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Two key epidemiological parameters, prevalence and mean intensity of
infection, together capture the abundance of macroparasite populations,
the strength of density-dependent effects they experience, their potential
impact on host population dynamics and the selective pressures they
exert on their hosts. Yet, the drivers of the extensive variation observed
in prevalence and mean intensity of infection, even among related
parasite taxa infecting related hosts, remain mostly unknown. We
performed phylogenetically grounded Bayesian modelling across hundreds
of amphibian populations to test the effects of various predictors of
prevalence and intensity of infection by six families of helminth parasites.
We focused on the potential effects of key host traits and environmental
factors pertinent to focal host populations, i.e. the local diversity of the
amphibian community and local climatic variables. Our analyses revealed
several important determinants of prevalence or intensity of infection in
various parasite families, but none applying to all families. Our study
uncovered no universal driver of parasite infection levels, even among
parasite taxa from the same phylum, or with similar life cycles and
transmission modes. Although local variables not considered here may
have effects extending across taxa, our findings suggest the need for a
taxon-specific approach in any attempt to predict disease dynamics and
impacts in the face of environmental and climatic changes.

1. Introduction

On both ecological and evolutionary time scales, the interaction strength
between host and parasite populations depends on the frequency at which
their individuals encounter and act on each other [1-3]. However, large-scale
drivers of both intraspecific (geographical) and interspecific variation in
interaction strength among host—parasite systems remain mostly unknown.
The interface and overlap between a macroparasite population and a
host population have long been quantified by two simple epidemiological
parameters [4]: the proportion of infected host individuals, or prevalence
of infection, and the average number of parasite individuals per infected
host individuals, or mean intensity. The product of prevalence and mean
intensity yields the average number of parasite individuals per host individ-
uals including uninfected hosts, or mean abundance, another useful measure.
Although empirical data from natural populations indicate that prevalence
and mean intensity of infection are generally positively correlated with each
other [5,6], they nevertheless capture slightly different aspects of host—parasite
population associations and dynamics.

The strength of trophic interactions between hosts and parasites in real
time and the coevolutionary pressures they exert on each other over evolu-
tionary time are tightly linked to prevalence, intensity and/or abundance of
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infection. From the host perspective, these parameters measure the proportion of the host population that experiences the direct [ 2 |

effects of parasite infection, as well as the severity of these effects. Parasite-induced host mortality and other reductions in
host fitness are more pronounced at high intensities of infection [7,8]. The impact of a parasite population on host population
dynamics, and the selective pressures it exerts on host traits, are therefore greater if it occurs at high prevalence and intensity
of infection [9,10]. From the parasite perspective, prevalence, intensity and/or abundance of infection capture the size of the
parasite population at a given life stage, and its distribution among host individuals. Because individual hosts represent suitable
habitat patches, prevalence quantifies the proportion of patches occupied, whereas intensity of infection is equivalent to the
density of individual parasites per occupied patch. All else being equal, competition among individual parasites for space
and nutrients increases with intensity of infection, with per capita growth and fecundity of many helminths being lower at
high intensities [11-14]. Thus for a given total parasite population size, total egg output can vary greatly depending on how
individual parasites are distributed among hosts, either crowded in a few hosts (low prevalence, high intensity) or spread
across the host population (high prevalence, low intensity). Inequalities in body sizes and egg output among conspecific
helminths also become more pronounced at high intensities, such that a few individuals can account for a disproportionate
genetic contribution to the next generation [15,16]. Low prevalence combined with high mean intensity can exacerbate these
inequalities. Thus, for a given total parasite population size, prevalence and intensity of infection can determine the effective
population size (N, in population genetics) and consequently the efficiency of selection for beneficial alleles [17].

Despite their central importance in host-parasite population ecology and coevolution, the factors driving variation in
prevalence, intensity and/or abundance of infection are poorly known. Furthermore, it remains unclear whether these driving
factors are universal across parasite taxa, or instead differ among parasite taxa. Why are different populations of the same
parasite species, or of closely related parasite species, achieving different prevalence or infection intensity in different host
populations? There are at least four, non-mutually exclusive explanations. First, different parasite taxa may have evolved
distinct taxon-specific traits that affect their transmission efficiency and the population sizes they achieve. The more closely
related two parasite species are, the more similar they are likely to be with respect to key life history traits such as prepatency
period, adult body size, resource requirements and fecundity [18]. As a consequence, all else being equal, the similarity
in prevalence and intensity of infection achieved by different parasite species should be proportional to their phylogenetic
relatedness. Possible phylogenetic influences must, therefore, be taken into account when testing for drivers of variation in
prevalence or intensity of infection [19]. Second, host traits may also influence the prevalence or intensity of infection achieved
by a parasite independently of the parasite’s own traits [20,21]. For instance, populations of longer lived and larger bodied
host species may be characterized by higher values of prevalence or intensity of infection by a given parasite than populations
of short-lived and small-bodied hosts [22-24]. Variation among host populations or species in other properties, such as diet,
microhabitat preferences or investment into reproduction, may also affect their exposure to infection or ability to mount
immune responses, thus accounting for differences in epidemiological parameters [25,26].

Third, the local biotic community may determine what prevalence or intensity a generalist parasite achieves in a particular
host population. If the focal host coexists locally with multiple other species of hosts that are suitable for the parasite, in many
situations infection by the latter may be diluted across the community, resulting in lower prevalence and intensity values in the
focal host [27-29]. The diversity of non-suitable host species in the local community also matters, as these non-hosts may reduce
infection rates in suitable hosts, for example by acquiring parasites as transmission dead ends [28,30]. Fourth, the local abiotic
conditions can modulate the transmission success and infection levels of many parasites, by directly affecting the survival
or activity of eggs, larvae or other infective stages exposed to the external environment [31]. Both the average and temporal
variation in temperature or precipitation can impact the survival and infectivity of helminth larval stages [32-34]. Local thermal
conditions may also influence the activity levels and feeding rates of ectothermic hosts, as well as the efficiency of their immune
responses [35-37], thereby affecting their exposure and/or resistance to infection.

Here, using a large dataset on the prevalence and intensity of infection of several taxa of helminth parasites recorded in
multiple distinct populations of amphibian hosts across the world, we account for the first explanation above (phylogenetic
conservatism of key parasite traits) while testing for the relative importance of the other three. By performing analyses among
closely related parasite species (same family), we minimize any phylogenetic differences among parasites and achieve strong
tests for the roles of host traits, local community diversity and local abiotic factors in shaping infection levels. Further, we
conduct comparative analyses within vastly different families of helminth parasites, with different life cycles and modes of
transmission. Our study, therefore, addresses an unresolved but fundamental issue in disease ecology: it aims to determine
whether (i) the determinants of infection level are universal, transcending differences among parasite species and applying to
all, (ii) they are instead idiosyncratic and taxon-dependent, or (iii) their effect falls between these extremes, for instance by
applying only to parasite taxa with a particular mode of transmission.

2. Methods

(a) Parasite data

We used a large, publicly available dataset on helminth parasites of amphibians used in two previous studies [38,39]. This
dataset was assembled through a systematic search of literature published between 1970 and 2020 in the Google Scholar and
Web of Science databases [38,39]. Studies were found through a combination of the keywords ‘Helminth* OR Parasite* and
keywords associated with different anuran groups: ‘Amphibia* OR Anura* OR Frog* OR Toad* OR Caudata* OR Urodela* OR
Salamander® OR Newt* OR Gymnophiona OR Caecilian*’ [38,39].
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Table 1. Life cycle information and number of observations (i.e. host populations) for each helminth family included in the analyses of variation in prevalence and E
mean intensity of infection.

parasite taxon number of observations® life cycle infection mode of amphibian host
Nematoda
cosmocemdaep:354’/: 251 ..................... d"ect ........................ amph|b|an(}-|) ............................................... Skmpene"atlon ...................................
Rhabd|as|daep:129,/:104 .................... d"ect ........................ ampmb,an(H) ............................................... Skmpenetrat,on ...................................
M0||ne|daep:11gl/: 83 ....................... d"ect ........................ ampmb,an(H) ............................................... mgest,onOf|nfect|ve|arvae ..................
Trematoda ...........................................................................................................................................................................................................................................
 Gorgoderidee  P=98,/=50 omplex  mollusc (H1), insect (IH2), amphibian ~ ingestion ofinfected 2~~~
(DH)
 Haematoloechidee  P=80,/=53 omplex  mollusc (H1) insect (IH2), amphibian ~ ingestion ofinfected 2~~~
(DH)
. (estoda ................................................................................................................................................................................................................................................
Nematotaen .......................................... 59 ......................................................................................................................................................... /|arvaef .......................

3P = analyses of prevalence; / = analyses of mean intensity.
®H = only host; IH1 or IH2 = first or second intermediate host; DH = definitive host.
‘Based on the very limited information available for this taxon.

For the present analyses, we only included studies that examined the entire helminth community of adult amphibians in a
given host community or population and provided data on host sample size and geographical location [38,39]. Each entry in the
final dataset represents the interaction between one helminth species and one host population in one locality. Furthermore, we
focused our analyses on helminth families for which at least 30 host individuals per population were examined for prevalence
and mean intensity of infection across at least 50 host populations. Six parasite families met these requirements: the nematode
families Cosmocercidae, Rhabdiasidae, and Molineidae; the trematode families Gorgoderidae and Haematoloechidae; and the
cestode family Nematotaeniidae (table 1).

(b) Spatial clustering and site-level predictor variables

We employed the density-based spatial clustering of applications with noise (DBSCAN) algorithm [40] to generate 5 km clusters
that served to group data from nearby populations of the same host species. For each 5 km cluster, we derived coordinates
weighted by the number of individual hosts examined for each population within the cluster and, subsequently, used these
coordinates to obtain site-level predictor variables. For local climate, the latter were maximum temperature of the warmest
month (Bio 05), minimal temperature of the coldest month (Bio 06), mean temperature of the wettest quarter (Bio 08), annual
precipitation (Bio 12) and precipitation seasonality (Bio 15). These climatic variables were chosen for their likely importance for
host and parasite biology and were obtained from WorldClim’s v. 2.0 [41] at a spatial resolution of 2.5 min (approx. 5 km).

Local host species richness was obtained from a global raster of amphibian species richness with a spatial resolution of
30 arc-seconds (approx. 1 km) [42]. Prior to data extraction, we reprojected the amphibian richness raster to ensure that the
predictor variables were all at the same spatial resolution.

(c) Amphibian traits and missing data

As predictors related to amphibian host species, we obtained data on host habitat (categorical), maximum litter size (egg
number) and body size (snout-vent length in mm) from the AMPHIBIO database [43]. In our dataset, species that use both
the aquatic and terrestrial environments were classified as ‘semi-aquatic’, while the others were classified as ‘terrestrial’. We
worked with these two categories as a further split considering arboreal and fossorial habitats as separate categories would have
compromised our sample sizes and statistical power.

Because trait values were unavailable for certain amphibian species, we used the ‘impute’ function from the R package
‘funspace’ [44] to impute missing information for body size and maximum litter size. This function uses the Random Forest
approach while also allowing for the inclusion of phylogenetic information when computing missing trait information [44]. We
used VertNet (http://vertnet.org/) to generate 99 amphibian phylogenetic trees [45] that were used for trait imputation and also
for constructing the phylogenetic covariance matrix used in the Bayesian multilevel models (see §2d).

(d) Data analysis

All analyses were conducted in the R environment [46]. To test potential drivers of helminth prevalence and mean intensity of
infection among amphibian hosts, we fitted a series of Bayesian generalized linear multilevel models using the ‘brms’ R package
[47-49]. First, to explore possible universal drivers of prevalence and intensity overriding any differences among parasite taxa,
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Figure 1. Posterior median estimates and high-density intervals (bars, 95% CI; whiskers, 89% Cl) for the relationship between each predictor and helminth prevalence
(a) and mean intensity of infection (b) in amphibians, across all parasite taxa pooled. Inner probabilities for Cls were set to 0.5, while outer probabilities were set to
0.95. Blue represents positive estimates and red indicates negative estimates. Asterisks indicate the probability of direction (pd): *, pd > 95% (roughly equivalent to p
< 0.10); **, pd > 97.5% (roughly equivalent to p < 0.05). Climatic variables: Bio 05 = maximum temperature of the warmest month; Bio 06 = minimum temperature

of the coldest month; Bio 08 = mean temperature of the wettest quarter; Bio 12 = annual precipitation; and Bio 15 = precipitation seasonality.

we fitted two models pooling all data for the six helminth families that matched our criteria (50 host populations sampled and
30 individuals examined per population), one model for prevalence and the other for intensity of infection. Following that,
to test for family-specific infection drivers, we fitted separate models for each helminth family, separately for prevalence and
mean intensity of infection. This yielded a total of 14 models. Full equations for our models, showing their detailed structure,
are given in the electronic supplementary material. All models included host habitat (terrestrial or semi-aquatic), host body
size (snout-vent length in mm), maximum litter size (number of eggs), maximum temperature of the warmest month, minimal
temperature of the coldest month, mean temperature of the wettest quarter, annual precipitation, precipitation seasonality and
local amphibian species richness. In addition to the phylogenetic correlation structure in the form of a variance—covariance
phylogenetic matrix, all models also included a random intercept related to the zoogeographical realm of the host populations
following [50]. The two models using all available data also included a random intercept for each parasite family. We scaled
all numerical predictor variables by subtracting each value from the mean and dividing by the standard deviation. None of the
pairwise correlations among predictors exceeded 0.7 (electronic supplementary material, figure S1).

Values of prevalence and mean intensity may be consistently low or high across host species within certain amphibian
clades, for reasons other than the host traits considered here. To assess the phylogenetic signal (A), we followed the recommen-
dations of Biirkner [49]. Following [51], we applied the ‘hypothesis’ method, substituting the residual variance with 72/3.

Although our models account for host phylogeny, we make no attempt to account for parasite phylogeny, for two reasons.
First, although there are published within-family phylogenies for some of the parasite taxa we investigate (e.g. Rhabdiasidae
[52]), they include only a fraction of the species in our dataset. Second, for a large number of entries in our dataset, the parasite
is only identified to the genus level, rarely only to the family level. The separate family-level models described above assume a
high level of biological similarity (ecological equivalence) across the parasite species included, which is a reasonable expectation
for species within a family.

When modelling prevalence, the response variable was set as a binary matrix of ‘successes’ and ‘failures’, respectively,
related to the number of infected individuals and sample size. When modelling the mean intensity of infection, we used the 5
km cluster average mean infection for a given host population. We used the beta-binomial distribution for modelling prevalence
and the exponential distribution to model the mean intensity of infection; the latter was chosen over the gamma distribution
as it produced much better model convergence. Models were estimated using Markov chain Monte Carlo (MCMC) sampling
with five chains of 5000 iterations and a 2500-iteration warmup, with uniform priors for all population-level parameters (fixed
effects). The only exception was the mean intensity of infection model for Nematotaeniidae, which, due to low effective
sample sizes (ESS), used five chains of 10 000 interactions and normal distributions with mean 0 and standard deviation 1 as
population-level priors. For the group-level parameters (random effects), we used the package’s default weakly informative
prior, which has a half Student’s-t prior with three degrees of freedom and a scale parameter that is dependent upon the
standard deviation of the response after applying the link function [47-49].

We evaluated the convergence and stability of Bayesian sampling using R-hat and ESS. The former should be less than 1.01
[53], and the latter higher than 1000 [48]. Additionally, we present posterior plots and convergence chains for each parameter
and predictive checks for the whole model (electronic supplementary material, figures 52-515). We also checked for evidence of
spatial autocorrelation in our models using Moran’s I test for distance-based autocorrelation via the ‘testSpatial Autocorrelation’
function of the ‘DHARMa’ package [54].

For each parameter, we obtained its probability of direction (pd) as well as the percentage of its posterior probability that
falls within the region of practical equivalence (ROPE). In a nutshell, the pd quantifies the certainty an effect is either positive
or negative depending on the proportion of the posterior distribution that falls in a particular direction [55,56]. The index has
a strong correlation with the frequentist p-value, with pd greater than 95% roughly corresponding to p<0.10 and pd greater
than 97.5% roughly corresponding to p <0.05 [55,56]. On the other hand, the ROPE is a user-defined range that encompasses
values deemed equivalent to a null hypothesis of ‘negligible effect’ [55]. The percentage in ROPE is the proportion of samples
that fall within this null-equivalent region, indicating the strength of the effect [55]. Following the package’s recommendations,
we used the percentage of the full posterior distribution to obtain the proportion of posterior draws within the ROPE region
[55]. According to [55], when using this approach, the null hypothesis is rejected when the percentage that falls within the ROPE
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Figure 2. Posterior median estimates and high-density intervals (bars, 95% Cl; whiskers, 89% Cl) for the relationship between each predictor and helminth mean
intensity of infection, for each parasite family separately. Inner probabilities for Cls were set to 0.5, while outer probabilities were set to 0.95. Blue represents positive
estimates and red indicates negative estimates. Asterisks indicate the probability of direction (pd): *, pd > 95% (roughly equivalent to p < 0.10); **, pd > 97.5%
(roughly equivalent to p < 0.05). Climatic variables: Bio 05 = maximum temperature of the warmest month; Bio 06 = minimum temperature of the coldest month; Bio
08 = mean temperature of the wettest quarter; Bio 12 = annual precipitation; and Bio 15 = precipitation seasonality.

region is lower than 2.5% and accepted when this number exceeds 97.5%. Any value in between is inconclusive [55]. Using the
package’s defaults, we defined our ROPE region for the mean intensity of infection models as [-0.1, 0.1], and for the prevalence
models as [-0.18, 0.18].

3. Results

Our dataset included data on 747 host populations of 224 species (200 anurans and 24 salamanders) for prevalence models,
and data on 613 host populations of 188 species (173 anurans and 15 salamanders) for models of mean intensity of infection
(table 1). The majority of the data in both models came from studies conducted in the Neotropics, followed by the Nearctic
and Palearctic. Electronic supplementary material, tables S1 and S2, provides detailed sample sizes for each parasite family
and realm. Variation in infection parameters was extensive among host populations in our dataset: for each parasite family,
prevalence ranged from well below 10% to well over 50%, while mean intensity varied 10-fold or more (e.g. over 50-fold
in Cosmocercidae). Model diagnostics indicate good convergence and stability across all models and estimated parameters
(electronic supplementary material, tables S3 and S4; figures 52-515). We also did not find any evidence of spatial autocorrela-
tion in any of our models (electronic supplementary material, table S5). We report the median of the posterior distribution and
its 89% and 95% CI (highest density interval) in figures 1-3, as well as the pd and percentage of posteriors within the ROPE
(electronic supplementary material, tables S3 and S4).

In the model of mean intensity of infection encompassing data pooled across all six parasite families, we observed a positive
relationship between host body size and intensity of infection (figure 1; electronic supplementary material, table S4). In terms of
the strength of the effect, the positive effect of body size has a relatively high probability of being strong (only approximately
13.75% of posterior falls within ROPE; electronic supplementary material, table S4). Additionally, there is a high probability
that host richness is negatively associated with the mean intensity of infection across the six parasite groups (pd = 0.95%;
figure 1; electronic supplementary material, table S4); however, almost half of the posterior distribution falls within ROPE,
which is inconclusive in relation to the strength of the effect (electronic supplementary material, table S4). In the corresponding
model of prevalence across all parasite families, none of the variables appear to be related to prevalence (figure 1; electronic
supplementary material, table S3). Even though the minimum temperature of the wettest month (Bio 06), the mean temperature
of the wettest quarter (Bio 08) and annual precipitation (Bio 12) have high probabilities of direction (pd >95%), more than 80%
of their posteriors fall within the ROPE (electronic supplementary material, table S3), implying a weak effect. In both models,
we found strong indications that the parasite family explains a high amount of variability in parasite prevalence and intensity of
infection (electronic supplementary material, tables S3 and S4), implying that the relationship between predictors and infection
is family specific. Finally, for both models, the phylogenetic component showed strong indications for negligible effects, with
more than 97.5% of the posterior distribution falling within the ROPE (electronic supplementary material, tables S3 and S4).

In accordance with what was indicated by the importance of the random family component of the previous models, the
family-level models yielded family-specific outcomes. In the models focused on Cosmocercidae, we found a positive association
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Figure 3. Posterior median estimates and high-density intervals (bars, 95% CI; whiskers, 89% Cl) for the relationship between each predictor and helminth
prevalence, for each parasite family separately. Inner probabilities for Cls were set to 0.5, while outer probabilities were set to 0.95. Blue represents positive estimates
and red indicates negative estimates. Asterisks indicate the probability of direction (pd): *, pd > 95% (roughly equivalent to p < 0.10); **, pd > 97.5% (roughly
equivalent to p < 0.05). Climatic variables: Bio 05 = maximum temperature of the warmest month; Bio 06 = minimum temperature of the coldest month; Bio 08 =
mean temperature of the wettest quarter; Bio 12 = annual precipitation; and Bio 15 = precipitation seasonality.

between intensity of infection and host body size (figure 2; electronic supplementary material, table S4), as well as a negative
association between intensity of infection and host richness (figure 2; electronic supplementary material, table S4); both with a
high probability of being strong (figure 2; electronic supplementary material, table S4). On the other hand, none of the predic-
tors seem to be strongly associated with Cosmocercidae prevalence, despite a high probability of a weak positive association
between minimal temperature of the coldest month and prevalence (figure 3; electronic supplementary material, table S3).

For Rhabdiasidae, we found that intensity of infection was positively associated with the maximum litter size of hosts
and annual precipitation (figure 2; electronic supplementary material, table 54) and negatively associated with the minimum
temperature of the coldest month (figure 2; electronic supplementary material, table S4); all with a relatively high chance of
being strong (percentage of posterior in ROPE < 7%; electronic supplementary material, table S4). None of the predictors were
associated with Rhabdiasidae prevalence (figure 3; electronic supplementary material, table S3), despite a high probability of a
positive relationship between the maximum temperature of the warmest month and prevalence.

For Molineidae, we found that there is a high probability (pd >95%; figure 3) of a negative association between the minimum
temperature of the coldest month (Bio 06) and prevalence, though the strength of the effect is inconclusive (electronic supple-
mentary material, table S3). Interestingly, we found that this same climatic variable has a high probability of being positively
associated with Molineidae mean intensity of infection (figure 2; electronic supplementary material, table S3), with a relatively
high probability of being strong (electronic supplementary material, table S4).

For Gorgoderidae, we found a positive association between prevalence and annual precipitation (figure 3; electronic
supplementary material, table S3). The posterior within ROPE is around 13.8%, which points towards a relatively high
probability of a strong effect. Additionally, we found a strong positive association between host richness and intensity of
infection (figure 2; electronic supplementary material, table S4).

For Haematoloechidae, we found a possible weak association between annual precipitation and prevalence (figure 3;
electronic supplementary material, table S3), while none of the variables seemed important for intensity of infection (figure
2; electronic supplementary material, table S4).

Finally, we found a positive association between Nematotaeniidae prevalence and host maximum litter size (figure 2;
electronic supplementary material, table S3). Additionally, we found that the maximum temperature of the warmest month (Bio
05) and the minimum temperature of the coldest month (Bio 06) might be also, respectively, positively and negatively related to
prevalence (figure 2; electronic supplementary material, table S3). For the mean intensity of infection, there is a relatively high
probability that precipitation seasonality is positively associated with intensity of infection (electronic supplementary material,
table S4).

In terms of the effect of host phylogeny in our models, despite the probability of direction being high, almost all posterior
draws for phylogenetic standard deviation fell within the ROPE (electronic supplementary material, tables S3 and S4), and all
estimates of phylogenetic signal (A) had confidence intervals overlapping zero.
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The search for universal determinants of animal abundance has uncovered some nearly universal rules, such as the well-estab-
lished negative interspecific relationship between body size and population density observed within most free-living higher
taxa [57,58]. In contrast, the search for universal rules in parasite ecology has revealed very few general patterns applying
across parasite taxa, and as yet no universal predictor of parasite prevalence or mean intensity of infection, the two components
of parasite abundance [59]. Here, using a large dataset comprising population-level data from several hundred amphibian
populations, we found that the determinants of parasite abundance are taxonomically idiosyncratic: host traits or local external
factors that are associated with infection levels by parasites in one helminth family are unrelated to infection levels in other
helminth families. Our findings indicate that the drivers of parasite prevalence and intensity of infection are taxon specific.

The strongest candidate for a universal driver of helminth infection levels was host body size. For simplicity, here and
elsewhere in the discussion that follows, we consider as significant only the predictors with estimates whose CIs did not overlap
with zero; these were generally well supported by the other indices of effect certainty and strength (pd and ROPE) we report.
Across the pooled data from all parasite families combined, we observed a positive relationship between host body size and
intensity of infection. Other interspecific analyses have reported similar associations, explained by the greater space and energy
provided by larger hosts allowing higher parasite burdens [22-24,60,61]. However, our analysis of the pooled data considered
vastly different helminth taxa, potentially creating a spurious relationship. When the analyses were restricted to parasites from
the same family, which are comparable in terms of transmission mode, site of infection, adult worm sizes, etc., host body size
emerged as significantly associated with the mean intensity of infection in only one of six helminth families. Thus, we did not
detect any universal effect of the availability of host resources, as estimated by average host body size, as either a determinant
or constraint of parasite abundance among the host populations in our dataset.

Among the other host traits we considered, litter size (number of eggs laid per clutch) was positively associated with
prevalence for one helminth family (Nematotaeniidae) and with intensity of infection for another family (Rhabdiasidae). These
relationships suggest a potential trade-off between investments in reproduction versus those in defence against parasites
[62]. Thus, the production of many offspring may come at the cost of greater susceptibility to infection by certain parasites.
Again, however, no universal reproduction—infection connection was uncovered by our analyses among the host populations
considered here, instead, family-specific effects were observed. We found no association between host habitat (semi-aquatic
versus fully terrestrial) and either prevalence or intensity of infection, for any of the six helminth families. This is unexpected,
given that the mode of infection of parasites in some of the helminth families considered here suggests that association with
water or water-saturated soil should favour infection success.

There are other host traits, not considered here, that may affect infection levels by helminths. Our models accounted
for phylogenetic relatedness among the amphibian species included in our analyses, and therefore indirectly accounted for
ecological and life history similarities and differences among host species. However, no significant phylogenetic signal was
detected in any of our models. This could be due to the limited size of our phylogenetic trees since our analyses included
only a subset of extant amphibian species. With this caveat, we found no evidence that higher or lower infection values
are overrepresented in some branches of the amphibian phylogenetic tree, and so no evidence of differential susceptibility
to infection among host clades. To our knowledge, only one previous study quantified the phylogenetic signal in infection
levels among host species, that of [51], who report a weak but significant overall phylogenetic signal for the prevalence of
haemosporidian parasites in birds. Clade differences in susceptibility may be more likely in the case of haemosporidians, given
the greater role of the host immune system in combating these parasites compared to helminths.

Local factors can also influence infection levels achieved by a particular parasite species in a given host species. Helminth
prevalence and intensity of infection have been shown to be species properties of host species, as infection levels by particular
parasites often vary less among populations of the same vertebrate host species than among populations of different host
species [63,64]. Yet they do vary intraspecifically, suggesting the action of local variables. Of the site-level predictors included
in our models, the species richness of the local amphibian community was negatively related with intensity of infection for
Cosmocercidae, but positively related with intensity of infection for Gorgoderidae. In the former case, the negative association
between infection levels in a focal amphibian species and the local diversity of amphibians is compatible with the dilution
hypothesis [27-29]. Cosmocercid nematodes infect their amphibian hosts via skin penetration; the greater the number of
alternative amphibian hosts available locally, the greater the chances alternative hosts make contact with and acquire parasite
larvae from the environment, leaving fewer larvae to infect the focal host. In contrast, the pattern observed for trophically
transmitted gorgoderid trematodes suggests an amplification effect, whereby the presence of many alternative host species
boosts transmission rates and subsequently the reproductive success of parasites, leading to higher infections of the focal host
species. In this case, a locally diverse suite of suitable hosts may support a greater adult worm population, and lead to higher
infection levels of trematode juvenile stages in the insect second intermediate hosts. Usually associated with biological invasions
and the spillback effect [65,66], amplification is also possible for a generalist parasite within a diverse host community.

Finally, of the local climatic variables included as predictors in our models, annual precipitation emerged as influential,
being positively associated with intensity of infection for Rhabdiasidae and with prevalence for Gorgoderidae. The minimum
temperature of the coldest month was also negatively associated with intensity of infection for Rhabdiasidae. In the case of
Rhabdiasidae, greater soil humidity may favour the survival and eventual host penetration of rhabdiasid infective larvae,
whereas cold temperatures may have the opposite effect. For gorgoderids, greater rainfall may lead to more aquatic habitats
for the snail’s first intermediate host. Based on the indices pd and ROPE, other climatic variables show some associations with
infection parameters, but inconsistently across parasite families. Overall, the main outcome of our analyses is the demonstration
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that site-level drivers of parasite infection levels, just as host traits, are highly idiosyncratic and taxon-specific, with little
evidence of universal determinants.

Detecting drivers of parasite abundance across multiple host populations and species is challenging. First, although
relatively large, the size of our dataset may nevertheless have been too small to allow small-to-modest effect sizes to emerge
from the noise in the data, thus limiting the statistical power of our analyses. Second, the type of data used in this study is
the only one available across large spatial and taxonomic scales. However, these data on parasite abundance are based on
single sampling points in time: they do not account for variation in abundance across seasons or years. In temperate regions,
amphibian collections are constrained to the warmer months, a period during which infection levels increase predictably [67];
most field collections target the month(s) when higher infection levels are expected. On longer time scales, host and/or parasite
populations may experience cyclic fluctuations and may not be at equilibrium. The few long-term (5-12 years) surveys of
helminth infections in amphibians, however, suggest relatively consistent year-to-year parasite prevalence and intensity. In
some cases, helminth prevalence and intensity in local frog populations show moderate annual variation [68], whereas in other
cases infection levels in amphibians show remarkable stability, varying by 10% or less from year to year [69], even in response to
experimental parasite removal [70] or changes in infections of intermediate hosts [71]. Therefore, the ‘snapshot’ samples making
up our dataset are likely to provide representative patterns. Third, the original studies from which we obtained the data also
do not report several other local factors of potential importance. For example, they do not provide usable data on local host
population density, a factor known to affect parasite transmission [20], as well as other potentially influential variables such as
the diversity of available invertebrate prey or the extent of anthropogenic habitat modification. Finally, parasite abundance is
the outcome of exposure to parasites on the one hand and susceptibility to infection on the other. It is not possible to tease apart
these two processes and how they may have been independently affected by the predictors considered in our analyses. Had this
been possible, perhaps universal drivers of either exposure or susceptibility would have been apparent.

While acknowledging these caveats, we conclude that among the a priori important host traits and local factors investigated
here in a global comparative analysis, none could consistently (i.e. across parasite taxa) explain inter-population and interspe-
cific variation in prevalence and mean intensity of infection, the two components of parasite abundance and the two key
parameters shaping host—parasite interaction strength. This is true even among parasite taxa from the same phylum, or with
similar life cycles and modes of transmission. In contrast, the same predictors, e.g. host body size, local host diversity and
climatic variables, generally correlate well with interspecific variation in parasite species richness among amphibian species
[38,72], as well as more broadly across metazoans [73]. With prevalence and intensity of infection for a given parasite genus
or family varying widely among host species or localities, the potential of parasites to regulate host populations is itself highly
variable [74]. Notwithstanding the many interacting factors that also affect host population dynamics, our findings suggest that
the abundance of parasites is not predictably and consistently linked with host traits and local factors. Instead, at least based on
the factors tested in this study, the determinants of parasite infection levels appear idiosyncratic and taxon specific, preventing
any generalization, including general predictions of the responses of local parasite abundance to climate change.
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