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ABSTRACT

Environmental drivers are more important for structuring fungal decomposer communities than the geographic dis-
tance between streams

One of the major challenges in microbial ecology is to unravel the mechanisms that operate at the spatial-temporal scales
structuring microbial communities and how these communities respond to environmental change. It has been argued that the
biogeography of microorganisms solely reflects the influence of contemporary environmental variation and “everything is ev-
erywhere”. Since the discovery of the key role that decomposer fungi, in particular aquatic hyphomycetes, play in leaf-litter
decomposition in streams, mycologists were interested in deciphering several ecological aspects, including the factors that
shape the distribution of these communities in streams. At local and regional scales, community structure is affected by sev-
eral abiotic factors such as pH, temperature, conductivity and nutrients in the stream water, but at a global scale, community
similarity also decreases as a function of the geographic distance. However, very few attempts have been conducted to assess
the relative influence of environmental versus geographic factors in structuring decomposer fungi in streams. In the current
study, we attempted to fulfil this lacuna by quantifying the relative contributions of environmental factors versus spatial fac-
tors to community composition, by using data of species composition and environmental (temperature, pH, conductivity and
nutrient concentrations) and spatial variables (latitude, longitude and altitude), collected during a recent extensive literature
search. Alfa diversity was negatively affected by pH, conductivity, nitrates and phosphorus concentrations in the stream wa-
ter. On the other hand, a unimodal type relationship was found between species richness and temperature, latitude or altitude.
Beta-diversity was also strongly influenced by environmental factors, in particular conductivity, nitrates and phosphorus con-
centrations, and pH in stream water, but also by the geographic location (latitude and longitude) of the study sites. However,
when the effects were disentangled a significant effect was found only for environmental variables. This suggests that stream-
dwelling decomposer fungi may exhibit biogeographic patterns, but as proposed by Baas-Becking “the environment selects”
and is in part responsible for the spatial variation of stream-dwelling decomposer fungi. However, our conclusions should be
taken cautiously because our data were extracted from the literature and reflect a geographical bias in the collection effort.
Thus, future investigations should involve broad-scale coordinated surveys, incorporating a larger number of streams in dif-
ferent latitudinal bands and along large environmental gradients, to better assess the relative importance of environmental and
geographical factors in structuring fungal communities in streams.
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RESUMO

A variabilidade ambiental ¢ mais importante para a estruturacdo das comunidades de fungos decompositores que a dis-
tdncia geogrdfica entre rios

Um dos grandes desafios da ecologia microbiana € elucidar quais os mecanismos que operam na estruturacdo espdcio-

temporal das comunidades microbianas e como estas comunidades respondem as alteragoes ambientais. Tem sido argumen-
tado que a biogeografia dos microrganismos reflete apenas a influéncia da variabilidade ambiental. Desde a descoberta do
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papel chave que os fungos, em particular os hifomicetos aqudticos, desempenham na decomposi¢do de material aloctone em
rios, que os micologistas se mostraram interessados em decifrar vdrios aspetos ecologicos, incluindo os fatores que mode-
lam a distribuicdo das suas comunidades nos rios. As escalas local e regional, a estrutura das comunidades ¢ afetada por
vdrios fatores abidticos, mas a escala global a similaridade das comunidades parece diminuir com o aumento da distdncia
geogrdfica. No entanto, muito poucas tentativas tém sido realizadas de forma a compreender a influéncia relativa de fatores
ambientais versus fatores espaciais na estruturacdo dessas comunidades. No presente estudo tentdmos colmatar esta lacuna
quantificando as contribuicoes relativas de fatores ambientais versus fatores espaciais na estruturacdo das comunidades de
fungos em rios, usando dados de composicdo em espécies e de varidveis ambientais (temperatura, pH, condutividade e con-
centragoes de nutrientes) e espaciais (latitude, longitude e altitude) reunidos durante uma extensiva pesquisa bibliogrdfica.
A diversidade alfa foi afetada negativamente pelo pH, a condutividade e as concentragcdes de nitratos e fosforo na dgua do
rio. Por outro lado, uma relagcdo do tipo unimodal foi observada entre a riqueza em espécies e a temperatura, a latitude e
a altitude. A diversidade beta foi influenciada por fatores ambientais, em particular, pela condutividade, as concentragcoes
de nitratos e fosforo, e o pH na dgua do rio, mas também pela localizacdo geogrdfica (latitude e longitude) dos locais de
estudo. No entanto, quando os efeitos foram discriminados, um efeito significativo foi encontrado apenas para as varidveis
ambientais. Estes resultados sugerem que os fungos decompositores dos rios parecem exibir padrées biogeogrdficos, mas
tal como proposto por Baas-Becking “o ambiente seleciona” e € em parte responsdvel pela variagdo espacial destas comu-
nidades nos rios. No entanto, as nossas conclusées devem ser cautelosas, uma vez que os dados usados no presente estudo
foram extraidos da literatura e refletem um “bias” geogrdfico no esforco de colheita. As investigagcées futuras deverdo en-
volver a prospegdo da biodiversidade de forma coordenada no tempo, e em larga escala, de forma a compreendermos mais
eficazmente a importdncia relativa dos fatores ambientais e geogrdficos na estruturacdo das comunidades de fungos em rios.

Palavras-chave: Ecossistemas de dgua doce, fungos decompositores, fatores espaciais, fatores ambientais.

INTRODUCTION

One of the major challenges in microbial ecol-
ogy is to unravel the mechanisms that drive the
spatial-temporal structuring of microbial com-
munities and how these communities respond to
environmental change (Logares et al., 2012). It
has been often argued that the spatial distribu-
tion or biogeography of microorganisms solely
reflects the influence of contemporary environ-
mental variation, the so-called Baas-Becking
hypothesis applied to microbial taxa stating that
“everything is everywhere, but the environment
selects” (Baas-Becking, 1934).

The most informative indicators of spatial
turnover are the taxa-area and the distance-decay
relationship (Fig. 1). The taxa-area relationship
is among the few laws in ecology, establishing
the relationship between the number of species
(a-diversity) and the area (Arrhenius, 1921;
Gleason, 1922) and it has been generalized as the
power-law S = ¢ * A%, where S is the number of
species or taxa, A is the sampled area and c is the
intercept in log-log scale. The species-area expo-
nent z can be assessed through the slope of the
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equation in the log-log scale, and represents the
rate of species turnover across space (Arrhenius,
1921; Gleason, 1922) (Fig. 1a). An increase in
the number of taxa with increasing sampled area
is further evidence of spatial turnover among
communities. The distance-decay relationship
indicates how similarity in community com-
position (f-diversity) changes with geographic
distance (Green ef al., 2004). Taxa-area relation-
ships that reflect increasing spatial heterogeneity
of community composition will exhibit a de-
crease in community similarity with increasing
geographic distance (Fig. 1b).

Since the recognition of the key role that
fungi, particularly aquatic hyphomycetes, play
in leaf-litter decomposition in streams, mycolo-
gists have been interested in deciphering several
related ecological aspects, including the factors
that drive the distribution of fungal communities
in streams (Ingold, 1942; Wood-Eggenschwi-
ler & Birlocher, 1985). Aquatic hyphomycetes
produce high amounts of large conidia with two
predominant shapes: branched, and often tetrara-
diate or multiradiate, and sigmoid or worm-like
and most of the species are readily identified ba-
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sed solely on its conidial morphology (morpho-
species-based identification) (Gulis et al., 2005;
Shearer et al., 2007). The capability of being
active at extremely low temperatures and of pro-
ducing a diverse array of extracellular enzymes
able to break the “hard to digest” structural leaf
compounds (Suberkropp, 1998; Bérlocher, 2005)
are additional physiological features that make
aquatic hyphomycetes the dominant microbial
decomposers of leaf-litter in streams. By enzy-
matically macerating the leaf matrices, organic
matter is converted by aquatic hyphomycetes into
fungal biomass and mineralized, increasing litter
palatability to stream detritivores (Suberkropp,
1998; Birlocher, 2005).

At a first sight, based on the identifica-
tion of morphospecies, aquatic hyphomycetes
appear to have a worldwide distribution (Wood-
Eggenschwiler & Birlocher, 1985; Shearer et al.,
2007; Duarte et al., 2016), but at a regional scale
abiotic factors can strongly influence commu-
nity structure (e.g. temperature, Chauvet, 1991;
Birlocher et al., 2011; pH, Bérlocher & Ros-

S=c'A’

logS = logc + z*logA

Species richness

Community similarity

Geographic distance (Km)

Figure 1. Schematic representation of the most informative
indicators of spatial turnover used to assess biogeographic pat-
terns among communities: the taxa-area relationship (a) and
the distance-decay relationship (b). Representacdo esquemdtica
dos indicadores mais informativos de variagdo espacial usados
para aceder padrées biogeogrdficos entre as comunidades: a
rela¢do taxa-drea (a) e a relagdo distdncia-decaimento (b).

set, 1981; Casas & Descals, 1997; conductivity,
Wood-Eggenschwiler & Bérlocher, 1983; nutri-
ents, Pascoal et al., 2005a; Castela et al., 2008;
Duarte et al., 2009). In an extensive literature
review, community similarity of stream decom-
poser fungi was found to decrease as a function
of latitude or geographic distance (Duarte et
al., 2016). In this follow-up study, we attempt
to quantify the relative contributions of spatial
factors (e.g. latitude, longitude, altitude) ver-
sus environmental factors (e.g. temperature, pH,
conductivity, nutrients) to community similarity
patterns of stream decomposer fungi. Our spe-
cific aim is to understand if fungal decomposer
communities differ among streams due to: i) spa-
tial heterogeneity from environmental variation
between locations, ii) the geographic distance
between locations or iii) both.

MATERIALS AND METHODS

Dataset

In an attempt to quantify the relative impor-
tance of spatial versus environmental factors in
structuring decomposer fungal communities in
streams we assembled a sub-dataset from the one
used in Duarte et al. (2016) by restricting to pub-
lications that reported data from: i) a minimum
of 2 stream sites, differing in environmental
characteristics and within the same region, per
publication; ii) temperature, pH, conductivity,
nitrates (N-NO3) and soluble reactive phospho-
rus (SRP); iii) geographic coordinates (latitude
and longitude), from which altitude was found at
http://www.mapcoordinates.net/en; iv) commu-
nities on decaying leaf litter; v) the percentage
of contribution of each species for the total coni-
dial production from leaf-litter to have a relative
measure of the abundance of each species in the
community. We followed a similar approach pre-
sented in Hughes-Martiny et al. (2006), where
the authors focus on how the relative abundances
of microbial taxa vary over space, rather than
whether any taxa are truly restricted to particu-
lar geographic areas, since it is nearly impossible
to show that a microbial taxon is absent from a
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given location (Hughes-Martiny et al., 2000).
Data from publications based on diversity as-
sessed in single stream sites was not used since
it would increase the ratio reference/impacted
sites, which would highly bias the analysis (data
not shown). For publications where communi-
ties were sampled more than once, the average
of all sampling times was used in the final anal-
yses. Sites located in lakes, groundwater wells,
pools, lentic habitats or in the hyporheic zone
were also excluded from the analysis to reduce
the variability due to habitat heterogeneity. Com-
munities assessed from foam, water or other
substrate types such as wood, pine needles or
moss, were not included in the dataset to reduce
the variability inherent to the use of different
baits to assess conidial diversity. For each envi-
ronmental parameter, data were all expressed in
the same units to allow the direct comparison be-
tween studies (conductivity in uS/cm, NO3 and
SRP in pg/L of N and P, respectively). For the
studies where more than one measure was avail-
able for the environmental parameters, average
values were used.

Duarte, Cassio and Pascoal

Data analyses

The ordination of the stream sites according to
the environmental variables conductivity, tem-
perature, pH, N-NOj and SRP and the spatial
factors altitude, latitude and longitude was per-
formed using a principal component analysis
(PCA). The relationships between environmental
variables and between environmental variables,
as well as PC scores, and a-diversity were exam-
ined using Pearson correlation coefficients (Zar,
2010).

Canonical correspondence analysis (CCA)
was used to assess the relationships between en-
vironmental variables and spatial factors and
decomposer fungal communities (Legendre &
Legendre, 1998).

To determine the relative influence of spatial
versus environmental factors in structuring de-
composer fungal communities in streams, three
matrices were constructed using our dataset
(Hughes-Martiny et al., 2006): i) a biotic-simila-
rity matrix based in the similarities of the decom-
poser fungal communities between each pair of
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Figure 2. PCA ordination of the 111 stream sites according to the environmental variables N-NOj, SRP, conductivity, pH and
temperature and the spatial factors latitude, longitude and altitude. PC1 and PC2 explained 61.9% of the total variance. Ordenagdo
de PCA dos 111 locais de acordo com as varidveis concentragoes de N-NO;; e SRP, condutividade, pH e temperatura e os fatores
espaciais latitude, longitude e altitude. Os eixos PC1 e PC2 explicam 61.9% da varidncia total.
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stream sites, using the Bray-Curtis index (Leg-
endre & Legendre, 1998); ii) an environmental
similarity matrix based on conductivity, tem-
perature, pH, N-NOJ and SRP values between
each pair of sites, using Euclidean distance,
and finally, iii) a geographic-distance matrix,
using latitude and longitude values to get ac-
cess to the actual geographic distances between
each pair of stream sites (http://www.movable-
type.co.uk/scripts/latlong.html). Biotic similarity
was correlated with environmental similarity and
geographic distance by using a Mantel test un-
der 5000 permutations (Mantel, 1967). Partial
Mantel tests, were further employed to disentan-
gle the effects of environment versus geographic
distance on community composition (Mantel,
1967). Data from fungal communities were
square root transformed prior to construction of
the biotic-similarity index. Raw values of the en-
vironmental variables were transformed to their
standard normal deviate equivalent ([x-mean] di-
vided by the standard deviation) to accommodate
the different units of the different variables, be-
fore its use in PCA and CCA and before the con-
struction of the environmental similarity matrix.

Linear regression models were used to as-
sess the relationships between a-diversity and
N-NO3, SRP, conductivity, pH and PC2 scores
and between f-diversity (based on Bray-Curtis
similarity) and environmental similarity (based
on Euclidean distance) and pairwise geographic
distance. Lorentzian models were used to as-
sess the relationships between a-diversity and
temperature, latitude, altitude and PC1 scores.

Regression analyses were done in Statis-
tica 8.0 for Windows (StatSoft, Inc., Tulsa, OK,
USA). Correlation, PCA and CCA analyses and
Mantel tests were conducted using PAleontolog-
ical STatistics (PAST) version 2.17 for Windows
(Hammer et al., 2001).

RESULTS

Dataset

By applying the criteria described in the Ma-
terials and Methods section, the final dataset

included 111 decomposer fungal communities
distributed by 43 sites in Portugal, 34 sites in
Spain, 11 sites in France, 8 sites in Germany
and 15 sites in Panama, from a total of 19 pub-
lications (Table S1, supplementary material
available at www.limnetica.net/es/limnetica/36).
The studies were conducted between 1999 and
2013 and the sites were located between a lati-
tude of 9.1°N (Bérlocher et al., 2010, Panama)
and 51.7°N (Sol€ et al., 2008, Germany), and
between a minimum altitude of 45 m (Pascoal
et al., 2003, Portugal) and a maximum alti-
tude of 1.720 m (Casas et al., 2011, Spain).
Alnus glutinosa was the leaf substrate more com-
monly used in these studies (65.8% of the sites)
while the exotic species Eucalyptus globulus
was the less used (1.8% of the sites). In 32.4%
of the sites Quercus robur or mixed leaf species
were used (Table S1). Most of the communities
were assessed during autumn/winter (64.0%),
or in spring (13.5%), while in Panama streams,
communities were retrieved from decomposing
mixed litter species during the wet season. More
details of each site can be found in Table S1, or
in the original publications.

Environmental characterization of the sites

The environmental characterization of the stream
water of the 111 sites is detailed in Table S1.
Most of the European sites exhibited stream wa-
ter temperatures between 5 and 10°C (45.0%) or
between 10 and 20°C (39.6%), while a lower %,
including all sites surveyed in Panama, exhibited
temperatures higher than 20°C (15.3%). Most of
the sites exhibited pH near neutrality (7.0-7.5)
(46.8%), while a lower percentage had slightly
acidic (< 7.0) (25.2%) or slightly basic (> 7.5)
(27.9%) pH. Conductivity values varied between
100 and 500 uS/cm for 54.0% of the sites, while
alower % exhibited values lower than 100 uS/cm
(27.9%) or higher than 500 uS/cm (18.0%). Sites
with values higher than 1000 uS/cm included
several of the German and also some Spanish
stream sites with pH higher than 7.5. Most of the
streams had N-NO;7 between 100 and 1000 pg/L
(36.0%) or 1000 and 5000 ug/L.(39.6%), while
a lower % displayed values lower than 100 ug/L
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(18.0%) or higher than 5000 pg/L (6.3%). Most
of the countries were represented in all ranges of
N-NO3, except in Germany, whose sites had all
values higher than 1000 pg/L. Two sites in Ger-
many, displayed values higher than 10 000 ug/L
of N-NOj. Soluble reactive phosphorus (SRP)
concentrations were lower than 100 pg/L in more
than 80% of the sites, while a lower % displayed
concentrations between 100 and 1000 ug/L of
SRP (17.1%).

The PCA ordination of the 111 sites accord-
ing to the stream water variables temperature,
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pH, conductivity, N-NO3 and SRP and the spatial
factors altitude, latitude and longitude showed
that PC1 and PC2 explained 61.9% of the to-
tal variance. The first PC axis separated Panama
streams from the others, mainly due to differ-
ences in temperature, and German streams due
to differences in latitude, longitude and conduc-
tivity and N-NOj. The second PC axis described
the altitudinal, but also the eutrophication gra-
dient defined by N-NOj7 and pH and separated
south European streams (Portuguese, Spanish
and French) according to these variables (Fig. 2).
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Figure 3. Relationship between a-diversity and temperature (a), latitude (b) and PC1 (c) and PC2 (d) scores. Linear regression
model gave the best fit for the relationship between a-diversity and PC2 scores, while non-linear regression models (Lorentzian
model) gave the best fits for the relationship between a-diversity and temperature, latitude and PC1 scores. See Table S3 for more
details about the regressions. Relagdo entre a diversidade alfa e a temperatura (a), a latitude (b), e as pontuagées dos eixos PCI (c) e
PC2 (d). O melhor ajuste de pontos para a rela¢do entre a diversidade alfa e as pontuagées do eixo PC2, foi obtido usando o modelo
de regressdo linear, enquanto para a relagdo entre a diversidade alfa e a temperatura, a latitude e as pontuagoes do eixo PC1 foi
obtido usando modelos de regressdo ndo linear (modelo de Lorentzian). Na Tabela S3 encontram-se mais detalhes das regressoes.
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PC1 scores were mainly positively correlated
with N-NO3 (r = 0.45), latitude (r = 0.95) and
longitude (r = 0.96) (Pearson’s, p < 0.05) and
negatively correlated with temperature (Pear-
son’s, r=—0.88, p <0.05), while a positive
correlation was found between PC2 scores and
N-NOj (r =0.69), conductivity (r = 0.78) and
pH (r = 0.46) (Pearson’s, p < 0.05). On the other
hand PC2 scores were negatively correlated with
altitude (Pearson’s, r = —0.64, p < 0.05).

Nitrate concentrations (N-NO3) were mainly
positively correlated with conductivity (r = 0.68)
(Pearson’s, p < 0.05). Latitude and longitude
were negatively correlated with temperature
(Pearson’s, r = —0.84 and —0.86, respectively,
p <0.05).

Relative importance of spatial versus
environmental factors in structuring
decomposer fungal communities in streams

A total number of 96 aquatic hyphomycete
species (a-diversity) were found sporulating on

leaf litter reported at the 111 sites, with a min-
imum of 2 and a maximum of 34 species found
in Portuguese streams (Duarte et al., 2015 and
Pascoal et al., 2005a, respectively). Six species
occurred in at least 70 sites, with occurrence per-
centages between 0.1 and 98.3%: Alatospora
acuminata, Anguillospora filiformis, Heliscus
lugdunensis, Flagellospora curvula, Lunulospora
curvula and Tetrachaetum elegans (Table S2,
supplementary material available at www.limneti
ca.com).

Alfa diversity was positively correlated with
altitude (r =0.25), latitude (r =0.37), lon-
gitude (r =0.36) and PC1 scores (r =0.29)
(Pearson’s, p < 0.05) and negatively correlated
with most of the stream water variables such as
SRP (r = —0.20), conductivity (r = —0.38), pH
(r = =0.24), temperature (r = —0.43) (Pearson’s,
p < 0.05) and also with PC2 scores (Pearson’s,
r=-0.50, p <0.05) (see Fig.3, Fig. S1 and
Table S3, for more details about the regres-
sions; supplementary material available at www.
limnetica.com).
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Figure 4. CCA diagram of the relationships between environmental variables and the spatial factors and the structure of fungal
communities based on morphospecies at the 111 stream sites. The first two axes explained 58.0% of the total variance. See Table
S2 for the significance of species acronyms. Diagrama de CCA das relagcdes entre as varidveis ambientais e os fatores espaciais e a
estrutura das comunidades de fungos baseada em caracteres morfoldgicos nos 111 locais. Os primeiros dois eixos explicam 58.0%
da varidncia total. Na Tabela S2 encontra-se o significado do acronimo de cada espécie.
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From the 96 morphospecies, a total of 37
had a contribution > 5% at least at one site and
were used to assess the relationship between
decomposer fungal community structure and en-
vironmental and spatial variables by canonical
correspondence analysis (CCA). CCA showed
that the first two axes explained 58.0% of the to-
tal variance. Conductivity (r = —0.76), N-NOjJ
(r = —-0.58), latitude (r =—-0.44) and longi-
tude (r = —0.42), and to a lesser extent altitude
(r = 0.21) were significantly correlated with the
first CCA axis, while SRP (r = —0.40) and pH
(r = 0.59) were significantly correlated with the
second axis (Pearson’s, p < 0.05) (Fig. 4 and 5).

There were groups of species clearly associ-
ated with particular stream variables: 1) Anguil-
lospora longissima, Tricladium angulatum, Tetra-
cladium apiense, Lemonniera terrestris, T. mar-

Duarte, Cassio and Pascoal

chanianum and Heliscus lugdunensis, occurred
at high conductivity, N-NOj, latitude, longitude
and pH, and were dominant in Germany, France
and also in some Spanish streams; 2) Flabel-
lospora acuminata, Triscelophorus acuminatus,
Campylospora filicladia, C. chaetocladia, and
Lunulospora cymbiformis, were associated with
high temperature and occurred mostly in Panama
streams and 3) Varicosporium elodeae, Flage-
llospora curta, Heliscus submersus, Dimorphos-
pora foliicola, F. penicillioides, Alatospora pul-
chella and Articulospora tetracladia were asso-
ciated with high SRP, and occurred mostly in
eutrophic Portuguese streams (Fig. 4 and 5).
Beta-diversity (community similarity) de-
creased significantly with both the environmental
dissimilarity and the geographic distance (Linear
regression, y = —3.22 « x + 37.56, r?=0.14,p <
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Figure 5. Species and variables scores on axis 1 (a, b) and axis 2 (c, d) of CCA of the relationships between environmental variables
and the spatial factors and the structure of fungal communities based on morphospecies at the 111 stream sites. See Table S2 for the
significance of species acronyms. Pontuagdo de cada espécie e de cada varidvel nos eixos 1 (a, b) e 2 (¢, d) da CCA das relagées
entre as varidveis ambientais e os fatores espaciais e a estrutura das comunidades de fungos baseada em caracteres morfologicos
nos 111 locais. Na Tabela S2 encontra-se o significado do acronimo de cada espécie.
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0.0001 and y = —0.0010 * x + 29.04, r* = 0.034,
p < 0.0001; respectively) (Fig. 6). A Mantel test
showed that all the three matrices: the biotic-
similarity matrix, the environmental-similarity
matrix and the geographic-distance matrix were
significantly correlated (Mantel test, r = 0.26,
p =0.0002). However, partial Mantel tests
indicated that community similarity was signif-
icantly correlated with environmental similarity
(Mantel test, r = 0.26, p = 0.0002), but not with
geographic distance (Mantel test, r = 0.029,
p = 0.21), suggesting that environmental varia-
tion between sites explained more the variation
between communities rather than the difference
in geographic distance.

DISCUSSION

In our study, the variation among fungal decom-
poser communities was better explained by the
environmental variability than by the geographic
distance. This lends support to the perspective of
Baas-Becking that in the early thirties claimed
that for microbes “everything is everywhere” and
communities are solely controlled by environ-
mental factors (Baas-Becking, 1934). However,
as previously reported, the actual knowledge
on the geographic distribution of aquatic hy-
phomycetes is highly biased due to the uneven
level of sampling in various geographical areas
(Shearer et al., 2007; Duarte et al., 2016). For
instance, our dataset comprised data from five
countries (Portugal, Spain, France, German and
Panama), which obeyed to our established cri-
teria and four are in temperate Europe. Even
so, the spatial extent analysed was higher (ca.
9000 Km) than in any other study ever con-
ducted until date (e.g. ca. 500 km, Tolkkinen
et al., 2013; ca. 200 km, Bergfur & Sundberg,
2014; ca. 500 km, Heino et al., 2014). The same
applies to the range of environmental variation
across the sites, mainly in temperature, nutri-
ent concentrations, and conductivity. The 111
sites were primarily separated along a latitudinal
and temperature gradient in three main groups;
i) Panama; ii) Portuguese and Spanish and iii)
French and German stream sites (Fig. 2). Among

the environmental variables, conductivity and
nitrates also exerted a strong effect in differenti-
ating the sites at a regional level (within Europe)
(Fig. 2). Water chemistry greatly differed among
drainage basins, ecoregions and biogeographical
regions (Bérlocher et al., 2010, 2011; Pérez et
al.,2012; Heino et al., 2014), and the differences
among the sites of our dataset also reflected this
variation.

Although the geographical occurrences of
aquatic hyphomycetes are relatively well-studied
compared to other freshwater fungi (e.g. fresh-
water ascomycetes) (Wood-Eggenchwiller &
Bérlocher, 1985; Shearer et al., 2007; Duarte et
al., 2016), little is known about the influence
of environmental factors on their geographical
distribution. To our knowledge this is the first
attempt to quantify the relative contributions of
environment versus geographic factors to species
richness and community structure (but see Heino
et al., 2014). Alfa diversity was negatively cor-
related with most of the environmental variables
such as nitrates, phosphorus, conductivity, pH
and PC2 scores (that reflected the pH, conduc-
tivity and nitrates gradient) (Fig.3). Several
studies conducted at local scales supported con-
sistent negative effects found of eutrophication
and conductivity on fungal diversity (Pascoal et
al., 2003, 2005a; Lecerf & Chauvet, 2008; Solé
et al., 2008; Duarte et al., 2008, 2009, 2015),
while for pH, different trends had been found:
an increase of diversity with the increase of pH
(4.9-6.8: Chamier, 1987; 4.3-7.1: Baudoin et al.,
2008); an unimodal relationship between diver-
sity and pH (5.0-8.5: Bérlocher & Rosset, 1981)
or a decrease of diversity with pH (5.4-7.3: Bér-
locher, 1987; 6.0-8.5, Wood-Eggenschwiller &
Birlocher, 1983; 5.3-8.5: the current study).
These opposite effects may be related to the
wide pH ranges found for optimal fungal growth
(Suberkropp & Klug, 1980; Chamier, 1985), as
well as the different type of exoenzymes that can
be produced by individual aquatic hyphomycete
species constituting the communities and that
can differ, depending on local conditions. For
instance, polygalacturonases, cellulases, and
hemicellulases are often more active under acid
conditions, whereas pectin lyases generally have
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an optimum pH between 8 and 9 (Suberkropp &
Klug, 1980; Chamier, 1985).

On the other hand, the relationship between
a-diversity and temperature, latitude, longi-
tude, altitude and PC1 scores (that reflected
the temperature and latitudinal gradient) fol-
lowed unimodal type relationships with diversity
peaking at mid-values (Fig. 3). Our analysis sup-
ports previous evidence suggesting that aquatic
hyphomycete diversity peaks at mid-latitudes
(Shearer et al., 2007, Jabiol et al., 2013; Duarte
et al., 2016), but we must also take into account
that more than 85% of the sites compiled in the
current dataset were located in temperate re-
gions (37° to 52°). Thus, a temperature effect is
more likely to be driving the observed pattern
than the latitudinal differences per se. Although
many aquatic hyphomycete species appear to be
cosmopolitan, with distributions ranging from
the arctic to the tropics (Wood-Eggenschwiler
& Barlocher, 1985; Shearer et al., 2007; Jabiol
et al., 2013; Duarte et al., 2016), the growth
and sporulation of most species from temper-
ate streams are strongly affected by temperature,
often exhibiting temperature optima’s between
10 and 25°C (Suberkropp, 1984; Chauvet &
Suberkropp, 1998; Geraldes et al., 2012; Duarte
et al., 2013). The temperatures displayed at
the sites gathered in the current dataset var-
ied between 5.9 and 27.4°C, which comprises
the temperatures optima’s for most aquatic hy-
phomycetes, and thus an unimodal pattern was
the most expected to be found. The relation-
ship between a-diversity and altitude followed
a similar pattern to that found with tempera-
ture and seems to peak at altitudes between 400
and 700 m, probably because high mountain
streams are generally less prone to the influence
of anthropogenic pressures that can strongly re-
duce fungal diversity (Chauvet 1991; Pascoal
et al., 2005b; Birlocher et al., 2011; Casas et
al., 2011). Beta diversity (change in community
structure) was strongly influenced by environ-
mental factors, in particular by pH, conductivity,
nitrates and phosphorus concentrations in the
stream water, but also by the geographic loca-
tion (latitude and longitude) (Fig. 4-6). A closer
look into the current dataset reveals what we
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have aforementioned: that water chemistry can
vary significantly among biogeographical re-
gions, and thus the effects of geographic distance
on communities can be confounded by the fact
that closer sites may share similar environmental
conditions (Rouquette et al., 2013). On the other
hand, compared to conductivity, nutrients and
pH, temperature appears to exert a minor role in
structuring fungal communities (Fig. 4, 5). Pre-
vious reports pointed to a strong influence of the
trophic status in structuring microbial decom-
poser communities in streams (Pascoal et al.,
2005a,b; Castela et al., 2008; Duarte et al., 2009,
2015; Birlocher et al., 2010; Geraldes, 2011;
Pérez et al., 2013; Fernandes et al., 2015; Pereira
et al.,2016) or pH (Wood-Eggenschwiler & Biér-
locher, 1983; Bérlocher, 1987; Baudoin et al.,
2008), within the same climatic zone. But, at a
larger extent, climate has been pointed as a pri-
mary predictive factor in structuring fungal de-
composer communities in streams, evidenced by
the higher similarity shared between distant trop-
ical locations (e.g. South America, West Africa)
than between tropical and temperate streams
located within the same continent (Wood-Eggen-
schwiler & Barlocher, 1985; Duarte et al., 2016).
Unfortunately, our dataset comprised only 15
sites in one tropical country (Panama) (Bérlocher
et al., 2010), whose environmental gradients
were not as large as those found among the tem-
perate streams included in the dataset. Neverthe-
less, in the original study, aquatic hyphomycete
communities separated pristine from rural and
urban streams, with the former streams detain-
ing lower levels of several inorganic nutrients
and higher fungal diversities, than the rural and
urban streams (Bérlocher et al., 2010).

One interesting point found in our study,
was the association of particular aquatic hy-
phomycete species with specific environmental
drivers (Fig. 5). Six species were related to high
conductivity and nitrates in the stream water:
Tricladium angulatum, Anguillospora longis-
sima, Tetracladium apiense, T. marchalianum,
Lemonniera terrestris and Heliscus lugdunensis
(Fig. 5). All these species had been consistently
found in highly polluted streams in Germany
(Krauss et al., 2005, for a review; Solé et al.,
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2008) with extremely high nitrate concentrations
and conductivity. For instance, the highest con-
centration of nitrates found in these streams (at
H4, Solé et al., 2008) was 6 times higher than the
highest concentration of nitrates found among
the other European stream sites (at Seye, Duarte
et al., 2009). However, these German streams
are also characterized by high concentrations of
chloride and metals in stream water (Solé et al.,
2008), and thus we cannot rule out an interaction
of eutrophication with the other catchment scale
effects. A group of seven species was associ-
ated with high levels of phosphorus in the stream
water: Flagellospora curta, Heliscus submer-
sus, Dimorphospora foliicola, Varicosporium
elodeae, F. penicillioides, Alatospora pulchella
and Articulospora tetracladia. The first three
species have been consistently found in eutrophic
streams in the Northwest of Portugal, in river
basins highly impacted by industrial and agricul-
tural activities (Pascoal et al., 2005a, b, Duarte
et al., 2008, 2009, 2015). Clavariopsis aquatica
and Clavatospora longibrachiata, which were
previously related to nutrient enrichment in the
stream water (Pascoal & Cassio, 2004; Pascoal et
al., 2003, 2005a, b; Artigas et al., 2008; Pérez et
al., 2013), were also associated with increasing
phosphorus concentrations (Fig. 5). On the other
hand, Flabellospora acuminata, Campylospora
chaetocladia, Triscelophorus acuminatus, C. fili-
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cladia and Lunulospora cymbiformis, were asso-
ciated with high temperatures and the last three
occur primarily in tropical climates (Goh, 1997;
Santos-Flores & Betancourt-Lépez, 1997).

Aquatic hyphomycete communities can be
strongly affected by several anthropogenic fac-
tors (eutrophication, Pascoal et al., 2005a;
Castela et al., 2008; Duarte et al., 2009; acidity
and metals, Baudoin et al., 2008) and have been
proposed as indicators of freshwater ecosystems
condition (Castela et al., 2008; Lecerf & Chau-
vet, 2008; Sol€ et al., 2008). A major drawback
is the fact that these communities are affected by
several natural factors and undergo seasonal fluc-
tuations (e.g. Nikolcheva & Birlocher, 2005),
which has to be taken into consideration. In ad-
dition, most stressors in streams do not occur
alone; for instance, eutrophication in streams of-
ten occur in conjunction with other pollutants,
such as increased levels of metals, pesticides and
other organic pollutants, which can also alter
the composition of aquatic hyphomycete com-
munities in streams (Pascoal et al., 2005a, b;
Solé et al., 2008; Duarte et al., 2008; Lecerf &
Chauvet, 2008; Birlocher et al., 2010). Thus, it
remains difficult to predict which specific factor
is driving the alterations.

Although the geographic distance also ap-
pear to exert a strong influence in structuring
fungal decomposer communities in the canoni-

100
b
80 i
® i ‘e
T e043
9 b
& 40-4Ed
® !
s 2
20 é
0-FHE- u

0 2000 4000 6000 800010000
Geographic distance (Km)

Figure 6. Relationship between community similarity, based on the Bray-Curtis index, and pairwise environmental dissimilarity,
based on Euclidean distance (a), and geographic distance (b). Linear regression models gave the best fit for these relationships.
Relagées entre a similaridade das comunidades, baseada no indice de Bray-Curtis, e a dissimilaridade ambiental, baseada na
distdncia de Euclidean (a), e a distdncia geogrdfica (b). O melhor ajuste de pontos para estas relagédes foi obtido através de modelos

de regressdo linear.
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cal correspondence analysis, when the effects of
environmental and spatial factors were disentan-
gled through partial Mantel tests, a significant
effect was only found for environmental vari-
ables. This lends support to the traditional view
in microbial ecology that the occurrence of a mi-
crobial species at a particular site is due to the
suitable conditions provided by the surround-
ing environment rather than to its geographic
location (Baas-Becking, 1934). But we can-
not discard the hypothesis that stream-dwelling
decomposer fungi may exhibit biogeographic
patterns. As proposed by Baas-Becking “the en-
vironment selects” and is in part responsible
for the spatial variation of decomposer fungi in
streams. For instance, for other aquatic microbial
eukaryotes, such as diatoms, species turnover
is found to be strongly correlated with the ge-
ographic distance within a river network, even
after the effect of environmental variation has
been taken into account (Rouquette et al., 2013).

We must also take into consideration that
the findings of the current study are based on
the identification of morphospecies, which may
overlook identical species that can be genetically
different (cryptic species). Genetically differ-
ent populations were found within the species
Anguillospora filiformis, Flagellospora penici-
llioides, Geniculospora grandis, Lunulospora
curvula, Tetrachaetum elegans (Duarte et al.,
2012) and Articulospora tetracladia (Seena et
al., 2012), at distant geographic locations. The
application of molecular methods for analysing
and identifying operational taxonomic units
(OTUs) of microorganisms (Horner-Devine et
al., 2004; Hughes-Martiny et al., 2006; Heino
et al., 2014), in particular high throughput se-
quencing and bioinformatics, are expanding
the catalogue of microbial taxa by orders of
magnitude, suggesting that everything may not
necessarily be everywhere. In a recent study, al-
though the composition and richness of stream
fungal communities, assessed by high through-
put sequencing, were mostly related to water
chemistry variables (e.g. pH, aluminium and
total phosphorus), much of the variation was
attributed to the shared effects of environmen-
tal and spatial predictors (Heino et al., 2014).
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With marine fungi, both geographic distance and
habitat appear to be important predictors of fun-
gal community composition (Rdmi et al., 2014;
Tisthammer et al., 2016), but at a global-scale,
environmental factors were stronger predic-
tors of fungal community composition, than the
geographic distance (Tisthammer et al., 2016).

Overall, our study gives support to the idea
that environmental variation, in particular the
trophic status of streams, play a greater role in
structuring fungal decomposer communities than
the geographic distance between streams. How-
ever, our dataset comprised data from only five
countries, from which four are in temperate Eu-
rope, and, thus, our conclusions should be taken
cautiously. Future investigations should involve
broad-scale coordinated surveys (e.g. Jabiol et
al., 2013), incorporating a larger number of
streams in different latitudinal bands and along
larger environmental gradients, to better assess
the relative importance of environmental and
geographical factors in structuring fungal com-
munities in streams. Identical methods to assess
diversity should be used, and although much of
the current knowledge on aquatic hyphomycete
distribution patterns have been acquired based
on the identification of morphospecies, we sug-
gest that high throughput sequencing techniques
should be employed due to its higher sensitivity
and degree of differentiation between commu-
nities (Heino et al., 2014; Duarte et al., 2015;
Fernandes et al., 2015).
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