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Abstract

Soil fungal communities vary spatially due to factors including variations in plant diversity and soil characteristics; however,
the relative influences of these factors on composition and therefore function remain unclear. Small-scale variation in fungal
communities may drive local variation in nutrient cycling and decomposition and may respond more to local factors compared
with large climatic variations. Clarifying the roles of these factors can improve our predictions of soil fungal community
and biogeochemical cycling responses to anthropogenic changes. Therefore, we examined relationships among abiotic and
biotic factors and soil fungal communities associated with sapling and mature trees in a mixed-hardwood woodland. We also
compared community composition and fungal enzymatic activity. Fungal community composition was most associated with
spatial heterogeneity of soil characteristics, while sapling and mature tree species identity were poor predictors of community
composition. Further, most of the compositional variation was unexplained by measured variables, suggesting stochasticity
and other environmental characteristics may drive spatial variation in these communities. Additionally, enzymatic activity did
not clearly correlate with fungal community composition. Overall, soil fungal communities and enzymatic activity adjacent
to trees in this woodland are most likely influenced by soil characteristics and not plant species identity.
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Résumé

Les communautés fongiques du sol varient dans I’espace en raison de facteurs tels que les variations de la diversité végétale
et des caractéristiques du sol ; cependant, les influences relatives de ces facteurs sur la composition et, par conséquent, sur la
fonction, restent floues. La variation a petite échelle des communautés fongiques peut entrainer une variation locale du cycle
des nutriments et de la décomposition et peut répondre davantage aux facteurs locaux qu’aux grandes variations climatiques.
La clarification des roles de ces facteurs peut améliorer nos prévisions des réponses des communautés fongiques du sol et des
cycles biogéochimiques aux changements anthropiques. Par conséquent, nous avons examiné les relations entre les facteurs
abiotiques et biotiques et les communautés fongiques du sol associées aux jeunes arbres et aux arbres matures dans une forét
de feuillus mixtes. Nous avons également comparé la composition des communautés et I’activité enzymatique fongique. La
composition de la communauté fongique était la plus associée a ’hétérogénéité spatiale des caractéristiques du sol, tandis
que l'identité des especes d’arbres jeunes et adultes était un mauvais prédicteur de la composition de la communauté. De
plus, la plupart des variations de composition n’ont pas été expliquées par les variables mesurées, ce qui suggere que la
stochasticité et d’autres caractéristiques environnementales peuvent entrainer des variations spatiales dans ces communautés.
En outre, ’activité enzymatique n’était pas clairement corrélée a lIa composition des communautés fongiques. Dans I’ensemble,
les communautés fongiques du sol et I’activité enzymatique adjacentes aux arbres dans cette forét sont trés probablement
influencées par les caractéristiques du sol et non par I'identité des especes végétales. [Traduit par la Rédaction]

Mots-clés : foréts, biogéographie microbienne, champignons du sol, microbiome des arbres, association d’hotes

Introduction of their functional roles, environmental and disturbance tol-

erances, and allow us to make stronger predictions of how
these taxa may be impacted by future environmental change

Soil fungal communities provide essential ecosystem ser-
vices, yet we are still learning how and why these communi-

ties are distributed across space (Bardgett and van der Putten
2014; Tedersoo et al. 2014; Guerra et al. 2020). Robust spatial
mapping of soil fungal taxa has the potential to inform us
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(Ettema and Wardle 2002). Broad evidence suggests that soil
fungal biogeography is not random but displays distinct spa-
tial patterns (Talbot et al. 2014; Tedersoo et al. 2014; Llad¢ et

Can. J. For. Res. 53: 1424 (2023) | dx.doi.org/10.1139/cjfr-2021-0360



https://orcid.org/0000-0003-4230-3715
https://orcid.org/0000-0002-7347-9513
mailto:steve.kutos@gmail.com
http://dx.doi.org/10.1139/cjfr-2021-0360

Can. J. For. Res. Downloaded from cdnsciencepub.com by SMITHSONIAN INSTN LIBRARIES on 09/12/24
For personal use only.

al. 2018). However, disparities remain in our understanding
of the driving factors of these fungal biogeographic patterns
(Bahram et al. 2016; Tedersoo et al. 2014; Hendershot et al.
2017; van der Linde et al. 2018; Guerra et al. 2020).

In temperate forests, soil fungal communities are influ-
enced by many biotic and abiotic factors (Talbot et al. 2014;
Tedersoo et al. 2014; Lladé6 et al. 2018; van der Linde et al.
2018). Biotic factors can include the leaf litter quality and
aboveground plant distributions (Talbot et al. 2014; Baldrian
2017; Llado et al. 2018). This last factor has warranted con-
sideration because of the increasing evidence of the role of
plant species identity on the distribution of soil fungal taxa
(Ishida et al. 2007; Tedersoo et al. 2008; Urbanovd et al. 2015;
Leff et al. 2018). This evidence suggests that at least some
soil fungal taxa can exhibit a preferential association for a
narrow range of plant species (Dickie 2007; Urbanovd et al.
2015; Leff et al. 2018). For example, forest trees can influence
fungal community composition in the rhizosphere and local
bulk soil by their canopy cover density, the release of root
exudates, and their litter-fall, which can all create gradients
of soil chemistry (Clarholm and Skyllberg 2013; Prescott and
Grayston 2013). In these forests, mature trees can also func-
tion as a reservoir of fungal inoculum for closely developing
seedlings (Cline et al. 2005; Dickie and Reich 2005; Lang et
al. 2011). Therefore, the establishment and growth of tree
seedlings as well as their soil fungal community could de-
pend on the microsite at which they establish in the forest
(Tedersoo et al. 2008). Biotic factors can also interact directly
and indirectly with soil abiotic characteristics such as pH,
nutrient concentrations, moisture, and heavy metal inputs,
which can lead to further dissimilarity in fungal community
composition (Tedersoo et al. 2014; Essene et al. 2017; Llado et
al. 2018; Van Geel et al. 2018). Despite decades of research, a
knowledge gap remains in how each of these abiotic and bi-
otic factors affects soil fungal community composition (Llad6
etal. 2018; Guerra et al. 2020). This gap is further confounded
by research scale, as the factors that influence soil fungal
composition on continental scales can be different than on
regional or smaller local scales (Bahram et al. 2016; Lladé et
al. 2018; Guerra et al. 2020).

On local scales, such as in small forests or woodlands, large
spatial heterogeneity of abiotic and biotic factors can de-
cline, possibly leading to increased fungal community simi-
larity (Ettema and Wardle 2002; Lekberg et al. 2007; Peay and
Bruns 2014; Baldrian 2017). Since broad geographic barriers
are likely decreased at the local scale, the importance of fun-
gal spore dispersal may become increased as the success of
fungal spore colonization can depend on both soil charac-
teristics and local plant-host diversity (Lekberg et al. 2007;
Peay et al. 2012; Peay and Bruns 2014). Understanding the
relative influence of these factors might tell us how fungal
taxa are distributed through space more broadly as well as
the roles of environmental filters in local woodlands (Lladé
et al. 2018; Guerra et al. 2020).

To explore these themes, we examined the relative influ-
ence of tree species identity, different tree compositions,
and spatial heterogeneity of soil characteristics on soil fun-
gal communities of tree saplings in a small woodland in Ar-
monk, NY, USA. A field experimental assay was employed us-
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ing saplings of two common eastern US trees (Pinus resinosa
and Quercus rubra) planted alone and planted together around
two mature tree species (Q. rubra and Fagus grandifolia) dis-
tributed throughout this woodland. We hypothesized that
differences in fungal community composition would be
driven by both spatial heterogeneity of soil characteristics
and nearby mature tree species identity regardless of sapling
species or composition, as they can obtain their mainly later-
successional fungal taxa from those associating with nearby
trees (Tedersoo et al. 2008). Additionally, we assessed if po-
tential changes in fungal community composition correlate
with differences in the activity of extracellular enzymes as-
sociated with local carbon and phosphorus cycling. For this,
we hypothesized that soil enzymatic activity will not differ
between the treatments but will differ between the two dif-
ferent mature tree species and woodland locations.

Materials and methods

Study site and experimental design

To explore our hypotheses, we utilized a field experiment
in a woodland at Fordham University’s Louis Calder Center
in Armonk, NY, USA (41.131789, —73.732911). The tree diver-
sity of this 110-acre woodland is mainly composed of oaks
(Quercus spp.), maples (Acer spp.), American beech (F. grandifo-
lia), pine (Pinus spp.), and hickory (Carya spp.). Despite being
in a suburban setting near New York City, this woodland has
been unmanaged since the early 1900s. However, like many
woodlands in the region, it has a sizeable quantity of deer
browse which reduces the low vegetation layers. Climate is
temperate with mean annual temperatures of ~12 °C and
mean annual precipitation of ~120 cm. Bedrock parent ma-
terial consists of a combination of granite, gneiss, and mar-
ble, with soils designated as acidic sandy loams (Schuberth
1968; Edinger 2014). Four area blocks of comparable size
were established in this woodland with each of these blocks
containing similar tree richness and no noticeable anthro-
pogenic disturbances and were at least 30 m apart from one
another (supplementary material S1). Within each of these
four blocks, mature trees of Q. rubra and F. grandifolia were
randomly selected for use within the assay (a total of 10 trees
per species throughout all blocks). Due to limitations in ma-
ture tree selection, there was an unbalanced design in the
number of trees per block. These four blocks were numbered
in the order of a slight elevation decline: Block 1 is an area at
the top of a lakeside ridge, Block 2 and Block 3 are ~30-50 m
down the small ridge from Block 1 with increased soil mois-
ture due to precipitation runoff from Block 1, and Block 4 is a
flat area at the bottom of the ridge with a nearby vernal pool
(supplementary material S1). This block arrangement was se-
lected because we predicted that there would be variation in
soil characteristics which was a focus of the study. Total area
of the woodland assay was ~75 acres.

One-year-old bare-root saplings of northern red oak
(Q. rubra) and red pine (P. resinosa) were obtained from Cold
Stream Farm (Freesoil, MI, USA) in late-fall 2018. These
saplings were checked for mycorrhizal status as well as
soaked in a 5% bleach wash before being planted in steril-
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ized 3.8 cm cone-tainer pots (Stuewe and Sons Inc., Tanget,
OR, USA) with field-collected soils from underneath corre-
sponding trees of the same species found within the Calder
Center woodland. These sapling species were chosen because
they are common in eastern US forests, present in this wood-
land, fast-growing, and are associated with ectomycorrhizal
fungal taxa. In late March 2019, from this stock, saplings
were randomly selected to create three treatments which
were planted around each of the 20 mature trees within the
woodland: (1) a solo-planted Q. rubra sapling, (2) a solo-planted
P. resinosa sapling, and (3) a paired planting of P. resinosa
and Q. rubra saplings ~30 cm apart. For these treatments,
each sapling was planted ~1.5 m from the bole of the ma-
ture tree at randomly chosen cardinal directions. The cardi-
nal direction without a planted sapling was designated as
a no-sapling control treatment. Overall, there were 60 to-
tal sapling planted treatments and 20 control treatments
throughout the woodland. Planted tree saplings were pro-
tected from deer browse using wire fences giving at least
a 1-foot barrier between fence and sapling to not obstruct
growth. Soil moisture and pH were evaluated monthly at each
sapling plot with pH measured using a 2:1 ratio of distilled
water to soil on an Accumet AE150 probe (ThermoFisher Sci-
entific, Waltham, MA, USA) and soil moisture measured by
drying 5 g of field moist soil for 24 h at 105 °C.

Soil sampling, DNA sequencing, and

bioinformatics

In late October 2019, soil cores were collected at a depth of
10 cm at three points 18 cm from the center of each sapling
plot (or 18 cm from the center of the no-sapling control
plot). The soil profiles were similar for all sampling plots, and
leaf litter was removed before cores were taken. These soil
cores were merged and sieved through a sterilized screen and
stored at —20 °C. Fungal DNA was extracted from 0.25 g of
soil using the PowerSoil DNA Isolation Kit following the man-
ufacturer’s protocol (Qiagen Inc., Mississauga, ON, Canada).
A one-step PCR amplification targeted the forward primer
ITS1F and reverse primer ITS2 (Smith and Peay 2014) with
25 pL reactions containing 2.5 uL of 10x Invitrogen buffer,
0.75 L of 50 mmol-L~! MgCl,, 1.0 uL of 10 mmol-L~! of both
primers, 0.5 uL of 10 mmol-L~! dNTPs, 0.25 uL of Platinum
Taq (5 U-uL™1), 1.0 uL of bovine serum albumin, and 2 uL
of DNA. The primers used contained the Illumina adapter,
a 2 base pair (bp) primer linker, and the internal transcribed
spacer (ITS) primer (Smith and Peay 2014). In addition, a 10 bp
Golay barcode is included on the reverse primer. These ampli-
fications were conducted on an Applied Biosystems thermo-
cycler (model 2720, Foster City, CA, USA) under the follow-
ing conditions: 94 °C for 1 min, followed by 94 °C for 30 s,
58 °C for 30 s, 68 °C for 30 s for 35 cycles, and a final exten-
sion at 68 °C for 7 min. These amplicons were purified using
Sera-Mag Speedbeads™ (GE Healthcare, Chicago, IL, USA) and
quantified with a Qubit 4.0 Fluorometer (ThermoFisher, Invit-
rogen, Carlsbad, CA, USA). Amplicons, including those from
negative and positive controls, were normalized, pooled, and
then sent for sequencing on a 2x 250 bp Illumina MiSeq at
Genewiz (Brooks Life Sciences Company, South Plainfield, NJ,
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USA). The positive sequencing control contained 10 known
fungal taxa from the phyla Basidiomycota, Ascomycota, and
Mortierellomycota, which was used to confirm amplicon se-
quencing accuracy. Demultiplexed FASTQ files were filtered
and processed using a QIIME2 bioinformatic pipeline (re-
lease: 2020.8; Caporaso et al. 2010). Sequencing adapters,
primers, and low-quality bases were trimmed using ITSXpress
and cutadapt (Martin 2011; Rivers et al. 2018). Sequences were
aligned and merged through DADA2 to produce amplicon
sequence variants (ASVs) (Callahan et al. 2016) and assigned
to taxonomic groups using the UNITE database (Version 8.2;
Abarenkov et al. 2010). Samples were rarified to a read count
depth of 1335 which represented the lowest sampling depth
after removal of poorly sequenced samples. Finally, FUNGuild
was run on these taxonomic assignments to attach functional
groupings using only probable and highly probable assign-
ments (Nguyen et al. 2016).

Enzymatic fluorometric assay and soil

elemental analysis

Within 3 days of soil collection, enzymatic potential ac-
tivity of six enzymes common in soils was evaluated within
the samples using a high throughput fluorometric assay
(Bell et al. 2013; supplementary material S2). Evaluated en-
zymes included five which are involved in carbon cycling (cel-
lobiohydrolase, g-glucosidase, a-glucosidase, g-xylosidase, 8-
glucuronidase) and one involved in phosphorus cycling (acid
phosphatase). The standard used in this fluorometric assay
was 4-methylumbelliferone (MilliporeSigma, Burlington, MA,
USA). From each sample, a slurry was created by mixing 2.75 g
of soil and 91 mL of 50 mmol-L~! sodium acetate buffer. These
slurries were incubated for 3 h in the dark at room tempera-
ture (~23 °C) in 96 deep-well plates before being centrifuged
for 30 min at 2300g. Supernatants of 200 pL were transferred
to black flat-bottom plates and measured on a SpectraMax
M2e microplate reader (Molecular Devices, San Jose, CA, USA)
with the excitation wavelength at 365 nm and the emission
wavelength at 450 nm. A small amount (10 pL) of NaOH was
added prior to reading the plate to optimize measurable fluo-
rescence levels (as suggested in Bell et al. 2013). Control plates
consisting of the standard at seven concentrations (0, 2.5, 5,
10, 25, 50, 100 um) and soil slurries for each sample were
also run. These control values were then used to calculate the
standard curves, including the slope and y-intercept, for each
sample which were used to convert raw fluorescence data to
potential enzymatic activity (see Bell et al. 2013). Activities
were converted tonmol-h~1.g~1. Soil elemental analyses were
completed to evaluate relationships between soil character-
istics and soil fungal community composition. Soil samples
were analyzed with inductively coupled mass spectrometry
of 12 elements at the Cornell Nutrient Analysis Laboratory
(Ithaca, NY, USA; Table 1; supplementary material S3).

Statistical analyses

All statistical synthesis was completed in R (Version 4.0.1;
Oksanen et al. 2007). Alpha diversity was measured using
the Shannon diversity index and ASV richness, with mixed-
effect linear models used to evaluate for significant differ-
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Table 1. Results from analysis of variance (ANOVA) of linear-mixed effect model for soil char-
acteristics measured group by woodland location, sapling treatments, and nearby mature tree.

Woodland location

Sapling treatment Nearby mature tree

Soil element F312) P value Fi3.18) P value F1,14) P value
Total C (%) 2.97 0.07 0.67 0.58 0.29 0.62
Total N (%) 3.43 0.06 0.57 0.64 211 0.17
Al 0.94 0.45 0.79 0.51 1.57 0.23
Ca 2.49 0.11 0.16 0.92 0.99 0.34
Cu 0.94 0.45 2.13 0.13 2.65 0.13
Fe 3.07 0.07 0.55 0.65 1.16 0.29
K 2.4 0.18 1.9 0.16 2.7 0.12
Mg 1.13 0.37 0.69 0.57 0.31 0.59
Mn 4.47 0.03% 0.33 0.8 0.35 0.56
Na 5.48 0.01% 0.55 0.66 0.08 0.78
S 2.88 0.06 0.19 0.9 1.16 0.29
Zn 7.66 0.004 0.21 0.89 1.64 0.22
pH 0.97 0.44 0.24 0.87 1.4 0.25
GWC 4.3 0.03x 1.11 0.37 2.02 0.18

Notes: GWC, gravimetric water content. For F, numbers in the brackets represent in the numerator and denominator degrees

of freedom. *, denotes significant difference (P < 0.05).

ences. Beta diversity was measured on log-transformed read
counts using Bray-Curtis dissimilarity. Homogeneity of dis-
persions was checked using betadisper. Permutational mul-
tivariate analysis of variance (PERMANOVA) was run using
adonis2 with a blocking effect (the four woodland locations)
to evaluate any significant differences between treatments,
with an Non-metric multidimensional scaling (NMDS) ordi-
nation used for visualization. Indicator species analysis was
performed with a correction for unequal treatment sizes to
examine which ASV significantly associated with each treat-
ment using the indicspecies package with 9999 Monte Carlo
permutations (De Caceres et al. 2016). Total potential en-
zymatic activity was compared among treatments on log-
transformed values using a mixed-effects linear model. Ele-
mental raw values were log-transformed and were also com-
pared using a mixed-effect linear model. Spatial relation-
ships between fungal community composition and soil char-
acteristics were assessed using redundancy analysis (RDA).
Matrices were log-transformed prior to running the RDA to
not overweight the considerable number of zeros in the se-
quencing data, and model significance was determined us-
ing an ANOVA. Finally, a partial Mantel test was run to exam-
ine the relationship between fungal community dissimilarity
and soil characteristic differences while controlling for spa-
tial distance within the woodland using Pearson correlations.
For this partial Mantel, the soil characteristic matrix and ASV
matrix were log-transformed, and Bray—Curtis dissimilarity
distance was used.

Results

Soil fungal community composition patterns
After all trimming and filtering steps, there were 1.8 x

10° good-quality sequences (q > 30). Rarefying to a depth of

1335 reads per sample resulted in 1686 fungal ASVs from
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41 samples (remaining samples were removed due to low
read counts or mortality during experimental assay period).
The fungal community was predominantly composed of taxa
from the phylum Basidiomycota (~66% of all reads); lesser
numbers of ASVs were observed from Ascomycota (~17%) and
Mortierellomycota (~9%; Fig. 1). The 10 most abundant ASVs in
all treatments were taxa from the phyla Basidiomycota (Order:
Tremellales, Russulales, Cantharellales, Agaricales, Atheliales) and
Mortierellomycota (Order: Mortierellales). There were no ASVs
from any phyla that were found in all samples. Soil fun-
gal communities among the planted sapling treatments (solo
pine, solo oak, or paired pine, and oak) and the no-sapling
control treatments did not differ significantly in either Shan-
non diversity (F = 0.11, P = 0.94; Fig. 2) or ASV richness
(F = 0.35, P = 0.8). Further, there were no significant differ-
ences in fungal community composition among the planted
saplings and no-sapling control treatments using Bray—Curtis
distance (F = 0.91, P = 0.83). The soil fungal communities
between all treatments around either mature tree Q. rubra
or F. grandifolia were also not significantly different in Shan-
non diversity (F = 0.57, P = 0.46) or ASV richness (F = 2.03,
P = 0.17). However, these communities did significantly dif-
fer in beta diversity using Bray-Curtis distances (F = 1.8,
P =0.004, 2 = 0.04). However, it is important to highlight the
low 1? value. As expected, the fungal communities were sig-
nificantly different among different areas of the woodland in
Shannon diversity (F = 5.6, P = 0.012; Fig. 2) and ASV richness
(F = 6.85, P = 0.006) and the composition of these commu-
nities was also significantly different in Bray-Curtis distance
(F=2.14, P < 0.001, r*> = 0.12; Fig. 2).

Taxa classified in FUNGuild as ectomycorrhizal taxa were
not significantly different in Shannon diversity or ASV Rich-
ness between the planted sapling treatments, treatments
around either Q. rubra or F. grandifolia, or different areas of the
woodland (P > 0.05) but were significantly different in Bray-

17


http://dx.doi.org/10.1139/cjfr-2021-0360

Can. J. For. Res. Downloaded from cdnsciencepub.com by SMITHSONIAN INSTN LIBRARIES on 09/12/24
For personal Use only.

*Canadian Science Publishing

Fig. 1. Soil fungal relative abundance. (a) Comparison of the relative abundance of fungal phyla between planted sapling
and no-sapling treatments and nearby mature tree species identity. (b) Comparison of the relative abundance of fungal class
between planted sapling and no-sapling treatments and nearby mature tree species identity. (c) Comparison of the relative
abundance of fungal classes of all samples among each woodland block area and nearby mature tree species identity.
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Curtis distance between the different areas of the woodland
(F =14, P = 0.002, ¥> = 0.12; supplementary material S4).
Taxa classified in FUNGuild as saprobic taxa were also not
significantly different in Shannon diversity or ASV richness
between the planted sapling treatments, treatments around
either Q. rubra or F. grandifolia, or different areas of the wood-
land (P > 0.05). These taxa were significantly different in
Bray—Curtis distance between the different areas of the wood-
land (F=1.8, P <0.001, r> = 0.13; supplementary material S4).
It is important to note that the relative abundance of taxa
classified as either ectomycorrhizal or saprobic via FUNGuild
was low.

Fungal taxa relative abundance patterns

Within the dataset at the phyla level, there was not a
clear difference in broad relative abundance patterns be-
tween planted sapling and no-sapling treatments (Fig. 1). This
pattern matches the lack of significant difference in alpha
and beta diversity among these treatments. Overall, all treat-
ments had greater relative abundances of the fungal fam-

18

ily Russulaceae (Phylum: Basidiomycota) than all other fami-
lies. Of note, taxa in this family were ~3x lower in rela-
tive abundance in the no-planted sapling treatments com-
pared to all planted sapling treatments. Thus, their relative
abundance was higher if a sapling was nearby. Other planted
sapling treatments had distinct patterns in other abundant
fungal families. For instance, taxa in the fungal family Se-
bacinaceae (Phylum: Basidiomycota) were ~10x higher in rela-
tive abundance when near a mature Q. rubra. Oppositely, taxa
in the fungal family Mycosphaerellaceae (Phylum: Ascomycota)
were ~8.5x higher in relative abundance when near a ma-
ture F. grandifolia. These fungal relative abundance patterns of
the mature trees were also found among the different sapling
species. For example, P. resinosa saplings near F. grandifolia had
a ~15x higher relative abundance of taxa in the fungal fam-
ily Hydnaceae than when planted around Q. rubra.

There were also distinct relative abundance and diversity
patterns spatially throughout the woodland (Fig. 1c, supple-
mentary material S5). The dryer area on the top of the ridge
(Block 1) had high relative abundances of the fungal families:

Can. J. For. Res. 53: 14—24 (2023) | dx.doi.org/10.1139/cjfr-2021-0360
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Fig. 2. Comparison of soil fungal diversity of planted sapling treatments, nearby mature tree species identity, and woodland
locations. (a) Boxplot of fungal Shannon diversity between soils below the planted sapling treatments and soils from no-sapling
treatments (ns). (b) Boxplot of fungal Shannon diversity from soils among the four woodland block areas (P < 0.001). (c) NMDS
ordination of beta diversity of soils between nearby mature tree species identity and the four woodland block areas. Numbers

designate IDs for each nearby mature tree within the woodland.
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Russulaceae (~49% of reads), Sebacinaceae (~11%), and Mortierel-
laceae (~9%). The highest relative abundant family of the area
down the ridge (Block 2) was also Russulaceae (~23% of reads),
along with the families Hydnaceae (~15%) and Mortierellaceae
(~10%). The area down the ridge and to the south of Block 2
(Block 3) also had a high relative abundance of Russulaceae
(~56% of reads) with lower abundances of all other families.
Finally, the area at the bottom of the ridge which receives
heavy precipitation runoff (Block 4) slightly diverges from
these diversity patterns with high relative abundances in the

Can. J. For. Res. 53: 14-24 (2023) | dx.doi.org/10.1139/cjfr-2021-0360

families Russulaceae (~14% of reads), Mortierellaceae (~13%),
and Trimorphomycetaceae (~6%). Therefore, in this area, taxa
in the family Russulaceae were 2x to 5x lower in relative
abundance than the other woodland area blocks. Addition-
ally, taxa in the family Piskurozymaceae only had high relative
abundances in this area when near a F. grandifolia.

Indicator species analysis was used to identify ASVs that
may significantly associate with the planted sapling treat-
ments or between treatments around Q. rubra or F. grandi-
folia. Throughout all ASVs in the dataset, none were signifi-
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Fig. 3. Relationship between soil physicochemical character-
istics and soil fungal community composition. Redundancy
analysis of soil physicochemical variables with soil fungal
communities. Each dot is a sample and colors represent
woodland block location.
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cant as indicator taxa among the planted saplings (solo pine,
solo oak, or paired pine and oak). There were three ASVs
there were significant (P < 0.01) as indicator taxa around
F. grandifolia including two ASVs in families in the phylum As-
comycota (Mycosphaerellaceae and Cucurbitariaceae) and an ASV
in the family Ganodermataceae (Phylum: Basidiomycota; Class:
Agaricomycetes). Similarly, three ASVs there were significant
(P < 0.01) as indicator taxa around Q. rubra including two ASVs
in the family Mortierellaceae (Phylum: Mortierellomycota) and an
unidentified ASV in the class Saccharomycetes (Phylum: Ascomy-
cota). Of note, the relative abundance of these ASVs was low
in the respective treatments.

Enzymatic activity and soil characteristics

There was no significant difference between any of the
sapling treatments or woodland locations in activity of five
enzymes: acid phosphatase, cellobiohydrolase, g-glucosidase,
a-glucosidase, and pB-xylosidase (supplementary material
S2). Additionally, there was no discernible activity of g-
glucuronidase in our assay and therefore was removed from
analysis. While not significantly different, there were on aver-
age higher enzymatic activities in treatments around Q. rubra
than F. grandifolia (8-glucosidase: ~1.5x higher, acid phos-
phatase: ~1.3x higher, g-xylosidase: ~1.2x higher, and cel-
lobiohydrolase: ~1.8 x higher; supplementary material S2).

Of the soil characteristics examined, there were no signifi-
cant differences between the different planted sapling treat-
ments or between the soils around mature trees of Q. rubra
or F. grandifolia. Several elements did differ significantly be-
tween woodland locations including soil moisture, Zn, Mn,
and Na (Table 1). This pattern was further shown in the RDA
where predictive soil characteristics were significantly corre-
lated with fungal community composition (F = 1.2, P < 0.001;
Fig. 3). Overall, these characteristics explained ~33% of the
total proportion of constrained variation in the model. How-
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ever, the adjusted R? only explained ~8% of the total variation
in the data.

Fungal ASVs were compared with these soil elements and
characteristics via a partial Mantel test controlling for dis-
tance within the woodland (Table 2). Soil fungal commu-
nity composition was significantly associated with differ-
ences in total N% (r = 0.26, P = 0.005), soil moisture (r = 0.26,
P = 0.003), Al (r = 0.33, P = 0.006), total C% (r = 0.19,
P =0.017), and pH (r = 0.12, P = 0.02). Distinct soil character-
istic association patterns were found when focusing on the
three dominant phyla found in the data (Table 2). Basidiomy-
cota taxa were only significantly associated with Al (r = 0.22,
P = 0.014). Similarly, Ascomycota taxa were only significantly
associated with Al (r = 0.16, P = 0.03). Mortierellomycota taxa
were significantly associated with Al, soil moisture, total C%
and N%, and pH (Table 2).

Discussion

In this study, we explored the influence of multiple factors
on the composition of soil fungal communities associated
with tree saplings in a small woodland. It is widely accepted
that many abiotic and biotic factors can influence the compo-
sition and community assembly of soil fungal taxa in temper-
ate forests, but these can differ depending on study location
and scale (Talbot et al. 2014; Tedersoo et al. 2014; Lladé et al.
2018). Our small-scale woodland assay differed in tree diver-
sity, tree compositions, and soil characteristics across space,
but we found that these factors explained only a small pro-
portion of the total variation in fungal community compo-
sition. Alongside the absence of broad community composi-
tional differences, we could also identify no significant dif-
ference in potential fungal extracellular enzymatic activity
among treatments. However, this woodland assay did allow
for the reduction in potential confounding effects of regional
and continental environmental and climatic changes, while
focusing on the relative importance of tree species identity
and spatial heterogeneity of soil characteristics on soil fun-
gal community composition.

Consistent with our hypothesis, soil fungal community
composition was not significantly different between the two
planted sapling species, Q. rubra and P. resinosa, or their paired
composition. Although there is evidence that tree seeds have
their own microbiome, these results suggest that the soil
fungal communities associated with developing tree saplings
in this local woodland are obtained from a regional species
pool that has already been influenced by nearby mature tree
species and historic soil factors (Cline et al. 2005; Shade et al.
2017; Llad6 et al. 2018). Further, the location where a tree
seed germinates likely determines which fungal taxa asso-
ciate with the sapling as it matures (Cline et al. 2005; Dickie
and Reich 2005). The lack of community dissimilarity be-
tween our planted sapling treatments at the phylum level is
also not unexpected given that the main phyla found in the
dataset are very common in temperate forests in the north-
eastern United States and associate with many tree hosts
(Tedersoo et al. 2014; Barnes et al. 2021). Interestingly, we
observed an increase in the relative abundance of the fun-
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Table 2. Partial mantel of Pearson correlations using Bray—Curtis distances between soil com-
position of the fungal community and high-relative abundant phyla and physicochemical

variables.
Fungal community Basidiomycota taxa Ascomycota taxa Mortierellomycota taxa
r P r P r P r P
Moisture 0.24 0.003 0.05 0.21 0.1 0.08 0.21 0.018
Mn 0.02 0.37 0.02 0.35 —-0.01 0.67 0.1 0.1
Na 0.01 0.45 0.04 0.71 —0.02 0.66 0.06 0.21
Zn —0.01 0.9 —0.07 0.83 —-0.1 0.91 0.01 0.41
Ca 0.04 0.25 0.03 0.33 0.06 0.14 0.07 0.16
Fe 0.01 0.52 —0.03 0.65 —-0.1 0.83 0.01 0.35
Al 0.33 0.006 0.22 0.014 0.16 0.03 0.35 0.01
K —0.03 0.61 —0.05 0.78 0.04 0.23 —0.03 0.65
pH 0.12 0.02 0.07 0.11 0.07 0.1 0.14 0.02
Mg 0.01 0.47 0.03 0.31 0.05 0.21 0.02 0.38
Total N% 0.26 0.005 0.07 0.18 0.08 0.13 0.26 0.008
Total C% 0.19 0.017 0.03 0.3 0.04 0.31 0.25 0.005

Notes: ASV and elemental matrices were log-transformed. Bold denotes significant Pearson correlation at P < 0.05.

gal family Russulaceae in the treatments with a sapling which
may be due to increased niche availability. Many taxa in
this widespread group are mycorrhizal which may be pro-
viding benefits to these developing saplings, such as en-
hanced nutrient acquisition (Looney et al. 2018). In agree-
ment with our hypothesis, the data also suggest that mature
trees of Q. rubra and F. grandifolia distributed in this woodland
did have distinct community compositions of associated soil
fungi. However, mature tree species identity was a weak pre-
dictor of community dissimilarity. This pattern is not unex-
pected given that these tree species are in the same family (Fa-
gaceae), and there is evidence which suggests a positive rela-
tionship between tree phylogenetic relatedness and soil fun-
gal community similarity (Ishida et al. 2007; Lang et al. 2011;
Urbanovd et al. 2015). Compositional homogeneity in soil
fungi across this woodland might itself facilitate seedling es-
tablishment that is closely related to the tree diversity above-
ground creating potential positive feedback (Bennett et al.
2017).

While tree species identity was not a major factor in influ-
encing fungal community composition, the different wood-
land blocks did have distinct fungal communities possibly
due to variations in soil characteristics including soil mois-
ture, pH, total C%, total N%, and concentrations of Al. These
influential characteristics are important to soil functionality
and are linked to soil fungal distributions due to their in-
fluence on fungal physiology (Tedersoo et al. 2014; Baldrian
2017; Llado et al. 2018). As an example, taxa within two fun-
gal families, Mycosphaerellaceae and Auriculariaceae, were only
highly abundant in the lowland area of this woodland (Block 4)
which showed variation in these characteristics compared to
the other woodland areas. These fungal families have been as-
sociated with wetland soils in previous studies suggesting pe-
riodic flooding of this lowland area, along with concomitant
changes to soil characteristics, might be selected for these
fungal groups (Shuhada et al. 2017). RDA ordination also sug-
gested that pH, Al, Ca, and soil moisture may be influential in
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structuring these communities, which may be linked to the
weathering or pH buffering occurring within these soils, es-
pecially in the lowland area (Block 4) of the woodland (Finlay
et al. 2009; Landeweert et al. 2001; Clarholm and Skyllberg
2013). Of note, these influential soil characteristics explained
only a small percentage of the total community variation sug-
gesting other factors, such as leaf litter quality, or the inter-
action between characteristics, are also important in influ-
encing these soil fungal communities. It is important to note
that while the experimental woodland used in this study has
been unmanaged since the early 1900s, this woodland has
been a site of anthropogenic manipulation in the past, as evi-
denced by large underground iron pipes (Block 4) and adjacent
stone walls. In addition, these disturbances are not uniform
across the experimental woodland but clustered in certain ar-
eas. This may help to explain the some of the large variations
in soil elemental concentrations (i.e., Fe) in our data.

After considering the evaluated deterministic factors,
much of the variation in community composition was left un-
explained. Therefore, one potential explanation for this un-
explained variation might involve stochastic processes such
as dispersal limitation and ecological drift which may be im-
portant in structuring these local soil fungal communities
(Dumbrell et al. 2010; Peay et al. 2012; Peay and Bruns 2014;
Bahram et al. 2016; Gao et al. 2020). For instance, one possi-
bility that might explain the relative homogenization of soil
fungal community composition in this woodland might be
high local fungal spore dispersal linked with habitat frag-
mentation limiting regional spore dispersal. The woodland
at the Calder Center is categorized as a suburban forest based
on local population density and % developed land cover, and
therefore fragmented by surrounding housing, building con-
struction, and road traffic, which may be acting on these fun-
gal communities. While there were no major patterns at the
phyla level, at lower taxonomic levels (e.g., genus, ASV), eco-
logical drift, dispersal limitation, and biotic interactions over
time may become more important in driving community dis-
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similarity (Peay and Bruns 2014; Clemmensen et al. 2015).
Further, tree saplings can become less contingent on nearby
mature trees over time, which may also increase community
heterogeneity (Cline et al. 2005; Dickie and Reich 2005). It is
important to stress that the experimental period lasted just
7 months which may not have been enough time to observe
strong shifts in soil fungal community composition. While
this timescale is short with regard to the overall lifespan of
these tree species, it still contributes to our understanding of
the early development of saplings within woodlands. Resam-
pling these trees in subsequent years could provide a deeper
view into the relationship between these tree species, soil
characteristics, and the soil fungal community.

In forests, there can be a structure-function relationship
between soil fungal community composition and enzymatic
activity (Strickland et al. 2009; Burns et al. 2013; Kyaschenko
et al. 2017). However, in contradiction of our hypothesis,
the potential activities of the enzymes evaluated did not sig-
nificantly differ among the treatments, mature tree species
identity, or woodland locations. These results might suggest
that these communities have high functional redundancy re-
gardless of any differences in community composition and
a decoupling between local nutrient cycling, soil character-
istics, and soil fungal community composition (Strickland
et al. 2009; Brockett et al. 2012; Burns et al. 2013; Kivlin
and Treseder 2014; Talbot et al. 2014). Functional redundancy
in soil fungal communities can arise due to broad conver-
gences of nutrient acquisition approaches among separate
fungal groups, especially among the major phyla found in
the data (Talbot et al. 2014). Although not significantly dif-
ferent, there was higher activity on average for all evaluated
enzymes in treatments around mature Q. rubra. This could be
related to Q. rubra root architecture or root exudates as well as
its associated soil fungal community (Strickland et al. 2009;
Burns et al. 2013; Kivlin and Treseder 2014). It is important
to note that only six common enzymes were evaluated in this
bioassay, which may miss other enzymatic types or their in-
teraction effects. Also, these results focus on fungi, the main
decomposers in soil, yet saprobic bacteria can degrade or-
ganic matter, which may be responsible for some of the ac-
tivity found in these soils (Schneider et al. 2012; Talbot et al.
2014). Because soil enzyme dynamics are complex, caution
should be applied in broader interpretation of these data, but
these results do add to evidence of the factors that may or
may not be influencing functional enzymatic activity in tem-
perate forests.

Overall, this study demonstrated the roles of tree species
identity and soil characteristics on the soil fungal commu-
nity composition near developing tree saplings in a small
woodland. Despite the well-established relationship between
fungal community composition and tree identity, the results
suggest that in this woodland these communities have as-
sembled largely independent of the aboveground tree dis-
tribution. This has led these communities to be mainly ho-
mogeneous at broader taxonomic levels. The fungal commu-
nities of the planted saplings were different depending on
the nearby mature tree species identity, but location within
this woodland explained more of the variation in community
composition. Additional hypotheses are needed to identify al-
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ternative factors impacting these communities as most of the
variation in composition was left unexplained. Finally, the
data also suggest a dissociation in the structure-function rela-
tionship between changes in fungal community composition
and enzymatic activities. Linking the abiotic and biotic eco-
logical drivers of soil fungal community composition is vital
to understanding and predicting how both plants and fungal
communities might be impacted by future global change.
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