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Abstract

Fungal species have numerous important functions in the environment. Where these functions occur will depend on how fungi are

spatially distributed, but spatial structures of fungal communities are largely unknown. This is especially true in hyperdiverse

tropical tree canopy systems, which are understudied using high-throughput sequencing technology. Here we explore fungal

communities in a Costa Rican tropical rainforest canopy, with a focus on local-scale spatial structure and substrate specificity

of fungi. We sampled 135 locations across five tree branches and identified fungi from four substrate types: outer host tree

bark, inner bark, dead bryophyte tissue, and living bryophytes. Samples were located between one centimeter and eight meters

apart. Fungal community composition and diversity varied among substrate types, even when multiple substrates were in direct

contact. Fungi were most diverse in living bryophytes, with 39% of all fungal OTUs found exclusively in this substrate, and the

least diverse in inner bark. Fungal communities had significant positive spatial autocorrelation and distance decay of similarity

only at distances less than one meter. Similarity among samples declines by half in less than ten centimeters, and even at these

short distances, similarities are low with few OTUs shared among samples. These results indicate that community turnover is

high and occurs at very small spatial scales, with any two locations sharing very few fungi in common. High heterogeneity of

fungal communities in space and among substrates may have important implications for the distributions, population dynamics,

and diversity of other tree canopy organisms, including epiphytic plants.

Keywords

spatial ecology, bryophytes, epiphytes, distance decay, fungal communities, dispersal limitation

Introduction

Fungi, in their roles as pathogens, saprotrophs, and mycorrhizal mutualists, are important drivers of ecosys-
tem processes, including nutrient cycling (Read & Perez-Moreno, 2003), building soil structure (Rillig &
Mummey, 2006), productivity (van der Heijden, Bardgett, & van Straalen, 2008), and structuring plant
communities (Klironomos, 2002; van der Heijden et al., 1998), with each fungal taxon impacting these
processes differently. If spatial extent of fungal genets tends to be small and community turnover is high,
these processes and interactions will also vary at small spatial scales. Thus, variation in fungal community
composition at a fine spatial scale may have substantial consequences for larger scale ecological processes,
including plant community assembly. Data on fungal community composition and assembly at small scales
is very limited.

It is increasingly recognized that microbial communities are heterogeneous at a range of spatial scales. For
example, studies of various groups of fungi in terrestrial ecosystems, including arbuscular mycorrhizal fungi
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(Chaudhary, O’Dell, Rillig, & Johnson, 2014; Mummey & Rillig, 2008; Vannier, Bittebiere, Vandenkoorn-
huyse, & Mony, 2016), ectomycorrhizal fungi (Genney, Anderson, & Alexander, 2006; Lilleskov, Bruns,
Horton, Taylor, & Grogan, 2004; Pickles et al., 2010; Yoshida, Son, Matsushita, Iwamoto, & Hogetsu, 2014),
orchid mycorrhizal fungi (Voyron, Ercole, Ghignone, Perotto, & Girlanda, 2017), and foliar endophytes (Hig-
gins, Arnold, Coley, & Kursar, 2014; Koide, Ricks, & Davis, 2017) have demonstrated that these communities
are structured spatially and that fungal taxa are patchily distributed. Several studies have reported distance
decay of similarity in community composition at scales from tens of centimeters to kilometers (Koide et al.,
2017; Lilleskov et al., 2004; Toju, Sato, & Tanabe, 2014; Yoshida et al., 2014). For example, Mummey & Ril-
lig (2008) found spatial autocorrelation and patchiness in grassland arbuscular mycorrhizal fungi at distances
less than 50 centimeters. Spatial patterns are not seen at every scale in every system. For example, Vincent
et al. (2016) found no evidence of spatial clustering in rainforest tree leaf endophytes at the scales of tens
of meters to hundreds of kilometers. Spatial patterns may be due in part to dispersal limitation (Galante,
Horton, & Swaney, 2011; Peay, Garbelotto, & Bruns, 2010). If a study is done at scales larger than the scale
at which dispersal probability declines, spatial patterns could be weak or absent. The minimum scales at
which significant structure occurs is unknown. Also, prior studies have focused on specific groups of fungi,
rather than whole fungal communities, which may have different spatial structures.

Local distributions of fungi can also be affected by substrate specificity. In soils, surficial soil with high
organic content and deeper mineral layers contain different arrays of fungi (Rosling et al., 2003; Taylor &
Bruns, 1999; Taylor et al., 2014; Tedersoo, Kõljalg, Hallenberg, & Larsson, 2003). Host plant species has been
shown to impact community composition of mycorrhizal fungi (Ishida, Nara, & Hogetsu, 2007), endophytes
(Hoffman & Arnold, 2008; Thomas, Vandegrift, Roy, Hsieh, & Ju, 2019; Vincent et al., 2016), and bryophilous
fungi ( Davey, Heimdal, Ohlson, & Kauserud, 2013). Within an individual host plant, fungal community
composition, biomass, and species richness can vary between tissue types, such as between photosynthetic
and senescent bryophyte tissues ( Davey et al., 2013;. Davey, Nybakken, Kauserud, & Ohlson, 2009) and
the bases and tips of tree leaves (Oono, Rasmussen, & Lefèvre, 2017). These fine-scale differences in fungal
distributions among cooccurring substrates have largely been ignored as potential drivers of processes like
plant competition and community assembly, nutrient cycling, and disease resistance.

Tropical rainforest trees support a high diversity of epiphytic plants (Benzing, 1990), yet epiphytic fungal
communities have been little studied with molecular techniques beyond studies on orchid mycorrhizae (Ce-
vallos, Sánchez-Rodŕıguez, Decock, Declerck, & Suárez, 2017; Harshani, Senanayake, & Sandamali, 2014;
Herrera, Kottke, Molina, Méndez, & Suárez, 2018). Most research on fungal spatial distributions has focused
on soils (Bahram, Peay, & Tedersoo, 2015). Compared to soils, tree branches have very different physical and
chemical structures. Surfaces inhabitable by fungi are isolated on tree branches in three-dimensional space
and surrounded by air, limiting hyphal growth. In comparison, soils are generally continuous, allowing fungi
to potentially grow indefinitely (Anderson et al., 2018). Also, soils typically have a surface layer dominated
by organic material with a mineral layer below. Epiphytic substrates are almost entirely organic and com-
posed of living organisms, decaying organic material, and host tree bark, while mineral material is minimal
to absent. Inorganic nutrients generally have low availability, with occasional pulses of availability related
to rainfall and stem-flow (Benzing, 1990). Because of these differences, inferences about patterns of fungal
distributions from soil systems have limited applicability to canopy ecosystems. Characterization of fungal
distributions and diversity in the epiphytic environment has the potential to provide new insights into the
co-existence of diverse plant species in this habitat as well as global patterns of fungal biodiversity.

In this study, we examined the diversity and local scale spatial patterns of fungal communities on homo-
geneous, neighboring tree branches in a tropical rainforest canopy system. We combine fine scale sampling
with high throughput sequencing methods and rigorous spatial statistics to provide compelling evidence of
hitherto unappreciated dominance of stochastic dispersal in driving fungal community assembly. Our goals
were to (1) test for differences in fungal community composition and diversity among substrates on tree
branches and (2) quantify and characterize fine scale spatial structure of the canopy fungal community.

Materials & Methods

2



P
os

te
d

on
A

u
th

or
ea

23
J
u
l

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

55
12

96
.6

84
15

08
3

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Sample Collection

This study was conducted in a low montane tropical rainforest in Parque Nacional Tapant́ı, Cartago Province,
Costa Rica along the east bank of the Rio Orosi (9.742°N, 83.784°W, 1300 m elevation) in July of 2015. The
riverbank was dominated by Saurauia montana (Seem.), which hosts rich epiphyte communities, including
bryophytes, mostly consisting of liverworts, lichens, orchids, ferns, and other vascular plants. Samples were
collected from 135 points spread across five Saurauiabranches using a 9mm diameter borer. Collection points
were situated at a geometric series of increasing distances (Figure S1) producing substantial and relatively
even replication of interpoint distances ranging from one centimeter to over eight meters apart. Distances
between points on the same branch were measured as linear distance along the branch. Distances between
selected points on separate branches were measured with a laser (Leica DISTO D8, Leica Geosystems AG,
Switzerland). The remaining distances were extrapolated from known distances assuming linear relationships.
While this approach involves some error due to the angling of branches, the error is small (<10 cm in most
cases) relative to the distances between points on different branches, which is greater than 2 meters in most
cases. Within 24 hours of collection, each sample was dissected into up to four substrate types: inner tree
bark, surficial bark, photosynthetic bryophyte tissue, and dead or senescent bryophyte material (Figure S2).
These substrates will henceforth be called inner bark (IB), outer bark (OB), live bryophytes (LB), and dead
bryophytes (DB). We removed vascular plant roots and rinsed substrates in sterile water and preserved them
in RNAlater (Ambion, ThermoFisher).

Molecular Methods

Each sample was rinsed twice with MilliQ water to remove the RNAlater, lyophilized, transfer-
red to a 96-well plate, and ground with two 3.2mm stainless steel beads using a TissueLyser
II (Qiagen, Hilden, Germany) at 30hz for 90 sec. Total DNA was extracted from each ground
sample with DNeasy 96 Plant kits (Qiagen, Hilden, Germany) using the manufacturers protocol
beginning at step 7. We amplified the ITS2 region using universal fungal primers 5.8S Fun (5’ -
GTCTGCTGGGCTCGGAGATGTGTATAAGAGACAGAAAAACTTTYRRCAAYGGATCWCT 3’)
and ITS4 Fun (5’ -TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGCCTCCGCTTATTGATATGCTTAART3’),
with Nextera adapters added to the core primers (core primers in bold, Taylor et al. 2016). PCR am-
plification was carried out in 25 μl reactions with 5 μl 5x GoTaq Reaction buffer, 200 μM of each
dNTP, 1mM MgCl2, 0.5 μM of each primer, and 1.25 units of GoTaq polymerase (Promega, Madison,
WI, USA). The amplification conditions were an initial denaturation step at 96° for 2 minutes, 27-32
cycles of 94° for 30 seconds, 55° for 40 seconds, and 72° for 2 minutes, and a final 72° elongation
step for 10 minutes. PCR products were cleaned using ZR-96 DNA Clean & Concentrator kits (Zymo
Research, Irvine, CA, USA). After cleaning, seven cycles of PCR following the above protocol were
carried out using oligos at 0.4 μM each to add Illumina adaptor sequences and sample-specific 6bp
barcodes (5’ -CAAGCAGAAGACGGCATACGAGAT-NNNNNN-GTCTCGTGGGCTCGG- 3’ and 5’
-AATGATACGGCGACCACCGAGATCTACAC-NNNNNN-TCGTCGGCAGCGTC- 3’, with Ns represent-
ing the variable barcode region). Barcoded samples were pooled at approximately equal concentrations
based on gel electrophoresis band brightness and cleaned with Agencourt AmPure XP magnetic beads
(Beckman Coulter, Indianapolis, IN, USA). Each library also included a mock community (D. Lee Taylor
et al., 2016). Libraries were then sequenced with Illumina MiSeq using the v3 2x300bp chemistry.

Sequence Processing

Sequence data were processed primarily with USEARCH v9.2.64 (Edgar, 2013). Paired end reads were first
merged using the fastq mergepairs command. Merged sequences less than 150 bp in length and all unmerged
sequences were excluded from further analysis. Remaining primer sequences were removed using cutadapt
(Martin, 2011). Reads were then quality filtered to remove all reads with greater than one expected error
with the usearch command fastq filter. Filtered reads were dereplicated with fastx uniques, and clustered
at 97% similarity to form OTUs (operational taxonomic units) using cluster otus. This step also removes
chimeric sequences and OTUs containing only one sequence. All OTUs were then clustered against the
UNITE database version 7.1 (Nilsson et al., 2019) at 50% using pick open reference otus.py in QIIME v1.9.1
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(Caporaso et al., 2010). OTUs that did not hit a database entry at this level of similarity were treated
as likely non-fungal and removed from the dataset. We then assigned the pre-quality filter merged reads
to these filtered OTUs with the usearch global command. Taxonomy was assigned to each OTU with the
RDP Classifier (Wang, Garrity, Tiedje, & Cole, 2007) and the UNITE Fungal ITS training set (version 6.0,
Nilsson et al., 2019). Taxonomic assignments with less than 80% confidence were not retained. Abundance
and taxonomic data were compiled into an OTU table. All samples with fewer than 1000 reads were removed
from the dataset.

Data Analysis

Alpha diversity

To assess differences in alpha diversity among the four substrates, we calculated species richness, the Simpson
index, and the Shannon index for each sample. To account for differing sequencing depth between samples,
expected richness at 1,000 reads was calculated using the rarefy function in the vegan package (Oksanen
et al., 2019) in R v3.5.1 (R Core Team, 2018). For the Simpson and Shannon indices, we rarefied each
substrate sample to 1,000 reads and calculated the indices, repeated this process 1,000 times, and calculated
the average indices for each sample. To minimize the impact of potential spatial autocorrelation in alpha
diversity, we used a subset of the sampling points, such that all points were at least 45 cm from each other.

Differences in diversity among substrates were analyzed using a Kruskal-Wallis test, and pairwise Wilcoxon
rank sum tests were used to test differences between pairs of substrates. Correlations in species richness
among substrates within individual sample points were also tested. We used the Bonferroni method to
correct p-values for both pairwise Wilcoxon tests and correlations.

Community and spatial analyses

To visualize compositional differences in fungal communities across substrates, we performed two-dimensional
non-metric multidimensional scaling (NMDS) using the Bray-Curtis dissimilarity coefficient calculated in the
phyloseq (McMurdie & Holmes, 2013) R package with 100 iterations. We visualized the number of OTUs
that were shared between substrates based on presence-absence using the VennDiagram R package (Chen,
2018).

We tested for spatial autocorrelation in fungal community composition in each substrate except inner bark,
which was omitted from all spatial analysis due to low sample size, using Mantel tests with Pearson cor-
relations with the mantel function in vegan (Oksanen et al., 2019). Statistical significance was determined
by permuting the community dissimilarity matrices 999 times. To further understand the scales at which
spatial autocorrelation occurs for each substrate, we calculated Mantel correlograms with the mantel.correlog
vegan function, again using Person correlations and 999 permutations. Distance classes were determined by
program defaults, and p-values were progressively corrected using the Holm method (Holm, 1979).

To examine community turnover and distance decay at the smallest distances, we plotted community sim-
ilarity using relative abundance data and the Bray-Curtis similarity index against distance between each
pair of points for each substrate. We fit lines to the first ten centimeters of data, which were approximately
linear, and used these lines to estimate similarity at zero cm and the distance at which similarity declines
to half of this initial value. We repeated this process using the Jaccard index in two ways; with complete
presence-absence data and with a subset comprising only OTUs making up at least 1% of a sample being
counted as present, to minimize the effects of extreme low abundance OTUs.

We used redundancy analysis (RDA) to test effects of space, substrate, and distance along a branch on
community composition. To account for differences in sequencing depth between samples, the OTU table
was first transformed to relative abundance. We created spatial variables that model the spatial structure
of the sampling points using the principal coordinates of neighbor matrices (PCNM) method (Borcard &
Legendre, 2002) as implemented in the pcnm function in the vegan package (Oksanen et al., 2019). Spatial
variables were derived from the geographic distance matrix, with distances between substrates at the same
point set to 0.1 cm. The 46 eigenvectors with positive eigenvalues underwent forward selection with the
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Blanchet et al. (Blanchet, Legendre, & Borcard, 2008) stopping criterion, retaining 25 variables. To account
for effect of position of a point along a branch (near the trunk versus toward the tip), we used distance along
a branch, which was scaled from 0, the point closest to the trunk, to 1, the point closest to the tip. We then
partitioned variance in community composition explained by the retained spatial variables, substrate type,
and distance along branch. Statistical significance of each partition was tested with permutation tests with
999 permutations.

Results

Data Summary

Illumina sequencing of ITS2 amplicons produced 57,748,230 paired-end reads. Of these, 15,866,516 reads
passed all filtering steps and belonged to 5,777 non-singleton fungal OTUs at 97% identity (Table 1). Of
533 substrate samples, 153 contained fewer than 1000 passing reads and were excluded. Of these excluded
samples, 91 belonged to the inner bark substrate type, possibly because fungi occurred in very low abundances
in these samples. The majority of the OTUs (63%) belonged to the Ascomycota, particularly Eurotiomycetes,
Leotiomycetes, and Sordariomycetes, while Basidiomycota made up 24.8% of the OTUs (Figure S3). Many
could not be identified with 80% confidence at any taxonomic level below Fungi: 10.4% were unidentified
at the phylum level, and 81.5% could not be assigned to a genus. OTUs that could be identified at [?]80%
confidence belonged to a variety of guilds, including wood and litter decay fungi, lichens, orchid mycorrhizal
fungi, plant pathogens, and arbuscular mycorrhizal fungi.

Alpha Diversity

There were significant differences among substrates for all three diversity indices (expected richness: χ²=
45.017, p<0.001; Shannon: χ²= 31.86, p<0.001; Simpson: χ²= 21.531, p<0.001). Inner bark had significantly
lower Shannon and Simpson indices per sample than the other substrates (p<0.001), while there were no
significant differences among the others. All substrate pairs had significantly different expected richness,
except for outer bark and live bryophytes (p<0.05, Figure 1). Live bryophytes had the highest average
species richness per sample and the greatest total richness when all samples were combined, while inner bark
had the lowest (Table 1). There were no statistically significant (p<0.05) correlations in species richness
among substrates at the same point.

Community Composition by Substrate

Two-dimensional NMDS ordination provided graphical support for differences in fungal community compo-
sition among substrates (Figure 2). Outer bark, dead bryophytes, and live bryophytes separated along the
first NMDS axis. Dead bryophytes were clustered between the live bryophytes and outer bark and partially
overlapped with them. Inner bark samples did not form a distinct cluster. Notably, the arrangement of the
substrates in the ordination mirrors their arrangement in the field, with live bryophytes growing on top of
dead bryophytes, which are on the bark surface.

Of the 5,777 non-singleton OTUs recovered, 2,468 were found in at least two substrate types (Figure S4),
while 319 were present in all four substrates. Live bryophytes had the highest number of unique OTUs, at
2,246, which is 50.7% of all OTUs found in this substrate. Inner bark had only 24 unique OTUs, which make
up 5.3% of those found there. The majority (71%) of the OTUs found in inner bark were common to all
substrate types.

Spatial Structure

Mantel tests showed significant, positive linear correlations between community dissimilarity and distance
between points for the three substrates examined (Table 1). Plots of community similarity against geographic
distance (Figures 3 and S5) and Mantel correlograms (Figure 4) show dramatic declines in similarity over
very short distances. The correlograms show significant positive autocorrelation at only the smallest distance
classes. Bray-Curtis similarities tended to be very low, usually less than 0.5, even between adjacent points,
and these low initial dissimilarities declined by half within the first ten centimeters (Table 1). Distance
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decay lines using presence absence data were nearly flat (Figure S6a), but when only high abundance OTUs
were considered, they closely resembled the lines using relative abundance (Figure S6b). For all substrates,
distance decay leveled off and positive autocorrelation was lost between 30 and 90 centimeters. Distance
decay patterns were only apparent within branches; the distances between branches were larger than the
distance range over which similarity decays.

Of the three substrates examined, live bryophytes had the lowest similarities at small distances and the
lowest initial similarity (Figure 3, Table 1). Outer bark and dead bryophytes had similar distance decay
patterns and initial similarities. In the Mantel correlograms, outer bark and dead bryophytes had positive
autocorrelation in the first two distance classes, out to 89 centimeters. Living bryophytes, however, lost
positive autocorrelation after the first distance class, at 30 centimeters. All substrates showed negative
autocorrelation at some, but not all, larger distance classes.

RDA and variance partitioning revealed that substrate type, position along a branch, and PCNM spatial
vectors all have significant relationships with fungal community composition (p<0.001, Figure 5). Of these,
the spatial vectors explained the largest portion of the variance, at 7.8%. Position along branch explained
the least, and almost half of the variance explained was shared with the spatial vectors. Substrate alone
explained 4.3% of the variance. Most of the variance, 87%, was unexplained by any variable, possibly due to
the high total number of OTUs and low number shared between most pairs of samples (Figure S6a).

Discussion

Numerous studies have demonstrated patchiness of particular components of the fungal community (e.g.
arbuscular mycorrhizal fungi) at a variety of spatial scales from meters to kilometers. Few, however, have
combined the power of high-throughput sequencing of total fungal communities with centimeter scale samp-
ling and rigorous geospatial analyses. To our knowledge, this is the first study to apply this suite of methods
to tropical canopy branch surfaces, where plants and fungi are hyperdiverse.

Our results reinforce accumulating evidence for spatial structure of fungal communities in soils and other
substrates (Bahram et al., 2015; Oono et al., 2017; Thomas et al., 2019). We document distance decay of
community similarity, in which similarity declines rapidly over the first 50 centimeters, a remarkably fine
spatial scale (Figures 3 & S5). Even more striking is the limited overlap in species composition among
samples, even at small spatial scales. Samples collected 10 centimeters apart or from different substrates
from the same location often hosted [?]50 OTUs each but had few to no OTUs in common (Figure S6a).
Substrate type and spatial vectors were significant predictors of fungal community composition, but most
variation in community composition remained unexplained (Figure 5). Together these results suggest strong
dispersal limitation in these communities and an overarching role of stochastic forces in fungal community
assembly at spatial scales relevant to plants and other organisms in this system.

Across all sampling points, we found unique community structures across live and dead bryophyte tissues,
and surficial and interior host tree bark, despite the facts that these substrates were in physical contact and,
in the case of live and dead bryophytes, often intermixed (Figure 2). Similarly, Davey et al. (2012) found
fungal community differences between photosynthetic and senescent tissues of terrestrial bryophytes in a
boreal forest. This suggests turnover in fungal communities as bryophytes age and die. Substrate, however,
explains only a small portion of the variation in the fungal community (Figure 5), likely due to the high
spatial turnover that occurs within each substrate type.

We found the greatest species richness, both per sample and in total, in the live bryophyte substrate (Figure 1,
Table 1). Greater diversity in live bryophytes may be caused by increased physical and chemical heterogeneity
relative to dead bryophytes and tree bark. It may also be related to position of the substrate. When present,
live bryophytes were the topmost substrate and could receive more fungal propagules than lower substrates.
Live bryophytes are also the youngest substrate. In a study on pine needle endophytes, Oono et al. (2017)
found that the youngest tissue type, needle bases near the tops of trees, had the highest alpha diversity. It
is possible that species richness declines with substrate age due to competitive dynamics.
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Inner tree bark had the lowest fungal diversity per sample and across the whole substrate (Figure 1, Table
1), and many samples failed to amplify. We infer that fungi had very low abundances in this substrate.
Unlike the outer bark, this substrate was living and included sap-filled phloem, which may make it difficult
for fungi to survive there. Most of the OTUs found in the inner bark were present in all other substrate
types (Figure S4). They may have entered the inner bark from these other substrates or were introduced
during sample collection or processing. We found no evidence of pervasive endophytes in the living inner
bark ofSaurauia .

Within individual sampling locations, there was no significant relationship between alpha diversity of fungi
in different substrates. In other words, diversity in one substrate could not be used to predict diversity in
other substrates at the same point, and there was no tendency to see diversity “hot-spots” or “cold-spots”,
where diversity was higher or lower across all substrates. This suggests that whatever drives fungal diversity,
be it stochastic dispersal, abiotic environmental factors, and/or unmeasured biotic factors, these drivers do
not act on all substrates at the same point together or in the same way.

Variation in fungal communities in this canopy system occurred at very small spatial scales within each
substrate type. In all substrates studied, there was no significant positive autocorrelation observed beyond
90 cm (Figure 4). In live bryophytes, this distance was even smaller; positive autocorrelation was lost, and
distance decay began to plateau after 30 cm. One possible explanation for this higher spatial turnover in
live bryophytes is the complex three-dimensional structure of bryophyte mats, which could impede hyphal
growth and increase surface area relative to the smoother bark of Saurauia . Live bryophytes, as the
topmost substrate layer, may also be more exposed to incoming air- and raindrop-dispersed spores. If
airborne propagules are spatially heterogeneous at a small scale, they may drive this pattern. Conversely,
homogeneously dispersed propagules would have the opposite effect. Previous research has shown that fungal
spores can show spatial structure in the air at the scale of several meters to kilometers (Peay & Bruns, 2014)
and in soils from centimeters to meters (Carvalho, Correia, Ryel, & Martins-Loucao, 2003; Klironomos,
Rillig, & Allen, 1999), but we are unaware of any studies addressing this issue for airborne spores at spatial
scales relevant to our study in tropical ecosystems.

It is unclear how much within-substrate spatial patterns are driven by biotic and abiotic environmental
heterogeneity and gradients versus dispersal limitation, including dispersal by spores or hyphal growth.
Given that we only see spatial structure at the sub-meter scale, similarity between close points may be due
to resampling individual genets that have grown vegetatively along the branch. Local spore dispersal may
also contribute to spatial patterns, as most spores land near the sporocarp (Galante et al., 2011). The
relative contributions of hyphal and spore-based dispersal should be testable by comparing within-branch
(with hyphal and spore-based dispersal) and between-branch (with spore dispersal only) spatial patterns.
Unfortunately, nearly all between-branch distances in this study were greater than the 90 cm range of spatial
autocorrelation, so we could not address this here. Regardless of which dispersal mechanism is more prevalent,
genet size in this system is likely small, such that single fungi do not cover entire branches. Further research
is also needed to assess how environmental variables beyond substrate type, such as nutrient concentration,
moisture, and host bryophyte species, impact branch-surface fungal communities and the degree to which
these drive spatial patterns.

Direct comparisons to other research on spatial patterns of fungi are difficult because measurement of distance
decay relationships is sensitive to differences in grain (spatial size of the sampling unit) and extent (scale over
which the study takes place) (Nekola & White, 1999), which vary by orders of magnitude among studies. Also,
most previous studies focused on specific groups of mycorrhizal fungi, and many used older Sanger sequencing
or T-RFLP methods. In contrast, we sampled whole fungal communities with high-throughput sequencing.
Despite these limitations, some broad patterns have been found across studies on fungal community spatial
structure. Bahram et al. (2013) found that spatial autocorrelation of soil ectomycorrhizal fungi tends to
occur at greater distances at low latitudes, often at distances greater than 10 meters. In contrast, we only
find autocorrelation at distances less than one meter, though the processes driving spatial structure of soil
versus epiphytic fungi likely differ. Some other studies that cover a small spatial extent (centimeters to a
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few meters) have also found evidence of spatial clustering and autocorrelation of fungi being confined to the
sub-meter scale (Mummey & Rillig, 2008; Oja et al., 2017; Tedersoo et al., 2003; Yoshida et al., 2014).

Fungal community variation among substrates and at very small spatial scales may have substantial impli-
cations for the epiphytic plant community. Plant propagules or seedlings located less than a meter apart
can be exposed to entirely different sets of fungi. These distinct fungal assemblages may have net positive or
negative effects on the ability of a seedling to grow and establish. Plant taxa can also differ in their responses
to the same microbes. Orchids, for example, require mycorrhizal fungi to complete their life cycles, but or-
chid species vary in the fungi they require and in their level of specificity. Even closely related sympatric
species can utilize different fungal taxa (Jacquemyn, Brys, Waud, Busschaert, & Lievens, 2015; Shefferson
et al., 2007). Pathogenic fungi can also target specific groups of plants, while leaving others unaffected
(Barrett, Kniskern, Bodenhausen, Zhang, & Bergelson, 2009). A heterogeneous patchwork of fungi could
create isolated “safe sites” for plant establishment, where host specific mutualists are present, and pathogens
are absent.

In conclusion, we found extensive turnover of the fungal community at sub-meter spatial scales and among
substrates from the same sample point. Small-scale spatial patterns are likely driven by dispersal limita-
tion and other stochastic processes, and they likely have important implications for the plant community.
Apparently random variation in plant germination, establishment, and growth rates may have predictable
fungal drivers created by the combination of spatial variation and staggering diversity.
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Tables

Table 1

Summary of sequencing data and spatial results, including initial similarity (expected Bray-Curtis similarity
at zero cm) and distance at which this initial similarity is halved, by substrate type.

Substrate Number of samples Number of reads Mean reads/sample Observed OTUs Mean OTUs/sample Mantel’s r Initial similarity Halving distance

Live bryophytes 111 4,164,733 37520 (± 31,861) 4,429 186.0 (± 155.8) 0.1093 (p=0.001) 0.279 7 cm
Dead bryophytes 117 5,114,465 43,713 (± 52,363) 2,055 108.1 (± 46.6) 0.2174 (p=0.002) 0.513 8 cm
Outer bark 121 6,015,672 49,716 (± 41,532) 2,830 144.7 (± 62.6) 0.3296 (p=0.001) 0.547 8.3 cm
Inner bark 31 571,646 18,8440 (± 43,476) 449 27.9 (± 29.0) NA NA NA
Total 380 5,866,516 41,753 (± 43,597) 5,777 135.9 (± 104.8) NA NA NA

Figure Legends

Figure 1. Alpha diversity by substrate type using expected species richness at 1000 sequences per sample
(A) and Simpson (B) and Shannon (C) indices on data rarefied to 1000 sequences. Live bryophytes have the
highest per sample expected richness, and inner bark has the lowest diversity according to all three indices.

Figure 2. Nonmetric multidimensional scaling (NMDS) ordination plot showing differences in fungal com-
munities among live bryophytes, dead bryophytes, outer bark, and inner bark with 95% confidence ellipses.
Stress = 0.2820

Figure 3. The first ten centimeters of distance decay by substrate type using relative abundance data and
Bray-Curtis similarity. Similarity values are low, even at the shortest distances, and decay rapidly over the
first ten centimeters. Living bryophytes have less similarity among samples at short distances than the other
substrates.

Figure 4. Mantel correlograms demonstrating spatial autocorrelation of fungal community in each sub-
strate type. Filled symbols indicate significant autocorrelation at that distance class. Significant positive
autocorrelation is lost after the first or second distance class, which are less than one meter, for all four
substrates.
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Figure 5. Venn diagram of variance partitioning analysis showing the effects of substrate type, proximal to
distal position along a branch, and the PCNM vectors on fungal community composition.
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