examined within 10 days of
exposure. Parasite recovery decreased significantly as a func-
tion of host developmental stage and days post-exposure
(R2 = 053, F516a = 9061, P < 0-0001; days post-exposure
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Table 1. Composition of limb abnormalities observed in metamorphosing amphibians (Pseudacris regilla) exposed to Ribeiroia ondatrae
infection. The occurrence and relative abundance of different abnormalities varied as a function of the developmental stage in which amphibians
were exposed to parasite infection, including pre-limb growth (Gosner 1960; stage 24), early limb development (stages 26-30), late limb
development (stages 32-34) and post-limb development (stage 37). Control animals that were not exposed to parasites did not develop
abnormalities

Pre-limb Early limb Late limb Post-limb

Stage 24 Stage 26 Stage 28 Stage 30 Stage 32 Stage 34 Stage 37
Abnormality type N =10 N = 26 N =28 N =11 N =18 N = 20 N =19
Missing limb 80% (5) 6:3% (2) 0 0 0 0 0
Partially missing limb 0 3-1% (1) 0 0 0 0 0
Missing digit(s) 0 6:3% (2) 0 0 0 0 0
Bony triangle 0 43-8% (14) 10% (2) 0 0 0 0
Extra limb 0 15:6% (5) 10% (2) 25% (1) 0 0 0
Extra foot 0 31% (1) 15% (3) 0 0 0 0
Extra digit 0 0 0 0 0 0 0
Skin webbing 0 0 30% (6) 50% (2) 25% (1) 0 0
Femoral projection 0 18-8% (6) 20% (4) 25% (1) 75% (3) 0 100% (1)
Micromelia 0 0 0 0 0 0 0
Other 1(20%) 0 15% (3) 0 0 0 0
Total abnormalities 6 32 20 4 4 0 1

(G (b) () (d)
™ 26 b 32 M 37 ’

Stage of limb development

Fig. 2. Representative types of limb malformations induced in frogs exposed to Ribeiroia infection at different stages of development. Stage of
exposure follows Gosner (1960), including pre-limb development (stage 24), early limb development (stages 26-28), late limb development (stages
32-34) and post-limb development (stage 37). Induced malformations include (a) missing limb, (b) extra limb, (c) bony triangle, (d) skin webbing

and (e) femoral projection.

coefficient = —0-097, P < 0-0001; stage of exposure
—-0-01759, P < 0-0001). However, this pattern
was driven predominantly by the low parasite recovery in
metamorphic frogs (Fig. 3). Despite being exposed to twice
as many parasites, fewer than 50% of frogs exposed after
metamorphosis (stage 47) became infected and the average
infection =1 SE was 1-:33 + 0-38 metacercariae per frog; in
contrast, 98% of P. regilla exposed as larvae supported evi-
dent infection, with an average of 530 + 0-21 metacercariae
per animal. If metamorphic frogs were excluded from the

coefficient

analysis, stage of exposure was no longer a significant predic-
tor of Ribeiroia recovery (R*> = 031, F>143 = 3193,
P < 0-:0001; days post-exposure coefficient = —0-098,
P < 0-0001; stage of exposure, P = 0-08). Results were iden-
tical if we used a Generalized Linear Model with a Poisson
distribution to predict the number of Ribeiroia recovered for
stages exposed to 10 cercariae (Gosner stages 23-37)
(x> = 1888, d.f. = 1, P < 0:0001; stage of exposure coeffi-
cient = —0-047, P < 0-0001). Interestingly, and as predicted,
if we examined only animals exposed as larvae that survived
to metamorphosis, stage of exposure had a positive effect on
parasite recovery (R2 = 007, Fyo4 = 767, P = 0-0067;

stage of exposure coefficient = 0-0189, P = 0-0067;
n = 96). This owed to the fact that tadpoles exposed later in
development had less time to clear their parasites prior to
metamorphosis.

HOST TOLERANCE

Following the approach to estimating tolerance from the
plant disease literature (see Raberg, Graham & Read
2009), we evaluated the effects of parasite recovery, stage
of exposure and their interaction on host survival (using
only parasite-exposed animals). This model was significant
(x> = 102:53, d.f. =3, P <00001; n=167) and
included a significant interaction term, reflecting changes in
tolerance with host stage (stage X infection > = 1394,
P = 0-0002). Re-running the analysis separately for each
developmental stage, we found that infection negatively
predicted survival only for stages 23-24 (x> = 32:94,
P < 0:0001; n = 54), stage 26 (x> = 22:08, P < 0-0001;
n = 54) and stage 28 (x> = 810, P = 0:0044; n = 27).
For later stages (30-37), infection did not significantly pre-
dict survival (P > 0-05).
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Fig. 3. The percentage recovery of Ribeiroia metacercariae in
amphibians examined within 10 days of parasite exposure. Stage of
exposure indicates the developmental stage (Gosner 1960) during
which the amphibians were exposed to infection. Included are animals
that died or were euthanized following exposure. Error bars represent
+1SE.

Discussion

For more than a century, the ‘gold standard’ for understand-
ing the aetiology of disease has been Koch’s Postulates, which
state that the exposure of a healthy host to a disease-causing
agent should reproduce the disease if the correct cause has
been identified (e.g. Evans 1978). However, and as later rec-
ognized by Koch, fulfilment of this particular postulate can
often fail, owing to variation in prior host exposure history,
asymptomatic carriers and genetic immunity (Evans 1978;
Fredericks & Relman 1996; Plowright ez al. 2008). Host age
and developmental stage can also influence both the likeli-
hood a host becomes infected following exposure (resistance)
as well as its level of pathology following infection (toler-
ance). Results of the current study support the hypothesis
that pathology in amphibians associated with trematode
infection occurs during a ‘critical window’ of development.
For a fixed dosage of Ribeiroia cercariae, the risk of host
death and deformity was greatest among tadpoles exposed
during the pre-limb and early limb developmental stages, with
steady declines at later developmental stages. The difference
of only a few developmental stages — the equivalent of
<2 weeks of development under normal conditions —
decreased mortality and malformations by >50% (see also
Holland et al. 2007). Beyond Gosner (1960); stage 30, a low
level of parasite exposure had no effect on survival and only
weak effects on malformation risk. Parasite exposure also
had no effect on amphibian eggs or post-metamorphic frogs,
perhaps suggesting that the settlement cues used by cercariae
are most pronounced for tadpoles.

These findings support and extend the results of previous
work in related systems. Schotthoefer et a/. (2003b) found

that exposure of Lithobates pipiens larvae to variable numbers
of Ribeiroia cercariae (0-90) produced stage-dependent mor-
tality and malformations, similar to the current study. In a
short-term study comparing the effects of different trematode
species on larvae of three amphibian species, Rohr, Raffel &
Hall (2010) found that developmental stage helped explain
changes in both resistance and tolerance among treatments,
particularly for Ribeiroia exposures. In a pair of related
papers, Schotthoefer, Cole & Beasley (2003a) working with
L. pipiens and Holland et al. (2007) working with Lithobates
clamitans reported that cercariae of the kidney-infecting trem-
atode Echinostoma spp. also caused stage-dependent mortal-
ity as a function of kidney development, although these
effects manifested only at the earliest exposure stages (Gosner
stage 25). Sublethal forms of pathology such as whole-body
oedema exhibited a similar form of stage dependency (Schott-
hoefer, Cole & Beasley 2003a; Holland ez al. 2007).

Nor are such findings restricted to amphibian infections
(Cunningham et al. 2005; Villeneuve et al. 2005). Kelly et al.
(2009), for instance, reported that experimental exposures
with trematode cercariae (Telogaster opisthorchis) caused
high frequencies (20-65%) of spinal deformities and fin
anomalies in juvenile fish (Galaxias anomalus) in New Zea-
land. Based on progressive increases in infection concurrent
with a decline in malformations over the season, the authors
argued that these abnormalities develop during a critical
developmental window of skeletal ossification in the host and
that parasite-induced malformations can have population-
level impacts on hosts (Kelly ez al. 2009). Similarly, the my-
xosporean parasite Myxobolus cerebralis, which causes whirl-
ing disease in salmonid fishes, is particularly damaging to
spinal development in young fishes (Sollid ez a/. 2003). This
trend is explained by changes in the availability of cartilage
with ossification and in non-specific immunity with fish age
(El-Matbouli, Fischer-Scherl & Hoffman 1992; Ryce et al.
2005). These observations indicate that critical windows of
developmental sensitivity to disease may be common among
wildlife infections.

Our study provides additional insights about the relative
contributions of host resistance and tolerance driving such
developmental variation in disease patterns. While resistance
and tolerance are gaining increased attention in animal dis-
ease research as a conceptual framework to understand the
ecology and evolution of host—parasite interactions (Boots
2008; Read, Graham & Raberg 2008), as of yet there have
been few attempts to apply these principles toward the study
of wildlife disease or to how disease risk varies with host
development (Rohr, Raffel & Hall 2010). Our results indicate
that both resistance and tolerance increased with amphibian
development. Infection success decreased with developmental
stage of exposure even after controlling for time post-expo-
sure, which is an important albeit often neglected determinant
of parasite persistence (Johnson & Buller in press). However,
this pattern was driven largely by the low infection success in
post-metamorphic frogs, for which fewer than 7% of para-
sites were recovered upon necropsy (see also Schotthoefer,
Cole & Beasley 2003a). Exclusion of this group eliminated the
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significant effect between stage and infection success. Thus,
resistance changed in a strongly non-linear fashion with host
development; while larvae were equally susceptible, post-
metamorphic frogs (and amphibian eggs) exhibited very high
levels of resistance.

These results suggest that changes in host tolerance (rather
than resistance) played the most important role in explaining
shifts in pathology with host developmental stage. Stage of
exposure and infection intensity interacted significantly to
explain host mortality, such that infection was a significant
predictor of mortality only among early stage tadpoles
(Raberg, Graham & Read 2009). For example, while nearly
identical levels of infection were recovered among tadpoles
exposed to Ribeiroia cercariae at stages 34 and 26 (4-1 vs. 4-14,
respectively), the groups differed in mortality by 56% (100%
survival at stage 34 but only 44% at stage 26). Similarly, both
mortality and malformation risk decreased significantly with
increases in the developmental stage during which hosts were
exposed, regardless of whether post-metamorphic frogs were
included in the analysis. The simplest explanation for
observed increases in tolerance with host stage involves
changes in body size. Older tadpoles at more advanced stages
were also considerably larger, which likely reduced the pro-
portional impact of each parasite. Snout-vent length and host
stage were strongly correlated (r = 0-94), with tadpoles
increasing in SVL by >250% between stages 24 and 37
(R* = 089, Fy g6 = 690-3, P < 0-0001). Like many trema-
todes, Ribeiroia cercariae use proteolytic enzymes to burrow
into host tissue (Kasny e al. 2009), a process that causes
wounding and micro-haemorrhaging in the process. In small
tadpoles, the cumulative effect of multiple infections, each of
which penetrates the animal’s body, can lead to serious injury
from which recovery is unlikely (Rohr, Raffel & Sessions
2009).

Ongoing debates and discussions surrounding amphibian
malformations and their causes have often focused on the
types of observed malformations and what they indicate
about the cause responsible. For example, some reports
have suggested that parasite infection is predominantly
associated with extra limb abnormalities whereas other
causes, such as aquatic predators, may account for missing
limb abnormalities (Ballengee & Sessions 2009; Johnson &
Bowerman 2010; Skelly & Benard 2010). However, our
results indicated that critical windows of development
strongly influence the types of malformations observed fol-
lowing exposure. Exposure to Ribeiroia cercariae early in
development, prior to initiation of limb development (stage
23-24), caused almost exclusively missing limbs, with no
extra limbs or limb elements observed. Later exposures
(stage 28-30) resulted in an increased frequency of bony tri-
angles and extra limbs or limb-like projections, which
declined in scale and severity as developmental stage pro-
gressed further. Non-structural abnormalities such as skin
webbings and unarticulated outgrowths (femoral projec-
tions) were the only abnormalities observed among animals
exposed after stage 32, which corresponds with the comple-
tion of limb development. Intriguingly, even tadpoles
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exposed after completing limb development (e.g. stage 37)
exhibited a low frequency of such abnormalities (Fig. 2).

These findings help to explain why within a single wetland,
normal and malformed frogs can exhibit similar levels of Ri-
beiroia infection (Goodman & Johnson in press; Johnson &
Hartson 2009). Malformation risk depends on the exact posi-
tion of invading parasites and the developmental stage of the
host during infection. Considering that larval amphibians
often develop in multiple cohorts and that, even within a sin-
gle a cohort development rate among individuals varies con-
siderably, the effects of parasite exposure on host
malformation risk will be context dependent. Infection late in
development, for instance, may lead to little or no develop-
mental abnormalities, as shown here, whereas animals
exposed early in the growth process have a much greater risk
of malformations and mortality, even in response to identical
numbers of parasites. These results are in parallel with studies
of human exposures to contaminants during critical develop-
mental windows. During the 1950s and 1960s, for instance,
administration of thalidomide to pregnant women led to
limb, facial and systemic abnormalities in developing
embryos depending on the gestation stages at the time of
exposure (Smithells & Newman 1992; Tabin 1998).

In conclusion, our results extend and reinforce the impor-
tance of critical windows of development in determining the
pathology associated with parasite infection. These findings
suggest that population-level impacts of infections will vary
substantially as a function of the timing of exposure; in
some instances, infections are expected to cause mortality
and population declines (see Kelly e al. 2009). Such effects
will be difficult to detect if the age-dependent nature of
pathology is not recognized. While changes in both host
resistance and host tolerance contribute to this pattern,
increases in tolerance with host age/size are particularly
important in controlling malformation and mortality risk in
larval amphibians. Intriguingly, this suggests that hosts can
achieve a size or stage refugium from infection akin to size-
based refugia observed in predator—prey dynamics (e.g.
Chase 1999); however, this refuge is the result not of a
reduction in infection but of a decrease in the resultant
damage associated with infection. A pressing arena for
future research involves evaluating the effects of climate
change on infections with critical windows of pathology.
Given that parasites are often more sensitive to changes in
temperature than their vertebrate hosts, for instance, antici-
pated warming could shift infections earlier in the season
when hosts are most vulnerable to pathology (see Yang &
Rudolf 2009; Gilman et al. 2010; Paull and Johnson in
press a,b).
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