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We surveyed endophytic fungal communities in leaves of a single
tree species (Metrosideros polymorpha) across wide environmental
gradients (500–5,500 mm of rain/y; 10–22 °C mean annual temper-
ature) spanning short geographic distances on Mauna Loa Volcano,
Hawai’i. Using barcoded amplicon pyrosequencing at 13 sites (10
trees/site; 10 leaves/tree), we found very high levels of diversity
within sites (a mean of 551 ± 134 taxonomic units per site). How-
ever, among-site diversity contributed even more than did within-
site diversity to the overall richness of more than 4,200 taxonomic
units observed in M. polymorpha, and this among-site variation in
endophyte community composition correlated strongly with tem-
perature and rainfall. These results are consistent with suggestions
that foliar endophytic fungi are hyperdiverse. They further suggest
thatmicrobial diversitymay be even greater than has been assumed
and that broad-scale environmental controls such as temperature
and rainfall can structure eukaryotic microbial diversity. Appropri-
ately constrained study systems across strong environmental gra-
dients present a useful means to understand the environmental
factors that structure the diversity of microbial communities.
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The rapid advance of sequencing technologies has facilitated
research describing the extent of microbial richness in hundreds

of environments around the world.Work using culture-independent,
high-throughput sequencing methods has found very high levels of
diversity, much of it resulting from unknown species, many of
which are rare (1, 2). Despite these new tools and a growing ap-
preciation for the diversity of the microbial world, it has proved
challenging to understand spatial patterns in microbial diversity
and their controls (3–5). It is clear that microbial communities can
vary at different scales than do plant and animal communities (5)
and that substantial changes in soil communities can occur over
very short distances (6). Questions that remain include: How does
the number of microbial species within a community differ from
site to site, and to what extent does environmental variation
contribute to these differences? What proportion of the diversity
of a region is associated with differences in community composi-
tion among sites (as opposed to species richness within sites), and
how does environmental variation contribute to regional diversity?
The phyllosphere (the leaf surface and particularly its interior)

represents a useful and tractable context for examining relation-
ships between microbes and their environment (7, 8), and several
factors enhance its utility for understanding microbial bio-
geography in particular. First, the phyllosphere carries out the
majority of terrestrial carbon fixation and, thus, represents one of
the strongest biotic links between the biosphere and the atmo-
sphere (9). Second, the phyllosphere provides habitat for complex
assemblages of microorganisms (10–12). Third, leaves represent
largely discrete, relatively uniform, bounded habitats to the
microbes that inhabit them. Finally, leaves allow for a high level of
structure to sampling: within and between leaves of the same tree,
as well as within and between individual trees of the same species
across a landscape. This nested replication is particularly helpful
when seeking to understand complex microbial communities.
Despite these experimental incentives, and the fact that its

surface area is approximately twice as great as the land surface

(6, 13), the phyllosphere remains one of the least-studied envi-
ronments of the Earth. Within this environment, some of the
most diverse and potentially influential members of the biotic
community are the fungal endophytes (FEs) (7, 8, 14–16). FEs
inhabit the asymptomatic aboveground tissues of their hosts (9,
17–19) and are found in all species and in all divisions of land
plants (20). These organisms have been the subjects of significant
research for several decades (e.g., refs. 21–23). In comparison
with FEs in agricultural grasses, research on endophytes in
woody plants has been relatively sparse (14), attributable, in part,
to much higher fungal species heterogeneity within and among
hosts (24–26). Foliar endophytes of woody plants appear to be
highly diverse (13, 27), particularly in the tropics (8, 19), and this
diversity has inspired recent studies by mycologists, ecologists,
and natural products researchers (e.g., refs. 28–30).
In this study, we sought to acquire basic information on the

diversity of FEs within individual trees, within sites, between ad-
jacent sites that differ in nutrient availability, and across a land-
scape encompassing wide environmental gradients over small
geographic distances in a tropical system. In addition, we asked:

i) How does variation in endophyte diversity among sites reflect
environmental characteristics? The diversity of most plant
and animal communities is much greater in tropical than
temperate environments and greater in lowland rainforests
than other tropical environments. When sampling is con-
strained to a single host species, do individuals in lowland
wet rainforests support the highest diversity of FEs?

ii) Does the composition of the FE community vary among sites?
Less diverse communities could be subsets of more diverse
communities (as is often observed when comparing the com-
munities of different-sized islands) or each community could
support a different group of species. If the latter is observed,
how much does variation among sites (or β-diversity) contrib-
ute to the overall species richness in the landscape?

iii) Most importantly, to what extent is spatial variation in the
composition of FE communities associated with environmen-
tal variation? A substantial degree of environmental control
over these microbial communities (all resident in leaves of
a single tree species) would indicate that coarse-scale envi-
ronmental variation could play a substantial role in structur-
ing microbial communities regionally and globally.

To answer these questions, we used culture-independent,
high-throughput barcoded amplicon pyrosequencing to quantify
patterns of variation in FE communities within a single host
tree species (Metrosideros polymorpha) across an extraordinarily
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broad range of environments (ranging in elevation from 100 to
2,400 m and in rainfall from <500 to >5,500 mm/y) on the Island
of Hawai’i. At seven locations, we collected samples from paired
early-successional (ca. 150 y-old) and later-successional (ca.
3,500 y-old) sites, which enabled us to examine independently
the effects of rainfall, elevation, and substrate age on endophyte
communities.

Results
Diversity of Fungal Endophytes.During the fall of 2009, we sampled
the endophytic fungal communities of trees spanning 13 sites on
Mauna Loa Volcano, Hawai’i (Fig. 1). Ten leaves were pooled
from each of these trees (n = 130 pooled samples; 10 trees/site).
Genomic (g)DNA was extracted from surface-sterilized leaves and
amplified with fungal-specific primers for the nuclear ribosomal
(nr)DNA internal transcribed spacer region 1 (ITS1) region and
sequenced with barcoded titanium pyrosequencing (see Methods).
After quality control and trimming, we had 665,155 high-quality
sequences that were used for all primary analyses (�x tree = 5,117
sequences; σ tree= 1,574; mean trimmed ITS1 length: 157 bp). The
putative identities of the most common operational taxonomic
units (OTUs), as determined via a BLAST search of GenBank are
summarized in Table S1.
Grouping sequences into OTUs at 95% similarity [more or

less corresponding to species-level similarity (31)], per-tree (n =
130) richness across the landscape ranged from 40 to 257 (16–
190 nonsingletons). Sequence-based rarefaction curves based on
observed OTUs (Sobs) and the Chao1 richness estimator were
asymptotic or nearly asymptotic for most trees (Fig. 2 and Fig.
S1), implying that per-tree sequencing depth was adequate to
capture the diversity of FEs present in samples pooled from
individual trees. However, these communities are heteroge-
neous, and it is likely that sampling additional leaf tissue would
lead to increased sequence diversity. Per-site (n = 13) richness
ranged from 401 to 829 (255–550 nonsingletons), per location
(colocated sites that differed in substrate age at the same ele-
vation, n = 6) from 708 to 1,229 (417-817 nonsingletons), and
overall fungal OTU richness across the landscape was 4,253
(2,552 nonsingletons). At the site level and above (Fig. 2), rar-
efaction curves did not approach asymptotes. The failure to
reach asymptotes was likely attributable to insufficient sampling
depth (too few trees sampled), rather than to insufficient se-
quencing depth. Richness estimators and nonsingleton counts by
level of analysis are summarized in Tables S2–S5.

Species Richness Within Sites. Mean OTU richness was similar at
most sites and locations, with a mean of 105 ± 42 OTUs per tree
(68 ± 30 nonsingletons), except for the wet low elevation (100 m)
sites, where we observed significantly greater richness of ca. 160
OTUs per tree [Tables S2–S5; Tukey honestly significant dif-
ference (HSD): P < 0.05].

Variation in Fungal Endophyte Communities Among Sites. We found
substantial among-site and among-location variation in FE com-
munities. Fungal communities of trees in a given location were
significantly different from those in other locations [analysis of
similarities (ANOSIM): R = 0.66; P < 0.001]. The inverse of
Whittaker’s multiplicative measure (32, 33) of among-site varia-
tion or β-diversity, in which mean within-site diversity (α-diversity)
is divided by overall regional diversity (γ-diversity), provides an
index of among-site diversity that ranges from 0 to 1. Results close
to 1 indicatemost diversity is within sites; results close to 0 indicate
the importance of among-site diversity. With the most conserva-
tive assumptions (that within-location diversity is the Chao esti-
mated value at the most speciose location, and that total richness
across the landscape is the observed value), among-site diversity
contributed more to total diversity than did within-site diversity
in this study (the inverse of Whittaker’s β = 0.42). Additional
diversity calculations are summarized in Tables S2–S5.

Environment and Community Structure. We evaluated the direct
contributions of three specific factors to FE community differences:
elevation, rainfall, and lava-flow age/nutrient availability. Our study
system was chosen to enable us to decouple the effects of these from
one another. Based on the Chao estimated Jaccard distance (34),
a permutational multivariate analysis of variance (PERMANOVA)
using distance matrices found each of these three factors to be sig-
nificant in structuring endophyte communities (PERMANOVA:
P < 0.01; combined coefficient of determination R2 = 0.56).
Elevation and rainfall explained most of the variation (combined
R2 = 0.53). Although the amount of community variation
explained by each factor depended on the distance metric used,
these three factors always remained significant (Tables S6–S9).
Analyses that controlled for geographic distance also supported
the significance of elevation and rainfall (seeMethods for details).
Whereas Mantel correlograms showed no significant spatial au-
tocorrelation within transects, distance covaried with rainfall and
elevation across portions of the Mauna Loa matrix.
We find further evidence for strong structuring of these en-

dophyte communities by macroscale environmental variables,
based on the placement and dispersion of locations in ordination
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Fig. 1. Study site locations on the Island of Hawai’i.
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[nonmetric multidimensional scaling (NMDS)] space (Fig. 3).
Patterns of community similarity were strongly associated with
rainfall and elevation; the rainfall and elevation parameters of
the different locations were fit to linear vectors in ordination
space and these vectors were nearly orthogonal and highly cor-
related with the placement of location centroids (rainfall: r2 =
0.95, P < 0.01; elevation: r2 = 0.93, P < 0.01).

Discussion
To understand FE richness across the wide environmental gra-
dients of Mauna Loa, we relied on a sequencing depth several

times higher than used by any fungal pyrosequencing study thus
far. In doing so, we documented the presence of a remarkable
number of fungal species: a richness exceeding 4,200 OTUs
across thirteen sites, all within the same host, on the same island,
and within 80 km of each other. When rarefied to a comparable
number of sequences, this richness represents roughly half of the
number of OTUs found in a global study of indoor fungi (35) and
a greater richness than found in the entire phyllosphere of the
temperate Quercus macrocarpa (27); for more details, see Table
S10. Earlier work by Arnold and colleagues using culture and
cloning-based methods documented the high species richness of
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tropical endophytes (19, 28, 36) relative to those in temperate
and boreal locations. As with other microbial communities, the
advent of next-generation pyrosequencing greatly increases our
ability to recognize diversity in comparison with earlier studies.
Although recent studies have pointed out that PCR, se-

quencing, and OTU clustering error can all contribute to inflated
richness in pyrosequencing data (37–39), two lines of evidence
indicate that this study does not exaggerate endophyte richness.
First, the patterns of OTU accumulation and richness estimation
for individual trees were in most cases nearly asymptotic and did
not display accumulation patterns characteristic (38) of PCR
and/or sequencing error (Fig. 2 and Fig. S1). Second, the high
β-diversity we observed is predictably structured: elevation and
rainfall are highly correlated with community composition at the
landscape scale. Finally, although it is possible that a small
number of leaf epiphytic fungi were incorporated into these
analyses, we have evidence that many of these organisms were
removed before DNA extraction (40) (Table S11).
Arnold and colleagues sought to understand global patterns

of FE distribution (19, 28) and found much higher richness in
the tropics, even though phylogenetic diversity was greater given
the same sampling effort in temperate and boreal sites. Within the
constrained set of sites we examined in Hawai’i, we find no strong
patterns in within-site species richness beyond high richness ob-
served at the low elevation wet site. However, we did find sub-
stantial variation among sites; indeed, most of richness we
detected reflects among-location differences. Moreover, the true
levels of among-site differences are larger still; despite high se-
quencing depth, OTU richness curves for fungal endophytes at the
site and landscape level were not asymptotic (Fig. 2). The failure
to reach asymptotes was likely attributable to insufficient sampling
depth (i.e., number of trees sampled); we believe this is a result of
the high among-site diversity we observed, as detailed above,
rather than from insufficient sequencing depth. Furthermore, the
95% ITS1 cutoff we used in this study is likely a conservative es-
timate for true species numbers (41). These results indicate that
assessments of the hyperdiversity of fungi globally by Hawksworth
(42) and, more recently, Blackwell (43) may prove to be conser-
vative. Whereas those analyses were based on fungal communities
across different hosts, a factor not addressed here, the among-site
differences presented in this study suggest even greater endophytic
diversity on single hosts than previously suspected.
Additionally, the variation we found among sites is strongly as-

sociated with environmental factors. Our result is in general
agreement with the description of variation with environment in the
endophytes associated with conifers across sites in the Pacific
Northwest by Carroll and Carroll (21), as well as a recent culture-
based study by U’Ren et al. (44) of endophytes at the continental
scale, which suggested that climate could shape endophyte com-
munity similarity. However, our much deeper sampling and per-
haps differences between temperate and tropical environments
accentuated the pattern of among-site variation in our study. Be-
yond environmental factors, host genotype can also have an effect
on endophyte communities (45, 46), but this effect may be relatively
less important in our results: population genetic studies of M. pol-
ymorpha have shown a high level of gene flow between populations
and no significant correlation between M. polymorpha genetic dis-
tance and geographic distance on the Island of Hawai’i (47, 48).
Our results for among-site variation contrast with analyses of

soil microbes, in which strongest associations are not tied to cli-
mate but to soil pH and C:N ratios (49, 50). There are several
possible reasons for this difference. First, and most importantly,
our study is focused exclusively on fungi and is several times deeper
than previous studies with similar focus. Second, endophytes may
be subject to a greater extent of environmental variation than soil
microorganisms; temperature extremes experienced by leaves are
somewhat buffered in soils (51). Finally, it is possible that the
broad extent of environmental variation onMauna Loa reveals the

potential for environmental control of microbial diversity that is
masked in other, less-variable study systems. If the last is the case,
microbial communities elsewheremay also be controlled by factors
similar to plant/animal communities, and strong gradients like
those presented by the Mauna Loa environmental matrix may
offer a useful system for understanding these controls.

Methods
Host and Sites. We focused on the endophytic fungal communities of
M. polymorpha (Myrtaceae), a tree endemic to Hawai’i. This tree species has
a remarkably wide native environmental range (400–11,000 mm rainfall/y;
10–24 °C mean annual temperature), and previous research has character-
ized its successional patterns (52–54), physiology (55–59), nutrient utilization
patterns (60, 61), and population-level genetic structure (47, 48). At each of
seven locations, paired early-successional (ca. 150-y-old) and later-succes-
sional (ca. 3,500-y-old) sites were identified using flow designations de-
veloped by the US Geological Survey (USGS) (62) and Geographical
Information Systems (GIS) (Fig. 1). At the 1,700-m dry site, the older flow
lacked Metrosideros and was not sampled, leaving a total of 13 sites. In
addition to some of the background research on M. polymorpha referenced
above, previous work in these same sites has evaluated patterns of pro-
ductivity and litter decomposition (63–65). Site characteristics are summa-
rized in Table S12.

Field Sample Collection. We targeted our methods on endophytes resident in
leaves and not on incidental phyllosphere species. We collected 10 mature,
asymptomatic sun leaves from 10 randomly selected trees in each of the 13
sites described above between July and November 2009. We randomly lo-
cated 100-m transects via GIS to be within substrate boundaries and to avoid
edge effects. A canopy Metrosideros was selected every 10 m along each
transect and leaves were taken at random from multiple aspects of each
tree. At the 2,400 m elevation sites, transect sampling was not possible be-
cause tree density was low, so all available individuals were sampled. The
height at which leaves were sampled ranged from less than 0.5 m above the
ground at the highest elevation sites to ∼5 m at the lower sites; this height
also varied to a smaller extent within sites.

Laboratory Methods. Sample preparation. All leaves were surface sterilized
within 72 h after collection to reduce the presence of surfacemicroorganisms.
The leaves were rinsed in deionized (di)H2O, immersed in 95% (vol/vol)
ethanol (5 s), 0.5% NaOCl (2 min), and 70% vol/vol ethanol (2 min), and
finally received three sequential 1 min rinses in diH2O (66). We believe
that this procedure removed most surface microorganisms, so we refer
throughout this report to the organisms remaining after surface sterilization
as fungal endophytes (see ref. 40 and Table S11). The leaves were dried at
40 °C for 48 h and then pooled and ground using a Spex CertiPrep 8000
ball-mill with AISI 316 SS bearings (Glen Mills) before analysis. Bearings were
sterilized after each use following a modification of Qiagen standard pro-
tocol: sequential rinses of diH2O, 1 min in 0.5 N HCl, then 5 min in 0.5%
NaOCl (67), and then dried for a minimum of 24 h at 60 °C.
DNA extraction, amplification, and sequencing. Total gDNA was extracted from
subsamples of plant tissue pooled from 10 leaves from each tree using Qiagen
Plant DNeasy kits with a modified protocol on a Qiagen QiaCube. We pooled
leaves at the tree level; our primary interest was in variation of communities
across a landscape instead of variation leaf-to-leaf. The standard Qiagen
extraction protocol was modified as follows: dry tissue weight used was
50 mg, the recommended amounts of buffers AP1 and AP2 were doubled,
8 μL of 1 M sodium metabisulfite was added, fifteen 2.3 mm Zirconia/Silica
beads were used to improve vortexing, and the incubation step was ex-
tended to 60 min. Extracts were then PCR amplified on a PTC-0225 tetrad
thermal cycler (MJ Research) in triplicate to alleviate the effects of differ-
ential amplification from environmental samples. The 18.75-μL PCR reactions
were prepared on ice in individually capped PCR tubes to reduce formation
of primer-dimers and to prevent sample cross-contamination. Reaction
components included 9.3 μL of Sigma REDtaq ReadyMix, 6 μL of DNA tem-
plate, 0.6 μL each of 20 μM forward and reverse primers, 1.5 μL of 16 mg/mL
BSA, and 0.75 μL of 10 mM MgCl2. The primers used were HPLC-purified 454
Fusion Primers that incorporated the fungal-specific primer ITS1-F (5′-CTT
GGT CAT TTA GAG GAA GTA A-3′) and reverse primer ITS2 (5′-GCT GCG TTC
TTC ATC GAT GC-3′) and one of twelve 10-bp multiplex identifier sequences
(MIDs), as provided by Roche. To allow postsequencing differentiation of
samples, each reaction included a distinct combination of forward and re-
verse MIDs. The hot-start PCR reactions were cycled for 3 min at 94 °C;
30 cycles of 1 min at 94 °C, 30 s at 54 °C, and 1 min at 72 °C, and, finally,
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7 min at 72 °C. Negative controls were run for both extraction and PCR;
these remained free of amplicons. Each triplicate reaction was pooled and
PCR cleanup was performed on each with AMPure beads (Beckman Coulter
Genomics). After testing cleaned PCR products for concentration via Pico-
Green quantitation (Invitrogen) on a Gemini XPS fluorometer (Molecular
Devices) and size via gel electrophoresis, amplicon samples were standard-
ized by molarity, pooled into a single sample, and sent for bidirectional
454 FLX Titanium pyrosequencing on half of a pico-titer plate at the Duke
Institute for Genomic Sciences and Policy (Durham, NC) using Lib-A reagents.
Standard Flowgram Format amplicon sequence data have been deposited
in National Center for Biotechnology Information (NCBI) Sequence Read
Archive under accession number SRX153137.

Bioinformatics. Although bioinformatics pipelines for processing data from
amplicon pyrosequencing have progressed rapidly (68, 69), they are often
targeted toward amplicons of the 16S region from bacteria or archaea. We
found none that incorporated all of the analyses in which we were in-
terested: individuation based on forward and reverse Fusion Primer tags,
extraction of the ITS1 region from its flanking bases, denoising and clus-
tering that was rigorous yet computationally feasible, and graphical analysis
of BLAST results at multiple taxonomic levels. We used programs and code
available from a variety of sources for our bioinformatics processing (see
below); where code did not exist, we wrote our own using Perl.
Sequence quality control. Amplicons were checked for length and quality:
sequences with errors or missing sections in the primer region or barcodes,
any ambiguous bases, with low average read score (<30) or with a total
length of <100 bp were discarded. The remaining sequences were in-
dividuated via the unique combination of forward and reverse MIDs present
in each sequence using Perl. Primers and barcodes were trimmed with a Perl
script. Any remaining conserved SSU or 5.8S bases were removed using
hidden Markov models (HMMs) for the ITS region (70). Those sequences that
diverged substantially from the HMM predictions in the SSU or 5.8S regions
were aligned via MUSCLE (71) and manually trimmed in Geneious v5 (72).
Although the ITS region is highly variable and thus notoriously difficult to
align across broad taxa, the conserved regions on each end aligned well and
enabled manual sequence trimming.
Alignment and clustering. Two methods that are gaining widespread use in
reducing artifactual OTUs generated by pyrosequencing and/or clustering
error (noise) in short-read amplicon pyrosequencing data are AmpliconNoise
by Quince et al. (39, 73) and the single-linkage preclustering (SLP) method of
Huse et al. (37). Although marked improvements have been made in the
speed of the AmpliconNoise (previously PyroNoise) algorithm (39), it is still
intensive computationally, particularly with large datasets, so we used SLP to
process our pyrosequences. To do so, we followed the SLP protocol as de-
scribed (37, 74), with modifications for the ITS1 region. Unique sequences
across all sites were found using mothur (75, 76). Pairwise 6-mer distances
were then calculated using the computer cluster version of ESPRIT (77, 78)
using default parameters, with the exception of a 6-mer distance cutoff of
0.6. This cutoff was chosen after analysis of the relationship between 6-mer
distance and Needleman–Wunsch (NW) pairwise distance for ITS1 amplicons.
We used the needledist algorithm, again from the ESPRIT package, to cal-
culate the NW pairwise distance for each of the sequence pairs that had
a 6-mer distance of less than 0.6. These distances were preclustered with
the SLP algorithm using a cutoff distance of 0.02. The resulting clusters from
the SLP algorithm were then clustered at 95% similarity using the average
distance clustering method of mothur. A similarity cutoff of 95% was chosen
following the rationale in (31, 79). This cutoff allowed comparison with
other fungal pyrosequencing studies (27, 80, 81).
Taxonomic identification. Representative sequences from each OTU were se-
lected based on abundance with a python script fromQIIME v. 1.2 (34, 68) and

were checked for their closest match in GenBank via BLASTn with default
parameters (82, 83). The BLAST results were analyzed in MEGAN (74, 84), the
output from which was also used in conjunction with a Perl script that
queried the NCBI taxonomy database to generate full lineages of each of
the representative sequences for each OTU that had a match. Although
BLAST searches of ITS sequences against the NCBI database can be in-
accurate (75, 85–87), we were primarily interested in gaining a broad
qualitative sense of the identities of the taxa present and believe that these
methods provide a reasonable preliminary grouping at higher taxonomic
levels (Table S1).

Statistics Richness and community analyses. OTU richness and rarefaction sta-
tistics were calculated using the vegan (77) package in R (79). To assess the
significance of community similarity among vs. within sites, we used ANO-
SIM as described (80). We used NMDS ordinations to visualize community
similarities across the landscape; ordination plots were created using the
“metaMDS” function in vegan, which incorporated a square-root transform
and Wisconsin double-standardization of OTU abundances. To take into
account the effects of undersampling and rare species on community simi-
larity, we used estimated abundance-based Jaccard similarity as described by
Chao et al. (34), which is robust for communities with long-tail species
abundance distributions or uneven sampling depth. We also compared our
ordination results to those generated from OTU tables rarefied to 700
sequences per tree (the lowest number of sequences in any tree); with all
singletons removed, all singletons and doubletons removed, and all single-
tons, doubletons, and tripletons removed; and to results calculated with
presence-absence distance metrics (standard Jaccard), abundance-based
metrics (Bray–Curtis and Morisita–Horn), and the probabilistic Raup–Crick
metric. All distance measures and other comparisons provided qualitatively
similar patterns across the landscape and produced very similar NMDS or-
dination plots, ANOSIM, PERMANOVA using distance matrices, and distance-
based redundancy analyses (dbRDA) results (see Tables S6–S9).
Spatial autocorrelation and distance. To understand patterns of spatial auto-
correlation, we used the ecodist (82) package in R to do mantel and partial
mantel tests and to visualize their associated correlograms (84). To quantify
the contribution of environmental variables to the makeup of the endo-
phyte communities, we used PERMANOVA, as implemented in the “adonis”
function in the vegan R library and described by (85–87). Although envi-
ronmental factors partially covary across the Mauna Loa matrix, we sought
to test the significance of environmental control on communities while
statistically constraining the variation attributable to distance alone. We
used partial mantel tests and dbRDA constrained using principal compo-
nents of neighbor matrices (PCNM), implemented in R as the “capscale”
function and as described (86, 88, 89). All tests provided similar and signif-
icant results regarding the importance of environmental variables for the
structuring of endophytic communities (see Tables S6–S9).
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