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Laboulbeniales (Ascomycota: Laboulbeniomycetes) are obligate ectoparasitic fungi of arthropods with a
worldwide distribution. Their effects on host physiology and behaviour as well as their ecology have
recently gained wider attention. One aspect that is virtually unknown regarding Laboulbeniales and
arthropod-associated fungi in general, is how abiotic factors shape the distribution of these parasites. We
used ant- and bat fly-associated Laboulbeniales to study whether climatic elements play a role in the
distribution of fungal species. We collected uninfected and Laboulbeniales-infected insects belonging to
three species: bat flies Nycteribia schmidlii and Penicillidia conspicua (Diptera: Nycteribiidae) and the ant
Myrmica scabrinodis (Hymenoptera: Formicidae). We used climatic variables and performed statistical
analyses to explain the distribution of Laboulbeniales infection. Our results show a higher likelihood of
Laboulbeniales presence in habitats with low annual mean temperature and humidity, suggesting that
climatic elements can considerably shape the distribution of Laboulbeniales species.

© 2019 Elsevier Ltd and British Mycological Society. All rights reserved.
1. Introduction

What is the distribution of any given species? What are the envi-
ronmental factors and biological mechanisms underlying species dis-
tributions? These are among the fundamental questions for studies
in ecology, evolution, and conservation (Ferrier, 2002; Rushton
et al., 2004; Parmesan, 2006). Species distributions are shaped by
abiotic and biotic factors. Abiotic climatic factors, such as
and Evolution, University of

ntiv�anyi).

al Society. All rights reserved.
temperature and precipitation, presumably play a significant role in
species occurrence and diversity (Duke et al., 1998;Whittaker et al.,
2001; Araújo et al., 2008).

The distribution of parasites depends on the distribution of their
potential host(s), although both do not necessarily overlap (Strona,
2015). The abundance, ecology, sex, and diversity of their hosts all
have a modulating effect on parasite distribution (Anderson and
Gordon, 1982; Christe et al., 2000; Stanko et al., 2006), with addi-
tional effects of abiotic factors, such as humidity, precipitation and/
or temperature (Morgan et al., 2009; Froeschke et al., 2010). The
increase in latitudinal parasite diversity in certain host taxa, such as
micro- and macro-parasites of humans (Guernier et al., 2004) and
vector-borne parasites in primates (Nunn et al., 2005), is explained
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in part by the climatic differences along the latitudes.
In contrast to certain animal taxa associated with vertebrates

(e.g., bird lice, bat flies), studying the ecology and distribution of
parasitic microbes and microfungi is often hindered by methodo-
logical constraints. The presence or absence of these microscopic
organisms is often hard to observe on a sufficiently large number of
hosts, as it may require living hosts, culturing methods, host
dissection, etc. Furthermore, the number of individual parasites on
a host is often hard to define or to determine, especially when
dealing with filamentous species or unicellular microbes.

Several lineages of Fungi are obligate or opportunistic biotrophs,
living in or on a wide range of host species. Members of the order
Laboulbeniales (Ascomycota: Laboulbeniomycetes) are unique in
that they form non-hyphal, multicellular fruit bodies or thalli,
which are the result of determinate growth. Laboulbeniales com-
plete their entire life cycle on the integument of a living arthropod
and their thalli persist on host individuals (Haelewaters et al.,
2015c; B�athori et al., 2018). Thus Laboulbeniales thalli can be
easily recorded from and individually counted on any preserved
host, providing an opportunity to study parasite prevalence,
geographic spread, and thallus distribution over the host body.

Climatic factors may contribute to the geographic spread and
prevalence of Laboulbeniales (sensu Haelewaters et al., 2018). In
this study, we address this question by exploring two parasite-host
systems. These are well-documented examples that have yielded
valuable insights into the biology of these fungi. Arthrorhynchus
eucampsipodae and Arthrorhynchus nycteribiae are associated with
Eastern Hemisphere bat flies (Fig. 1AeB) (Diptera: Nycteribiidae),
whereas Rickia wasmannii is associated with Myrmica ants (Hy-
menoptera: Formicidae) in Europe (Fig. 1CeD).

Bat flies (Diptera: Nycteribiidae and Streblidae) are highly
specialized, blood-sucking obligate ectoparasites of bats. These
parasites are known or suspected vectors of several pathogens in
bats (Dick and Patterson, 2006; Witsenburg et al., 2015). Bat flies
show specialized morphological and physiological adaptations,
Fig. 1. Study systems discussed in this paper. (A) Nycteribia schmidlii, female bat fly infe
Arthrorhynchus nycteribiae. (C) Myrmica scabrinodis covered with Rickia wasmannii thalli (in
making them one of themost unique dipteran groups. They all have
reduced eyes (ocelli) and highly modified body shapes, with a
strongly chitinised integument. Females give birth to a single, third
instar larva (instead of laying eggs, as most dipteran species).
During the development, the larva feeds on the extraction of intra-
uterine milk glands. When the third-instar larval stage is reached,
females leave their bat hosts to larviposit the offspring on the host's
roost wall (e.g., cave walls). The larvae immediately pupate and
develop for a fewweeks until emergence. The newly emerged adult
flies immediately try to locate a new bat host (Theodor, 1967; Dick
and Patterson, 2006).

Bat flies are divided into two cosmopolitan families, Nycter-
ibiidae and Streblidae, but these groups are subject to phylogenetic
revision (Dittmar et al., 2006). Nycteribiids show a predominantly
Eastern Hemisphere distribution, and they are dorsoventrally flat-
tened and wingless. Streblids, on the other hand, are more diverse
in the Neotropical region, and the body plans and wings in this
family are highly diverse. Streblid species range from laterally to
dorsoventrally flattened. Most streblids have wings, although not
always functional, while a minority (3%) is wingless (Dick and
Patterson, 2006). In Europe, 16 nycteribiid and one streblid spe-
cies have been reported so far (Szentiv�anyi et al., 2016).

Thus far, four genera of Laboulbeniales have been found asso-
ciated with bat flies (Haelewaters et al., 2018; Dogonniuck et al.,
2019). These are Arthrorhynchus, Dimeromyces, Gloeandromyces,
and Nycteromyces. Gloeandromyces (four species, three formae) and
Nycteromyces (two species) occur on streblid bat flies. Species of
Gloeandromyces are currently restricted to Central and northern
South America, although the number of records is limited (Thaxter,
1917, 1931; Haelewaters and Pfister, 2019). Nycteromyces stre-
blidinus is known from Central and South America, whereas the
second species in the genus, Nycteromyces orientalis, is known from
Tanzania, India, and Australia (Dogonniuck et al., 2019). Dimer-
omyces is a large genus with a wide host range encompassing 115
species, two of which were very recently described from bat flies
cted by Arthrorhynchus sp. (groups of thalli indicated by arrows). (B) Three thalli of
dicated by arrowheads). (D) Three thalli of Rickia wasmannii. Scale bars¼ 100 mm.



Table 1
All bat fly species from Miniopterus schreibersii, with indication of association with Laboulbeniales fungi. When available, prevalence data is given.

Bat fly species Laboulbeniales species Prevalence Reference(s)

Nycteribia kolenatii No infection Haelewaters et al. (2017)
N. latreillii No infection Szentiv�anyi et al. (2018)
N. parvula Arthrorhynchus eucampsipodae Blackwell (1980)
N. pedicularia No infection Blackwell (1980), Szentiv�anyi et al. (2018)
N. schmidlii A. eucampsipodae 2.7% Haelewaters et al. (2017)

A. eucampsipodae 4.9% Szentiv�anyi et al. (2018)
A. nycteribiae 0.4% Blackwell (1980)
A. nycteribiae 0.4% Haelewaters et al. (2017)

Penicillidia conspicua A. nycteribiae Blackwell (1980)
A. nycteribiae 23.1% Haelewaters et al. (2017)
A. nycteribiae 22.9% Szentiv�anyi et al. (2018)

P. dufourii No infection Haelewaters et al. (2017)
A. nycteribiae Blackwell (1980)
A. nycteribiae 7.7% Szentiv�anyi et al. (2018)

P. indica A. nycteribiae Blackwell (1980)
P. jenynsii A. nycteribiae Blackwell (1980)
P. oceanica oceanica A. nycteribiae Blackwell (1980)
Phthiridium biarticulatum No infection Blackwell (1980)
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(Rossi et al., 2015, 2016; Dogonniuck et al., 2019). Arthrorhynchus is
specific to nycteribiid bat flies in the Eastern Hemisphere. Three
species are recognised, of which A. eucampsipodae and especially
A. nycteribiae (Fig. 1B) are the most common ones (Blackwell, 1980;
Haelewaters et al., 2017). The third species,
Arthrorhynchus cyclopodiae is only known from the type material in
Papua New Guinea (Speiser, 1901). Additionally, Merola (1952)
described a fourth species from Italy, Arthrorhynchus acrandros,
which likely represents a synonym of A. nycteribiae. In Europe,
Nycteribia schmidlii, Penicillidia conspicua, and Penicillidia dufourii
appear to be the main hosts for Arthrorhynchus spp. (Haelewaters
et al., 2017). Under extensive sampling, the observed parasite
prevalence is 3.1e4.9% on N. schmidlii, 22.9e25.0% on P. conspicua,
and 2.0e7.7% on P. dufourii (Haelewaters et al., 2017; Szentiv�anyi
et al., 2018). In addition, parasite prevalences seem to vary
geographically (Szentiv�anyi et al., 2018). A tripartite overview of
Miniopterus schreibersii with its bat fly hosts and their associated
Laboulbeniales fungi is given in Table 1.

Ants (Hymenoptera: Formicidae) play a significant role in many
terrestrial ecosystems. They are often locally abundant and form
symbiotic relationships with microbes, fungi, plants, and other
animals (H€olldobler and Wilson, 1990). Myrmica is a widespread
genus consisting of 188 extant and 11 fossil species (Bolton, 2016)
and usually takes part in any temperate ant community (Jansen
et al., 2010 and references therein). These ants can be found in
several different environments across the temperate Holarctic re-
gion (Elmes et al., 1998). Habitats include forests, steppes, bogs,
meadows, mountains, and human-altered landscapes (Jansen et al.,
2010; Radchenko and Elmes, 2010). This variation over habitats
may have an effect on diet, behaviour, and symbiotic relationships
(Witek et al., 2014; Mark�o et al., 2016). In addition, Elmes et al.
(1998) described disparate ecological preferences of European
Myrmica species (to soil moisture and soil temperature).

Ants are the only known hymenopterans known to host Lab-
oulbeniales. Of the six species of Laboulbeniales described on ants,
R. wasmannii (Fig. 1D) is the most widespread. Reports of
R. wasmannii are known from Austria, Belgium, Bulgaria, Czech
Republic, France, Germany, Greece, Hungary, Italy, Luxembourg, the
Netherlands, Poland, Romania, Slovakia, Slovenia, Spain,
Switzerland, and the United Kingdom (Haelewaters et al., 2015b;
De Kesel et al., 2016; B�athori et al., 2017). Rickia wasmannii can be
found on ten Myrmica species (B�athori et al., 2017), but most
published reports are fromMyrmica scabrinodis. Nevertheless, host
choice plasticity has been suggested based on data from the
Netherlands, where Haelewaters et al. (2015b) found R. wasmannii
on Myrmica sabuleti (38%, n¼ 3876), M. scabrinodis (11%, n¼ 643),
and Myrmica ruginodis (0.55%, n¼ 182). Thallus density and para-
site prevalence were calculated based on year-round pitfall capture
data. Later, De Kesel et al. (2016), who collected directly from nests
from the same site, found an infection prevalence of 100% on
M. scabrinodis (n¼ 50).

Rickia wasmannii and its most-often reported host,
M. scabrinodis, have been increasingly studied to understand how
Laboulbeniales affect their hosts at the individual level (Csata et al.,
2014, 2017a; B�athori et al., 2015) and at society-level (Csata et al.,
2017b). Moreover, this system has also been used to assess how
infection varies across host colonies, host individuals, host age,
body parts of hosts, habitats, and time of year (Haelewaters et al.,
2015a; Mark�o et al., 2016; B�athori et al., 2018).

In this study, we investigated the effect of climatic factors on the
distribution of Laboulbeniales using two distantly related insect
groups. Employing both bat fly associates and ant associates allows
us to account for awide range of conditions. These phylogenetically
unrelated insect groups are infected by closely related species of
Laboulbeniales. Given the dissimilar biology and life histories of
these insects, finding similar patterns of geographic distribution
and prevalence of their ectoparasites related to climatic factors
could lead to the formulation of general principles related to these
interactions. Ecology may have more impact than host when
considering patterns of geographical range and frequency of
occurrence of these ectoparasites.

2. Material and Methods

2.1. Study systems

First, we chose M. schreibersii and its highly specialized bat flies
N. schmidlii and P. conspicua to reveal the distribution of associated
Laboulbeniales. Miniopterus schreibersii is a cave-dwelling bat
species and the only European representative of the Miniopteridae
family. Miniopterus schreibersii occurs mostly in the Mediterranean
region, showing its northernmost distribution in Slovakia. It is a
migratory species and often changes its roosting sites during the
year, although consistent in using caves and underground places as
roost sites. Females form nursery colonies during the summer
where the colony size can reach up to thousands of individuals
(Kunz, 1982). Two fungal species are found on the bat flies of
M. schreibersii: A. eucampsipodae was during our recent surveys
only associated with N. schmidlii, whereas A. nycteribiae parasitizes
mostly P. conspicua but can also be found on N. schmidlii



Fig. 2. Geographic coverage and sampling of the study. Some locations are displaced to show overlapping samples.

Table 2
Bioclimatic variables used in the study (data source: Vega et al., 2017).

Variable Description

bio1 Annual Mean Temperature
bio2 Mean Diurnal Range (Mean of monthly (max temp - min temp))
bio9 Mean Temperature of Driest Quarter
bio11 Mean Temperature of Coldest Quarter
bio12 Mean Annual Humidity
bio13 Humidity of Wettest Month
bio14 Humidity of Driest Month
bio16 Humidity of Wettest Quarter
bio17 Humidity of Driest Quarter
bio18 Humidity of Warmest Quarter
bio19 Humidity of Coldest Quarter
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(Haelewaters et al., 2017; Szentiv�anyi et al., 2018, Table 1).
In addition, we selected the antM. scabrinodis and R. wasmannii

as a second study system. We consider individual ant nests as
colonies that can be either infected or uninfected. As a result, we do
not present prevalence data about individual ants, but only at the
level of the colony.

2.2. Material collection and identification

2.2.1. Bat flies and Arthrorhynchus spp.
Data from bat flies removed fromM. schreibersii bats were taken

from Haelewaters et al. (2017) and Szentiv�anyi et al. (2018). This
includes presence versus absence data of Laboulbeniales per
screened bat fly specimen and prevalence information over bat fly
species. Voucher bat fly specimens are deposited at the Museum of
Zoology, Lausanne (Switzerland), under the access number: 2873-
17CH02.

2.2.2. Ants and Rickia wasmannii
Myrmica scabrinodis ant nests were opened during the vegeta-

tion period in Hungary and Romania (Fig. 2) between 2001 and
2017. Five to ten workers per nest were stored in 67.5% ethanol for
identification following Seifert (1988) and Radchenko and Elmes
(2010). Voucher samples are deposited at the private collection of
AT at the Department of Evolutionary Zoology and Human Biology,
University of Debrecen and in the Hymenoptera Collection of the
Hungarian Natural History Museum (Budapest). Additional data
were collected from the literature from Hungary, Romania, and
Slovakia (Tartally et al., 2007, 2008; Bezdĕ�ckova and Bezdĕ�cka,
2011; Csata et al., 2013) and the Hymenoptera Collection of the
Hungarian Natural History Museum. Identification of Laboulbe-
niales thalli was based on species descriptions in Thaxter (1908)
and De Kesel et al. (2016).

2.3. Statistical analysis

2.3.1. Presence of Laboulbeniales fungi at the surveyed locations
Our table of presence data consisted of 114 observations on the

presence or absence of thalli from 87 surveyed locations in 10
European countries, including all presence or absence data from
three species of Laboulbeniales (A. eucampsipodae, A. nycteribiae, R.
wasmannii). Raw data were grouped by locations, so in each
observation (i.e. row), the location of survey, the host species pre-
sent in the given location, and, when present, the species of the
fungus were recorded. Therefore, we had records of presence of a
given fungus species on a given host species in the surveyed loca-
tions. When no fungi were found, the absence of Laboulbeniales
fungi was recorded for the given location.

For the analyses, bioclimatic variables were selected which were
expected to explain infection patterns. Bioclimatic variables (n¼ 19,
Table 2) are derived from monthly minimum temperature,
maximum temperature and precipitation data (Busby, 1991). Cli-
matic data were obtained from the MERRAclim database (Vega
et al., 2017), using bioclimatic variables from the 2000s decade at
5 arcminutes resolution.

During preliminary analyses, we used Mann-Whitney's U tests
to compare values of the different bioclimatic variables between
infected and uninfected locations to assess which variables have
considerable effect on Laboulbeniales presence. Holm's post hoc P-
value adjustment (Holm, 1979) was then used to select the 11 sig-
nificant variables (out of 19) for further analyses, namely: annual
mean temperature (bio1), mean diurnal range (bio2), mean tem-
perature of driest quarter (bio9), mean temperature of coldest
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quarter (bio11), mean annual humidity (bio12 as kg of water per kg
of air; see Vega et al., 2017), humidity of the wettest month (bio13),
humidity of driest month (bio14), humidity of the wettest quarter
(bio16), humidity of the driest quarter (bio17), humidity of the
warmest quarter (bio18), and humidity of the coldest quarter
(bio19).

Variables were re-scaled (by dividing the variable by its stan-
dard deviation) and centred at zero (by subtracting the mean of the
given variable from all values in the variable) before performing a
principal component analysis (stats package, R Core Team, 2014).
Prior to the estimation of principal components (PCs), all based on
Kaiser (1960) criterion, we retained only principal components
with eigenvalues of 1 or higher.

To evaluate the degree of association between fungus presence-
absence and climatic predictors, we fitted a binomial generalized
linear mixed-effects model (GLMM), using the lme4 package in R
(Bates et al., 2014), where presence-absence data was used as the
binary response variable, while the principal components of
bioclimatic variables were included as fixed explanatory variables.
Host species was included in the model as a random factor to
control for the non-independence of observations in these cate-
gories. We refer to this model as GLMM-A in the results.

2.3.2. Prevalence of Arthrorhynchus fungi at the surveyed locations
Our table of prevalence data consisted of 69 observations on the

prevalence of Laboulbeniales infection. Data were grouped by lo-
cations, therefore in each observation (i.e. row), the location of
survey, the host species present in the given location, and, when
present, the species of the fungus were recorded, together with the
prevalence of infection with the given fungus species (i.e. propor-
tion of infected hosts in all the surveyed individuals at the given
location). Presence or absence data of R. wasmannii on
M. scabrinodis were only collected on the scale of geographical lo-
cations; no data were available on the number of infected ants
within a site. Consequently, prevalence of fungi was only analysed
on the bat flies P. conspicua and N. schmidlii.

We used the same bioclimatic variables as described in the
analysis of presence of Laboulbeniales fungi (Table 2). Similarly, we
carried out a principal component analysis on the bioclimatic var-
iables of the prevalence data to decrease the number of predictor
variables and to eliminate linear correlation between predictors. A
new principal component analysis was necessary because different
climatic values were included in the prevalence-data table.

To assess whether there was an association between climatic
factors and Arthrorhynchus prevalence we fitted a binomial GLMM,
inwhich prevalencewas the response variable, while the calculated
PCs were fixed predictors. We also included host species as a
random factor. We refer to this model as GLMM-B in the results.

3. Results

3.1. Presence of Laboulbeniales at the surveyed locations

Of the 114 observations, 26 were from N. schmidlii (n¼ 615
surveyed hosts), 46 from P. conspicua (n¼ 285 surveyed hosts), and
42 from M. scabrinodis (infection was surveyed at colony-level; see
Material and Methods). At least one species of Laboulbeniales was
found at 47 (out of the 87) surveyed locations (Fig. 2).

Infection of the bat fly species with the different Arthrorhynchus
species was principally host-specific, as the recorded host-fungus
pairs were almost exclusive: N. schmidlii infected by
A. eucampsipodae and P. conspicua infected by A. nycteribiae. There
were two exceptions: in one of the locations, A. nycteribiae was
found on N. schmidlii (n¼ 3), and in another location
A. eucampsipodae was found on P. conspicua (n¼ 2).
Regarding our anteLaboulbeniales system, our dataset only
included the host M. scabrinodis.

The principal component analysis yielded two components with
eigenvalues higher than 1: PC1-A and PC2-A. The two components
represented ca. 78% and 16% of the variance in the bioclimatic data,
respectively, cumulatively explaining ca. 94% of the total variance
(for the correlation of bioclimatic variables and calculated PCs of
presence-absence data, see Fig. S1).

Based on the model GLMM-A, the first principal component
(PC1-A) had a significant negative effect on the presence of Lab-
oulbeniales fungi at the surveyed locations (z¼�3.73, P< 0.001),
whereas the second principal component (PC2-A) did not show a
significant effect (z¼�1.43, P¼ 0.152; see Fig. 3), indicating higher
likelihood of Laboulbeniales presence in habitats of low annual
mean temperature and humidity (Fig. 3).

3.2. Prevalence of Arthrorhynchus fungi at the surveyed locations

Of the 69 observations, 26 were on N. schmidlii bat flies and 43
on P. conspicua bat flies. In the habitats where Arthrorhynchus was
present, the average prevalence of A. eucampsipodaewas 19.9± 12%
(mean± standard deviation), while prevalence of A. nycteribiaewas
47± 29% (total number of surveyed hosts: 615 and 285 of
N. schmidlii and P. conspicua, respectively). Based on Kaiser (1960)
criterion, we retained two principal components after principal
component analysis, with the cumulative proportion of variance
being ca. 94% (the individual proportion of variance explained were
ca. 76% and 18% for PC1-B and PC2-B, respectively; for the corre-
lation of bioclimatic variables and calculated PCs of prevalence
data, see Fig. S2).

The results of themodel GLMM-B showed that the first principal
(PC1-B) component of bioclimatic variables significantly influenced
the prevalence of Arthrorhynchus fungi, showing a negative rela-
tionship between the principal component and prevalence
(z¼�2.15, P¼ 0.032; see Fig. 4). The second principal component
(PC2-B) did not show a significant effect on prevalence (z¼ 0.34,
P¼ 0.735). Based on these results, prevalence seems to be nega-
tively affected by annual mean temperature and humidity (Fig. 4).

4. Discussion

The presence and intensity of Laboulbeniales infection can vary
within and between populations due to biotic effects, such as host
age and sex as well as aggregation behaviour (Nalepa and Weir,
2007; B�athori et al., 2018). Little is known about how abiotic fac-
tors influence the temporal and spatial distribution of these fungi.
No research on this topic has been done regarding Laboulbeniales.
For other fungal groups, studies have mostly focused on plant-
microfungus systems, where (changing) climate conditions were
shown to greatly affect plant pathogen distribution, host-fungus
interactions (e.g., plant immunity, fungal virulence), and path-
ogen survival and reproduction, both in experimental and obser-
vational studies (Garrett et al., 2006; Vel�asquez et al., 2018).
Particularly well-documented are systems involving Fusarium head
blight (Sordariomycetes: Hypocreales), powdery mildews (Leotio-
mycetes: Erysiphales), and rusts (Pucciniomycetes: Pucciniales) of
important crops, where field studies have been augmented by
laboratory infection experiments and statistical modelling (e.g.,
Amsalem et al., 2006; Glawe, 2008; Del Ponte et al., 2009; Bebber
et al., 2016; de Valavieille-Pope et al., 2018).

In the present study on Laboulbeniales and ant or bat fly hosts
(the latter as members of a tripartite relationship), the occurrence
and prevalence of the infection at the sampled locations (n¼ 87) is
mostly affected by temperature and humidity, showing higher
likelihood of fungal presence in habitats with low annual mean



Fig. 3. Distributions of the values of first (PC1-A) and second principal components (PC2-A) calculated from 11 bioclimatic variables (A and B, respectively) in the absence and
presence of Laboulbeniales fungi. Relationship of mean annual temperature (bio1, C) and presence of Laboulbeniales infection, and of mean annual humidity (bio12, D) with the
presence of Laboulbeniales infections. Circles represent observed data, and curves show the probability of the presence of infection at a given value of mean annual temperature and
mean annual humidity, predicted by GLMM-A (n¼ 114).
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temperature and humidity. Our data are the first to show the
importance of abiotic factors in the distribution of Laboulbeniales
on a large geographical scale, and to our knowledge, the first on
hyperparasitic fungi.

It has been shown for numerous arthropod species that their
immune response is temperature-dependent. For instance, the
immune response is stronger at higher temperatures in crickets
(Adamo and Lovett, 2011), termites (Fuller et al., 2011), and tene-
brionid larvae (Catal�an et al., 2012). These results suggest that
higher temperatures contribute to disease resistance in insects. In
areas with increased annual mean temperatures, bat flies and ants
are less infected by Laboulbeniales, implying that these host pop-
ulationsmight indeed bemore resistant. Two notes should bemade
in this regard. First, it is impossible to assess the effect of temper-
ature in germination or virulence of Laboulbeniales ascospores,
because of the lack of physiological data. Second, the presence of
immune-regulating bacteria can also alter pathogen development
in their insect hosts (Kambris et al., 2009; Hughes et al., 2011;Wong
et al., 2011). For example, Wolbachia intracellular bacteria are
known to provide resistance to a range of pathogens and parasites,
e.g., in mosquitoes (Moreira et al., 2009; Yixin et al., 2013) and flies
(Gupta et al., 2017). Recent reports of Wolbachia symbionts in both
ants and bat flies (Wilkinson et al., 2016; Treanor, 2017) underline
the need for future investigations concentrating on the distribution
of these bacteria and their possible immune-altering capabilities.
Cave-dwelling bats, includingM. schreibersii, spend up to 62% of
their time in caves (Codd et al., 2003), where climatic conditions are
stable. This may play a role in the decreased reproductive activity of
bat flies during winter months (Lourenço and Palmeirim, 2008). De
Kesel (1997) showed that the presence of Laboulbeniales was
significantly linked to the life cycle of their carabid hosts. We,
therefore, hypothesize that the frequency of occurrence of Lab-
oulbeniales on bat flies of cave-dwelling bats is lower during
winter. The density of bat flies is higher during their reproductive
period (Marshall, 1982), which increases opportunity for spore
transmission because of the higher number of possible encounters
between bat fly individuals.

Miniopterus schreibersii spends a considerable time (6 h per
night) outside the cave actively foraging (Vincent et al., 2011). This
means that associated bat flies are exposed to outside climatic
parameters, which in turn may affect the biology and occurrence of
their parasitic fungi. Outside climatic parameters and cave micro-
climate conditions may influence the distribution and reproductive
success of ectoparasitic bat flies as well as their parasitic fungi.
Additionally, M. schreibersii is a thermophilous species with a
mainly Mediterranean distribution, suggesting that occurrence of
fungi is actually more related to climatic effects, since host avail-
ability is not a limiting factor in warmer areas. Some factors may
modulate climatic effects in the insect hosts' microhabitat: bat
activity can modify the microclimate in caves, through heat



Fig. 4. Relationship of first (PC1-B) and second principal components (PC2-B) with prevalence of Laboulbeniales fungi (A and B, respectively). Relationship between mean annual
temperature (bio1) and prevalence of Arthrorhynchus infection (C), and between mean annual humidity (bio12) and prevalence of Arthrorhynchus infection (D). Circles represent
observed data, and curves show the predicted prevalence of infection at a given value of mean annual temperature and mean annual humidity, based on GLMM-B (n¼ 69).
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production and guano deposition (Baudinette et al., 1994). Simi-
larly, ants are capable of thermoregulation of their nests
(Banschbach et al., 1997) and worker individuals may frequently
leave their nest for long periods of times (Jones and Oldroyd, 2006
and references therein), during which they are exposed to outside
climatic conditions.

When the distribution of Laboulbeniales infection is examined
on ants in different microhabitats, such as dry and moist sampling
areas, fungal infection is dominantly present on ants preferring
moister habitats (Mark�o et al., 2016), which suggests an interaction
between infection and humidity. Our findings suggest that this
interaction is negative on a larger geographical scale on the same
host. In addition, Haelewaters et al. (2015b) found that M. sabuleti,
which prefers drier habitats (Elmes et al., 1998), can be more
heavily infected compared toM. scabrinodis, pointing to host choice
plasticity and geographic variation in infection rates of
R. wasmannii.

In general, studies on the influence of humidity on the presence
and development of parasitic and pathogenic fungi on their hosts
are contradictory (Roberts and Campbell, 1977 and references
therein). This seems to be the result of contrasting ecological re-
quirements in the development of different species. For instance,
the occurrence of the entomopathogenic fungus Beauveria bassiana
(Sordariomycetes: Hypocreales) does not seem to be affected by
humidity on its beetle host Acanthoscelides obtectus (Coleoptera:
Chrysomelidae) (Ferron, 1977). Nevertheless, both the transmission
and development of some entomopathogenic fungi in the order
Entomophthorales (Zoopagomycota: Entomophthoromycotina)
seem to be influenced by humidity (Roberts and Campbell, 1977;
Pell et al., 2001). In addition, the psychrophilic fungus Pseudo-
gymnoascus destructans (Leotiomycetes, incertae sedis), the causal
agent of white-nose syndrome in cave bats throughout Europe and
North-America, causing high mortality in populations at several
places, is also known to prefer cold and highly humid environments
(Langwig et al., 2012). In Laboulbeniales, it is generally suggested
that higher humidity and temperature help the development and
occurrence of the fungi (Meijer, 1975; Arndt and Desender, 2002;
Riddick and Schaefer, 2005; Santamaria et al., 2014). De Kesel
(1996) provided evidence that the development of Laboulbeniales
is dependent on favourable environmental conditions but also a
suitable host. In addition, our knowledge on how climatic elements
might alter host behaviour is limited. Behavioural differencesmight
also contribute to differences in symbiont transmission, presence,
and prevalence.

In conclusion, our results confirm the importance of climatic
elements e humidity and temperature e on fungal occurrence. We
used two distant insect groups to test the climatic effect on ecto-
parasitic fungal infections. While these host groups show and
occupy strongly different ecological needs and habitats, our results
are consistent in both groups, highlighting the fact that these fungi
have complex ecological relationships with their hosts, and in the
case of bat fly-associated species, probably with the bat hosts of
their hosts. Our results show that higher temperatures may be a
limiting factor in the development of these fungi, either through
their own ecological needs or, indirectly, through regulating the
immune response of their hosts. We suggest concentrating future
research on different taxonomic host groups where presence-
absence infection data are available to reveal how parasitic and
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pathogenic fungi are distributed not only on a geographical but also
on a temporal scale to better understand disease dynamics in
invertebrates.

Ethics approval

Animal capture was conducted according to the Swiss Animal
Legislation (legislation number 2964).

Funding

DH acknowledges funding for this project from a 2016 Graduate
Fellowship and the 2017 Robert W. Lichtwardt Student Research
Award of the Mycological Society of America. WPP was supported
through the ÚNKP-16-4-IV NewNational Excellence Program of the
Ministry of Human Capacities of Hungary. FB was supported by the
NKFI KH 130338 project. AT was supported by the ‘AntLab’ Marie
Curie Career Integration Grant, part the 7th European Community
Framework Programme, by a ‘Bolyai J�anos’ scholarship of the
Hungarian Academy of Sciences (MTA) and by the ÚNKP-18-4 New
National Excellence Program of the Ministry of Human Capacities.
The research has been supported by the EFOP-3.6.1-16-2016-00022
project. The project is co-financed by the European Union and the
European Social Fund.

Competing interests

The authors declare that they have no competing interests.

Availability of data and materials

Datasets supporting the conclusions of this article are included
its Supplementary Table 1 as well as Supplementary Figure 1e2.

Acknowledgements

We are grateful to Laura Cl�ement, P�eter Est�ok, El�eonore Genzoni,
Adri�a L�opez-Baucells, Jorge Palmeirim, Igor Pavlinic, Dino Scar-
avelli, Martin �Sev�cík, Philippe Th�eou and Fardo Witsenburg, for
their help during bat fly sample collection. We thank two anony-
mous reviewers for their helpful and constructive comments,
which greatly increased the quality of our work.

Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.funeco.2019.03.003.

References

Adamo, S.A., Lovett, M.M.E., 2011. Some like it hot: the effects of climate change on
reproduction, immune function and disease resistance in the cricket Gryllus
texensis. J. Exp. Biol. 214 (12), 1997e2004.

Amsalem, L., et al., 2006. Effect of climatic factors on powdery mildew caused by
Sphaerotheca macularis f. sp. fragariae on strawberry. Eur. J. Plant Pathol. 114,
283e292.

Anderson, R.M., Gordon, D.M., 1982. Processes influencing the distribution of
parasite numbers within host populations with special emphasis on parasite-
induced host mortalities. Parasitology 85 (2), 373e398.

Araújo, M.B., et al., 2008. Quaternary climate changes explain diversity among
reptiles and amphibians. Ecography 31 (1), 8e15.

Arndt, E., Desender, K., 2002. Laboulbeniales (Ascomycota) on carabidae (Insecta:
Coleoptera) from the Gal�apagos Archipelago. Belg. J. Zool. 132 (2), 155e164.

Banschbach, V.S., et al., 1997. Nest temperatures and thermal preferences of a forest
ant species: is seasonal polydomy a thermoregulatory mechanism? Insectes
Sociaux 44 (2), 109e122.

Bates, D., et al., 2014. lme4: Linear Mixed-Effects Models Using Eigen and S4. R
Package Version 1.0-5. http://CRAN.R-project.org/package¼lme4.

Baudinette, R.V., et al., 1994. Microclimatic conditions in maternity caves of the
bent-wing bat, Miniopterus schreibersii: an attempted restoration of a former
maternity site. Wildl. Res. 21 (6), 607e619.

B�athori, F., et al., 2015. Rickia wasmannii increases the need for water in Myrmica
scabrinodis (Ascomycota: Laboulbeniales; Hymenoptera: Formicidae).
J. Invertebr. Pathol. 126, 78e82.

B�athori, F., et al., 2017. Online image databases as multi-purpose resources: dis-
covery of a new host ant of Rickia wasmannii Cavara (Ascomycota, Laboulbe-
niales) by screening AntWeb.org. J. Hymenoptera Res. 61, 85e94.

B�athori, F., et al., 2018. Host age determines parasite load of Laboulbeniales fungi
infecting ants: implications for host-parasite relationship and fungal life his-
tory. Mycoscience 59 (2), 166e171.

Bebber, D.P., et al., 2016. Modelling coffee leaf rust risk in Colombia with climate
reanalysis data. Phil. Trans. Roy. Soc. B 371 (1709), 20150458.

Bezdĕ�ckov�a, K., Bezdĕ�cka, P., 2011. First records of the myrmecophilous fungus
Rickia wasmannii (Ascomycetes: Laboulbeniales) in the Czech Republic. Acta
Musei Morav. Sci. Biol. 96 (1), 193e197.

Blackwell, M., 1980. Incidence, host specificity, distribution, and morphological
variation in Arthrorhynchus nycteribiae and A. eucampsipodae (Laboulbeniomy-
cetes). Mycologia 72 (1), 143e158.

Bolton, B., 2016. An online catalog of the ants of the world. Accessed at. http://
antcat.org/. (Accessed 14 March 2018).

Busby, J.R., 1991. BIOCLIM e a bioclimate analysis and prediction system. In:
Margules, C.R., Austin, M.P. (Eds.), Nature Conservation: Cost Effective Biological
Surveys and Data Analysis. CSIRO, Melbourne, pp. 64e68.

Catal�an, T.P., et al., 2012. Interplay between thermal and immune ecology: effect of
environmental temperature on insect immune response and energetic costs
after an immune challenge. J. Insect Physiol. 58 (3), 310e317.

Christe, P., et al., 2000. Variation in intensity of a parasitic mite (Spinturnix myoti) in
relation to the reproductive cycle and immunocompetence of its bat host
(Myotis myotis). Ecol. Lett. 3 (3), 207e212.

Codd, J.R., et al., 2003. Roosting activity budget of the southern bent-wing bat
(Miniopterus schreibersii bassanii). Aust. J. Zool. 51 (3), 307e316.

Csata, E., et al., 2013. Comprehensive survey of Romanian myrmecoparasitic fungi:
new species, biology and distribution. N. West. J. Zool. 9 (1), 23e29.

Csata, E., et al., 2014. Effects of the ectoparasitic fungus Rickia wasmannii on its ant
host Myrmica scabrinodis: changes in host mortality and behavior. Insectes
Sociaux 61, 247e252.

Csata, E., et al., 2017a. The effects of fungal infection and physiological condition on
the locomotory behaviour of the ant Myrmica scabrinodis. J. Insect Physiol. 98
(4), 167e172.

Csata, E., et al., 2017b. Lock-picks: fungal infection facilitates the intrusion of
strangers into ant colonies. Sci. Rep. 7, 46323.

De Kesel, A., 1996. Host specificity and habitat preference of Laboulbenia slackensis.
Mycologia 88 (4), 565e573.

De Kesel, A., 1997. Flora van de Laboulbeniales van Belgi€e. Appendix bij het pro-
efschrift: Bijdrage tot de studie van de specificiteit van Laboulbeniales (Fungi,
Ascomycetes), met bijzondere aandacht voor de transmissie, de voorkeur-
shabitat en het gastheerspectrum van Laboulbenia slackensis. Doctoral disser-
tation. University of Antwerp, Belgium.

De Kesel, A., et al., 2016. Myrmecophilous Laboulbeniales (Ascomycota) in Belgium.
Sterbeeckia 34, 3e6.

de Valavieille-Pope, C., et al., 2018. Thermal generalist behaviour of invasive Puc-
cinia striiformis f. sp. tritici strains under current and future climate conditions.
Plant Pathol. 67 (6), 1307e1320.

Del Ponte, E.M., et al., 2009. A model-based assessment of the impacts of climate
variability on Fusarium head blight seasonal risk in southern Brazil.
J. Phytopathol. 157, 675e681.

Dick, C.W., Patterson, B.D., 2006. Bat flies: obligate ectoparasites of bats. In:
Morand, S. (Ed.), Micromammals and Macroparasites. Springer, Tokyo,
pp. 179e194.

Dittmar, K., et al., 2006. Molecular phylogenetic analysis of nycteribiid and streblid
bat flies (Diptera: Brachycera, Calyptratae): implications for host associations
and phylogeographic origins. Mol. Phylogenet. Evol. 38 (1), 155e170.

Dogonniuck, A.E., et al., 2019. Studies on Dimorphomyceteae: I. New species of
Nycteromyces and Dimeromyces (Laboulbeniales) on bat flies (Streblidae).
Mycologia 111 (1), 118e126.

Duke, N., et al., 1998. Factors influencing biodiversity and distributional gradients in
mangroves. Glob. Ecol. Biogeogr. Lett. 7 (1), 27e47.

Elmes, G.W., et al., 1998. The ecology of Myrmica ants in relation to the conservation
of Maculinea butterflies. J. Insect Conserv. 2, 67e78.

Ferrier, S., 2002. Mapping spatial pattern in biodiversity for regional conservation
planning: where to from here? Syst. Biol. 51 (2), 331e363.

Ferron, P., 1977. Influence of relative humidity on the development of fungal
infection caused by Beauveria bassiana (Fungi Imperfecti, Moniliales) in imag-
ines of Acanthoscelides obtectus (Col.: Bruchidae). Entomophaga 22 (4),
393e396.

Froeschke, G., et al., 2010. Effects of precipitation on parasite burden along a natural
climatic gradient in southern Africaeimplications for possible shifts in infes-
tation patterns due to global changes. Oikos 119 (6), 1029e1039.

Fuller, C.A., et al., 2011. Environmental conditions and their impact on immuno-
competence and pathogen susceptibility of the Caribbean termite Nasutitermes
acajutlae. Ecol. Entomol. 36 (4), 459e470.

Garrett, K.A., et al., 2006. Climate change effects on plant disease: genomes to
ecosystems. Annu. Rev. Phytopathol. 44, 489e509.

Glawe, D.A., 2008. The powdery mildews: a review of the world's most familiar (yet

https://doi.org/10.1016/j.funeco.2019.03.003
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref1
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref1
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref1
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref1
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref2
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref2
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref2
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref2
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref3
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref3
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref3
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref3
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref4
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref4
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref4
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref5
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref5
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref5
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref5
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref6
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref6
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref6
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref6
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref1a
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref1a
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref1a
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref1a
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref8
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref8
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref8
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref8
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref8
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref9
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref9
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref9
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref9
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref9
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref10
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref10
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref10
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref10
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref10
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref11
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref11
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref12
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref12
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref12
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref12
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref12
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref12
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref12
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref13
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref13
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref13
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref13
http://antcat.org/
http://antcat.org/
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref15
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref15
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref15
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref15
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref15
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref16
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref16
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref16
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref16
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref16
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref21
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref21
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref21
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref21
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref22
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref22
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref22
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref17
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref17
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref17
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref18
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref18
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref18
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref18
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref19
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref19
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref19
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref19
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref20
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref20
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref23
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref23
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref23
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref24
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref24
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref24
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref24
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref24
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref24
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref25
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref25
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref25
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref26
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref26
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref26
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref26
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref27
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref27
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref27
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref27
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref28
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref28
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref28
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref28
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref29
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref29
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref29
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref29
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref30
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref30
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref30
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref30
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref31
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref31
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref31
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref32
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref32
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref32
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref33
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref33
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref33
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref34
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref34
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref34
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref34
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref34
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref35
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref35
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref35
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref35
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref35
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref36
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref36
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref36
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref36
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref37
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref37
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref37
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref38


T. Szentiv�anyi et al. / Fungal Ecology 39 (2019) 371e379 379
poorly known) plant pathogens. Annu. Rev. Phytopathol. 46, 27e51.
Guernier, V., et al., 2004. Ecology drives the worldwide distribution of human

diseases. PLoS Biol. 2 (6), e141.
Gupta, V., et al., 2017. The route of infection determines Wolbachia antibacterial

protection in Drosophila. Proc. Biol. Sci. 284 (1856), 20170809.
Haelewaters, D., Pfister, D.H., 2019. Morphological species of Gloeandromyces

(Ascomycota, Laboulbeniales) evaluated using single-locus species delimitation
methods. Fungal Syst. Evol. 3, 19e33.

Haelewaters, D., et al., 2015a. Studies of Laboulbeniales (Fungi, Ascomycota) on
Myrmica ants (II): variation of infection by Rickia wasmannii over habitats and
time. Anim. Biol. Leiden 65 (3e4), 219e231.

Haelewaters, D., et al., 2015b. Studies of Laboulbeniales (fungi: Ascomycota) on
Myrmica ants: Rickia wasmannii in The Netherlands. J. Hymenoptera Res. 44,
39e47.

Haelewaters, D., et al., 2015c. Laboulbeniales (Ascomycota) of the Boston Harbor
Islands I: species parasitizing coccinellidae and Staphylinidae. Northeast. Nat.
22 (3), 459e477.

Haelewaters, D., et al., 2017. Parasites of parasites of bats: Laboulbeniales (fungi:
Ascomycota) on bat flies (Diptera: Nycteribiidae) in central Europe. Parasites
Vectors 10, 96.

Haelewaters, D., et al., 2018. Bats, bat flies, and fungi: a case of hyperparasitism.
Trends Parasitol. 34 (9), 784e799.

H€olldobler, B., Wilson, E.O., 1990. The Ants. Harvard University Press, Cambridge,
Massachusetts, p. 732.

Holm, S., 1979. A simple sequentially rejective multiple test procedure. Scand. J. Stat.
6 (2), 65e70.

Hughes, G.L., et al., 2011. Wolbachia infections are virulent and inhibit the human
malaria parasite Plasmodium falciparum in Anopheles gambiae. PLoS Pathog. 7
(5), e1002043.

Jansen, G., et al., 2010. Phylogeny, divergence-time estimation, biogeography and
social parasite-host relationships of the Holarctic ant genus Myrmica (Hyme-
noptera: Formicidae). Mol. Phylogenet. Evol. 56, 294e304.

Jones, J.C., Oldroyd, B.P., 2006. Nest thermoregulation in social insects. Adv. Insect
Physiol. 33, 153e191.

Kaiser, H.F., 1960. The application of electronic computers to factor analysis. Educ.
Psychol. Meas. 20 (1), 141e151.

Kambris, Z., et al., 2009. Immune activation by life-shortening Wolbachia and
reduced filarial competence in mosquitoes. Science 326 (5949), 134e136.

Kunz, T.H., 1982. Roosting ecology of bats. In: Kunz, T.H. (Ed.), Ecology of Bats.
Springer, Boston, MA, pp. 1e55.

Langwig, K.E., et al., 2012. Sociality, density-dependence and microclimates deter-
mine the persistence of populations suffering from a novel fungal disease,
white-nose syndrome. Ecol. Lett. 15 (9), 1050e1057.

Lourenço, S., Palmeirim, J.M., 2008. Which factors regulate the reproduction of
ectoparasites of temperate-zone cave-dwelling bats? Parasitol. Res. 104 (1), 127.

Mark�o, B., et al., 2016. Distribution of the myrmecoparasitic fungus Rickia was-
mannii (Ascomycota: Laboulbeniales) across colonies, individuals, and body
parts of Myrmica scabrinodis. J. Invertebr. Pathol. 136, 74e80.

Marshall, A.G., 1982. Ecology of insects ectoparasitic on bats. In: Kunz, T.H. (Ed.),
Ecology of Bats. Springer, Boston, MA, pp. 369e401, 1982.

Meijer, J., 1975. Carabid (Coleoptera, Carabidae) migration studied with Laboulbe-
niales (Ascomycetes) as biological tags. Oecologia 19 (2), 99e103.

Merola, A., 1952. Interessante ritrovamento di labulbeniologia cavernicola: Arthro-
rhynchus acrandros n. sp. (con considerazioni sul gen. Arthrorhynchus). Bollet-
tino della Soc. dei Nat. Napoli 60, 1e30.

Moreira, L.A., et al., 2009. A Wolbachia symbiont in Aedes aegypti limits infection
with dengue, Chikungunya, and Plasmodium. Cell 139 (7), 1268e1278.

Morgan, E.R., et al., 2009. Canine pulmonary angiostrongylosis: the influence of
climate on parasite distribution. Parasitol. Int. 58 (4), 406e410.

Nalepa, C.A., Weir, A., 2007. Infection of Harmonia axyridis (Coleoptera: coccinelli-
dae) by Hesperomyces virescens (Ascomycetes: Laboulbeniales): role of mating
status and aggregation behavior. J. Invertebr. Pathol. 94 (3), 196e203.

Nunn, C.L., et al., 2005. Latitudinal gradients of parasite species richness in primates.
Divers. Distrib. 11 (3), 249e256.

Parmesan, C., 2006. Ecological and evolutionary responses to recent climate change.
Annu. Rev. Ecol. Evol. Syst. 37, 637e669.

Pell, J.K., et al., 2001. Biology, ecology and pest management potential of Ento-
mophthorales. Fungi Biocontrol Agents: Prog. Probl. Potential 390, 71e154.

R Core Team, 2014. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.
Radchenko, A.G., Elmes, G.W., 2010. Myrmica (Hymenoptera: Formicidae) ants of
the old world. Fauna Mundi 3, 1e789.

Riddick, E.W., Schaefer, P.W., 2005. Occurrence, density, and distribution of parasitic
fungus Hesperomyces virescens (Laboulbeniales: Laboulbeniaceae) on multicol-
ored Asian lady beetle (Coleoptera: coccinellidae). Ann. Entomol. Soc. Am. 98
(4), 615e624.

Roberts, D.W., Campbell, A.S., 1977. Stability of Entomopathogenic Fungi, vol. 10.
Miscellaneous Publications of the Entomological Society of America, pp. 19e76.

Rossi, W., et al., 2015. New species of Dimeromyces from Ecuador. Mycol. Prog. 14 (2),
5.

Rossi, W., et al., 2016. A new parasitic fungus on the cleptoparasite of bees Braula
coeca (Insecta, Diptera): Dimeromyces braulae (Ascomycota, Laboulbeniales).
Nova Hedwigia 102 (1e2), 271e274.

Rushton, S.P., et al., 2004. New paradigms for modelling species distributions?
J. Appl. Ecol. 41 (2), 193e200.

Santamaria, S., et al., 2014. Laboulbeniales on millipedes: the genera Dip-
lopodomyces and Troglomyces. Mycologia 106 (5), 1027e1038.

Seifert, B., 1988. A taxonomic revision of the Myrmica species of Europe, Asia minor
and caucasia (Hymenoptera, Formicidae). Abh. Ber. Naturkd. Gorlitz 62, 1e75.

Speiser, P., 1901. Zur Kenntniss der geographischen Verbreitung der Ascomyceten-
Gattung Helminthophana Peyritsch. Ber. Dtsch. Bot. Ges. 18, 498e500.

Stanko, M., et al., 2006. Relationship between host abundance and parasite distri-
bution: inferring regulating mechanisms from census data. J. Anim. Ecol. 75 (2),
575e583.

Strona, G., 2015. Past, present and future of hosteparasite co-extinctions. Int. J.
Parasitol.: Parasites Wildl. 4 (3), 431e441.

Szentiv�anyi, T., et al., 2016. Checklist of host associations of European bat flies
(Diptera: Nycteribiidae, Streblidae). Zootaxa 4205, 101e126.

Szentiv�anyi, T., et al., 2018. Laboulbeniales (fungi: Ascomycota) infection of bat flies
(Diptera: Nycteribiidae) from Miniopterus schreibersii across Europe. Parasites
Vectors 11 (1), 395.

Tartally, A., et al., 2007. The first records of Rickia wasmannii cavara, 1899, a
myrmecophilous fungus, and its Myrmica Latreile, 1804 host ants in Hungary
and Romania (Ascomycetes: Laboulbeniales, Hymenoptera: Formicidae). Myr-
mecol. News 10, 123.

Tartally, A., 2008. Myrmecophily of Maculinea Butterflies in the Carpathian Basin
(Lepidoptera: Lycaenidae). University of Debrecen, Debrecen, Hungary (PhD
Thesis).

Thaxter, R., 1908. Contribution towards a monograph of the Laboulbeniaceae. Am.
Acad. Arts Sci. 13, 219e469.

Thaxter, R., 1917. New Laboulbeniales, chiefly dipterophilous American species.
Proc. Am. Acad. Arts Sci. 52 (10), 649e721.

Thaxter, R., 1931. Contribution towards a monograph of the Laboulbeniaceae. Part V.
Mem. Conn. Acad. Arts Sci. 16, 1e435.

Theodor, O., 1967. An Illustrated Catalogue of the Rothschild Collection of Nycter-
ibiidae (Diptera) in the British Museum (Natural History); with Keys and Short
Descriptions for the Identification of Subfamilies, Genera, Species and Sub-
species. Trustees of British Musem (Natural History), London, p. 506.

Treanor, D., 2017. Symbionts in Societies: the Biology of Wolbachia in Social Insects.
Doctoral dissertation, University of Sussex.

Vega, G.C., et al., 2017. MERRAclim, a high-resolution global dataset of remotely
sensed bioclimatic variables for ecological modelling. Sci. Data 4 sdata201778.

Vel�asquez, A.C., et al., 2018. Plantepathogen warfare under changing climate con-
ditions. Curr. Biol. 28 (10), R619eR634.

Vincent, S.T., et al., 2011. Activity and foraging habitats of Miniopterus schreibersii
(Chiroptera, Miniopteridae) in southern France: implications for its conserva-
tion. Hystrix Ital. J. Mammal. 22, 57e72.

Whittaker, et al., 2001. Scale and species richness: towards a general, hierarchical
theory of species diversity. J. Biogeogr. 28 (4), 453e470.

Wilkinson, D.A., et al., 2016. The bacteriome of bat flies (Nycteribiidae) from the
Malagasy region: a community shaped by host ecology, bacterial transmission
mode, and host-vector specificity. Appl. Environ. Microbiol. 82 (6), 1778e1788.

Witek, M., et al., 2014. Myrmica ants host highly diverse parasitic communities:
from social parasites to microbes. Insectes Sociaux 61 (4), 307e323.

Witsenburg, F., et al., 2015. Signs of a vector's adaptive choice: on the evasion of
infectious hosts and parasite-induced mortality. Oikos 124 (5), 668e676.

Wong, Z.S., et al., 2011. Wolbachia-mediated antibacterial protection and immune
gene regulation in Drosophila. PLoS One 6 (9), e25430.

Yixin, H.Y., et al., 2013. Wolbachia-associated bacterial protection in the mosquito
Aedes aegypti. PLoS Neglected Trop. Dis. 7 (8), e2362.

http://refhub.elsevier.com/S1754-5048(18)30195-8/sref38
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref38
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref39
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref39
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref40
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref40
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref41
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref41
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref41
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref41
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref42
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref42
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref42
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref42
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref42
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref43
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref43
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref43
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref43
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref44
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref44
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref44
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref44
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref45
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref45
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref45
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref46
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref46
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref46
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref47
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref47
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref47
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref48
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref48
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref48
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref49
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref49
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref49
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref50
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref50
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref50
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref50
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref51
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref51
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref51
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref52
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref52
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref52
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref53
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref53
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref53
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref54
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref54
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref54
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref55
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref55
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref55
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref55
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref56
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref56
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref57
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref57
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref57
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref57
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref57
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref58
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref58
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref58
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref59
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref59
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref59
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref60
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref60
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref60
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref60
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref61
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref61
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref61
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref62
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref62
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref62
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref63
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref63
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref63
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref63
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref64
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref64
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref64
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref65
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref65
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref65
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref66
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref66
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref66
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref67
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref67
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref68
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref68
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref68
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref69
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref69
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref69
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref69
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref69
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref70
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref70
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref70
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref71
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref71
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref72
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref72
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref72
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref72
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref72
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref73
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref73
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref73
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref74
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref74
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref74
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref75
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref75
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref75
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref76
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref76
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref76
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref77
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref77
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref77
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref77
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref78
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref78
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref78
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref78
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref79
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref79
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref79
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref79
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref80
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref80
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref80
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref80
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref81
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref81
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref81
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref81
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref82
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref82
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref82
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref83
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref83
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref83
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref84
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref84
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref84
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref85
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref85
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref85
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref86
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref86
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref86
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref86
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref87
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref87
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref88
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref88
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref89
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref89
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref89
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref89
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref89
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref90
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref90
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref90
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref90
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref91
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref91
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref91
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref92
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref92
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref92
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref92
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref93
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref93
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref93
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref94
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref94
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref94
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref95
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref95
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref96
http://refhub.elsevier.com/S1754-5048(18)30195-8/sref96

	Climatic effects on the distribution of ant- and bat fly-associated fungal ectoparasites (Ascomycota, Laboulbeniales)
	1. Introduction
	2. Material and Methods
	2.1. Study systems
	2.2. Material collection and identification
	2.2.1. Bat flies and Arthrorhynchus spp.
	2.2.2. Ants and Rickia wasmannii

	2.3. Statistical analysis
	2.3.1. Presence of Laboulbeniales fungi at the surveyed locations
	2.3.2. Prevalence of Arthrorhynchus fungi at the surveyed locations


	3. Results
	3.1. Presence of Laboulbeniales at the surveyed locations
	3.2. Prevalence of Arthrorhynchus fungi at the surveyed locations

	4. Discussion
	Ethics approval
	Funding
	Competing interests
	Availability of data and materials
	Acknowledgements
	Supplementary data
	References


