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A robust understanding of what drives parasite β-diversity is an essential step
towards explaining what limits pathogens’ geographical spread. We used a
novel global dataset (latitude −39.8 to 61.05 and longitude −117.84 to
151.49) on helminths of anurans to investigate how the relative roles of cli-
mate, host composition and spatial distance to parasite β-diversity vary
with spatial scale (global, Nearctic and Neotropical), parasite group (nema-
todes and trematodes) and host taxonomic subset (family). We found that
spatial distance is the most important driver of parasite β-diversity at the
global scale. Additionally, we showed that the relative effects of climate con-
cerning distance increase at the regional scale when compared with the global
scale and that trematodes are generally more responsive to climate than
nematodes. Unlike previous studies done at the regional scale, we did not
find an effect of host composition on parasite β-diversity. Our study presents
a new contribution to parasite macroecological theory, evidencing spatial and
taxonomic contingencies of parasite β-diversity patterns, which are related to
the zoogeographical realm and host taxonomic subset, respectively.

This article is part of the theme issue ‘Infectious disease macroecology:
parasite diversity and dynamics across the globe’.
1. Introduction
Understanding how biotic and abiotic processes drive the spatial variation of
biodiversity is still an important goal of biogeography and macroecology. For
years, biodiversity studies were primarily focused on what drives the number
of species found at the local scale, or α-diversity [1]. However, during the last
decades, there has been a renewed interest in the variation in species compo-
sition among sites, or β-diversity [2]. β-Diversity acts as a link between local
(α) and regional (γ) diversities [2–4], making its study crucial to determine
what drives diversity at broad scales. In β-diversity studies, species turnover
refers to the replacement of species among sites due to environmental,
geographical and historical differences [5,6].

The usual approach for studying species turnover includes measuring the
rate at which species composition changes across space [7,8]. In general, compo-
sitional similarity among sites tends to decrease (or dissimilarity tends to
increase) with spatial distance. The proposed explanations for such distance-
decay relationships include deterministic responses of species to biotic and
abiotic conditions (i.e. niche-based processes) and spatial processes that influ-
ence the ability of organisms to find suitable environments, such as dispersal
ability and its interaction with habitat configuration and history [8,9]. In the
study of parasite turnover, niche-based processes are inferred from the effects
of host-related and environmental variables, while geographical distance is
generally used as a proxy for spatial processes such as dispersal limitation.

Current evidence suggests that parasite turnover at broad scales is mostly
affected by host diversity and climate, with a minor effect of spatial distance
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[10–14]. Since many parasites release larvae and eggs into the
environment, climate has an impact on parasite survival,
emergence and infectivity during these stages [15,16]. Fur-
thermore, hosts are the ultimate resources for parasites,
so parasite diversity often tracks host diversity in parallel
with the consumer–resource relationship for free-living
organisms [17]. As a result, the available studies indicate
that at large scales, parasite geographical distribution is pri-
marily constrained by niche-based processes mediated by
environmental variation and host composition.

Despite some exceptions [18], most large-scale studies on
parasite β-diversity are either focused on ectoparasites, mam-
mals or cold regions (particularly the Palearctic), most likely
due to data availability. However, the observed patterns and
identified drivers of parasite diversity are likely to change in
response to all those factors. Berkhout et al. [10], for example,
found that host composition explained a greater proportion
of β-diversity in parasites infecting fish than parasites infect-
ing mammals and birds, and proposed that differences in
dispersal capacity between hosts could explain this variation.
Similarly, even when collected from the same host group,
different parasite groups may respond differently or to vary-
ing degrees to the same variables [10], probably because
parasite groups with different life cycles may respond to
environmental variables in different ways.

Additionally, our understanding of how these drivers vary
among zoogeographic realms and spatial scales remains limited.
First, each realm represents a distinct combination of past histori-
cal events and species pool [19], which may result in region-
specific species–environment relationships [20]. For instance,
the range of temperature is exceptionally high in northern zoo-
geographical realms. Thus, because most species have a low
tolerance to this condition, temperature (especially extremes)
tends to be critical at limiting species’ geographical spread in
cold regions [21]. Based on the evidence that region- or system-
specific relationships may affect the general findings, our ability
to make broad statements about what governs parasite β-diver-
sity at broad spatial scales is limited. As a result, assessing novel
groups of hosts and parasites, aswell as distinct realms, is critical
for advancing parasite macroecological theory.

Regarding spatial scale, we know of no study investi-
gating how parasite β-diversity drivers vary with spatial
scale. However, the current synthesis in community ecology
recognizes that biodiversity patterns result from a combi-
nation of niche and neutral processes whose relative
importance varies with scale [22,23]. The importance of
niche-based processes is evidenced by the observed asso-
ciations between species composition and environmental
conditions such as climate, even after controlling for spatial
distance [21,24,25]. By contrast, the neutral theory [26] pre-
dicts that dispersal limitation increases with spatial
distance, resulting in an increase in species dissimilarity
regardless of environmental differences [23,27,28]. For some
organisms, niche-based processes are stronger at smaller
spatial scales, while dispersal tends to be limiting at larger
scales. For example, Gonçalves-Souza et al. [29] observed
that at the biogeographic scale, geographical distance
explained the most variation in arthropod composition,
whereas microhabitat variation was more important at the
metacommunity scale (but see [30]). This framework has cur-
rently advanced to a more predictive theory where both
spatial and taxonomic scales represent useful information to
explain broad-scale biodiversity patterns.
Based on a novel global dataset (latitude ranging from −
39.8 to 61.05 and longitude ranging from −117.84 to 151.49)
on helminths of anurans, we investigate how including differ-
ent taxonomic and spatial scales improves our understanding
of the relative importance of climate, host composition and
spatial distance as drivers of helminth β-diversity in anuran
hosts. Our main question addresses how the relative roles
of these factors as drivers of helminth turnover vary in
relation to (i) spatial scale (global and regional), (ii) realm
(Nearctic and Neotropical) and (iii) parasite group (nema-
todes and trematodes). We predict that (i) niche-based
processes (here represented by a combination of climate
and hot composition) will be more critical than dispersal
limitation (here represented by spatial distance) at the realm
scale (Nearctic and Neotropical), (ii) climatic extremes will
be more important in the Nearctic than in the Neotropical
realm, (iii) trematodes will be more responsive to climate
than nematodes because they are more sensitive and mostly
rely on free-living aquatic infective stages and (iv) host com-
position will be a strong determinant of parasite β-diversity at
all scales. Additionally, we investigated how selecting differ-
ent host taxonomic subset (all anurans, Bufonidae, Hylidae
and Ranidae) affect the general trends.
2. Methods
(a) Host–parasite dataset
We updated a global dataset on helminths parasitising anurans
used for a previous study [31] through a systematic review of
the literature published between 1970 and 2020 in the Google
Scholar (scholar.google.com) and Web of Science (isiknowledge.
com) databases. As for the first study, we combined the
keywords ‘Helminth* OR Parasite*’ and keywords associated
with different anuran groups: ‘Amphibia* OR Anura* OR
Frog* OR Toad*’. To be included in the final dataset, studies
had to be surveys of parasites within a given amphibian popu-
lation or community, and they had to: (i) provide a list of
parasite taxa found in the hosts sampled, (ii) specify the
number of analysed hosts and (iii) specify the sampling location.
We removed surveys describing new parasite species or focused
on only a subset of the helminth community. We also excluded
studies that combined parasite data from localities separated by
more than 100 km. We opted to keep only hosts collected
within their native ranges to avoid possible confounding factors
connected with introduction to new areas.

We limited our analysis to nematodes and trematodes
detected in the lumen of the gastrointestinal tract based on the
following reasoning: (i) all compiled studies analysed the gut
for parasites, (ii) it avoids generating artificial differences in para-
site species composition based on surveys of different infection
sites and (iii) most gut helminths are identified down to the
species level. When not reported in the original papers, the infec-
tion site of each helminth species was obtained from the
literature. Hosts and parasites had their scientific names updated
following, respectively, the Amphibian Species of the World 6.0
[32] and the GBIF Backbone Taxonomy [33] datasets. For studies
without coordinates, we used Google Maps (maps.google.com)
to obtain approximate latitudes and longitudes of the sampling
localities provided by the authors.

(b) Spatial units and predictor variables
We used hierarchical clustering to group sampling sites that were
distant from each other by less than 100 km. Clusters were cre-
ated using the agglomeration method Unweighted Pair Group

https://isiknowledge.com
https://isiknowledge.com
https://maps.google.com
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Method with Arithmetic Mean (UPGMA). We opted for this
method instead of grouping by random grids to avoid arbitrarily
splitting nearby localities that likely belong to the same commu-
nity. We used these clusters as grouping variables and obtained
the coordinates of the centroid of each cluster of localities. Then,
we used those coordinates to obtain the climatic variables for
each cluster. To test parasite responses to climate, we first
chose variables that measured temperature and precipitation
extremes. These were the maximum temperature of the warmest
month, the minimum temperature of the coldest month, the pre-
cipitation of the wettest month and the precipitation of the driest
month. Furthermore, we used variables measuring temperature
and precipitation variability that were uncorrelated with the
first four. These were the mean diurnal range (mean of monthly
(max temp −min temp)) and precipitation seasonality (coeffi-
cient of variation). Global rasters for these variables were
obtained from WorldClim version 2 [34] with a spatial resolution
of 10 min (approx. 340 km²). All climatic variables were standar-
dized and checked for collinearity.

To assess the effect of host assemblage on parasite β-diversity,
we used a dissimilarity matrix of host composition. To get host
composition per site, we first downloaded the amphibian distri-
bution polygons provided by the International Union for
Conservation of Nature [35]. We considered that an anuran
species occurred in a given locality when its respective polygon
overlapped that site’s coordinates. We ended up with a list of
anuran species for each locality after the removal of duplicate
entries having the clusters as grouping variables. We then gener-
ated host dissimilarity matrices using the Jaccard index.
Throughout this paper, spatial distance (in km) is used as a
proxy for dispersal limitation [14].

(c) Dealing with uneven sampling effort
For parasite studies, sampling sites can have at least three critical
dimensions of sampling effort: the number of analysed host indi-
viduals, the number of analysed host species and which host
species were analysed. If not appropriately treated, differences
in these dimensions can produce undesirable artefacts that
could lead to incorrect conclusions regarding diversity drivers.
As a way of dealing with this issue, we took the following
approach. First, given that recorded parasite richness of a host
population increases with the number of analysed hosts, we
only included host populations that had at least five surveyed
individuals. Second, during the model fitting process, we gave
a proportionally higher weight to locations with a higher
number of individual hosts sampled. We set the ‘weightType’
to ‘custom’ in the ‘formatsitepair’ function, which is the function
that generates the site-pair table required for fitting a Generalized
Dissimilarity Model within the ‘gdm’ package [36].

Finally, we recognize that pairwise dissimilarity in parasite
diversity can be high when disparate groups of hosts are ana-
lysed. Given that host–parasite relationships tend towards
specificity, such comparison would cause an apparent turnover
in parasite species induced by sampling phylogenetically dispa-
rate host species rather than other biological processes. To see if
comparing different host species affected dissimilarity in the
overall dataset, we ran separate nematode analyses for the Bufo-
nidae, Ranidae and Hylidae families in the Nearctic realm. We
chose those families because each appears in at least 15 data
points in our dataset.

(d) Data analysis
To investigate the effects of climate, host compositional dissimi-
larity and geographical distance on nematode and trematode
turnover, we adopted the generalized dissimilarity modelling
(GDM) approach. GDM was originally formulated as a nonlinear
extension of the matrix regression procedure that accommodates
two types of nonlinearity that are common in ecological datasets:
(i) the curvilinear relationship between environmental distance
and compositional dissimilarity and (ii) the non-stationarity in
rates of species turnover along environmental gradients [37].
The nonlinearity is accommodated in GDM models by a flexible
function that measures the turnover along a gradient based on
splitting the response in I-splines, which function as partial
regressions [37]. The maximum height of each plotted I-spline
represents the total amount of turnover in relation to a given gra-
dient, while all other predictors are kept constant, resulting in
partial regression fits that demonstrate the importance of each
predictor’s effect on species turnover [11,37]. Higher coefficients
express higher rates of compositional change along a given
gradient [11,37].

We ran separate GDM to different spatial subsets of our data-
set to investigate whether the relative roles of our predictors vary
from the regional to the global scale and among distinct parasite
groups. We restricted the regional analysis to the Nearctic and
Neotropical realms, given that they were the best-sampled
realms. This restriction to the best-sampled regions is an attempt
to mitigate the effects of high variability due to uneven sampling
and geographical coverage, which is especially severe in regions
with fewer data points. To investigate whether the relative roles
of our predictors also varywith the parasite group,we ran different
GDMs at each scale with varying subsets of the parasite data. We
ended up with nine GDMs: global (nematodes and trematodes),
Nearctic (nematodes and trematodes) andNeotropical (nematodes
and trematodes) (plus the separate analyses on Bufonidae, Hylidae
and Ranidae). We also ran the main analyses after removing para-
sites that only occurred in one cluster (i.e. singletons) to check
whether our results were disproportionately influenced by rare
species (see electronic supplementary material, table S1).

The response matrix for all GDMs was a dissimilarity matrix
of helminths per cluster based on the Raup–Crick index, whereas
the predictors were the spatial distance between clusters, and
pairwise dissimilarity matrices of host composition and climate.
Variable and model significance, as well as variable importance,
were calculated by the matrix permutation method using the
‘gdm.VarImp’ function [36]. The importance of each variable is
calculated by contrasting the per cent change in deviation
explained by the full model to the per cent change in deviation
explained by a model fit with that variable permuted [36].
Non-significant variables were removed, and GDM models cal-
culated. We ran the GDM models using the ‘gdm’ package [36]
in the R environment [38]. The default of three I-splines was
used to calculate the models [11,14].

We performed a k-fold cross-validation procedure for each
model to evaluate the performance of our models in predicting
parasite turnover. This method randomly divides the obser-
vations into k sets (or folds) of roughly equal size [39]. The first
fold is used as a validation set, and the method is then applied
to the remaining k − 1 sets [39]. Following that, the mean squared
error on the observations in the held-out fold is calculated [39].
This method is repeated k times, with each validation set contain-
ing a unique set of observations and estimates of error, which are
then averaged to evaluate model performance [39]. We per-
formed the cross-validation with the ‘sgdm’ package’s n-fold
cross-validation procedure using the default of 10 folds [40].
3. Results
The full dataset contains 162 clusters with 134 species of
nematodes and 96 clusters with 69 species of trematodes,
covering 330 host populations of 205 anuran species from
26 families occurring in sites spread in all continents
(figure 1). Throughout this paper, the strength of effect of a
variable relates to the sum of its corresponding fitted



realm

Afrotropical
Nearctic
Neotropical
Oceanina
Oriental
Palearctic
Panamanian
SaharoArabian
SinoJapanese

realm

Afrotropical
Australian
Nearctic
Neotropical
Oceanina
Oriental
Palearctic
Panamanian
SaharoArabian
SinoJapanese

(b)

(a)

Figure 1. Geographical spread of clusters used for the nematode (a) and trematode (b) GDM models. Zoogeographical realms were delimited after Holt et al. [19].
(Online version in colour.)

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

376:20200367

4

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

20
 S

ep
te

m
be

r 
20

21
 

I-spline coefficients (partial regressions), which measures the
rate of parasite turnover in response to our predictors. We
show the sum of the coefficients in table 1, while the fitted
curves for each model are presented in electronic supplemen-
tary material, figures S1–S9. Sample sizes and number of host
and parasite species for all data subsets are found in electronic
supplementary material, table S2. The mean and ranges for
climactic predictors are shown in electronic supplementary
material, table S3. The results of the cross-validation procedure
indicate a good overall model performance, with root mean
square errors (RMSE) mostly below 0.32 (table 1). Across all
spatial data subsets (global, Nearctic and Neotropical), pair-
wise parasite dissimilarity was exceptionally high (see
electronic supplementarymaterial, figure S10). Similar patterns
are found in the separate subsets of Bufonidae, Hylidae and
Ranidae (see electronic supplementary material, figure S11).

At the global scale, spatial distance followed by the mini-
mum temperature of the coldest month and host composition
explained approximately 32% of nematode turnover (table 1).
In comparison, the first two variables explained around 38%
of trematode turnover (table 1). In the Nearctic models, the
minimum temperature of the coldest month followed by
the mean diurnal temperature range and spatial distance
explained around 15% of nematode turnover and around
26% of trematode turnover, although the effect of spatial dis-
tance was negligible for the latter (table 1). In the Neotropical
realm, spatial distance and mean diurnal temperature range
explained around 12% of nematode turnover (table 1). For
Neotropical trematodes, spatial distance and precipitation
of the wettest month explained around 23% of parasite turn-
over, although the latter variable’s effect was only marginally
significant ( p = 0.06) (table 1).

In the Nearctic, the fitted I-spline curves showing the
turnover rate along the minimum temperature of the coldest
month’s gradient indicate a clear threshold point where the
turnover rate is higher for both parasite groups. Nearctic tre-
matode turnover barely responded to the gradient until
approximately −11° (electronic supplementary material,
figure S3). Similarly, the turnover rate for Nearctic nematodes
is higher for values above roughly zero degrees (electronic
supplementary material, figure S4). In contrast with the
results in the Nearctic, the primary turnover thresholds
for Neotropical parasites are mainly related to spatial dis-
tance, though trematode turnover appears to accelerate at
higher precipitation of wettest month values (electronic
supplementary material, figures S4 and S5).

(a) How do the drivers of parasite turnover vary with
spatial scale?

We found evidence confirming our hypothesis that the
importance of spatial distance (a proxy for dispersal



Table 1. Sum of the I-spline coefficients for each GDM model, followed by the per cent of deviance explained by that model and its corresponding RMSE. The
strongest variable for each model is highlighted in italics, and the asterisk symbol denotes a marginally significant effect ( p = 0.06). Near, Nearctic; Buf,
Bufonidae family; Hyl, Hylidae family; Ran, Ranidae family.

Nematoda Trematoda

global Nearctic Neotropical Near Buf Near Hyl Near Ran global Nearctic Neotropical

spatial distance 5.50 0.60 2.62 1.36 1.5 <0.01 3.82 <0.01 11.95

mean diurnal

temperature range

NA 1.12 1.44 NA NA 2.44 NA 1.58 NA

min. temperature of

coldest month

0.64 2.23 NA NA NA NA 2.11 2.71 NA

precipitation of

wettest month

NA NA NA NA 4.27 NA NA NA 7.78*

host composition 0.63 NA NA NA NA NA NA NA NA

% explained 31.51 14.76 11.66 13.17 28.89 15.01 38.13 26.15 22.55

RMSE 0.27 0.32 0.32 0.30 0.27 0.3 0.23 0.30 0.38

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

376:20200367

5

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

20
 S

ep
te

m
be

r 
20

21
 

limitation) on parasite β-diversity decreases from global to
regional (realm) scales. While spatial distance was critical at
the global scale, its relative importance and strength in
relation to climate diminishes at the regional level, especially
in the Nearctic models (table 1 and figure 2). For example, at
the global scale, spatial distance was around an 8.6 times
stronger predictor of nematode turnover than the minimum
temperature of the warmest month. By contrast, this climatic
variable was an approximately 3.7 times stronger predictor of
Nearctic nematode turnover than spatial distance (table 1).
(b) How do the drivers of parasite turnover vary
between realms?

We discovered that the key climatic variables, as well as their
relative importance and strength, differ between zoogeogra-
phical realms (table 1 and figure 2). More specifically, the
mean diurnal temperature range and minimum temperature
of the coldest month were critical for Nearctic nematodes
while only the mean temperature diurnal range affected Neo-
tropical nematodes (table 1 and figure 2). Likewise, Nearctic
trematodes responded to minimum temperature of the cold-
est month while tropical trematodes responded marginally
( p = 0.06) to precipitation of the wettest month (table 1 and
figure 2). Therefore, we confirmed our hypothesis that temp-
erature extremes are more important in the Nearctic than in
the Neotropics.
(c) How do the drivers of parasite turnover vary in
relation to helminth group?

We found evidence that climatic differences are more critical
for trematodes than for nematodes at the global and Nearctic
scales. Notably, this is evidenced both in terms of strength of
effect (table 1) and variable importance (figure 2). At the
global scale, the effect of spatial distance on the nematode
model was approximately 8.6 times stronger than the effect
of minimum temperature, whereas the effect of spatial
distance on trematodes was only approximately 1.8 times
stronger than the effect of the same climatic variable
(table 1). Similar results were found in the Nearctic realm,
where minimum temperature was around 3.7 times stronger
than spatial distance for nematodes, while spatial distance
was negligible for Nearctic trematodes (table 1). At the Neo-
tropical scale, we found a different result in terms of strength
of effect. Proportionally, spatial distance was slightly stronger
for neotropical trematodes than neotropical nematodes
(table 1). Variable importance, on the other hand, exhibits
the same general pattern as the other models (figure 2).

Furthermore, we discovered evidence that the two groups
respond to different climatic variables or to varying degrees
when the variables are the same (table 1 and figure 2). For
instance, in the Nearctic, nematodes responded to spatial
distance, minimum temperature of the coldest month and
mean temperature diurnal range, whereas trematodes did
not respond to the latter variable (table 1 and figure 2).
These differences are even more pronounced in the Neotro-
pics, where nematodes responded to the mean diurnal
temperature range while trematodes responded (marginally,
p = 0.06) to maximum precipitation of the wettest month
(table 1 and figure 2).

(d) Did host composition affect parasite β-diversity?
Surprisingly, we only detected an effect of host composition on
parasite turnover in the global nematode model (table 1).
However, such effect was both weaker and less important
than climate and spatial distance (table 1 and figure 2).

(e) Does selecting different host subsets affect general
trends in parasite turnover?

We found different trends when we compared Ranidae, Bufo-
nidae and Hylidae hosts in the Nearctic bioregion (table 1
and figure 3). Spatial distance was the only important predic-
tor of nematode turnover in Bufonids, whereas spatial
distance and precipitation of the wettest month influenced
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Figure 2. Variable importance for each GDM model according to spatial scale (global, Nearctic and Neotropical) and parasite group (Trematoda and Nematoda).
(Online version in colour.)

0

20

40

60

80

Bufonidae Hylidae Ranidae
host subset

va
ri

ab
le

 im
po

rt
an

ce
 (

%
)

spatial distance
mean diurnal temp. range
precipitation wettest month

Figure 3. Variable importance for the separate nematode GDM models
according to host family (Bufonide, Hylidae and Ranidae). (Online version
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nematode turnover in Hylidae (table 1 and figure 3). Nema-
tode turnover in Ranidae was only influenced by the mean
diurnal temperature range (table 1 and figure 3). These results
were also different from the Nearctic nematode model when
all hosts are considered (table 1 and figure 2).
4. Discussion
Although most macroecological studies have investigated
processes affecting the global distribution of free-living
organisms on Earth, to our knowledge, the processes under-
lying parasite β-diversity have never been investigated at the
global scale. We studied for the first time how spatial scale
can be used to tease apart the drivers of parasite β-diversity
from regional (zoogeographical realm) to global extents.
Overall, spatial distance is a major driver of helminth turn-
over in anuran hosts. Additionally, we found five primary
patterns: (i) for both parasite groups, the effects of climate
on parasite β-diversity increase from the global to the
regional scale. (ii) There is a spatially dependent effect of cli-
mate on β-diversity linked to the realms. Specifically, minimal
temperature of the coldest month is dominant in the Nearctic,
while neotropical nematodes and trematodes responded to
the mean diurnal temperature range and precipitation of
the wettest month, respectively. (iii) Nematodes and trema-
todes show distinct trends in their response to climate and
spatial distance. More specifically, trematodes are generally
more sensitive to climatic conditions, while nematodes are
more spatially structured. Additionally, the most important
variables differed between parasite groups, especially in the
Neotropics. (iv) Overall, host turnover was not an important
predictor of parasite turnover. (v) We found that drivers of
parasite β-diversity vary with host taxonomic subset, even
when analysing lower hierarchies such as host families.

The few existing broad-scale studies investigating the
effects of climate, spatial distance and host composition on
parasite β-diversity reveal some general trends in parasite
β-diversity at the macroecological scale. For instance, Eriks-
son et al. [14] studied bat flies across the Neotropical realm
(from Mexico to Brazil) and found that host composition
and temperature seasonality are the main drivers of parasite
β-diversity. Similarly, in another study at the regional scale
(about 2500 km in Mongolia), Maestri et al. [11] demonstrated
air temperature and host β-diversity as the best predictors of
rodent flea turnover. The other existing studies (such as
[10,12,13]) show high heterogeneity in investigated hosts,
parasites, realms and scale (grain and extent). However,
these studies indicate parasite β-diversity to be mainly
affected by host composition, climate or a combination of
both, with a negligible effect of spatial distance. Conversely,
we found a major role of spatial distance as a driver of
anuran parasite turnover at both the global and Neotropical
scales. Although it should be interpreted with caution, the
prominence of spatial distance in these models indicates
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that dispersal-based processes may be a major determinant of
anuran helminth β-diversity.

Parasites rely on hosts to disperse, and there is evidence
that spatial connectivity among host assemblages is an essen-
tial driver of parasite similarity [18]. As a result, spatial
distance can be even more influential in host–parasite sys-
tems where both parasites and hosts are dispersal limited.
Indeed, due to the nature of the helminth life cycle, these
parasites rely on hosts for dispersing, and amphibians are
recognized for their poor dispersal abilities. For instance,
Buckley & Jetz [41] found spatial turnover to be around
four times higher for amphibians than birds, which is consist-
ent with amphibians having many small-ranged species.
Besides being dispersal limited, previous studies argued
that habitat specialization is a relevant factor determining
small range sizes from amphibians compared with birds
and mammals [7]. As a result, the marked differences in com-
position between sites and regions may be explained by the
fact that poor dispersers may have higher speciation rates
(as gene flow decreases) [42].

We found evidence for increasing the importance of
niche-based processes from the global to the regional scale.
This result is expected and follows the observed increase in
niche-based processes at proportionally smaller scales (e.g.
[29], but see [30]). However, we accept that this finding is
not surprising, given that distinct realms with distinct para-
site and host pools are being compared at the global scale,
implying that species composition is likely to vary signifi-
cantly, and that these variations would increase with
distance. This will result in low predictive power for any
factor other than distance, as turnover would be extremely
high regardless of environmental differences.

Different parasite groups showed distinct trends in terms
of how they responded to climate and spatial distance.
Besides helminths being ectothermic animals, most species
have complex life cycles that involve releasing eggs or
larvae into the environment [43]. Consequently, during
these environmental stages, parasite persistence can be
directly affected by local climatic conditions, given that temp-
erature and precipitation can directly influence their survival
and infectivity [15,44,45]. This could explain the relevance of
climate as a broad-scale driver of helminth β-diversity. We
found that trematodes are generally more sensitive to climate
than nematodes. Also, the two groups responded to different
climatic variables, especially in the Neotropics. The higher
sensitivity of trematodes to climatic differences may be
explained by biological characteristics. For instance, most
trematodes have aquatic swimming stages, while many para-
sitic nematodes (despite their enormous variation) produce
larvae and eggs resistant to environmental extremes [43].
This may explain why the former is more vulnerable to cli-
mate than the latter, as well as why precipitation affected
Neotropical trematodes, given that in this region, tempera-
ture extremes are not as limiting as they are in the Nearctic.

The prominence of the minimum temperature of the cold-
est month found in the Nearctic models may be explained by
its direct effect on parasites, an indirect effect mediated by
hosts or both. Previous studies have demonstrated that
ectotherms such as amphibians have a limited capacity to sur-
vive at low temperatures [46]. As a result, physiological
tolerance of parasites and hosts to low temperatures could
be the primary explanation for these findings. Conversely, in
the Neotropical models, spatial distance showed the greatest
strength of effect. We also found that the proportional impor-
tance of spatial distance in relation to climate increased in the
Neotropics when compared with the Nearctic. Perhaps, this
can be explained by host species in the Neotropical realm
having smaller range sizes in response to low climate vari-
ability and high geographical complexity which, in turn,
leads to specialization and limits range expansion (see [47]).

We only found an effect of host composition on parasite
β-diversity for global nematodes (table 1). This result is
hard to interpret and run against the existing theory [10,14]
and our predictions. First, host composition may be less
important for helminths of amphibians than for other host
groups, indicating that perhaps these parasites are more gen-
eralists. However, we believe that the most likely explanation is
methodological.As shown inelectronic supplementarymaterial,
table S2, parasite compositionwas mostly available for two host
speciesper site. This represents onlya subset of the available host
pool, which can result in low statistical power to detect a host
effect. Moreover, this lack of response may need further investi-
gation. Despite the fact that parasite dissimilarity is unusually
high even at the regional scale (see electronic supplementary
material, figure S10), GDM is quite strong in the face of response
data with a large bias towards high dissimilarity values. The
nonlinear link function used in GDM is intended to address, at
least in part, the issues posed by high dissimilarity values,
including total dissimilarity (see [37]). Such high dissimilarity
also highlights the need for more studies investigating parasite
β-diversity both within and between realms, adding valuable
sampling sites and host species.

Another interesting finding is that the separate analyses on
Nearctic nematodes of Bufonidae, Hylidae and Ranidae
revealed contrasting results both among them and when com-
paredwith themodelwith all hosts.Notably, the habits of these
anuran families differ. Hylids, for example, are mostly arbor-
eal, whereas bufonids are mostly terrestrial and ranids are
semiaquatic [48]. This may warrant further investigation,
given that biological differences between hosts can result in
diverging pressures for parasite colonization and persistence,
resulting in the differences we observed. The take-home mess-
age from this discovery could be the importance of specifically
incorporating host life history into parasite β-diversity studies
at themacroecological level. The general trendsmay be dispro-
portionately affected by which host group has the majority of
data points, especially in studies based on sparse data. Such
contingencies should be further discussed, as they can have
significant implications for the quest for universal drivers of
parasite diversity at broad scales.

One of the main goals of disease macroecology is to pre-
dict disease emergence and outbreaks [49]. In this context, a
robust understanding of what drives turnover in pathogen
diversity at broad spatial scales and, therefore, limits geo-
graphical ranges of parasites, is an essential step to reach
this end. The central role of spatial distance in most of our
models contrasts most current studies on parasite β-diversity.
Such differences in the relevance of predictor variables may
highlight current disease macroecology’s limited ability to
have broad expectations about parasite β-diversity. Com-
pared to free-living organisms, parasites are by far less
studied regarding diversity drivers, especially at broad
scales. Therefore, it reinforces the need for further investi-
gations, especially on less explored realms, hosts and
parasite groups. Amphibians are the most vulnerable group
of vertebrate hosts, especially considering the current pace
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of climate change [46] and disease transmission [50]. Accord-
ingly, combining abiotic and biotic drivers of both parasites
and their hosts in a multiscale approach can improve the pre-
dictability of macroecology and disease macroecology [21].
Our study contributes to an essential step in this direction and
provides an empirical foundation for disease macroecology’s
goals to be achieved with amphibians.
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