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Abstract
Nitrogen deposition alters forest ecosystems particularly in high elevation, montane habitats where nitrogen deposition is greatest
and continues to increase. We collected soils across an elevational (788–1940 m) gradient, encompassing both abiotic (soil
chemistry) and biotic (vegetation community) gradients, at eight locations in the southern Appalachian Mountains of southwest-
ern North Carolina and eastern Tennessee. We measured soil chemistry (total N, C, extractable PO4, soil pH, cation exchange
capacity [ECEC], percent base saturation [% BS]) and dissected soil fungal communities using ITS2 metabarcode Illumina
MiSeq sequencing. Total soil N, C, PO4, %BS, and pH increased with elevation and plateaued at approximately 1400m, whereas
ECEC linearly increased and C/N decreased with elevation. Fungal communities differed among locations and were correlated
with all chemical variables, except PO4, whereas OTU richness increased with total N. Several ecological guilds (i.e.,
ectomycorrhizae, saprotrophs, plant pathogens) differed in abundance among locations; specifically, saprotroph abundance,
primarily attributable to genus Mortierella, was positively correlated with elevation. Ectomycorrhizae declined with total N
and soil pH and increased with total C and PO4 where plant pathogens increased with total N and decreased with total C. Our
results demonstrate significant turnover in taxonomic and functional fungal groups across elevational gradients which facilitate
future predictions on forest ecosystem change in the southern Appalachians as nitrogen deposition rates increase and regional
temperature and precipitation regimes shift.
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Introduction

Complex fungal assemblages of symbionts, parasites, and
saprophytes occur through large geographical and climatic
regions and can be highly diverse [1]. Across landscapes, such
as the southern Appalachian Mountains, knowledge of fungal
community dynamics is limited [2–4] because of tedious and
often inconsistent methods for field sampling and taxon iden-
tification. However, metabarcode sequencing [5, 6] has
allowed for the identification of fungal groups at a high taxo-
nomic resolution facilitating a more holistic view of fungal
community composition within and across landscapes.

Environmental factors such as available soil nutrients [7, 8]
or soil moisture [9] can drive fungal community composition.
For example, Avis [10] observed that ectomycorrhizal (ECM)
sporocarp richness and abundance decreased by more than
50% in nitrogen fertilized plots. Trudell and Edmonds [11]
determined that both total soil nitrogen and soil moisture
strongly influenced sporocarp production across a nitrogen
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availability gradient and that changes in production were due
to functional differentiation between species. It has been doc-
umented that ECM sporocarp abundance associated with
Scots Pine have substantially declined in Europe partially
due to N deposition [12, 13]. Fungal diversity, as determined
by rRNA gene sequencing, may also decrease due to changes
in plant-derived carbon resulting from N fertilization [9].
Similarly, carbon quality can define phylogenetically distinct
fungal communities across land use [8]. In sum, fungal com-
munities respond strongly to many edaphic variables, but par-
ticularly to the quantity and quality of nitrogen and carbon
pools.

Passage of the Clean Air Act of 1970 and the Clean Air Act
Amendment of 1990 have resulted in reduced levels of sulfur
oxides in the atmosphere across the eastern USA [14]. Yet,
levels of nitrous oxides have remained stable and nitrogen
deposition continues [15, 16], mainly because of anthropo-
genic factors such as urbanization [17]. Nitrogen deposition
across landscapes is related to rainfall amount and proximity
to urbanized areas. Air currents move atmospheric nitrogen
from urban areas and greater nitrogen deposition occurs in
areas of high rainfall, such as high elevation montane habitats.
Nitrogen deposition increases with elevation in the southern
Appalachian Mountains: lower elevations (780 m) receive
9.5 kg ha−1 year−1, whereas higher elevations (1380 m) re-
ceive 12.4 kg ha−1 year−1 [16]. Not only are higher elevation
forests subject to greater N deposition, but also to greater
litterfall N and stream N export [16]. Prolonged nitrogen de-
position can result in N saturation (N availability is greater
than plant and microbial uptake) and reductions in plant
growth and primary production [18, 19]. However, the impact
of N deposition on soil fungal communities in montane for-
ests, particularly in the Appalachian Mountains, remains
largely unknown.

Incremental long-term nitrogen increases have measurable
effects on ECM composition and abundance. For example,
sporocarp production may be an effective bioindicator of nitro-
gen deposition [11]. One such mycorrhizal group, the stipitate
hydnate fungi, is abundant in forested ecosystems, but has dra-
matically decreased in the southern USA as documented in
several monographic investigations [4, 20]. The decline of
ECM sporocarps in Europe has been linked to eutrophication
[12, 13, 21], resulting in increased abundances of fungal
saprobes [4]. The evolution of new sequencing methods to
evaluate fungal community dynamics bears the promise of
yielding information to answer questions about commonly oc-
curring fungi at sites with previous records of sporocarp pro-
duction. Furthermore, assessing changes in soil chemical vari-
ables and concurrent fungal community shifts is critical for
identifying nitrophilic and nitrophobic indicator fungi and sub-
sequently understanding changes in forest health.

Our goal was to improve current understanding on how
abiotic (soil chemistry) and biotic (vegetation community)

gradients may alter the fungal communities in southern
Appalachian forests. Specifically, we aimed to determine (1)
the differences in soil chemistry across an elevation gradient
and (2) the correlation between fungal diversity, ecological
guild abundances (e.g., ECM, plant pathogens, saprotrophs),
and community composition with soil chemical variables
measured within this ecosystem. These data provide necessary
baseline information on the relationship between fungal com-
munity dynamics and environmental gradients and may thus
aid future work in how anthropogenic factors influence forest
health.

Methods

Site Description

The study was conducted in the southern Appalachian
Mountains of North Carolina and eastern Tennessee. The
North Carolina sites are in the Coweeta Hydrologic
Laboratory (CWT), a USDA Forest Service Experimental
Forest and National Science Foundation Long-Term
Ecological Research (LTER) site in southwestern North
Carolina, whereas Tennessee sites are in the Great Smoky
Mountain National Park (GRSM). In CWT, five study loca-
tions were established in 1991 representing a gradient in ele-
vation (788–1389 m) and across the major vegetation com-
munity types within the Coweeta basin [22–24]. These vege-
tation types include dry mixed-oak pine (OP), cove hard-
woods (CH), low elevation mesic mixed-oak (LO), high ele-
vation mesic mixed-oak (HO), and northern hardwoods (NH;
Table 1). In 2013, three study locations from GRSM were
added to extend the elevation gradient (1539–1940 m) and
increase the diversity of plant communities including high
elevation northern hardwood (HNH), mixed northern hard-
wood spruce fir (NHS), and spruce fir (SF; Table 1).

Soil Sampling

In December 2013, we sampled for soil chemistry and fungal
communities from all 8 study locations (Table 1) following
previously established sampling protocols [22]. In brief, we
randomly selected 8 x, y coordinates within each 80 × 80 m
location for soil sampling; all soil samples were collected
using a 2.54-cm diameter soil probe. Fungal community sam-
ples represented the top 5 cm of mineral soil plus the Oa
horizon which consisted of a mor type of forest floor humus
with well-decomposed organic matter of an unrecognizable
origin. At each x, y location, we collected 6–10 subsamples
and pooled them into one composite (8 composited samples ×
8 study locations, N = 64). Each composite sample represents
an experimental unit (N = 64). Soil samples for all soil chem-
istry analyses were collected similarly. Soils were placed on
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ice and returned to the laboratory. Upon arrival, soils for all
measured nutrients, described below, were refrigerated at 4 °C
for up to 72 h prior to processing whereas fungal community
soils had large roots and litter fragments removed and then
stored at − 80 °C until DNA extractions.

Soil Chemical Analyses

Samples for chemical analyses were air dried and sieved
through a 2 mm sieve. All soil chemical data are presented
on an air-dry weight basis. Soil pH was determined in a 1:1
soil to 0.01 M CaCl2 slurry using a Thermoscientific Orion 3-
star pH bench-top meter with a Thermo Scientific Orion pH
probe. We extracted 5.0 g of soil with 50-ml 1.0 M NH4Cl on
amechanical vacuum extractor (SampleTek, Science Hill, KY,
USA) for determination of exchangeable cation concentra-
tions followed by determination of effective cation exchange
capacity (ECEC) by rinsing the soil with 95% ethanol to ex-
tract remaining NH4 with 1 M KCl. Cation concentrations in
NH4Cl solutionwere determined using an inductively coupled

plasma spectrometer (ICP) (Thermo Fisher iCAP 6300,
Thermo Fisher Scientific, Madison, WI, USA); NH4 concen-
tration in KCl extraction solution was determined colorimet-
rically using the alkaline phenol method [25] and used to
calculate ECEC (meq 100 kg soil−1). Percent base saturation
(% BS) was calculated: %BS = ((Ca + Mg + Na + K) /
ECEC) * 100. Extractable phosphate (PO4) was determined
by extracting 5.0 g of soil in 20-ml dilute double acid (0.05 M
HCl + 0.0125 M H2SO4) followed by centrifugation; PO4 in
solution was determined by ICP as described above [26, 27].
Subsamples (~ 5 g) of each soil sample were ground to a fine
powder prior to total C and N analysis by combustion using a
Flash EA 1112 series CN analyzer (CE Elantech, Lakewood,
NJ, USA).

DNA Extraction and Illumina MiSeq Library
Preparation

Total DNA was extracted from three replicate 0.5 g subsam-
ples of each composite soil sample (n = 192) using a

Table 1 Site characteristics of Coweeta Hydrological Laboratory LTER (CWT) and Great Smoky Mountain (GRSM) plots which primarily vary by
elevation, vegetation, and soil type. All locations have a mesic moisture regime. fl denotes fine-loamy soils, whereas cl denotes coarse-loamy soils

Site GPS Coordinates Elevation
(m)

Aspect
(degrees)

Slope
(degrees)

Dominant species Soil subgroup

CWT

OP (mixed
oak/pine)

35° 3′ 3.69″ N, 83°
26′ 3.012″ W

788 180 34 Pinus rigida, Quercus coccinea, Q.
prinus, Carya sp., Kalmia latifolia

fl, parasesquic, mesic Typic
Hapludults

cl, micaceous, mesic Typic
Dystrudepts

cl, mixed, active, mesic Typic
Dystrudepts

CH (cove
hardwood)

35° 2′ 56.4252″
N, 83° 26′
2.4468″ W

801 340 21 Liriodendron tulipifera, Q.
prinus, Carya sp.

fl, mixed, superactive, mesic Humic
Hapludults

fl, isotic, mesic Typic Humudepts

LO (mixed
oak-low)

35° 2′ 51.4176″
N, 83° 26′
1.8564″ W

860 15 34 Q. prinus, Carya sp., Q.
rubra, Rhododendron maximum

fl, mixed, active, mesic Humic
Hapludults

HO (mixed
oak-high)

35° 2′ 17.538″
N, 83° 27′
33.7752″ W

1094 75 33 Q. prinus, Q. rubra, Carya sp., R.
maximum

cl, micaceous, mesic Typic
Dystrudepts

NH (northern
hardwood)

35° 2′ 38.796″
N, 83° 27′
25.812″ W

1389 20 33 Betula allegheniensis, Q.
rubra, Betula lenta, Tilia
heterophylla

fl, isotic, mesic Typic Humudepts

GRSM

HNH (High
Elevation
NH)

35° 35′ 16.296″
N, 83° 4′
50.736″ W

1539 190 30 Q. rubra, Q. alba, Prunus serotina,
Acer saccharum

fl, isotic, frigid Humic Dystrudepts

NHS (mixed
NH spruce
fir)

35° 33′ 52.272″
N, 83° 28′
35.436″ W

1737 205 17 Picea rubens, B. alleghanensis, Fagus
grandifolia, Abies fraseri

fl, isotic, frigid Humic Dystrudepts

SF (spruce fir) 35° 33′ 54.972″
N, 83° 29′
41.568″ W

1940 125 24 P. rubens, A. fraseri fl, isotic, frigid Humic Dystrudepts
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PowerSoil DNA extraction kit (MoBio Laboratory, Carlsbad,
CA, USA). Subsamples were homogenized in lysis solution
for 30 s using a Biospec Mini-beadbeater (Biospec,
Bartlesville, OK, USA). The extractions from the three tech-
nical replicate subsamples were combined for each experi-
mental unit (N = 64). We chose to extract from three technical
replicates to have a better representation of fungal communi-
ties in the heterogeneous soils collected. DNAwas quantified
with a Nanodrop 1000 Spectrophotometer (Thermo Scientific,
Waltham, MA, USA). A two-step PCR approach was used to
avoid 3′-end amplification bias during PCR DNA barcoded
tagging [28]. Primary PCRs were composed of three technical
replicates per experimental unit in 50-μl reaction volumes
with the following: 10-μl 5× Phusion Green Buffer, 1-μl
10 mM dNTPs, 1-μL forward primer ITS1F (5′-CTTG
GTCATTTAGAGGAAGTAA-3) and reverse primer ITS4
(5′-TCCTCCGCTTATTGATATGC-3′) [29], 5-μl genomic
DNA template, 0.5-μl Phusion Hot Start II DNA polymerase,
and 31.5 μl molecular grade water. PCR conditions included
initial denaturation of 30 s at 98 °C, followed by 30 cycles of
denaturing, annealing, and extension at 98 °C for 10 s, 55 °C
for 30 s, and 72 °C for 30 s. Final extension was at 72 °C for
10 min. For secondary PCRs, 10-μl aliquots of each of 3 PCR
technical replicates were included as template and amplified
using primers gITS7 (5′-GTGAATCATCGARTCTTTG-3′)
and ITS4 with a ligated unique 12 bp barcode (ITS4-MID;
Supplementary Table 1), using the same PCR conditions ex-
cept PCRs were run for 5 cycles.

Technical PCR replicates from each experimental unit were
pooled and cleaned with a magnetic bead system (AmPure
SPRI; Beckman Coulter, Inc., Brea, CA, USA) using a ratio
of 1:1 AMPure bead solution to PCR volume to remove short
PCR amplicons and residual primers. The cleaned amplicons
(one per experimental unit) were quantified and pooled equal-
ly (100 ng per sample). The amplicon library was paired-end
sequenced at the Integrated Genomics Facility at Kansas State
University using Illumina MiSeq (v. 3; 2 × 300 cycles).

Bioinformatic Analyses

Sequence data (.fastq) were processed using the mothur pipe-
line (version 1.33.3) [30]. Sequences were joined (22,365,729
reads after joining) and reads with any ambiguous bases, any
mismatches to primers or MIDs, homopolymers longer than
8 bp, or less than 300 bp in length were removed. Sequences
were truncated to 300 bp and preclustered to reduce potential
sequencing biases [31] resulting in 3,049,142 sequences.
Subsequently, sequences were screened for chimeras using
the uchime algorithm [32]. After removal of chimeras
(78,029 chimeric sequences detected), a pairwise distance ma-
trix was calculated and sequences clustered into operational
taxonomic units (OTUs) at 97% sequence similarity. OTUs
were assigned to taxonomic affinities using the Naïve

Bayesian Classifier [33] with the UNITE taxonomy reference
database (http://unite.ut.ee/respository.php). No contaminant
OTUs (unclassified to Kingdom Fungi, plant) were detected
(2,971,113 high-quality sequences). Experimental units were
subsampled to 5400 sequences, and singletons and doubletons
were removed as these are likely sequencing artifacts [34, 35],
yielding a total of 2412 OTUs and 286,200 sequences in the
final dataset. Good’s coverage (G = 1-(n1/N) where n1 = the
number of OTUs sampled once and N = the total number of
individuals in the sample), observed OTU richness (Sobs),
Chao1 richness estimator (Sobs + F12/2F2) where F1 = num-
ber of OTUs with one occurrence, F2 = number of OTUs with
two occurrences, and the complement of Simpson’s Diversity
(1-D: 1-∑pi2), and Simpson’s Evenness (ED: 1/∑ pi

2/Sobs)
with pi representing the frequency of each OTU within a sam-
ple, were iteratively calculated in mothur (version 1.33.3)
[30]. Richness, diversity, and evenness are collectively re-
ferred to as diversity estimates throughout the remainder of
the text. Paired sequence data (.fastq files) are available in the
National Center for Biotechnology Information (NCBI)
Sequence Read Archive under BioProject number
PRJNA381709 and Study Accession SRP103512.

Statistical Analysis

One of our goals was to determine if soil chemistry (response
variables: total N, total C, C/N, PO4, soil pH, % BS, and
ECEC) and fungal diversity estimates (response variables:
richness [Sobs, Chao1], diversity [complement of Simpsons
Diversity], and evenness [Simpson’s Evenness]) differed
among study locations (categorical explanatory variable) or
elevation (continuous explanatory variable). As a result, we
used two separate statistical models to evaluate study location
and elevation effects—Kruskal-Wallis rank sum tests to test
for location effects and linear regressions with a normal error
distribution to determine elevational differences in soil chem-
istry. We also used Spearman’s correlation coefficients to
identify which soil chemical variables significantly correlated
with each other (function rcorr in the Hmisc package) [36].

Because some response variables were not normally dis-
tributed, a nonparametric Kruskal-Wallis rank sum test was
used to determine differences among study locations (function
kruskal.test in PMCMR package) [37]. Dunn’s post hoc cor-
rection for multiple pairwise comparisons test of mean rank
sums was subsequently performed for each Kruskal-Wallis
test that was statistically significant (posthoc.kruskal.dunn.test
in PMCMR package) [37]. A linear regression model was
used to discern elevation differences (function lm in the stats
package). Some response variables exhibited data curvature
across elevation (i.e., plateaued at intermediate elevations); we
elected to also run quadratic regression models to account for
this. An ANOVA for linear model fits was then used to deter-
mine whether a linear or quadratic regression significantly
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reduced model SSE (function anova in stats package) [38].
This approach identifies if there is a significant reduction in
residual SSE if the quadratic term is added to the model. If the
quadratic term did not significantly reduce model SSE, then
the linear model is reported. Otherwise, the model with qua-
dratic term included is reported. For regression models, total
C, ECEC, and%BSwere log10-transformed prior to analyses.

We also used a multiple, linear regression model with a
stepwise selection and Akaikie’s information criterion (AIC)
minimization procedure (function stepAIC in MASS package)
[39, 40] to determine if soil chemistry (total N, total C, PO4,
soil pH, and % BS) and elevation explains variation in fungal
diversity estimates. C/N and ECECwere multicollinear across
multiple variables and were thus excluded from these analy-
ses. Further, study location SF had only 1 viable set of tech-
nical replicates extracted from the 8 sample collection loca-
tions; therefore, data from this location were not included in
statistical analyses, but were included in study location char-
acteristics and beta diversity for comparison purposes.
Simpson’s diversity was arc-sin transformed prior to multiple
regression analyses.

Bray-Curtis dissimilarity matrices were calculated from
fungal OTU abundances and used in non-metric dimen-
sional scaling (NMDS) ordinations (function metaMDS in
vegan package) [41] to visualize fungal community com-
positional differences. We set the number of NMDS di-
mensions to 3 dimensions and maximum number of ran-
dom starts to 20. This configuration provided an acceptable
stress value of 0.16. Bray-Curtis dissimilarity was used as
input for a permutational multivariate ANOVA model
(perMANOVA, 999 permutations, function adonis in veg-
an package) [41, 42] to determine how much variation in
community composition was represented by study loca-
tion. We then conducted further pairwise comparisons to
determine which locations differed in fungal community
composi t ion (function pairwise.perm.manova in
RVAideMemoire package) [43]. Environmental vectors
were also fit with the NMDS ordination (function envfit
in vegan) [41] to determine which variables (elevation,
total N, total C, soil pH, PO4, % BS) were most strongly
correlated with fungal community composition across lo-
cations. We provide only those environmental vectors
which significantly correlated with community composi-
tion (p < 0.05).

We classified each OTU into an ecological guild using
FUNGuild [44], to determine if specific functional groups of
fungi differed among study locations and across the measured
environmental gradients. Only those OTUs that were identi-
fied with a confidence level designated as Bhighly probable^
or Bprobable^ [44] were included in this analysis. OTUs
which remained unclassified or were classified to a guild as
Bpossible^ were considered Bunclassified^ and were excluded
from further analyses. In addition, OTUswhich were placed in

more than 1 guild, with confidence, were placed in the B> 1
guild^ category (e.g., Cladophialophora spp. could be an an-
imal pathogen or an undefined saprotroph). OTUs which were
confidently classified were further annotated individually as
some genera were either incorrectly classified into a guild
(e.g., Pyrenochaeta as a saptrotroph) or belong in multiple
guilds but originally classified into one guild (e.g.,
Ceratobasidium can be a saprotroph or pathogen).
Undefined pathogens refer to pathogens not specific to fungi,
animals, or plants whereas undefined saprotrophs refer to
saprotrophs not specific to wood or litter-soil. Further, we
exclude endophyte guilds as these are not relevant for under-
standing how soil fungi shifted in this study. The relative
abundance of each guild was calculated across samples, and
differences among locations were determined using non-
parametric Kruskal-Wallis rank sum tests. Further, stepwise
regressionmodels, with an AICminimization procedure, were
used to determine if variation in functional guild abundances
were explained by any of the measured soil chemical variables
and elevation. Lastly, the most abundant genera confidently
classified to an ecological guild (the 18 most abundant genera
comprising 50% of sequences) were also analyzed for study
location differences (Kruskal-Wallis rank sum tests) and var-
iation explained by soil chemical variables and elevation
(stepwise regression models). All statistical analyses were car-
ried out in R (version 3.1.1) [45] using the type 1 error rate of
α = 0.05 after post hoc statistical corrections when
appropriate.

Results

Soil Chemical Variables Differ Across Elevation

All soil chemical variables differed among study locations
(Table 2), across elevation (Fig. 1), and most chemical vari-
ables significantly correlated with each other (Supplementary
Table 2). For example, total N (within location means: 1.4–
7.1 g kg soil−1) concentrations varied among locations (χ2 =
43.21, p < 0.001); NH at CWT (highest elevation at CWT)
had significantly higher N than other, lower elevation loca-
tions (Table 2). Both total N and total C concentrations in-
creased with elevation and plateaued at ~ 1400 m elevation
at the NH study location (Adj. R2 = 0.57, p < 0.001; Fig. 1).
PO4 increased in concentration until ~ 1400 m in elevation,
then declined (Adj. R2 = 0.30, p < 0.001). Soil pH showed a
similar trend (Adj. R2 = 0.51, p < 0.001; Fig. 1). Percent BS
increased until ~ 1400 m in elevation, then declined (Adj.
R2 = 0.35, p < 0.001). ECEC linearly increased with increas-
ing elevation (Adj. R2 = 0.77, p < 0.001; Fig. 1), whereas soil
C/N decreased with increasing elevation (Adj. R2 = 0.23,
p < 0.001; Fig. 1).
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Fungal Diversity and Community Composition

Good’s coverage was high on average (mean = 0.97) indicat-
ing that fungal communities were adequately sampled. The
observed OTU richness was greater at NH (mean ± standard
deviation: 344 ± 23.6), the highest elevation location at CWT,
compared to OP (280 ± 26.8) at CWT, the lowest elevation
location (χ2 = 13.10, p = 0.04) and increased with total N
(Adj. R2 = 0.12, p = 0.02). However, no other edaphic variable
predicted OTU richness. Fungal diversity and evenness did
not differ among sites (χ2 ≤ 9.31, p ≥ 0.16) or across soil
chemical variables and elevation (p ≥ 0.09).

Soil fungal communities were dominated by Basidiomycota
with 189,043 sequences (66.1%), Ascomycota with 56,587
sequences (19.8%), and basal fungi (former Zygomycota)
with 29,566 sequences (10.3%). Other phyla were infre-
quent (Glomeromycota—248 sequences , 0 .09%;
Chytridiomycota—143 sequences, 0.05%). The most abun-
dant families were Russulaceae (12.6%), Mortierellaceae
(10.0%), Herpotrichiellaceae (9.3%), Atheliaceae (6.1%),
and Hygrophoraceae (5.2%). The most abundant genera
were Mortierella (9.8%) and the ectomycorrhizal mush-
room Lactarius (7.6%). Fungal communities differed com-
positionally among locations—30% of the observed varia-
tion in community composition was explained by this effect
(perMANOVA: R2 = 0.30, p = 0.001). Specifically, the three
highest elevation sites—NH, HNH, and NHS—differed
compositionally at the OTU level from other sites and each
other at both CWT and GRSM (p ≤ 0.02; Supplementary
Table 3). Correlation between elevation and OTU commu-
nity composition was greater than any measured soil chem-
istry variable (R2 = 0.67, p = 0.001). Total N (R2 = 0.58) and
pH (R2 = 0.58) had greater correlation coefficients with

community composition (p = 0.001) than other chemical
variables. Total C (R2 = 0.43, p = 0.001) and % BS (R2 =
0.24, p = 0.004) were also significantly correlated with
community composition (Fig. 2), whereas extractable PO4

was not (R2 = 0.10, p = 0.08). Total N and C vectors indicat-
ed that higher elevation fungal communities had greater
total N whereas pH and % BS vectors indicated that mid
to low elevation communities had greater pH and base sat-
uration (Fig. 2).

The abundance of three functional guilds (ectomycorrhizae,
plant pathogens, and undefined saprotrophs) differed among
study locations (Table 3). Ectomycorrhizae were similar across
locations, except the second lowest elevation, CH, was lower
than all other locations (χ2 = 18.58, p = 0.005; Table 3). Both
undefined saprotrophs and plant pathogens had greater abun-
dance either at NH at CWT (plant pathogens: χ2 = 16.59, p =
0.01) or HNH at GRSM (saprotrophs: χ2 = 22.89, p < 0.001)
compared to at least one low elevation location (Table 3). There
were several significant correlations between fungal guild
abundances and soil chemical variables. Animal, plant, and
undefined pathogens, and wood saprotrophs increased with to-
tal N (p ≤ 0.02). Mycoparasites (p < 0.001) and arbuscular my-
corrhizae (p = 0.01) increased with total C, whereas plant path-
ogens (p < 0.001) and wood saprotrophs (p < 0.001) decreased
with total C. Ectomycorrhizae (p = 0.03) increased with PO4

(p = 0.03), whereas arbuscular mycorrhizae (p = 0.04), animal
pathogens (p = 0.04), and undefined saprotrophs (p = 0.05) de-
creased with PO4. Ectomycorrhizae (p = 0.01), orchid mycor-
rhizae (p = 0.003), and wood saprotrophs (p = 0.004) decreased
with soil pH, whereas undefined saprotrophs (p < 0.001) and
arbuscular mycorrhizae (p = 0.02) increased with soil pH.
Notably, undefined saprotroph abundance increased with ele-
vation (p < 0.001) whereas other guilds did not (Supplementary

Table 2 Summary statistics (mean ± 1 standard deviation) of fungal
diversity estimates and chemical variables measured across all CWT
and GRSM locations. Letters denote Dunn’s post hoc corrections for
multiple comparisons of mean ranks (each chemical variable = response
variable, location = explanatory variable) after Kruskal-Wallis rank sum

tests were deemed statistically significant (p ≤ 0.002). Any response var-
iable which differed among study location is italicized (note that only
chemical variables differed among locations). SF had one sample for
fungal communities so is not included in this analysis, but means are
reported for this location

Response variable OP CH LO HO NH HNH NHS SF

OTU richness 280 (26.8) 315 (34.4) 333 (31.1) 329 (26.9) 344 (23.6) 302 (32.4) 323 (55.0) 252

Chao1 471 (55.1) 516 (55.2) 538 (56.5) 557 (79.0) 544 (62.2) 503 (61.1) 503 (87.7) 562

Simpsons diversity 0.88 (0.07) 0.88 (0.13) 0.93 (0.04) 0.89 (0.09) 0.94 (0.04) 0.93 (0.03) 0.89 (0.06) 0.35

Simpsons evenness 0.04 (0.02) 0.04 (0.02) 0.06 (0.03) 0.05 (0.03) 0.07 (0.03) 0.05 (0.01) 0.04 (0.03) 0.006

total N (g kg soil−1) 1.4 (0.4)A 2.7 (1.2)AC 2.2 (0.5)AC 2.3 (0.4)AC 7.1 (1.2)B 4.9 (1.3)BC 4.5 (1.1)BC 4.9

total C (g kg soil−1) 36.5 (7.7)A 49.6 (17.4)AC 45.9 (12.3)AC 55.2 (13.2)ABC 106.5 (22.7)B 90.2 (26.5)BC 81.8 (20.7)BC 78.8

C:N 26.3 (4.9)A 19.0 (2.6)ABC 20.6 (2.1)AC 24.0 (1.9)AC 15.1 (2.1)BC 18.4 (1.8)ABC 18.1 (0.9)C 16

PO4 (mg kg soil
−1) 4.3 (1.5)A 4.3 (0.8)A 4.7 (1.1)A 5.7 (1.2)AB 7.6 (1.4)B 7.1 (3.6)AB 4.7 (1.6)AB 7.5

Soil pH 4.1 (0.2)AB 4.2 (0.1)A 4.0 (0.2)AB 3.9 (0.2)AB 4.0 (0.3)AB 4.1 (0.1)B 3.3 (0.2)A 3.2

ECEC (meq 100 g soil−1) 3.8 (0.7)A 5.4 (0.9)AB 5.3 (0.9)AB 5.7 (0.7)ABC 9.4 (1.4)B 11.3 (2.9)BC 13.7 (4.1)BC 12.2

% BS 19.2 (14.4)AB 29.2 (17.2)A 21.7 (8.8)A 16.9 (3.8)AB 28.4 (13.8)A 20.2 (11.8)AB 7.1 (3.2)B 10.2
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Table 4). Ericoid mycorrhizae and litter-soil saprotrophs
(Table 3) did not differ across elevation or any chemical
variable.

Several abundant genera (which combined made up 50% of
all sequences) confidently classified to a functional guild dif-
fered in relative abundance among study locations (Table 4) and
varied with chemical variables or elevation (Supplementary
Table 5). Among these, the ectomycorrhizal Amanita
(p < 0.001) and saprotrophicMortierella (p < 0.001) abundance
increased with elevation. The ectomycorrhizal Lactifluus (p =
0.003) and Tomentella (p = 0.001) decreased with elevation.
The mycorrhizal Clavulina (p = 0.01), Thelephora (p < 0.001),
and mycoparasite Mycena (p = 0.001) decreased with soil pH,
whereas Cryptococcus (p < 0.001) , sapro t rophic
Geminibasidium (p < 0.001), Mortierella (p = 0.02), and my-
corrhizal Russula (p = 0.002) increased with soil pH. In addi-
tion, Cryptococcus (p < 0.001), Inocybe (p = 0.03), and
Tomentella (p = 0.006) increased with total N, whereas
Amanita (p < 0.001) decreased with total N. Lastly, Russula
increased with total C (p = 0.001) and Hygrocybe increased
with % BS (p = 0.03).

Discussion

In this study, higher elevation locations in the southern
Appalachian Mountains were greater in soil N and C
whereas lower elevation locations were greater in soil pH
and base saturation—thus soil chemistry varied spatially.
Furthermore, N increased at a greater rate compared to C
along elevation as demonstrated by reductions in soil C/N
with increasing elevation. Total nitrogen was the only mea-
sured predictor of fungal richness and the soil chemical
variable with strongest correlation with fungal community
composition, although other chemical factors (e.g., total C,
soil pH) were also important correlates (Fig. 2). Fungal
saprotrophs, composed of primarily Mortierella abun-
dance, increased with elevation whereas other guilds, such
as ectomycorrhizae and plant pathogens, did vary among
locations although no clear patterns along elevation were
discernible. These results suggest that although soil chem-
ical variables likely partly explain some variability in fun-
gal community structure, other spatial effects drive com-
munity dynamics in this ecosystem. Pinpointing

Fig. 1 All soil chemical variables differed across elevation (p ≤ 0.001).
The carbon to nitrogen ratio (C/N) decreased and effective cation
exchange capacity (ECEC) linearly increased with elevation, whereas
all nutrients, pH, and percent base saturation exhibited significant

curvature in data distribution; therefore, quadratic regressions provided
the best fit. Closed circles correspond with bolded regression lines and
open circles correspond with dashed regression lines in each panel
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specific mechanisms for fungal community turnover across
this gradient is not plausible—further experimentation will
reveal the importance of local (abiotic and biotic) and

regional-scale factors that influence fungal distributions
in highly-diverse temperate forests, such as the southern
Appalachian Mountains.

Fungal Diversity and Community Composition

A large proportion of variation in fungal community compo-
sition was explained by location (R2 = 0.30, Fig. 1). These
effects were largely due to the highest elevation locations—
NH at CWT, HNH and NHS at GRSM—differing in commu-
nity composition from other, low elevation locations (Fig. 1,
Supplementary Table 3). In addition, functional guilds such as
plant pathogens, saprotrophs, and ectomycorrhizae exhibited
turnover either among locations and/or across elevation
(Table 3). Understanding elevation effects on diversity and
community turnover is informative for understanding how
future environmental scenarios (e.g., N deposition, vegeta-
tion) will select for either functional changes within fungal
communities (turnover from an ECM-dominating community
to a pathogenic one) or less biodiverse fungal assemblages.
Global distribution analyses have indicated that overall fungal
diversity is impacted by climatic factors primarily and chem-
ical and spatial effects secondarily [46]. However, other stud-
ies suggest that spatial effects are as important as abiotic con-
ditions, at least for AM fungi [47]. Regardless of specific

Fig. 2 Non-metric multidimensional scaling (NMDS) ordination of fun-
gal communities across CWT (circle symbols) and GRSM (triangle sym-
bols) locations. Based on perMANOVA, fungal communities differ
among the locations (R2 = 0.30, p = 0.001). Elevation, total N, total C,
pH, and percent base saturation (% BS) significantly correlated with
composition (p ≤ 0.001) as shown by fitted vectors. Study location SF
was included in NMDS ordination for comparison purposes, but not
included in perMANOVA and environmental vector fitting analyses.
95% confidence interval centroid ellipses are given per study location
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Table 3 Ecological guilds relative abundance across study locations.
Based onKruskal-Wallis rank sum tests, guilds which differed among study
locations are italicized. Plant pathogens, undefined saprotrophs, and

ectomycorrhizae guilds differed among locations (p ≤ 0.05). Letters denote
Dunn’s post hoc correction for multiple comparisons of mean ranks after
Kruskal-Wallis rank sum tests were deemed statistically significant

Mean (SD) relative abundance

Functional guild OP CH LO HO NH HNH NHS SFa

Animal pathogen 0.10 (0.11) 0.11 (0.13) 0.17 (0.15) 0.06 (0.04) 0.27 (0.19) 0.44 (0.80) 0.17 (0.22) 0.0

Plant pathogen 0.31 (0.18)a 0.75 (0.52)ab 0.37 (0.16)ab 0.34 (0.13)ab 1.23 (0.77)b 0.48 (0.32)ab 0.51 (0.52)ab 0.5

Undefined pathogen 0.003 (0.01) 0.002 (0.01) 0.007 (0.01) 0.01 (0.01) 0.03 (0.04) 0.01 (0.01) 0.02 (0.03) 0.0

Mycoparasite 0.04 (0.05) 0.08 (0.10) 0.09 (0.05) 0.08 (0.08) 0.61 (0.62) 0.27 (0.26) 0.12 (0.09) 0.0

Foliar epiphyte 0.0 0.02 (0.04) 0.01 (0.02) 0.03 (0.05) 0.0 0.05 (0.01) 0.01 (0.02) 0.0

Undefined endophyte 0.03 (0.03) 0.16 (0.39) 0.45 (1.02) 0.09 (0.15) 0.04 (0.04) 0.17 (0.21) 0.19 (0.08) 0.0

Litter—soil saprotroph 0.003 (0.01) 0.005 (0.01) 0.005 (0.01) 0.0 0.0 0.0 0.0 0.0

Wood saprotroph 0.32 (0.16) 0.36 (0.10) 0.81 (0.44) 1.0 (1.51) 0.78 (0.40) 0.42 (0.26) 4.88 (8.71) 0.2

Undefined saprotroph 9.59 (3.30)a 17.04 (9.25)ab 14.31 (5.93)ab 8.90 (3.26)a 14.54 (3.36)ab 29.81 (8.25)b 16.43 (12.14)ab 2.4

Ectomycorrhizal 39.19 (7.98)a 18.63 (6.89)b 24.61 (10.34)ab 23.45 (17.32)ab 37.46 (13.54)ab 25.22 (6.92)ab 41.22 (21.73)ab 5.7

Arbuscular mycorrhizal 0.04 (0.06) 0.13 (0.15) 0.05 (0.07) 0.05 (0.05) 0.03 (0.04) 0.22 (0.21) 0.08 (0.17) 0.1

Ericoid mycorrhizal 0.0 0.002 (0.01) 0.0 0.0 0.0 0.0 0.0 0.0

Orchid mycorrhizal 0.0 0.0 0.03 (0.05) 0.03 (0.07) 0.01 (0.02) 0.01 (0.03) 0.06 (0.07) 0.0

> 1 guild designationb 3.25 (1.15) 23.69 (20.13) 4.77 (2.72) 7.97 (6.46) 7.90 (4.19) 11.66 (2.93) 3.84 (2.54) 82.2

Low confidence guilds 1.75 (1.31) 3.94 (3.75) 4.27 (5.69) 2.50 (1.44) 3.96 (4.94) 3.84 (3.53) 7.94 (10.73) 0.9

Unclassified 45.38 (7.16) 35.07 (13.52) 50.05 (9.64) 55.48 (13.34) 33.15 (9.56) 27.46 (7.57) 24.55 (13.92) 7.9

a One replicate was recovered for fungal community composition therefore, this sample data is reported with no standard deviation
bOTUs which were classified into greater than 1 guild had abundances summed and means calculated per location
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mechanisms for fungal community assembly and selection of
hyper-diverse assemblages among local patches, the multitude
of both spatial and chemical predictors in explaining commu-
nity composition and functional guild abundances suggest that
habitat filtering is at least partially driving soil fungal commu-
nity turnover in this ecosystem.

Although fungal diversity estimates did not differ among
study locations, fungal richness increased with increasing soil
total N concentrations and total N was most correlated with
community composition, second only to elevation. These re-
sults contrast with others that indicate that fungal diversity
declines with nitrogen fertilizer application [9, 48] or nitrogen
deposition [49] due to the loss of diverse functional fungal
groups, such as ectomycorrhizae [50]. In this study, we did
see a decline in ectomycorrhizae with total N confirming pre-
vious findings [50] and an increase in pathogens (animal,
plant, and undefined) and wood saprotrophs with total N.
Two mutually non-exclusive reasons may be responsible for
these results. Ecosystem N availability may change competi-
tive pressure between fungal groups, allowing a greater num-
ber of copiotrophic fungi and increased species richness [48]
while total N promotes fungi with pathogenic traits [51].
Although we cannot necessarily discern the life history strat-
egies among fungi in this study, such as r-selected traits (i.e.,
copiotrophs), the prevalence of multiple groups of pathogens
with increasing total N is in agreement with previous work
that concludes selection of pathogens under high N scenarios
[51]. These data indicate that future increases in N deposition
[52] may select for a greater load of fungal pathogens poten-
tially impacting other animal or plant biota. However, it is
noteworthy that no pathogenic group was abundant and
ranged between 0.003% abundance (undefined pathogens)
to 1.23% (plant pathogens) whereas more common soil
groups such as ectomycorrhizae (18–41%) and undefined
saprotrophs (9–29%; Table 3) were most abundant. High
throughput sequencing may not provide an accurate represen-
tation of all possible fungal groups as sequence data does not
mirror organismal abundances [53]; thus, these data require
further validation and experimentation to confirm such
conclusions.

Several variables we examined co-vary with elevation,
including climatic variables and vegetation turnover not
included in these analyses. For example, sites with greater
total soil N concentrations also have higher rates of long-
term N deposition, lower mean annual temperatures, and
greater annual precipitation [16, 23]. Other studies indicate
that climatic factors best predict fungal richness globally
followed by chemical variables [46]. Therefore, the posi-
tive relationship between OTU richness and total soil N
may be attributable to regional variation in climate or en-
vironmental perturbation, such as long-term atmospheric N
deposition, or increased soil water availability due to great-
er precipitation [54]. Plant communities may also play a

role in controlling microbial community structure as a re-
sult of belowground symbioses (e.g., mycorrhizal abun-
dances), or selection of specific fungal functional groups
[55, 56]. Plant species may select for specific fungal taxa in
rhizosphere soils [57]. Many locations across the elevation
gradient shared dominant plant species, such as the
Chestnut Oak (Quercus prinus), whereas the NHS site was
spruce-dominated (Red spruce; Picea rubens) mixed with
American beech (Fagus grandifolia) but lacked oak species.
Changes in litter chemistry or plant community turnover may
strongly influence overall fungal community composition.
For example, Uroz et al. [58] demonstrated that soil fungal
community composition differentiates more so between tree
species stands (Norway spruce and European beech stands)
than between soil types (rhizosphere versus bulk soils) due to
differences in litter chemistry or other plant-mediated edaphic
conditions. Given the complexity in environmental covariates
(temperature, precipitation, nutrients) across elevation [59],
we cannot conclude specific mechanisms to the relative con-
tribution of spatial and chemical effects on fungal diversity
and community composition.

Spatial and Environmental Variation Associated
with Functional Guild Abundance

Ectomycorrhizal fungus abundance varied among study loca-
tions, but did not differ in abundance across elevation
(Table 3, Supplementary Table 3). Yet, different genera dom-
inated along the elevational gradient: Clavulina, Inocybe, and
Thelephora were more abundant at high elevation areas,
whereas Lactifluus and Tomentella were more abundant at
lower elevations and declined overall with increasing eleva-
tion (Table 4). Ectomycorrhizal groups can differ in host spec-
ificity and they can respond differentially to soil conditions
[54, 60] which may contribute to the lack of elevational dif-
ferences in ectomycorrhizal abundance. The dominant
ectomycorrhizal family in this study was the Russulaceae,
which includes Lactarius and Lactifluus (known as milk-
caps) [61], and Russula (Table 4). Russula species have been
abundant in previous studies in this ecosystem, whereas
Lactarius species have not been detected at spruce-fir NHS
or SF locations previously [54, 60–64]. In similar northern
hardwood forested ecosystems, Clavulina, Lactifluus, and
Russula species are common [63, 65, 66], but other commonly
observed genera, such as Laccaria, were not detected in this
study. Further, the ectomycorrhizal fungus Piloderma has
been reported in previous studies on leaf litter surface in hard-
wood forest ecosystems in CWT and GRSM [63, 65]. It was
rarely observed here, possibly because of our choice of omit-
ting leaf litter material during soil sample collection. Other
common ectomycorrhizal fungi were members of genus
Tomentella which are observed in forest habitats primarily as
resupinate basidiomata on wood appearing to be saprotrophs,
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but members of the genus have also been reported as root
symbionts at the soil surface and on roots embedded in
decaying wood [67]. The lower abundance of Tomentella in
the spruce-fir zone may be due to its nutritional requirements
or lack of available arthropod and other animal vectors that
play an important role in the dispersal of basidiospores [68].

Saprotrophs were the second most abundant guild which
increased in abundance with increasing elevation (Table 3).
This group had significantly greater abundance at HNH com-
pared to OP (lowest elevation) and HO at CWT (Table 3), a
result primarily driven by changes in Mortierella abundance
(Table 4). Mortierella species have been reported to be
saprobes on soil and roots in forest ecosystems [69, 70] or
acting as plant root endophytes [71]. Although Mortierella
abundance did not correlate with soil N or C concentrations
(Supplementary Table 5), it may either be tracking changes in
nutrient quality instead of quantity or partially be driven by
vegetation turnover due to its potentially endophytic trophic
lifestyle. However, its overall ecology within soils and asso-
ciation with plant roots requires further testing. Both
Cryptococcus, a dominant genus in this study (3.7% relative
abundance; Table 4), andMortierellawere absent from similar
habitats in CWT that were studied using cloning and sequenc-
ing of soils from Eastern hemlock and rhododendron study
areas in this ecosystem [62, 64]. The mushroom forming
saprotrophic genus Hygrocybe, also dominant (4.7% relative
abundance, Table 4), had the second highest abundance of
saprophytic fungi and showed greatest abundance at low ele-
vation. Hygrocybe species are more common in young forest
stands in lower elevations [60] and dependent on soil C and N
fruiting more abundantly when nutrients are low [72]. Despite
this, Hygrocybe constituted 80.9% sequence abundance of all
genera in the SF community (N = 1; Table 4) so they may be
dominant, and potentially frequently dormant, soil fungi in
high elevation sites, although not detected previously.

In conclusion, fungal community dynamics were influ-
enced by both spatial and soil chemistry gradients in this eco-
system. Saprotrophic fungi increased in abundance with ele-
vation whereas fungal richness and pathogen abundance in-
creased with total N. Although the decay process can be slow
within high elevation habitats due to low soil and litter pH, a
cooler climate, and shorter growing season, greater abun-
dances in saprotrophs may have consequences for decompo-
sition in these locations. Over time, as N deposition and air
temperature increase due to urbanization and climate change,
spruce-fir sites will potentially see increases in soil path-
ogens. Spatial changes in fungal communities can serve as
a baseline for understanding the underlying processes
impacting fungal functional turnover and forest health.
Our contribution establishes a foundation for future forest
monitoring of critical taxa that may be impacted by an-
thropogenically driven environmental change within the
southern Appalachian Mountains.
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