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ABSTRACT

Emerging infectious diseases are increasingly causing mortality in vertebrates, driving
widespread population declines in some species. Amphibian chytridiomycosis is a lethal
fungal disease that has caused population collapses and extinctions worldwide. Identifying
approaches that can effectively enhance host survival is therefore an urgent conservation
priority. Here, we investigate whether immunising individuals against chytrid is an effective
strategy. We synthesised evidence from 223 effect sizes (53 experiments across 36 studies
and 22 species) to evaluate how susceptibility to Batrachochytrium dendrobatidis (infection
rates, infection intensity, mortality) differed between experimentally immunised and non-
immunised individuals that were subsequently exposed to live chytrid. Individuals
immunised by exposure to live chytrid, their cell-free compounds, or synthetic antiparasitics
consistently had reduced disease susceptibility follow re-exposure, although effectiveness
varied across the stages of disease progression, depended on life stage, and varied among
taxonomic groups. In contrast, we found no clear benefits of probiotic or dead-pathogen
immunisation. These findings highlight three promising immunisation methods that reduce
amphibian susceptibility to the chytrid fungus. They also suggest that wild animals exposed
to chytrid may benefit from habitat manipulations, such as providing thermal refugia or
targeted chemical disinfection, that enable animals to clear infection, thereby inducing live-
pathogen immunity that could enhance survival in susceptible species.
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INTRODUCTION

The emergence and spread of infectious diseases represent one of the most significant threats
to wildlife populations worldwide!>. While many taxa have been impacted by emerging
diseases, amphibians have been hardest hit due to the global expansion of two fungal
pathogens, Batrachochytrium dendrobatidis (Bd)® and B. salamandrivorans (Bsal)*. These
pathogens cause chytridiomycosis, a disease that can trigger mass mortality events>. Since the
1970s, the spread of chytridiomycosis has contributed to population declines in more than 500
amphibian species, with at least 90 species potentially extinct’. Consequently, amphibians are
now the most imperilled vertebrate class, with more than 40% of species threatened, and
disease identified as the major threatening process’®.

The challenge for susceptible amphibian species is that, once established in the wild, the
disease appears virtually impossible to eradicate. This persistence stems not only from the
pathogen’s ability to infect non-amphibian hosts®!? and remain viable in environments without
hosts!!, but also from amphibian species that become infected but rarely develop disease,
thereby acting as long-term pathogen reservoirs and continual sources of infection for more
vulnerable species!'?. As a result, conventional conservation measures, including translocations
and reintroductions, often fail because disease-causing pathogens persist in the environment!3-
15 For Bd and Bsal, the only proven management strategy is to remove susceptible individuals
from natural habitats and maintain disease-free captive populations'®, a scenario that risks
leaving many amphibian species extinct in the wild. This reality underscores the urgent need
to develop approaches that mitigate disease impacts and enable amphibian hosts to coexist with
the pathogens.

A promising avenue for reducing disease impacts involves stimulating protective immune
responses in susceptible species. In many animals, exposure to live-attenuated pathogens,
inactivated pathogens, or their derivatives enables immune cells to recognise pathogens,
develop immunological memory, and mount faster and more effective responses upon

subsequent exposure!”!8, For amphibians, successful immunisation strategies that enhance host

survival'®2! could substantially improve conservation outcomes, for example by enabling the
release of immunised individuals to bolster threatened populations, or by guiding habitat
manipulations that help amphibians clear infection naturally, develop immunity under wild

conditions, and thus enable long-term population persistence>23,

However, immunisation efforts targeting Bd and Bsal in amphibians have produced mixed
outcomes?**, with no clear consensus and considerable uncertainty about their overall
effectiveness. This inconsistency likely reflects the wide variety of immunisation approaches
that have been trialled (Table 1), including exposure to live pathogens?*2¢, dead pathogens?!-%7,
pathogen metabolites?®%°, antifungal microbes*’!, and synthetic anitfungals3>%3, as well as the

broad diversity of host species on which these methods have been tested.

Despite this variability, synthesising these results and identifying the most promising strategies
remains a priority, as effective immunisation approaches would represent a major advance in



combatting chytridiomycosis. Here, we conducted a meta-analysis drawing on all available
amphibian immunisation studies targeting Bd and Bsal to identify the most effective strategies
and to understand the drivers of variation in immunisation success. We focused on how
different immunisation approaches influenced subsequent infection rates, infection intensity
(when infected), and mortality when immunised individuals were exposed to live pathogens,
anticipating that effective strategies would reduce infection rates, lower pathogen loads, and/or
decrease mortality. We evaluated how these outcomes varied across immunisation methods
(Table 1) and among amphibians differing in life stage, origin (captive or wild bred) and
taxonomic family (Table 2).

RESULTS

We screened 1,517 studies and identified 38 containing relevant datasets (Figure 1 and S1).
Together, these studies reported 275 effects from 59 experiments, each comparing outcomes
following Bd or Bsal exposure between immunised (treated) and control (untreated) animals
under common conditions. Most experiments targeted Bd (n = 53) with only six addressing
Bsal. All Bsal experiments involved live-pathogen immunisation: exposing animals to either
live Bd** or live Bsal*** and testing their subsequent susceptibility in a live Bsal challenge.
Results from these Bsal experiments were mixed: infection loads and mortality in immunised
individuals were reduced relative to controls in some species®* but not others**3>, while
prevalence was unaffected by immunisation treatment in all cases. Given the limited number
of Bsal experiments, we estimated effect sizes only for Bd.

Immunisation treatments reduce susceptibility to Bd across amphibians

We quantified differences in infection risk (prevalence), infection intensity, and mortality
between immunised and control groups following a live Bd exposure challenge using multi-
level meta-analytic models that included within-study, between-study and phylogenetic
random effects (Figure 2). Effect sizes for prevalence (k = 90) and mortality (k = 62) were
calculated as the natural logarithm of the risk ratio (logRR), while effect sizes for infection
intensity (k = 71) were calculated as the natural logarithm of the response ratio (InRR).

Mortality is arguably the most consequential outcome because it links directly to population
performance and the potential for long-term persistence. Immunising individuals with live
pathogens reduced mortality following subsequent live Bd exposure, lowering death rates by
an average of 26% (Figure 3). Although the confidence intervals (CIs) slightly overlapped zero
(p = 0.054), the magnitude of the effect suggests that live-pathogen immunisation can
substantially improve host survival following re-exposure to the Bd pathogen (Table S1).

Live-pathogen immunisation not only reduced mortality but also markedly lowered infection
loads (Figure 3b), decreasing infection intensity by an average of 70% (p = 0.04). To test the
result robustness, we excluded experiments that included uninfected individuals when
calculating Bd loads (k = 15) because these experiments confound effects on infection rates
(prevalence) with those on infection intensity. The benefits of live-pathogen immunisation



became stronger when excluding uninfected individuals, reducing pathogen loads by an
average of 80% (p = 0.02; Table S2). These findings suggest that live-pathogen immunisation
robustly reduces infection loads, irrespective of its effects on prevalence. Align with this, we
found no effects of live-pathogen immunisation on prevalence (p = 0.21; Figure 3a).

In contrast, natural-chemical immunisation did not reduce mortality (p = 0.34), but reduced
both prevalence and pathogen load by 27% (p = 0.003) and 80% (p = 0.053), respectively
(Figure 3; Table S1). However, effects of natural-chemical immunisation on pathogen loads
became unclear when we excluded experiments that included uninfected animals (ClIs: —96%
to +37%; p = 0.11; Table S2). This suggests that the observed effect of natural-chemical
immunisation on infection intensity is largely attributable to its effects on prevalence.

Another promising approach is synthetic-antiparasitic immunisation, which reduced mortality
risk by an average of 34% (Figure 3c). However, this effect remained uncertain (p = 0.10),
likely due to the small sample sizes (k = 5). The CIs were largely skewed towards reduced
mortality risk (Cls: —60% to +8%), warranting further investigation of this intervention. The
remaining immunisation methods (dead-pathogen, probiotic and other) showed no clear effects
on either prevalence, infection intensity, or mortality (Figure 3).

Immunisation effects were correlated among prevalence, infection intensity and mortality

Our results show that different immunisation methods influence infection dynamics at different
stages of disease progression, from the probability of becoming infected to the intensity of
infection and ultimately morality (Figure 3). To examine whether the effects of immunisation
on one disease stage were associated with compensatory or reinforcing effects at other stages,
we fitted multivariate models that assessed correlations among effect sizes across the stages of
disease progression within studies. The effects of immunisation on prevalence and pathogen
load were strongly positively correlated (p = 0.95), suggesting a reinforcing effect whereby
immunisation that limits initial infection also suppresses within-host pathogen abundance. In
contrast, effects on prevalence and pathogen loads were both negatively correlated with effects
on mortality (p = -0.56 and -0.28, respectively), suggesting a compensatory effect whereby
immunisation that enhances resistance (e.g., preventing initial infection and limiting pathogen
burden) tends to reduce tolerance (e.g., increasing mortality at a given pathogen burden).

Consistent effects on prevalence but effects were more variable across studies for infection
intensity and mortality

There was evidence that some immunisation methods significantly lowered Bd prevalence,
infection intensity, and mortality, but the consistency of effects varied across studies. The
effects of immunisation on prevalence were highly consistent across studies (/7 = 0%) and
showed little variation relative to the overall mean effect (mean-standardised heterogeneity:
CVH? = 0), largely because most immunisations did not clearly alter infection rates (Figure
S2). In contrast, the effects of immunisation on infection load exhibited extremely high
heterogeneity across studies (I7=99.53%), with substantial variation relative to the mean effect



(CVH? = 6.37). The effects of immunisation on mortality exhibited small to moderate
heterogeneity (/7 = 30.14%), although effect sizes varied markedly relative to the overall mean
effect (CVH? = 105.32), reflecting that mortality responses varied considerably across studies
despite a small mean effect (Figure S2). Together, these findings indicate substantial variation
in how immunisation methods influence infection burden and mortality risk (Table S3).

For infection intensity, most of the heterogeneity was due to between-study differences and
within-study variation (I,fetween_study = 49%, I‘f,ithin_study = 51%, I;hylogeny =~ 0%). For
mortality, heterogeneity primarily arose from between-study differences and phylogeny
(Igetween_mdy = 21%, I‘f,ithin_study =~ 0%, I;hylogeny = 9%), indicating mortality outcomes
were linked to evolutionary relatedness. The substantial contribution of between-study
differences to overall heterogeneity in both traits suggests that between-study ecological and
methodological differences were key drivers of variation in immunisation effects.

Immunisation effectiveness varies by life stage and family, with stronger effects in more
susceptible groups

In addition to immunisation methods, we found that host type (life stage and taxonomy)
moderated treatment effectiveness. Immunisation was more effective at lowering prevalence in
larval amphibians relative to other life-stages (Figure 4a), reducing larval infection risk by 28%
(p = 0.01; Table S4). However, immunisation did not reduce larval mortality (p = 0.25) or
infection intensity (p = 0.19; Figure 4). In contrast, immunisation reduced infection intensity
in juveniles by an average of 58%, although the CIs slightly overlapped zero (p = 0.054; Figure
4b). The effect in juveniles became unclear when we excluded experiments that included
uninfected animals to calculate Bd loads (p = 0.15; Table S5). This demonstrates that
immunisation reduced infection intensity in juveniles largely because many immunised
juveniles cleared their infection. Immunisation had no effect on prevalence or mortality in
juveniles, or on any traits in adults (Figure 4; Table S4).

Species in different families may vary in responses to disease and immunisation due to taxa-
specific physiology*® and ecological niches’’, which are not necessarily captured by
phylogenetic relatedness. Indeed, we found that immunisation effects varied by amphibian
family, reducing infection risk in Hylidae by an average of 9% (p = 0.03), but not in other
families (Figure 4; Tables S6-7). Hylids are known to be particularly susceptible to Bd and
often experience high Bd-induced mortality®3. To test whether immunisation provides greater
benefits in more susceptible groups, we fitted a meta-regression examining the moderating
effect of inherent susceptibility (i.e., the mortality rate of the control group) on immunisation
effects. Inherent susceptibility did not predict immunisation effects on prevalence (32 = 1.24,
p=0.22) or infection intensity (fs0 =-0.71, p = 0.48). However, immunisation reduced mortality
more strongly in groups with higher inherent susceptibility (fs0 = -2.04, p = 0.046), suggesting
that more susceptible species or populations gained greater survival benefits from
immunisation (Table S8).



Immunisation effectiveness did not vary by host origin (i.e., wild or captive bred) (Figure 4;
Tables S9-10) or by methodological procedure (i.e., the time intervals between immunisation,
Bd challenge, and trait measurement, as well as measurement effort) (Tables 1 and S11).
Therefore, immunisation was similarly effective in wild-bred and captive-bred amphibians
across studies with different experimental durations and measurement frequencies.

Publication bias

We assessed two forms of publication bias: (1) small-study effect, whereby studies with small
sample sizes and significant results are more likely to be published®® and (2) time-lag bias,
whereby significant findings are published earlier than non-significant ones*’. Neither effective
sample size nor publication year (from 2009 to 2024) predicted immunisation effectiveness (all
slopes overlapping zero; all p > 0.20; Table S12), indicating no publication bias. Publication
bias was not evident from visual inspection of funnel plot asymmetry (Figure S3).

DISCUSSION

Identifying approaches that reduce chytrid-associated mortality is essential for safeguarding
threatened amphibians and strengthening global conservation efforts. Given the ongoing
persistence of Bd in the wild, efforts to enhance individual resistance are widely regarded as a
critical first step in preventing extinctions and enabling successful reintroductions®?. Our
meta-analysis shows that prior exposure to live Bd, its natural chemical products, or synthetic
antiparasitics consistently reduced host susceptibility to Bd. These methods therefore appear
especially promising for immunising animals prior to translocation or population
supplementation.

Exposure to live Bd or its natural chemical reduced host susceptibility to Bd, while
exposure to dead Bd had no effect

Live-pathogen immunisation effectively reduced infection intensity and mortality upon re-
exposure. This result aligns well with the concept of vaccination, which stimulates adaptive
I7.18 Tn addition to live-pathogen
immunisation, we found clear evidence of natural-chemical immunisation in reducing
infection risk and pathogen load. Most experiments of natural-chemical immunisation applied
Bd metabolites (cell-free by-products) to induce resistance?®2*4!. We therefore highlight that
prior exposure to live Bd or its metabolites can reduce disease susceptibility. Interestingly, we
did not detect any effects of dead-pathogen immunisation, consistent with epidemiological
evidence suggesting that non-infectious vaccines elicit weaker protection than live vaccines!'®.

immunity and lessens the severity of later infections

What remains unclear, however, is why Bd metabolites — another form of non-infectious
vaccines — were effective. One possible explanation is that inhibitory compounds produced
by Bd stimulate host immune responses (e.g., methylthioadenosine*?, spermidine*?). These
immunomodulatory factors are produced by Bd zoosporangial walls rather than zoospore
cells*, yet dead-Bd immunisation typically exposed individuals to purified dead zoospores
without zoosponrangia?!274>46_In contrast, Bd metabolites were usually prepared by filtering



culture media containing both zoosporangia and zoospores®’. The inclusion of zoosporangia
during preparation might explain the strong effects of Bd metabolites. Consistent with this
explanation, antibody production was detected when frogs were treated with a mixture of
dead zoospores and zoosporangia*’, but not when treated with purified dead zoospores*®:3,

Is pathogen-related immunisation practical to establish herd immunity in nature?

The goal of developing an immunisation strategy is to administer it broadly to large numbers
of individuals, increase the number of resistant individuals, and reduce pathogen
transmission. However, not all effective approaches can achieve this goal. For example,
immunisation using Bd metabolites are labour-intensive, with studies dosing animals daily or
every other day for periods ranging from weeks to months!®-2!2°, making them impractical for
real-world conservation. Recent studies have begun testing the minimal doses and duration
needed to produce a protective effect of Bd metabolites?®, but these trials are still in their
infancy and largely limited to laboratory conditions. Alternatively, resistance may be
enhanced through habitat manipulation that produces effects similar to effective
immunisation methods. For example, the establishment of hotspot shelters?® or saline satellite
ponds?®# allows wild frogs to clear infection, thereby creating natural live infection-
clearance processes analogous to live-pathogen immunisation. In our meta-analysis, a few
live-pathogen immunisation (7 of 24 experiments) did not involve clearance because the live
Bd strains did not cause sickness. These low-virulence strains are assumed to colonise
available cutaneous niches, preventing invasion by more virulent strains encountered later?*,
Despite their low virulence, these live Bd strains remain transmissible and can be spread
naturally in untreated wild individuals, potentially accelerating the establishment of herd
immunity>’. Notably, however, low-virulence strains can be still lethal to some susceptible
species** and may increase the risk of co-infection with other pathogens®!. The use of live
strains without clearance hence requires careful assessment of population-level disease
dynamics, given their transmissibility.

Exposure to synthetic antiparasitics: a convenient and promising method to reduce
susceptibility to Bd

Contrary to the aim of vaccination to stimulate adaptive immunity, exposure to synthetic
antiparasitics were often used as sham procedures to control for clearance effects following
live-pathogen immunisation®>-2, or arose from interest in the antifungal effects of common
pesticides®33, Studies have reported mixed effects on host susceptibility (decreased®>-* or
increased!®?), but our meta-analysis revealed a strong tendency in reduce host mortality.
While the effect remained uncertain due to a small sample size, it underscores the potential
practical value of synthetic antiparasitics. First, synthetic drugs are cheaper and more
transferrable than live Bd and its natural chemical (which require zoospores quantification
and immediate use), making synthetic-antiparasitic treatments easier to prepare in remote
areas®®. Second, synthetic antiparasitics pose no risk of introducing the pathogen into the
wild. Because synthetic antiparasitics do not contain Bd, the induced defence is likely
mediated by innate immunity (e.g., epidermal trauma due to drug exposure that mitigate



susceptibility®). One key unknown is how long protection persists after exposure to synthetic
antiparasitics. For example, the beneficial effects of antifungal treatment were lost after one
year>®, In contrast, combining individual-level antifungal treatment with habitat manipulation
(chemical disinfection) successfully mitigated infection outcomes for up to two years®’. This
success might reflect the combined effect of synthetic-antiparasitic immunisation and reduced
Bd abundance in the environment. Currently, drug administration (especially itraconazole) is
the most widely applied therapeutic intervention to mitigate chytrid>®. However, its use
remains highly controversial due to unintended impacts on animal performance (e.g., reduced
growth>?) and ecosystems, warranting further evaluation before broader application.

Effects on mortality were negatively correlated with effects on prevalence and infection
load, suggesting function redundancy between tolerance and resistance

We revealed a negative correlation between effects on mortality and those on prevalence or
infection intensity, but a positive correlation between prevalence and infection intensity.
Positive effect correlations are intuitive, as immunisation that inhibit initial infection
(prevalence) should also limit pathogen growth within the host (infection intensity) and
prevent it from reaching lethal thresholds (mortality). On the other hand, it is well established
that some amphibians can carry high pathogen loads without sickness or mortality>. Hosts
can combat pathogens through two mechanisms®*¢!: (1) limiting pathogen invasion and
growth (resistance) or (2) minimising pathology without reducing pathogen burden
(tolerance). Amphibians may therefore coexist with chytrid by being either highly resistant
(e.g., not infected)*>%2 or highly tolerant (e.g., not sick when infected)*®, implying functional
redundancy between these two defences®. Trade-offs between resistance and tolerance are
expected if both are costly and provide additive benefits®. In our meta-analysis, prevalence
and infection intensity reflect resistance, whereas mortality reflects tolerance. This
framework may explain the positive correlation within resistance outcomes and the negative
correlation between resistance and tolerance outcomes. Among approach types (Figure 3),
natural-chemical immunisation reduced prevalence and infection intensity, but not mortality;
likewise, synthetic-antiparasitic immunisation reduced mortality, but not prevalence or
infection intensity. However, an exception was live-pathogen immunisation, which reduced
infection intensity and mortality but not prevalence, indicating some uncertainty in which
outcomes are affect by different methods.

To explain where immunisation methods exert their effects, we hypothesised different cases
based on the concepts of resistance and tolerance (Figure 5). In case [1], untreated animals
carry high pathogen loads, with some high enough to cause death. Immunisation reduces
pathogen loads, and thus mortalities, but not to the point of infection clearance, so infection
prevalence remains unchanged (Figure 5a). Case [1] aligns with the effects of live-pathogen
immunisation and the high prevalence observed in their datasets (Figure S4). In case [2],
untreated animals carry low pathogen loads below disease-causing lethal thresholds, so few
individuals are at risk of dying. Immunisation further reduce pathogen loads leading to more
animals clearing infection and hence reduced prevalence, but the mortality rate remains
unchanged (Figure 5a). Case [2] aligns with the effects of natural-chemical immunisation and



the low mortality observed in their datasets (Figure S5). Case [3] illustrates increased
tolerance after immunisation, where immunised individuals become more tolerant of higher
infection loads, and thus mortality is reduced without changes in pathogen load or prevalence
(Figure 5b). Case [3] is consistent with the effects of synthetic-antiparasitic immunisation.
Case [4] indicates increased tolerance after immunisation, which is not detectable in
experiments.

Future conservation efforts need to consider the timing and life-stage of immunisation

Immunisation were particularly effective at reducing prevalence in larvae and infection
intensity in juveniles (Figure 4). In tadpoles (larvae), keratinised tissues are restricted to the
mouthparts®, where infection rarely cause mortality**®!, This aligns with our hypothesis that
when pathogen loads are far below lethal thresholds, immunisation is more likely to reduce
prevalence (Case [2] in Figure 5). In contrast, post-metamorphic juveniles have fully
keratinised skin® but incomplete adult immune systems®, and often experience high
mortality following infection®®61:6% Indeed, the Bd-caused lethal threshold is typically lower
for juveniles than for larvae or adults (55% and 87% lower, respectively)®. This finding is
important because pathogen growth was slower in immunised juveniles, plausibly reducing
the risk of reaching lethal thresholds at this most vulnerable life stage. While infection-caused
mortality is uncommon in tadpoles®!, infected tadpoles often die during or shortly after
metamorphosis®® because Bd spreads as keratin appears across the skin covering the entire
body®*. Tadpoles also act as reservoirs that carry Bd and increase disease transmission®’.
Evidence that immunisation reduced infection rates in tadpoles is likewise encouraging
because if fewer tadpoles are infected, the risk of them dying after metamorphosis or
transmitting disease to other individuals is likely lower. Field investigations further showed
that low Bd prevalence in tadpoles was associated with rapid recruitment and population
recovery despite high mortality in adults®®,

Most studies investigated immunisation success within a single life stage, so it remains
unclear whether effects in the larval stage can persist through metamorphosis. This is a
critical question that remains to be addressed, especially given our findings show significant
effectiveness in reducing infection prevalence within the larval phase. Larval immunisation
offers several advantages: (1) a single adult breeding pair often produce hundreds to
thousands of embryos, allowing easy collection of large cohorts, and (2) tadpoles can be
reared at higher densities on inexpensive plant-based diets rather than the carnivorous diets
post-metamorphic frog require. Importantly, (3) tadpoles are far more tolerant of Bd infection
than post-metamorphic frogs®!-’°. This heightened tolerance makes tadpoles particularly well
suited for live-pathogen immunisation. If increased resistance in immunised larvae transfers
across metamorphosis into more disease-resistant adults, larval manipulation would offer a
powerful tool to immunise larger numbers of individuals at lower costs and enable significant
immunised-head starting for reintroduction or supplementation programs.

Immunisation effects differ among taxonomic families and depend on inherent
susceptibility



While phylogenetic relatedness did not explain much of the observed heterogeneity,
immunisation effects differed among taxonomic families. Immunisation was particularly
effective in reducing prevalence in Hylidae. In fact, high Bd-induced mortality in Hylidae has
been reported in a previous meta-analysis®®, suggesting that immunisation may be more
effective in more susceptible species. Consistent with this assumption, we found that baseline
mortality rates significantly predicted immunisation effectiveness: greater reductions in
mortality occurred in groups with higher baseline mortality. Conversely, Bufonidae are also
recognised as highly susceptible to Bd”-**7!, yet immunisation was not particularly effective
in this family. We noted that these estimates were based on only three Bufonidae species
(Figure 2), mostly involving probiotic treatments with less precise effects (Figure 3). We
therefore encourage more studies testing effective approaches in Bufonidae, such as exposure
to live-pathogen, natural chemical or synthetic antiparasitics.

CONCLUSION

This meta-analysis reveals that prior exposure to live Bd, natural chemical (with datasets
mostly comprising Bd metabolites) or synthetic antiparasitics shows the strongest tendency to
reduce susceptibility to Bd. These approaches act at different stages of infection progression,
with effects varying across life stages and taxonomic groups. This underscores the
importance of application life stage and species-specific targeting for successful chytrid
mitigation. In addition, we detected a significant effect in reducing larval prevalence,
highlighting the need for cross-stage research to test whether the benefits of immunisation in
larvae persist into adulthood. Our results further suggest that habitat manipulation providing
benefits similar to effective approaches — such as establishing suitable microhabitats that
enable wild animals to clear infection (vaccination through live infection-clearance) — is more
likely to succeed than those involving ineffective approaches (e.g., environmental
augmentation of microbiomes). Importantly, any unintended effects of immunisation
treatments (e.g., toxicity of synthetic antiparasitics) must be carefully evaluated before real-
world implantation.

METHODS

We conducted a systematic review and meta-analysis following, as closely as possible, the
PRISMA-EcoEvo guidelines’. A checklist is provided as a supplementary file. For our full
PRISMA diagram detailing our search and selection criteria see Figure S1.

Literature searches

We aimed to retrieve a large representative sample of studies measuring changes in
amphibian susceptibility to chytridiomycosis after applying different interventions. We
searched publications from ISI Web of Science (Core Collection), Scopus, ProQuest and
ScienceDirect in April 2025. The search string developed included “chytridiomycosis” (OR
synonyms) AND “amphibian” (OR synonyms) AND terms for individual-based interventions



(e.g. immunisation, vaccine) (see Supplementary Material for full details). To validate our
search string, we generated a list of ten gold-standard papers!®-2!:25-26.28.29.41.46.52 that contained
suitable datasets and ensured that our search strings retrieved all ten. To capture recent
research, we included grey literature (dissertations, theses, preprints and non-English
publications). We focused on empirical data and did not retrieve reviews, book chapters,
meeting abstracts, editorials, and corrections. Furthermore, we found all papers citing or cited
in four reviews’”*7¢ using Web of Science and Scopus in May 2025. All of the above details
were provided in the supplementary material. We identified 3,538 records and removed 2,053
duplicates using the R package litserchr’’, the website Rayyan’® as well as manual checks
(Figure S1). The remaining 1,485 records included 45 PhD and 26 MSc theses, from which
we identified an additional 31 papers and 1 PhD thesis (total 1,517 records).

Inclusion criteria

For the 1,517 records, we first screened the title and abstract and then their full text. To be
included, the study needed to meet all the following inclusion criteria:

1. Be an in vivo experiment on amphibians: We excluded non-experimental studies,
experimental studies on non-amphibians, and in vitro studies on amphibians (e.g. isolated
cells, skin secretions).

2. Conduct a treatment aimed at reducing individual-level susceptibility to
chytridiomycosis, with a comparable control: A comparable control comprises
individuals with the same initial infection states, from the same population and subjected
to identical procedures (except for the active treatment components). This ensures that
observed differences are attributable to the focal treatment rather than variation in initial
infection states, populations or handling procedures. Accordingly, we excluded (a) studies
aiming to enhance host susceptibility*’ and (b) studies aiming to mitigating host
susceptibility by creating chytrid-unfavourable environments. We excluded studies
identified as (b) because treatment differences can result from reduced chytrid
performance rather than increased host resistance.

3. Have comparable treatment conditions: We included studies where untreated and treated
individuals were (a) uninfected at the onset of experimental infection to avoid
confounding by prior infection, (b) exposed to the same chytrid strain and (c) kept in a
common-garden setting during the period of experimental infection.

4. Present the correct infection outcomes: We only included studies that reported (a)
infection prevalence, (b) infection intensity and/or (c) mortality.

5. Complete an infection assessment. We included studies in which infection outcomes were
measured in all individuals, or for a randomly selected subset. We excluded mark-
recapture studies that failed to assess released individuals (e.g., those with <27% recapture
rate”’), because treatment effects cannot be reliably assessed without knowing the infected
states of non-recaptured animals.

Data collection and classification



We identified 38 eligible studies (Figure S1; supplementary files—study summary) and
classified the number of experiments within each study. An experiment was defined as a
comparable pair of animal groups whose resistance was experimentally enhanced (treatment)
or left unchanged (control), with all other conditions held constant. For instance, a study
testing the effect of probiotics independently at two temperatures®’, using four different
samples of animals, yielded two experiments.

Within each experiment, we recorded the research location (Figure 1), methodological and
biological variables (Tables 1 & 2). For taxonomy, species were consolidated into family-
level groups to increase sample sizes (Figure 2). For life stage, we categorised them into (a)
larva (no forelimbs), (b) metamorph (forelimb emergence to tail resorption), (c) juvenile (tail
resorption to sexual maturation) and (d) adult (after sexual maturation)®'. However, there
were no eligible studies on metamorphs. We extracted the life stage both at immunisation and
at live pathogen challenge to clarify cross-stage effects. However, cross-stage experiments
were rare (6 of 53), so these two life stages were largely overlapping. We therefore
considered only the life stage at challenge for analyses. We also recorded the time elapsed
between immunisation and live pathogen challenge (Table 1) to clarify effect persistence.

We focused on treatment differences in prevalence, infection intensity and mortality.
Mortality rate was defined as the cumulative proportion of deaths following live pathogen
challenge, for which we extracted the final measure closest to the end of the challenge period.
In contrast, prevalence and infection intensity could either increase or decrease over time as
individuals transition between infection states. For studies that tested prevalence and/or
infection intensity multiple times throughout the experiment, we extracted the peak value
(indicating the most severe outcome caused by the chytrid). Peak prevalence was defined as
the greatest proportion infected at a given time point. Peak infection intensity was calculated
by identifying the maximum pathogen loads for each individual across all measures and then
averaging individual peak values. A single value was extracted if prevalence and/or intensity
was only measured once. To quantify variation in measurement effort, we recorded the total
number of trait measurements (Table 1) for the datasets of prevalence and infection intensity.

We extracted the mean, measures of error (SD, standard error (SE), 95% CI), sample size,
and the time elapsed between live pathogen challenge and outcome measurement (Table 1).
Data were extracted from text, tables, figures or supplementary materials. If raw data were
available we extracted the necessary data using the R package tidyverse® for calculation of
summary statistics. If figures were used, we used the R package ShinyDigitise®* to extract
values. The data source is listed in the supplementary files—metadata.

SEs and 95% ClIs were first converted to SDs before calculating effect statistics. For studies
reporting logio-scale summaries, we converted the data to natural-log mean (Z) and SD (SDy)
and then back-transformed these to the raw-scale mean (m) and SD (SD,,) following Higgins
et al®*:
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Back-transformation can be unreliable when SD7 is missing or large. For such cases, we
approximated m = exp(Z) and considered SD,, as unavailable. We ran a sensitivity analysis
excluding these transformed data (k = 18). The moderating effects of immunisation method
and host life stage became unclear in this sensitivity analysis (Table S13), suggesting that the
observed immunisation effects on infection intensity were largely driven by these
transformed data. Studies reporting transformed data typically involved highly variable or
extreme values, which in our dataset tended to show larger treatment contrasts. Notably, live-
pathogen immunisation still tended to reduce infection intensity when transformed data were
excluded (CIs: —=93% to +6%; p = 0.06), which align with the main conclusion (CIs: =90% to
—6%; p = 0.04).

Effect size calculation

Effect sizes were calculated only for Bd datasets. For both prevalence and mortality, we
converted percentages into counts of events (‘infection’ for prevalence; ‘death’ for mortality)
and non-events. We then calculated the log risk ratio (logRR), which compares the risk
(probability) of an event in the treatment compared to the control group®:

Tevent / (Tevent + Tnon—event))

logRR = In (
Cevent / (Cevent + Cnon—event)

We calculated sampling variance, v(log RR), for prevalence and mortality using the following
formulas:

1 1 1 1
v(logRR) = - + —

Tevent Tevent + Tnon—event Cevent Cevent + Cnon—event

Here, Tevens and Cevens are the count of events for treatment (immunised) and control groups,
respectively, whereas Thon-evens ad Cron-evens are the count of non-events. Cells with a zero
value generate undefined estimates. In the cases with at least one zero-count, we added 0.5 to
all cells®. We excluded experiments with non-events: that is, no infections for prevalence (k
= 2) and no deaths for mortality (kK =27). These experiments were excluded because there
were no infection outcomes to be compared.

For infection intensity, we calculated the log response ratio (InRR), which represents the log
of proportional difference in the means between groups®’:
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where m is the mean, » is the sample size, SD is the standard deviation, and CV (SD/m) is the
coefficient of variation for treatment (T) and control (C) groups, respectively. However,
InRR; and v(InRR); can be biased when sample size are small to moderate®®. We further
corrected for such bias®”:
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InRR; and v(InRR), cannot be estimated when CVs are unavailable. Only few (6 of 71)
observations lacked CVs, so we applied the ‘missing-cases’ method® — using the weighted
average CVs from datasets that report CVs to estimate effect sizes and sampling variances for
missing cases (i = 1, 2, ..., K):
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All types of InRR and v(InRR) were calculated following the func.R script provided by
Nakagawa et al®. To test the result robustness, we ran a sensitivity analysis using the ‘all-
cases’ method® to estimate sampling variance. Under the ‘all-cases’ estimates, the effect of
live-pathogen immunisation became non-significant, with p-values changing from 0.04 to
0.10 (Figure 3b; Table S14). In contrast, immunisation effects became significant in Hylidae
(» = 0.02) and in captive individuals (p = 0.046), reducing infection loads by 71% and 73%,



respectively (Table S14). These findings under the ‘all-cases’ estimates partly align with the
main conclusions, which showed strong benefits of immunisation in Hylidae.

In all calculations, a negative effect size indicates a reduced infection outcome in immunised
individuals compared with control individuals. All analyses were conducted in R (version
4.5.1) using the escalc function in the metafor package (version 4.8-0)°!. Literature searches,
data collection and effect size calculation were conducted by a researcher (MHJC).

Data analysis

For each outcome, we ran a multi-level meta-analysis (MLMA) using residual maximum
likelihood (REML) and #-based interference for parameters. We reported both the confident
intervals and prediction intervals of effect size estimates®> 4. To assess effect heterogeneity,
we calculated /%, defined as the proportion of total variance among effect sizes unexplained
by the known sampling variance, as well as mean-standardised heterogeneity (CVH?) and
variance-mean-standardised heterogeneity (1°)*. We used the orchaRd package (version
2.1.3)% to calculate heterogeneity and visualise results.

We included three random factors in each MLMA: (1) ‘observation ID’ to capture within-
study variance beyond the expected from sampling error; (2) ‘study ID’ to account for similar
experimental setups within studies; and (3) ‘phylogenetic relatedness’ to account for
phylogenetic distances among species. We pruned a recently published amphibian
phylogeny®’ to species in our datasets (Figure 2) and generated a corresponding phylogenetic
correlation matrix using the vev function in the ape package (version 5.8-1)%8.

Multiple effect sizes within an experiment were often computed using a shared treatment
group (such as ‘high-dose Bd metabolites’ vs a sham control, and ‘low-dose’ vs the same
control?®). To account for such non-independence®, we adjusted the sampling variance
v(InRR) by creating a sampling (co)variance matrix using the vcalc function in the metafor
package’!, and we included this matrix in our models to account for shared-control effects.

Meta-regression

We tested whether immunisation method (6 levels; Table 1), host life stage (3 levels: larva,
juvenile, adult), host origin (2 levels: captive, wild) and faxonomic family (9 levels; Figure 2)
moderated immunisation effectiveness. Each moderator was analysed separately along with
the random factors and correlation matrix described above. There were no sufficient data on
host sex (48 of 53 experiments = 91% missing) and pathogen characteristics [lineage (77%
missing), virulence (79% missing) and passage history (85% missing)], so we did not test
their moderating effects.

For host origin, we used juvenile and adult datasets because only these datasets included both
captive-bred and wild-bred individuals; in contrast, larvae were all wild-bred. To test whether
origin moderated effects on infection intensity, we further restricted the analysis to juvenile



datasets only because intensity data in adults were mostly derived from wild-bred individuals
(k = 15 of 16). For taxonomic family, we only interpreted results for Hylidae, Ranidae and
Bufonidae because the other families had very small datasets (k < 5; Figure 2). For
transparency, results for all families were reported in the supplementary material.

We mean-centred three methodological variables (Table 1): (1) immunisation-to-challenge
interval (0-896 days; mean = 38 days), (2) challenge-to-measurement interval (5-241 days;
mean = 43 days) and (3) measurement effort (1-33; mean = 6) and included them as separate
moderators in the meta-regressions estimating overall effects. None of these variables
predicted immunisation effects (Table S11), so they were not further considered when testing
the focal moderators given the relatively small datasets in our meta-analysis.

To test whether more susceptible populations or species benefit more strongly from
immunisation, we included the mortality rates of the untreated group (i.e., inherent
susceptibility) as a moderator in the meta-regressions estimating overall effects.

Infection progression

Studies often reported multiple outcome measures. To quantify how effects on different
outcomes covary within studies, we ran a multivariate meta-analytic model using metafor
package®'. We considered infection outcome as a moderator with a study-level random effect
(outcome -1 | study ID) to estimate within-study effect correlation. Effect size and sampling
variance were calculated as in the univariate models. We allowed heterogeneity to differ
among the three outcomes by using an unstructured (co)variance matrix for the true effects.
We tested overall effect correlations rather than correlations within specific immunisation
methods or host types because of limited sample sizes (n = 23 studies reporting both
prevalence and infection intensity, n = 21 reporting both infection intensity and mortality, n =
26 reporting both prevalence and mortality).

Publication bias

We ran additional meta-regressions that included the square root of the inverse of effective
sample size and the mean-centred publication year as separate moderators to test for the
small-study effect®® and the time-lag bias*’, respectively. We also visually evaluated funnel
asymmetry using funnel plots, which showed the residuals of a meta-regression against effect
size precision (1/SE).
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Table 1. Methodological sources of variation that may affect estimates of immunisation
effectiveness in experiments assessing amphibian susceptibility to chytridiomycosis. Factors
likely to alter observed outcomes include the immunisation method with the expected
immune pathways involved, and key experimental design features
(immunisation-to-challenge interval, challenge-to-measurement interval, and measurement
effort).

Factor Details

Immunisation method | 1. Live pathogen: Exposure to live fungus, either followed by a clearance
procedure!?20-32662190 or not (in cases without clinical signs*****2 or
when individuals are given time to self-cure®®). This approach aims to
stimulate adaptive immunity.

2. Dead pathogen: Exposure to killed fungus , commonly
administered through repeated doses?'*”*>, This approach aims to
stimulate adaptive immunity.

3. Natural chemical: Exposure to chemicals produced by live organisms,
including skin peptides from resistant frog species'”' or cell-free
pathogen compound (Bd metabolite)*®***!. Exposure to Bd metabolites
often involves repeated dosing®®***!. The immunity stimulated by this
approach is unclear.

4. Synthetic antiparasitic: Exposure to synthetic antifungals (e.g.,
itraconazole®* or terbinafine®?) or pesticides (e.g., Ivermectin®). The
immunity stimulated by this approach is unclear.

5. Probiotic: Exposure to antifungal microbes™*!#*191% Before adding
microbes, amphibians are often washed in antimicrobial agents®®*-10%103
or natural media®''® This step aims to remove existing bacteria to
increase successful colonisation of the introduced microbes and also
minimise unintended bacterial interactions. Probiotics are expected to
enhance innate immunity'*'% whereas recent studies suggest their
defences to specific pathogens'”’, aligning with adaptive immunity.

6. Other: Other approaches, such as enriching skin mast cells (immune
cells that mediate neutrophil recruitment and mucin production)'® or
exposing amphibians to metyrapone (an inhibitor of corticosterone
synthesis that may reduce stress-related immunosuppression and thus
stabilise microbiota)'®’. These two examples are expected to enhance
innate immunity.

21,27,4546

Immunisation-to- Time elapsed between immunisation and live pathogen challenge. If
challenge interval immunisation-induced protection declines with time, any benefits should be
reduced when challenge occurs long after immunisation. In contrast, if
protection is long-lasting, immunised individuals should remain less
susceptible over longer periods.

Challenge-to- Time elapsed between live pathogen challenge and outcome measurement.
measurement interval | Because infection unfolds over time, the stage of disease reached at the
point of measurement can strongly influence observed outcomes. Longer
intervals allow greater divergence in infection trajectories, potentially
magnifying differences among treatment groups depending on how rapidly
disease progresses.

Measurement effort Disease progression involves moving through different infection states and
severities?**%%*2 generating temporal variation in observed outcomes.
Studies with regular measurements (e.g., regular skin swabs) may therefore
be more likely to detect treatment differences than studies with low
measurement effort (e.g., skin swabbing only at the end of the experiment).




Table 2. Biological factors that can influence the effectiveness of immunisation treatments in
reducing host susceptibility to chytridiomycosis. Factors marked with an asterisk (*) had
sufficient data for quantitative synthesis and were included in the meta-analysis.

Factor Details
Host life The chytrid fungus infects keratinized tissues, which are restricted to the
stage* mouthparts of tadpoles and then extend to the entire skin after

metamorphosis®!%4, Therefore, tadpoles are typically more disease-resistant
than post-metamorphic stages, with metamorphs or newly metamorphosed
juveniles the most susceptible®®. The increased susceptibility during
metamorphosis is further linked to transient immune downregulation
associated with organ reorganisation and the incomplete transition from
larval to adult immune systems®-110,

Host origin*

Captive-bred amphibians have reduced contact with other species and
natural substrates, and their microbial communities often differ from those
of wild-bred individuals'!'!. Whether these differences translate into
different responses to Bd infection or to immunisation is unknown.

Host
Taxonomy*

Taxa-specific biology (e.g., physiology?$, behaviour!'!?, habitat’”) could
influence susceptibility to Bd and may drive species-specific responses to
immunisation®,

Host sex

Males and females use different strategies to reproduce. Males often

increase fertilisation success by investing more in sexual traits (sperm,
courtship) that are immunosuppressive'!®, In contrast, females usually
increase breeding success by investing in soma that promote fecundity
Amphibians have sex-specific reproductive strategies!!®, and males are

114

often be more susceptible to Bd than females!!®!!7, Tt is currently unclear,
however, whether immunisation benefits males more strongly than
females.

Pathogen
characteristics

Chytrid virulence varies with genotype, phenotype and passage history®”".
For example, the global pandemic Bd lineage is highly virulent and linked
with widespread amphibian declines, whereas the impacts of other chytrid
lineages remain unclear®. Virulence also tends to diminish in strains subject
to extensive in vitro passage''®.
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Figure 1. Geographic locations of eligible studies. There are usually multiple independent
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(Bd/Bsal) infection challenge. Histograms show the number of experiments for each
immunisation approach on each continent. Experiments that tested multiple approaches were
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Figure 3. Moderating effects of immunisation method on (a) prevalence, (b) infection
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parentheses. Full model outputs (including #-values and prediction intervals) are reported in

Table S1.
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