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Abstract
Fungal communities associated with plants often decrease in similarity as the distance between sampling sites increases (i.e.,
they demonstrate distance decay). In the southwestern USA, forests occur in highlands separated from one another by
warmer, drier biomes with plant and fungal communities that differ from those at higher elevations. These disjunct forests
are broadly similar in climate to one another, offering an opportunity to examine drivers of distance decay in plant-associated
fungi across multiple ecologically similar yet geographically disparate landscapes. We examined ectomycorrhizal and foliar
endophytic fungi associated with a dominant forest tree (Pinus ponderosa) in forests across ca. 550 km of geographic
distance from northwestern to southeastern Arizona (USA). Both guilds of fungi showed distance decay, but drivers differed
for each: ectomycorrhizal fungi are constrained primarily by dispersal limitation, whereas foliar endophytes are constrained
by specific environmental conditions. Most ectomycorrhizal fungi were found in only a single forested area, as were many
endophytic fungi. Such regional-scale perspectives are needed for baseline estimates of fungal diversity associated with
forest trees at a landscape scale, with attention to the sensitivity of different guilds of fungal symbionts to decreasing areas of
suitable habitat, increasing disturbance, and related impacts of climate change.

Introduction

The long association between plants and fungi has linked their
ecology and evolution for more than 500 million years and
has led to the evolution of multiple, plant-associated guilds
across the fungal tree of life [1]. Plant-symbiotic fungi—those
that live for at least part of their life cycles in affiliation with
living plants—occur in association with all plants, in all plant
tissues, and in all ecosystems studied to date, echoing their
roles in facilitating the colonization of land and the sub-
sequent diversification of plant lineages [1–3].

Guilds of symbiotic fungi such as ectomycorrhizal fungi and
foliar endophytic fungi (i.e., endophytes that occur in leaves)
represent different evolutionary origins and differ in how they
colonize their hosts, where they are localized with regard to
host tissues, how they reproduce and disperse, and their effects
on host phenotypes [2–4]. However, both have the capacity to
mediate plant health and resilience to stress. For example,
certain ectomycorrhizal fungi enhance nutrient acquisition or
nutrient use efficiency, increase water uptake, or regulate water
use efficiency, generally to the benefit of their hosts [2]. Roles
of foliar endophytes, although not as well known, range from
beneficial to detrimental among the millions of species globally
that occur within healthy photosynthetic tissues [3]. Case stu-
dies suggest that endophytes can influence susceptibility, tol-
erance, or resistance to disease; protect against herbivores; and
improve plant growth under diverse stresses [5–8]. At the
ecosystem level, these guilds impact plant-soil feedbacks, soil
nutrient availability, carbon cycling, and plant recruitment,
shaping ecosystem services provided by forests and other
biomes [2, 8–12].

Communities of fungi associated with plants can shift in
composition or function when environmental conditions
change, with implications for fungal contributions to plant
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resilience in a rapidly changing world [7, 13]. As such,
plant-symbiotic fungi are increasingly considered important
when charting the future of terrestrial ecosystems under
climate change [14, 15]. Understanding the distributions of
plant-symbiotic fungi and their sensitivity to environmental
factors is important for linking them to conservation stra-
tegies for threatened biomes. By considering both ectomy-
corrhizal and endophytic fungi that inhabit the same trees,
we can assess whether these different guilds merit dis-
tinctive conservation approaches.

In the interior west of North America, warming asso-
ciated with climate change, coupled with shifts in the timing
and quantity of precipitation, are anticipated to decrease
snow runoff and soil moisture and to increase the frequency
and intensity of wildfire [15], with impacts on plant phe-
nology, growth, productivity, demography, and distribu-
tions [16]. When tolerable climate conditions are exceeded,
plants may be extirpated, adapt, or migrate over generations
to remain within their climatic tolerances [15, 16].
Responses of individual plant taxa often are distinct,
reflecting niche breadth, dispersal ability, and the avail-
ability of compatible symbionts [16–18].

Pinus ponderosa Lawson and C. Lawson (sensu lato:
Ponderosa pine, Pinaceae) is an economically and ecolo-
gically important forest tree of western North America that
occurs from southern Canada to northern Mexico. Its range
has been shaped by climate shifts over the long term: during
the last glacial period (Wisconsin Glaciation, ca.
25,000–15,000 years BP), P. ponderosa occupied refugia in
northern Mexico and the southwestern USA [19]. With
subsequent warming, its range expanded northward in
latitude, with southern distributions contracting and moving
upward in elevation [19]. Among the currently recognized
varieties of Ponderosa pine, P. ponderosa Lawson and C.
Lawson var. brachyptera (Engelm.) Lemmon (southwestern
ponderosa pine; hereafter, P. ponderosa) is of particular
interest as it occurs in the warmest and driest parts of the
range of the species (i.e., forests in Arizona, Nevada, Utah,
Colorado, and New Mexico). Ponderosa pine forests of this
region are increasingly threatened due to increases in
wildfire frequency and intensity, pest outbreaks, decreases
in precipitation, and warming [15, 17, 18, 20].

In the southwestern portion of its range (Arizona), P.
ponderosa forests cover more than 1.5 million ha [21] and
occur in two major landforms: a contiguous forest from
north-central Arizona to the border of New Mexico along
the Mogollon Rim (see ref. [22]), and forested ‘islands’—
disjunct highlands separated by arid and semi-arid biomes
such as desert, chaparral, woodlands, and grasslands [21].
In these forested islands, P. ponderosa forms mono-
dominant stands or co-occurs with species such as Douglas
fir (Pseudotsuga menziesii) and diverse oaks (Quercus spp.)
[23, 24]. The plant and fungal communities in these forests

are taxonomically and evolutionarily distinct from those in
the lower-elevation biomes that separate them [2, 25, 26].

The forests in which P. ponderosa occurs across the
region are broadly similar to one another in climate and in
major aspects of their plant communities, offering an
opportunity to examine distributions of ectomycorrhizal and
foliar endophytic fungi in the same host species across
multiple forested areas that are ecologically similar, yet
geographically distinct. Previous surveys in forests of the
region (Santa Catalina Mountains, Pinaleño Mountains)
revealed that P. ponderosa hosts diverse ectomycorrhizal
and foliar endophytic fungi at local scales [27, 28]. The
dominant fungi in this region typically represent distinct
species or genotypes relative to those in other portions of
the range of Ponderosa pine (e.g., ref. [28]). However, little
is known regarding the regional distributions of ectomy-
corrhizal or foliar endophytic fungi associated with P.
ponderosa or the factors that shape those distributions at a
landscape scale.

It is plausible that the long evolutionary associations of
fungi with plants in general, and Pinaceae and Pinus more
specifically, could select for communities of symbionts
associated with roots and leaves that are relatively uniform
in composition across the range of P. ponderosa. However,
plant-symbiotic fungi typically differ in composition over
the range of their host species, reflecting spatial variation in
climate, fire history, vegetation, land use, or related factors
(e.g., refs. [28–30]). In such situations, the decrease in
community similarity of symbionts that occurs as a function
of geographic distance—that is, distance decay—can be
attributed to environmental differences, and conservation
approaches should be attentive to maintaining host popu-
lations under markedly different environmental conditions
to maintain fungal diversity at a regional scale. However,
distance decay also can reflect dispersal limitation, such that
communities turn over as the distance between samples
increases, even if environmental conditions are relatively
consistent. In that scenario, conservation approaches might
focus on maintaining populations of the host species even if
environmental conditions are relatively similar among
them: in each, locally distinct, dispersal-limited fungal
communities can persist and thus maintain regional
biodiversity.

Here, we test the broad hypothesis that ectomycorrhizal
fungi and foliar endophytes associated with the same host
species demonstrate evidence of distance decay at a land-
scape scale, but that the drivers of distance decay differ for
each when geographic distance, climate differences, and
aspects of environmental dissimilarity are considered. We
predicted that ectomycorrhizal fungi would demonstrate
distance decay as a function of dispersal limitation, but that
foliar endophytes would demonstrate distance decay as a
function of environmental dissimilarity. Our predictions are
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based on the observations that ectomycorrhizal fungi typi-
cally have a limited ability to disperse, often on the scale of
only one or a few meters [31–33]. In contrast, foliar
endophytes seem to have little dispersal limitation at local to
regional scales if no physical barriers are present and
compatible hosts are available [26, 30, 34]. Yet endophytes
often form locally distinct assemblages with turnover across
geographic space [30], consistent with direct or indirect
sensitivity to climate or related environmental factors.

To test these predictions, we examined ectomycorrhizal
fungi and foliar endophytes associated with living, mature
P. ponderosa in anciently disjunct forests of Arizona, USA.
Our sampling encompassed forest ‘islands’ located across a
total of more than 550 km of geographic distance and ca. 4°
of latitude, from northwestern to southeastern Arizona. We
first measured distance decay in these fungal communities
between disjunct forests and, for ectomycorrhizal fungi,
within the largest contiguous stand of Ponderosa pine in the
southwest (the Mogollon Rim). We then evaluated the
relevance of geographic distance and environmental factors
as drivers of distance decay and identified factors relevant to
diversity, community structure, and composition for each
guild. For fungal communities that appeared to be dispersal-
limited, we focused on local characteristics such as the
degree of isolation of the forest, climate, and plant com-
munity composition. For communities limited by environ-
mental conditions, we focused on climate and plant
communities. Our work highlights the previously unknown
biodiversity of ectomycorrhizal and foliar endophytic fungi
in a biodiverse region threatened by climate change, reveals
the breadth of symbiotic fungi with which P. ponderosa

affiliates in the warmest and driest area of its range, and
indicates how different guilds of symbionts associated with
the same host differ in ways relevant to forest conservation
and management.

Materials and methods

Sampling approach: disjunct forest areas

We collected roots of mature, healthy individuals of P.
ponderosa in eight disjunct forest areas of Arizona, USA,
between October 2014 and October 2018 (Hualapai Mts.,
Humphreys Peak, Bradshaw Mts., Mingus Mt., Santa Cat-
alina Mts., Pinaleño Mts., Huachuca Mts., and Chiricahua
Mts.) (Fig. 1; Table 1). We concurrently collected mature,
healthy leaves of the same trees in six of these areas to
survey foliar endophytes (2014–2017) (Table 1). Previous
work revealed no evidence of interannual variation in
community composition of ectomycorrhizal fungi or foliar
endophytes in these forests [27–29].

In each area, we sampled multiple trees in each of three
sites. Sites were located ca. 0.5–1.5 km from each other
(Table 1), represented local forest conditions in each area,
and had no evidence of recent fire (i.e., within 50 years;
[28, 29]) (Table 1, Supplementary Methods S1). Intersite
distances were consistent with those used to define sam-
pling replicates in previous landscape-level studies of con-
ifers (e.g., refs. [26, 29, 30]). We obtained climate data from
WorldClim based on coordinates [35] and described plant
communities by observing the dominant forest canopy in

Fig. 1 Forest areas in Arizona, USA, surveyed for ectomycorrhizal
and foliar endophytic fungi associated with mature, healthy Pon-
derosa pine (Pinus ponderosa). Each point represents a forest area.
Each forest area comprised three sites, located 0.5–1.5 km apart. In
each site, five or six trees were sampled (see text). Panels show mean
annual temperature (MAT; A), mean annual precipitation (MAP; B),
and elevation (masl; C). Circles indicate disjunct forest areas where
only ectomycorrhizal fungi were sampled (gray circles), or both
ectomycorrhizal and foliar endophytes were sampled (black circles).

Boxes indicate locations in contiguous forest of the Mogollon Rim
where only ectomycorrhizal fungi were sampled (gray boxes), or
where both ectomycorrhizal and foliar endophytes were sampled
(black box). Areas are numbered as follows, with names correspond-
ing to Table 1: 1, Hualapai Mts.; 2, Mogollon Rim (sites 1.1–1.3); 3,
Humphreys Peak; 4, Bradshaw Mts.; 5, Mingus Mt.; 6, Mogollon Rim
(sites 2.1–2.3); 7, Mogollon Rim (sites 3.1–3.3); 8, Santa Catalina
Mts.; 9, Pinaleño Mts.; 10, Huachuca Mts.; 11, Chiricahua Mts.

Drivers and implications of distance decay differ for ectomycorrhizal and foliar endophytic fungi. . . 3439
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each site (i.e., pine, pine-oak, and pine-Douglas fir forest;
Table 1).

In each site, we sampled roots and leaves from mature
trees. Initially (2014) we sampled six trees per site. Species
accumulation curves [27] showed that sampling five trees
per site was sufficient for capturing site-level diversity of
ectomycorrhizal fungi and foliar endophytes, such that we
sampled five trees per site in 2016–2018 (Table 1). Focal
trees in each site were located at least 3 m apart, providing
multiple independent samples per site based on sampling
protocols defined previously (see refs. [28, 36]). Sampling
methods are described below.

Overall, our dataset from disjunct forests represented
24 sites sampled for ectomycorrhizal fungi (123 trees). Of
these, 18 sites (93 trees) also were surveyed for foliar
endophytes (Table 1). Data were pooled for all trees in a site
to generate site-level samples of ectomycorrhizal and
endophytic fungi for analyses of distance decay and the
factors relevant to fungal community structure at local
scales.

Sampling approach: contiguous forest

The Mogollon Rim represents a portion of the largest
contiguous forest of P. ponderosa in the southwestern USA
(ca. 27,900 km2, [37]). To evaluate distance decay within a
contiguous forest, we sampled roots from five trees in each
of nine sites at the Mogollon Rim (i.e., Mogollon Rim 1.1–
3.3; Table 1, Fig. 1). We focused only on ectomycorrhizal
fungi because endophyte communities associated with a
single host species typically show little evidence of distance
decay at such local scales (Table 1; see refs. [27, 30, 34]).
We pooled data by site and compared the nine sites to assess
distance decay of ectomycorrhizal communities. We col-
lected leaves from the same trees in three sites (Mogollon
Rim 1.1–1.3; Table 1, Fig. 1) for additional insight into the
environmental factors shaping endophyte communities, as
described below.

Tissue collection

We collected roots as in 28. Briefly, we collected three root
cores (5 cm diameter, 15 cm depth) from the canopy dripline
of each tree, removing the litter layer prior to sampling. Cores
were transported in a cooler at ca. 10 °C and stored at −20 °C
within 48 h. When cores were processed for morphotyping
(below), roots were intact, turgid, and in good condition, with
no signs of damage due to storage or transport, and mor-
photypes were readily identifiable. Overall, our sampling
included 504 root cores collected from trees in 33 sites
(24 sites in disjunct forests and nine at the Mogollon Rim).

We collected mature, healthy leaves as in 28. Briefly, we
used a Big Shot line launcher (SherrillTree, Greensboro, NC,

USA) to catapult a rope saw over branches ca. 3–10 m above
ground, and then collected 200 leaves (needles) >2 years old
from lateral branches. Leaves were refrigerated
(4 °C) within 24 h and processed within 72 h. When pro-
cessed for endophyte surveys (below), leaves were intact and
in good condition. Overall, our sampling included material
from >20,000 leaves collected from trees in 21 sites (18 in
disjunct forests and three at the Mogollon Rim).

Processing root samples for ectomycorrhizal fungi

Root cores were processed individually as in 28. Briefly, we
washed roots, sorted colonized root tips into morphotypes
based on characteristics of the fungal mantle, and chose a
representative root tip from each morphotype per root core
for DNA extraction [38–40]. Overall, we sorted 37,332
colonized root tips representing 157 of 168 trees (samples
from 11 trees had no colonized roots). Root cores for each
tree were processed separately, but data from cores were
pooled by tree, and data from trees in each site were pooled
for analyses.

We extracted genomic DNA from 1523 representative
root tips. See Supplementary Methods S1 and 28 for details
of DNA extraction, PCR, PCR cleanup, Sanger sequencing,
sequence editing, and confirmation that roots represented P.
ponderosa. We sequenced ITSrDNA-partial LSUrDNA
successfully for 1481 (97%) of 1523 representative root
tips. Before analysis we added 151 sequences from previous
sampling at the Santa Catalina Mts. [27]. We clustered
ITSrDNA-partial LSUrDNA into operational taxonomic
units (OTUs) at 97% sequence similarity with the Mobyle
SNAP Workbench [41–43]. The final data set for ectomy-
corrhizal fungi comprised 281 OTUs. All were included in
analyses of richness and diversity. For analyses of distance
decay and community composition we used OTUs observed
≥4 times (247 OTUs) to avoid biasing our results with rare
species or minor sequencing errors.

Processing leaf samples for foliar endophytic fungi:
culture-based approach

We washed leaves from each tree under tap water and cut
them into ca. 2 mm segments, which were surface-sterilized
following 45. We haphazardly selected two sets of 96 seg-
ments from each sample: one for culturing, and one for
culture-free analyses. Culturing can reveal taxa not
observed readily by culture-free methods (e.g., refs.
[9, 31, 45, 46]) but typically results in a smaller data set that
may have limited inferential power for landscape-level
studies. In turn, culture-free approaches often identify taxa
not isolated in culture (e.g., ref. [30]) and may capture more
strictly symbiotic fungi relative to the facultative sapro-
trophs that can dominate culture-based surveys.

Drivers and implications of distance decay differ for ectomycorrhizal and foliar endophytic fungi. . . 3441



We placed each of the 96 leaf segments from each tree
onto 2% malt extract agar in an individual 1.7 ml micro-
centrifuge tube under sterile conditions [46]. We processed
10,368 leaf segments in total for the culture-based survey.
After 3 months at room temperature, emergent endophytes
were isolated into axenic culture, vouchered in sterile water,
and accessioned at the Robert L. Gilbertson Mycological
Herbarium (ARIZ; Supplementary Table S1). Endophytes
were obtained in culture from 1434 leaf segments (isolation
frequency, 13.8%). We sequenced ITSrDNA- partial
LSUrDNA successfully for 1307 (91%) of these cultures via
the Sanger platform. Details of DNA extraction, PCR,
sequencing, and data processing are in Supplementary
Methods S1. We added 66 sequences to the data set before
OTU clustering, representing previous surveys in the Santa
Catalina Mts. [27]. We clustered sequence data into OTUs
at 95% sequence similarity with the SNAP Workbench
[43, 47], both independent of the culture-free data and with
the culture-free data for direct comparisons (below). Cul-
tured endophytes represented 98 OTUs, of which 43
occurred more than once (i.e., were non-singletons).

Processing leaf samples for foliar endophytic fungi:
culture-free approach

We extracted total genomic DNA from four sets of 24 leaf
segments per tree (i.e., 96 segments per tree) with the Pow-
erPlant Pro Kit (Qiagen, USA) following [48]. We used a
dual-barcoded two-step process for library preparation
[11, 30, 49, 50]. Briefly, we amplified ITSrDNA in an initial
PCR (PCR1) with primers ITS1F and ITS4. We used pro-
ducts as template in a second PCR (PCR2), in which we
added Illumina adapters and sample-specific barcodes (IBEST
Genomics Resource Core, Moscow, ID, USA) [51, 52].
Details of tissue handling, protocols, DNA quality assess-
ments, negative controls, and mock communities are in
Supplementary Methods S1 and Supplementary Table S2.

We normalized and pooled all samples at equimolar
concentrations before submitting them to the IBEST
Genomics Resources Core for paired-end sequencing with
the Reagent Kit v3 (2 × 300 bp) on an Illumina MiSeq (see
Supplementary Methods S1 for details). We processed ITS2
of 2,800,421 raw reads with USEARCH [53]. Based on
quality assessments and these analyses of mock commu-
nities, we trimmed and filtered reads (2017 Illumina: 230
bp; 2019 Illumina: 180 bp; maxEE= 1.0), yielding 844,081
high quality reads overall (see refs. [54, 55]).

Analysis of mock communities (Supplementary
Table S2) informed the threshold at which OTU boundaries
were defined (95% sequence similarity) and identified
potentially spurious OTUs (those with ≤8 occurrences).
Evaluation of mock communities also led us to rarify reads
with coverage-based rarefaction to minimize uneven

coverage of samples without underestimating richness
[56, 57]. To remove potential contaminants, we subtracted
the number of reads per OTU in negative controls and
extraction blanks, removing OTUs in which the negative
controls had a higher read number than samples [58]. The
final culture-free data set for endophytes comprised 672
OTUs, including 268 OTUs with ≥8 occurrences. Exam-
ination of mock communities showed that the same taxa
were recovered from both Illumina runs, but that relative
abundances differed between runs. We therefore used
presence–absence data for community analyses of the
culture-free data set. We compared Sanger sequences from
cultured endophytes and Illumina sequences from the
culture-free endophyte survey as described in Supplemen-
tary Methods S1.

Taxonomic identification and phylogenetic
inference

Taxonomic placement for sequence data was estimated by
querying GenBank [59] with validation for Basidiomycota in
UNITE [60] and taxonomic parsing by MEGAN5 [61]. Sanger
sequence data representing Ascomycota (20.5% of ectomy-
corrhizal fungi; 88.9% of cultured endophytes) were placed
phylogenetically with the Tree-Based Alignment Selector
Toolkit (T-BAS) v2.1 [62] (Supplementary Methods S1).

Measurements of distance decay: disjunct forests

After examining normality and heterogeneity of variance,
we used nonparametric Spearman’s rho to assess correla-
tions between pairwise community dissimilarity and pair-
wise geographic distance between sites. Data for
ectomycorrhizal fungi, endophytes isolated in culture,
and endophytes observed via the culture-free approach
were analyzed separately. We used the Jaccard
(presence–absence data) and Morisita–Horn (abundance
data) dissimilarity indices for ectomycorrhizal fungi and
cultured endophytes, and the Jaccard dissimilarity index for
the culture-free survey of endophytes. For ectomycorrhizal
fungi and cultured endophytes, we included OTUs with ≥4
occurrences; for culture-free endophyte data, we included
OTUs with ≥8 occurrences. We tested a range of cutoff
thresholds for each community; our results remained con-
sistent, even when rarely observed OTUs were included
(Supplementary Table S3). We included sites in all areas
except the Mogollon Rim (i.e., we considered sites in dis-
junct forest areas only: eight for ectomycorrhizal fungi and
six for endophytic fungi). For local measures of distance
decay, we compared sites within each isolated forest area.
For regional measures, we compared sites in different forest
areas, not including within-area comparisons. For overall
measures, we considered local and regional comparisons.
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Measurements of distance decay: contiguous forest

We used the above approach to examine correlations
between pairwise community dissimilarity and pairwise
geographic distance between sites in the Mogollon Rim
area, focusing only on ectomycorrhizal communities in nine
sites. We used the Jaccard (presence–absence data) and
Morisita–Horn (abundance data) dissimilarity indices and
included OTUs with ≥4 occurrences.

Identifying drivers of distance decay

We first used partial Mantel tests to evaluate whether dis-
tance decay reflected geographic distance alone or was
consistent with differences in environmental factors
(Table 2). We defined environmental factors as the plant
community (Table 1) and climate (see Tables 1 and 2) [63].
We examined four climate measures relevant to the region:
mean annual precipitation (MAP), mean annual temperature
(MAT), mean precipitation during the wettest quarter
(MPWQ), and mean precipitation during the driest quarter
(MPDQ) (Table 1). To account for covariation and multi-
dimensionality we generated a single environmental
eigenvector from a principal component analysis (PCA) of
climate and plant community (62.9% of variation
explained). We then repeated the PCA without the plant
community to isolate the effects of climate (MAP, MAT,
MPWQ, and MPDQ as a single eigenvector; 53.6% of
variation explained). In both approaches the first principal
component was used to create distance matrices based on
Euclidean distances, defined as environmental dissimilarity
or climate dissimilarity, respectively.

To overcome limitations of Mantel tests, we com-
plemented our analyses with variation partitioning that
accounted for spatial autocorrelation via Moran’s eigen-
vector map method [63–65]. This allowed us to focus on
how differences in plant communities, which reflect edaphic
and local factors, may be relevant to distance decay as
compared to climate alone.

Factors relevant to ectomycorrhizal diversity and
community structure

To understand factors relevant to the diversity and structure
of ectomycorrhizal communities at local scales, we exam-
ined environmental factors (plant community and climate,
per above) and isolation of the forest area (defined as the
distance to the closest Ponderosa pine forest, measured in
km). We used MAP to represent climate because MAT,
MPWQ, MPDQ, and the eigenvector representing climate
in the partial Mantel analyses were correlated with distance
to the closest Ponderosa pine forest (Supplementary
Table S4). Diversity (Fisher’s alpha) was log-transformed Ta
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prior to analysis. We used non-metric multidimensional
scaling (NMDS) to visualize community structure and
permutational analysis of variance (PERMANOVA) to
quantify variation.

We examined variation in taxonomic composition at the
class and order levels with multiple regression on distance
matrices (MRM) [66]. We created a distance matrix with the
Gower metric for plant community data [67] and Euclidean
distance matrices for distance to the closest Ponderosa pine
forest and MAP. For ordination and taxonomic analyses, we
considered OTUs, orders, and classes with ≥4 occurrences.

Factors relevant to endophyte diversity and
community structure

We examined factors associated with the diversity and
structure of endophyte communities, with a focus on plant
community and climate. We defined climate as MAP and
MPDQ, which were correlated with endophyte diversity in
previous studies [46, 68] and were not correlated with one
another. Because we did not detect strong evidence for
dispersal limitation in the endophyte data sets at a regional
scale, we did not consider isolation in terms of distance to
the closest Ponderosa pine forest. Data were analyzed as
above. For ordination and taxonomic analyses, we con-
sidered taxa with ≥4 occurrences (culture-based) or ≥8
occurrences (culture-free) (Supplementary Methods S1).

Results

We documented over 900 putative species of fungi in
association with mature, healthy P. ponderosa across
representative forests in Arizona, including diverse Basi-
diomycota (especially among ectomycorrhizal fungi) and
Ascomycota (especially among endophytes). No species
was observed both as an ectomycorrhizal fungus and an
endophyte, underscoring the distinctiveness of these guilds
relative to one another.

Distance decay: ectomycorrhizal communities

We observed distance decay in ectomycorrhizal commu-
nities when we considered data from sites in eight disjunct
forest areas (Fig. 2, Supplementary Fig. S1). Distance decay
was evident at local scales (among sites within areas),
regional scales (among sites in different forest areas), and
overall (including comparisons among sites within and
among forest areas) (Fig. 2).

When we took environmental dissimilarity into account,
geographic distance was significantly associated with dis-
similarity (abundance data) or approached significance
(presence/absence data) (Table 3, Supplementary Tables S5

and S6). When we controlled for variation due to climate,
geographic distance remained significant (Table 3, Supple-
mentary Tables S5 and S6). Together these results are
consistent with distance decay resulting from dispersal
limitation both within and among disjunct forests (Fig. 2).
When we considered only sites in a single contiguous forest
(Mogollon Rim), evidence for distance decay approached
significance based on Jaccard dissimilarity but was less
robust based on relative abundance data (Morisita–Horn,
Fig. 3).

Ectomycorrhizal diversity, composition, and
community structure

Over the entire study, we detected a mean of 4.5 OTUs
(±2.9, standard deviation, SD) of ectomycorrhizal fungi per
tree. Sites hosted a mean of 17.5 OTUs (±8.9), and areas
hosted a mean of 51.0 OTUs (±29.0). Overall, 64.4% of
ectomycorrhizal OTUs were only found in one forested
area, 15.3% in three or more areas, and only one (OTU9,
representing Wilcoxina) in all areas.

Communities across all sites were dominated by Basidio-
mycota, especially Tomentella (33.0% of root tips), Russula
(30.3%), and Inocybe (25.3%). The most common orders
were Thelephorales, Russulales, Pezizales, and Agaricales
(Fig. 4). Ectomycorrhizal Ascomycota (23.0% of root tips)
were dominated by Pezizomycetes (Fig. 5), including Tuber
and Wilcoxina (19.7%). Cenococcum geophilum (Dothideo-
mycetes) also was relatively common (3.1%).

Diversity of ectomycorrhizal fungi at the site level was
correlated positively with MAP and did not vary among
plant communities or with distance the closest Ponderosa
pine forest (Fig. 4, Table 4). Community structure differed
among plant communities and as a function of the interac-
tion of isolation and MAP (Fig. 4, Table 5, Supplementary
Fig. S2). The relative abundance of the most common
fungal orders differed with distance to the closest forest and
MAP, but did not vary markedly among the plant com-
munity types surveyed here (Fig. 4). The relative abundance
of the most common classes did not differ meaningfully
across the study as a whole (data not shown).

Distance decay: foliar endophyte communities

Communities of endophytes observed via the culture-free
approach increased in dissimilarity with increasing geo-
graphic distance between sites (Fig. 2: significant in the
culture-free survey at local scales and overall, and
approaching significance at the regional scale). Distance
decay reflected environmental dissimilarity (i.e., dissim-
ilarities of plant communities and climate) rather than dis-
persal limitation (Table 3, Supplementary Tables S5 and
S6). Communities observed via culturing showed no

3444 E. A. Bowman, A. E. Arnold



evidence of distance decay (Fig. 2), potentially reflecting
the relatively low richness observed in culture (see
Discussion).

Foliar endophyte diversity, composition, and
community structure

We detected a mean of 41.4 (±27.6) and 3.8 (±2.6) OTUs of
foliar endophytes per tree via the culture-free and culture-
based approaches, respectively. Sites hosted a mean of 81.1
(±47.0) and 11.9 (±4.4) OTUs, and areas hosted a mean of
220.0 (±145.0) and 29.0 (±6.9) OTUs as inferred by
culture-free and culture-based approaches. Overall, 38.1%
of OTUs in the culture-free survey, and 23.3% of OTUs in
the culture-based survey, were unique to a single forested

area. A total of 44.2% and 38.4% of OTUs in the culture-
free and culture-based data, respectively, occurred in more
than three areas. Five OTUs were found across all areas in
the culture-based survey (two Leotiomycetes, two Euro-
tiomycetes, and one member of the Dothideomycetes) and
also were found in the culture-free survey. One OTU
(Eurotiomycetes) was found across all areas in the culture-
free survey but was not observed by culturing.

The majority of endophytes were Ascomycota, repre-
senting Dothideomycetes, Eurotiomycetes, Leotiomycetes,
Pezizomycetes, and Sordariomycetes (Figs. 5, 6). Two
OTUs represented Basidiomycota, both Atractiellomycetes
(Pucciniomycotina): OTU23 (1.4% of isolates in culture)
and OTU3 (9.6% of isolates and listed as OTU904 in the
culture-free data). The relative abundance of fungal classes

Fig. 2 Dissimilarity of ectomycorrhizal and endophytic fungal
communities associated with P. ponderosa in disjunct forests as a
function of geographic distance between sites. Data represent pair-
wise dissimilarity among sites within disjunct forests (bottom row,
local scale); among sites in different areas (middle row, regional
scale); and taking into account all intersite distances (local and
regional, overall). Left column, ectomycorrhizal fungi; center, foliar

endophytes, culture-free survey; right column, foliar endophytes,
culture-based survey. Dissimilarity values are based on presence/
absence data (Jaccard dissimilarity index), with 1 indicating com-
pletely distinct communities and 0 representing completely similar
communities. Data from the contiguous forest of the Mogollon Rim
(boxes in Fig. 1) are in Fig. 3. For site and area details see Table 1.
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was not associated robustly with MDPQ, MAP, or plant
community in the culture-free data set but varied as a
function of these variables in the culture-based data (Fig. 6).

Richness of endophytes was correlated negatively with
MPDQ in the culture-free survey (Fig. 6, Table 6, Supple-
mentary Fig. S3; see Discussion). Endophyte community
structure varied with plant community and precipitation
(Table 7, Supplementary Fig. S3).

Discussion

Forests at a global scale have been shaped by climate over
the long term, and today are shifting in composition and
ecosystem services as the climate changes rapidly [14, 15].
In the southwestern USA, forests dominated by P. pon-
derosa are threatened by increasing disturbance, warming
temperatures, and shifts in the seasonality and quantity of
precipitation [69]. It is thought that P. ponderosa may
retract to higher elevations in ranges in which this species
does not yet populate the highest locations [70], with little
capacity to cross the semi-arid lands that surround these

isolated forests [71]. Against this backdrop of current cli-
mate change and historical fragmentation via range retrac-
tion, we examined ectomycorrhizal and foliar endophytic
fungi from the same individual trees in some of the warmest
and driest regions in which Ponderosa pine occurs.

We anticipated that ectomycorrhizal fungi, with limited
dispersal, would show strong evidence of distance decay
consistent with geographic distance among sites. In contrast,
we anticipated that endophytic fungi would be widespread
across the region but structured strongly at local scales by
environmental factors. These predictions were upheld by our
surveys, which illustrated that the factors governing the dis-
tributions, composition, and taxonomy of ectomycorrhizal
and endophytic fungi can differ markedly, even when these
fungi inhabit the same host species at a regional scale, and
even the same individual trees at a local scale.

Previous work suggests that the inferences presented
here should not be sensitive to interannual variation over the
course of our study, nor to minor differences in the timing
of sampling within the growing season (see refs. [27–29]).
Although the methods differed somewhat for examining
ectomycorrhizal and endophytic fungi, we sampled each

Table 3 Results of partial Mantel tests assessing contribution of geographic distance, environmental dissimilarity (climate and plant community),
and climate dissimilarity to distance decay in communities of ectomycorrhizal and endophytic fungi.

Community data Dissimilarity index Explanatory variable Variation
accounted for

Mantel
r

p

Ectomycorrhizal fungi (regional scale: among
isolated forests)

Jaccard Pairwise geographic distance Environment 0.104 0.0380

Jaccard Pairwise geographic distance Climate 0.113 0.0390

Morisita–Horn Pairwise geographic distance Environment 0.116 0.0340

Endophytic fungi (culture-free data, regional scale:
among isolated forests)

Jaccard Environment Pairwise geographic
distance

0.472 0.0010

Endophytic fungi (culture-based data, regional scale:
isolated forests only)

Morisita–Horn Climate Pairwise geographic
distance

0.210 0.0330

Here we show significant results; results of all analyses are in Supplementary Table S2.
Statistically significant p-values are in bold.

Fig. 3 Dissimilarity of ectomycorrhizal fungal communities asso-
ciated with P. ponderosa in contiguous forest at the Mogollon Rim
as a function of geographic distance between sites. Dissimilarity of
ectomycorrhizal fungal communities among nine sites within a single

large, contiguous forest tended to increase with geographic distance
when evaluated with presence–absence data (Jaccard; A) or abundance
data (Morisita–Horn; B).
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guild to statistical completion, used methods consistent with
the literature for each, and analyzed the data in parallel with
multiple quality-control steps. Thus, we interpret our results
as suggesting differences between the guilds that are con-
sistent with differences in their capacity to disperse, coupled
with the additional environmental exposure that endophytes
experience as they land as propagules on leaves and must
survive prior to infection (see also ref. [27]).

Overall, strong geographic signature in ectomycorrhizal
symbioses, and strong environmental signature in endo-
phyte symbioses, suggests that regional-scale perspectives
that span a large number of disjunct sampling areas (ecto-
mycorrhizae) and diverse environmental conditions (endo-
phytes) are needed for conservation and management plans
to include plant-symbiotic fungi. Such regional perspectives
can help establish baseline estimates of fungal diversity
associated with forest trees at a landscape scale and frame
hypotheses regarding the sensitivity of such fungal com-
munities to disturbance and related impacts of climate
change.

Perspectives on ectomycorrhizal fungi

Dissimilarity of ectomycorrhizal fungal communities
increased with increasing geographic distance between
samples, consistent with their typically short dispersal dis-
tances. Distance decay of ectomycorrhizal fungi associated
with disjunct forests was observed at the scale of ≤2 km, ca.
500 km, and at the overall scale of the study (≤2 to ca. 500
km) (Fig. 2, Supplementary Fig. S1). We observed weaker
but detectable evidence of distance decay among samples
from the Mogollon Rim (Fig. 3). Taken together our data
suggest that the separation of forested ‘islands’ by lowland
regions likely constrains present communities within iso-
lated forests, which in turn have spatially structured ecto-
mycorrhizal communities at local scales.

When we examined communities in detail to understand
factors associated with their structure, we found that ecto-
mycorrhizal fungal diversity is relatively consistent among the
forests studied here (comparison of diversity among forest
areas: F= 2.10, df= 8, 24, P= 0.0762). This may reflect our
focus on mature forests across the region without recent fire or
other major disturbances (see ref. [30]). Across all ranges,
communities of ectomycorrhizal fungi were dominated by
Tomentella, Russula, and Inocybe, which contain many host
generalists and are typical of later stage, undisturbed forests
[2, 72, 73]. Our data suggest that for conservation or man-
agement approaches that include ectomycorrhizal fungi,
inclusion of many isolated forests across the range of P.
ponderosa would be important.

Perspective on sampling structure and spatial scales

In the present study we used sites within forest areas as
replicates, each comprising multiple trees for which multi-
ple root cores were collected. If sites within forest areas
were not sufficiently independent from one another, then
this approach could result in a falsely inflated sample size
due to pseudoreplication. We examined this issue carefully,
considering three sources of information. First, in our study
design, we followed the robust precedent in the mycological

Fig. 4 Factors associated with diversity, community structure, and
taxonomy of ectomycorrhizal fungi associated with P. ponderosa.
Each point in A (diversity) and B (community structure) represents the
ectomycorrhizal community associated with a single site. Abundance
data (Morisita–Horn) were used for NMDS. In B, green arrow=mean
annual precipitation (MAP); blue arrow= distance to the closest
Ponderosa pine forest, with the scale in km shown to the right.
Symbols correspond to plant communities (see Table 1). In C (tax-
onomy), Ascomycota are marked with ‡ and distance refers to the
nearest Ponderosa pine forest (km), following B.
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Fig. 5 Phylogenetic placement of ascomycetous ectomycorrhizal
fungi and cultured endophytes, illustrating placement in the
Pezizomycotina. Inference was conducted in T-BAS [62]. Rings of

metadata indicate fungal guild, area of origin, and mean precipitation
during the driest quarter (MPDQ). Panels represent Pezizomycotina
(A) and the most prevalent classes in that subphylum (B–F).
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literature for spatial replication at the scale of ca. 1 km (or
less) in forests (e.g., refs. [28, 31, 38, 74–78]). Second, we
evaluated environmental conditions for sites within each
area, anticipating that non-independence would be con-
cerning if environmental conditions were consistently more
similar among sites within areas vs. among sites in different
areas. To test this, we first used a PCA to determine PC1 for
all climate data shown in Table 1. Then, we used PC1
(which described 43.1% of the variation in climate) and
plant community (Table 1) to cluster all sites according to
similarity. The analysis included 24 sites representing eight

disjunct forests and three areas (nine sites) on the Mogollon
Rim, for a total of 11 areas and 33 sites. We found no
evidence that sites consistently clustered within forest areas:
only two of 11 areas (18.2%; Mogollon 1 and Mingus Mt.)
had sites that clustered together (Supplementary Fig. S4).
Finally, at the conclusion of our study we analyzed the data
with a bootstrap analysis, considering the equivalent of one
site per forested area for analysis of distance decay at a
regional scale. The results presented in Fig. 2 remained
consistent for ectomycorrhizal fungi, endophytes observed
via the culture-free approach, and endophytes observed via
the culture-based approach. Notably Spearman’s rho
increased from 0.23 (Fig. 2) to 0.42 in the bootstrapped data
for ectomycorrhizal fungi, but decreased for endophytes
observed by the culture-free data set, from 0.1 to 0.01. This
underscores our observation of strong local signatures of
ectomycorrhizal fungal communities in each area, and
highlights the widespread distributions of endophytes that,
when sampled thoroughly (as in the culture-free survey),
appear to be sensitive to environmental conditions within
and among disjunct forests.

Perspectives on endophytes

Unlike ectomycorrhizal fungi, endophytes showed evi-
dence of distance decay that could not be connected
directly with dispersal limitation, and instead was con-
sistent with environmental dissimilarity. This distance
decay was detectable with the culture-free data set at local
scales and overall, with weaker but suggestive evidence at
regional scales (Fig. 2). The culture-based data set was
generally less informative but suggested with limited sup-
port a trend for distance decay at regional scales (Fig. 2,
Supplementary Fig. S1).

These horizontally transmitted symbionts typically have
airborne spores that can traverse large distances on air
currents [27, 29]. However, data from diverse biomes show
that certain endophytes are restricted in their distributions
by climate and associated factors. Climate filters (see ref.
[79]) may include direct impacts on fungi themselves via
abiotic factors (e.g., ultraviolet radiation, heat, low humid-
ity, or infrequent rainfall; (see ref. [4]), or indirect impacts
driven by the responses of plants to climate stress (e.g.,
slower growth rates, changes in metabolite production,
shifts in stomatal regulation that can influence fungal entry;
(see ref. [80]). This observation is generally in line with the
observation that locally distinctive endophyte assemblages
associate with particular hosts under particular environ-
mental conditions ([30]; see also ref. [27]). These endo-
phytes are rarely host specific in the strict sense but have the
capacity to establish distinctive functional roles for hosts
given particular environmental stressors (see ref. [3]).

Table 4 Diversity of ectomycorrhizal fungi (defined as Fisher’s alpha,
log-transformed prior to analysis) as a function of distance to the
closest Ponderosa pine forest, MAP, and plant community (see
Table 1).

DF Sum Sq Mean Sq F-value p

Distance to closest
Ponderosa pine forest

1 0.05 0.05 1.354 0.2543

MAP 1 0.66 0.66 18.330 0.0002

Plant community 2 0.07 0.07 0.950 0.3987

Residuals 28 1.01 0.04

Statistically significant p-values are in bold.

Table 5 Variation in ectomycorrhizal fungal communities as a
function of the distance to the closest Ponderosa pine forest, MAP,
and plant community (Table 1).

Explanatory variable R2 p

(A) Distance to closest Ponderosa pine forest 0.05 0.001

MAP 0.06 0.001

Plant community 0.07 0.046

Distance to closest Ponderosa pine forest ×MAP 0.04 0.004

Distance to closest Ponderosa pine forest × Plant
community

0.06 0.712

MAP × Plant community 0.04 0.999

Distance to closest Ponderosa pine forest ×
MAP × Plant community

0.03 0.274

(B) Distance to closest Ponderosa pine forest 0.06 0.002

MAP 0.08 0.001

Plant community 0.07 0.064

Distance to closest Ponderosa pine forest ×MAP 0.05 0.003

Distance to closest Ponderosa pine forest × Plant
community

0.05 0.816

MAP × Plant community 0.04 0.999

Distance to closest Ponderosa pine forest ×
MAP × Plant community

0.03 0.238

Plant communities included pine, pine-oak, and pine-Douglas fir
(Table 1). (A) Jaccard index; (B) Morisita–Horn index.
Statistically significant p-values are in bold.
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When we examined communities in detail, we found
that endophyte species richness, community composition,
and taxonomy varied with climate and plant community
composition. This is consistent with work in other biomes

and suggests that general rules for the structure of endo-
phyte communities at a global scale (see ref. [30]) apply in
these disparate forests: the community of endophytes in a
given host may differ according to the plants in the sur-
rounding plant community [80], and communities vary
with climate directly and indirectly through the mechan-
isms described above.

Relative to previous studies it was surprising that endo-
phyte richness did not vary with MAP. This may reflect the
relatively small range of MAP among our sites compared to
other studies (e.g., refs. [46, 81]; see also ref. [30]). The
negative association of richness with MPDQ also was sur-
prising, as we anticipated that endophyte richness would
scale positively with more mesic conditions. We predict that
endophytes in biomes of the southwestern USA are rela-
tively robust with regard to drought but that their life cycles
are most active in periods of high humidity, as in other
seasonal forests (see ref. [4]). Overall, our data suggest that

Fig. 6 Factors associated with
richness and diversity,
community structure, and
taxonomic composition of
foliar endophytic fungi
associated with P. ponderosa.
Left column, culture-free
survey; right column, culture-
based survey. A richness; B
diversity; C, D community
structure; E, F taxonomy. Each
point in A–D represents the
endophyte community
associated with a single site. In
C, D green arrow=mean
annual precipitation (MAP);
black arrow=mean
precipitation during the driest
quarter (MPDQ). Plant
communities are listed in Table
1. In E, F Ascomycota are
marked with ‡. Atra.,
Atractiellomycetes, Doth.,
Dothideomycetes, Euro.,
Eurotiomycetes, Leot.,
Leotiomycetes, Pezi.,
Pezizomycetes, Sord.,
Sordariomycetes. E No
significant relationship of
relative abundance with MPDQ,
MAP, or plant community in the
culture-free data set. F
Significant relationship in the
culture-based data set, reflecting
MPDQ, MAP, and plant
community; MRM, F= 15.45,
p= 0.0010, R2= 0.16).

Table 6 Relationship of endophyte species richness observed via the
culture-free approach to MAP, MPDQ, and plant community
(Table 1).

DF Sum Sq Mean Sq F-value p

MAP 1 615.30 615.30 1.374 0.2594

MPDQ 1 7432.60 7432.60 16.593 0.0010

Plant community 1 715.50 715.50 1.597 0.2256

Residuals 15 6719.10 447.90

Plant communities included pine and pine-Douglas fir (Table 1). In the
culture-based data set, endophyte species richness was not associated
strongly with climate factors or plant community (see text).
Statistically significant p-values are in bold.
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for conservation or management approaches that include
endophytic fungi, inclusion of many forests with different
environmental conditions would be important.

Culture-based and culture-free approaches to study
endophyte communities

The culture-free approach to survey endophytes yielded
ca. tenfold more species per individual tree than the
culture-based approach, even after stringent quality con-
trol and even when subsets of the same plant tissue were
used for both methods. This mirrors previous studies of
other pines in the region (e.g., P. leiophylla, [82]). As in
previous work, we found that the two approaches were
complementary for estimating total richness of endo-
phytes (see refs. [30, 44, 82–86]): only a subset of the
OTUs obtained by each method was found by the other
approach.

Strikingly, five OTUs represented nearly three quarters of
all isolates in our culture-based survey (Fig. 7). Other culture-
based studies of endophytes associated with Pinus spp. found
similar patterns of dominance [44, 83, 87, 88]. These

dominant OTUs may have intraspecific variation or cryptic
species that could not be observed with our data. They were
not dominant in the culture-free data, suggesting that these
may be particularly amenable to culturing (see ref. [44]). A
benefit of the culture-based approach is that infra-OTU var-
iation and/or functional trait differences among members of
the same OTU can be explored readily (e.g., ref. [86]).

Our culture-free and culture-based approaches recorded
the same major lineages of endophytes but suggested that
they occur in different proportions (Fig. 6). This could
reflect PCR bias in the culture-free approach, but we did not
observe such bias in sequence data from our mock com-
munity (Supplementary Fig. S5). The disparity could reflect
differences in the culturability of particular endophyte taxa
on a standard medium (see ref. [44]), though the medium
used here was chosen because it consistently supports
diverse endophytes in culture (see refs. [25, 45]). Finally,
the phytochemicals in Pinus leaves (e.g., ref. [89]) could
play a role, selecting for a specialists that may not grow well
on culture media.

Notably, the culture-free and culture-based datasets
yielded different ecological insights with regard to distance
decay and associated processes (Figs. 2 and 6). This result
differs from previous studies in which these two approaches
were congruent, albeit with less robustness in the typically
smaller culture-based data sets [30, 44, 82–85]. It is plau-
sible that the fungi most likely to be isolated in culture are
substrate generalists that are ecologically and geo-
graphically widespread. In future work we propose testing
substrate generalism and genome composition of the most
commonly isolated endophytes obtained in culture; mod-
ifying our culturing approach to capture endophytes
observed only via culture-free methods; and then testing the

Table 7 Factors associated with variation in communities of foliar
endophytic fungi.

Explanatory variable R2 p

(A) MPDQ 0.12 0.001

MAP 0.06 0.080

Plant community 0.07 0.023

MPDQ ×MAP 0.06 0.119

MPDQ × Plant community 0.08 0.013

MAP × Plant community 0.05 0.252

MPDQ ×MAP × Plant community 0.08 0.008

(B) MPDQ 0.10 0.001

MAP 0.06 0.114

Plant community 0.06 0.087

MPDQ ×MAP 0.07 0.017

MPDQ × Plant community 0.08 0.002

MAP × Plant community 0.06 0.089

MPDQ ×MAP × Plant community 0.07 0.023

(C) MPDQ 0.06 0.261

MAP 0.04 0.532

Plant community 0.03 0.646

MPDQ ×MAP 0.17 0.010

MPDQ × Plant community 0.05 0.396

MAP × Plant community 0.03 0.655

MPDQ ×MAP × Plant community 0.07 0.167

Plant communities included pine and pine-Douglas fir (Table 1).
(A) Culture-free data, Jaccard index; (B) Culture-based, Jaccard index;
(C) Culture-based, Morisita–Horn index.
Statistically significant p-values are in bold.

Fig. 7 Distribution and abundance (number of cultures) for the
five most abundant OTUs from the culture-based survey of
endophytes, together representing 72.1% of cultures. OTU9:
Eurotiomycetes, putative Aequabiliella; OTU59: Leotiomycetes,
putative Cyclaneusma; OTU3: Atractiellomycetes (Pucciniomycotina),
putative Atractidochium; OTU2: Eurotiomycetes, putative Neo-
phaeomoniella; OTU 0: Leotiomycetes, putative Lophodermium.
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prediction that the latter would have narrower substrate use,
ecological tolerances, and/or host ranges.

Conclusions

Symbiotic fungi associated with forest trees are important
components of forest health and resilience. Extant ecto-
mycorrhizal fungal communities exhibit dispersal limitation
in the context of anciently disjunct forests that today are
separated by arid and semi-arid biomes. Climate-driven
retraction of the range of Ponderosa pine, or loss of large
stands due to climate-related disturbances such as wildfire
in isolated ranges, may lead to local extirpation of the
ectomycorrhizal fungi that are vital for forest health and re-
establishment. In turn, foliar endophytes do not show sig-
natures of dispersal limitation per se, but appear to be
limited in their establishment by environmental factors.
Here, major shifts in environmental conditions may limit
the capacity of endophytes to establish the symbioses that,
in turn, influence tree health, resistance to pests, and
productivity.

Data availability

The datasets generated during and/or analyzed during
the current study are available in the Bowman-
Arnold_DistanceDecaySymbioticFungi repository on
GitHub, https://doi.org/10.5281/zenodo.470848810.5281/
zenodo.4708488. Illumina data are archived at the
GenBank Short Read Archive (SAMN18836769 to
SAMN18836812). The BioProject is PRJNA723903: Foliar
endophyte communities in Ponderosa pine in Arizona
(USA). GenBank accession numbers for endophyte cultures
and ectomycorrhizal fungi are listed in Supplementary
Table S1.
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