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Introduction: Logging impacts millions of hectares of forests globally every year,
and not only affects tree cover, but also disrupts below-ground soil communities
that are essential for forest ecosystems. Soil fungi are particularly vulnerable to
such disturbances due to their reliance upon plant hosts as their source of carbon.
Fluctuations within the major guilds of fungi important for forest function can
have ramifications for plant communities and biogeochemical processes. We
addressed questions about soil fungal communities in temperate forest stands
with varying logging histories: (1) Do assembly patterns of soil fungal communities
and functional guilds reflect historical differences in logging legacies? (2) Does
sequencing of below-ground communities of fungi resemble the composition of
surveys of fungal fruiting bodies? (3) How do fungal communities in the litter layer
differ from those in the soil and do these assembly patterns change with logging
history?

Methods: Our study took place in the H. J. Andrews Experimental Forest in
western Oregon, USA. We sampled soil and litter (Oi—Oe) in three sites with
different logging histories: one clear cut in 1974, one selectively logged and
thinned three times between 1974 and 2001, and one unlogged. We sequenced
soil fungi separately for mineral soil samples and litter samples. Additionally, we
compiled fruiting-body studies from 1972 through the present to compare with
our eDNA samples.

Results: We found that four decades after logging had ceased there were
detectable signatures within the soil fungal communities that distinguished
logged from unlogged sites, indicating a legacy that affects many generations
of fungi (PERMANOVA; p < 0.001 for both soil and litter fungi). There were also
significant differences between litter and mineral soil communities (PERMANOVA;
p < 0.001) with higher relative abundances of pathogens within the litter layer and
a greater proportion of mycorrhizal fungi in the soil.

Discussion: These results highlight the importance of including forest litter in
studies, as entire guilds of fungi can be underestimated when considering a
single fraction. Together, these results have repercussions for the regeneration of
forests following logging, as the composition of fungal guilds important to plant
functions do not fully recover even after decades of cessation.

fungi, logging, cascade, soil, litter, legacy, structure, forest
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1. Introduction

Logging is one of the most pervasive disturbances to forests.
Around 3.5 billion m? of wood is harvested around the globe
annually, affecting 29 million hectares of forest (Pepke, 2010;
Crowther et al, 2015). While improvements to harvesting and
processing technologies have made the logging industry more
efficient, demands for timber products have increased in recent
decades and that trend is predicted to continue (Zhou et al., 2005;
Nepal et al,, 2021). Logging not only affects tree cover, but also
disrupts belowground soil communities that are essential for forest
ecosystems. Fungi are especially vulnerable to logging-associated
disturbances due their formation of multicellular bodies known
as mycelia that ramify through their substrate, and their reliance
upon plant hosts—alive or dead, depending on the species—as
their source of carbon. Fungal communities play critical roles
in the functioning of forest ecosystems, including structuring
plant communities (Gams, 2007), driving nutrient fluxes (Delgado-
Baquerizo et al, 2016), influencing forest productivity, and
sequestering carbon (Frac et al,, 2018).

Three main functional groups of fungi important to forest
functioning are mycorrhizal fungi, pathogens, and decomposers
(Ehrenfeld et al,, 2005; Baldrian, 2016). Mycorrhizal fungi take
up nutrients from the soil for their host plants in exchange
for photosynthetically derived carbon (Bagyaraj and Ashwin,
2017). These fungi are also able to protect their hosts from
pathogenic infections and increase stress tolerance (Jayne and
Quigley, 2014; Kanekar et al, 2018; Gonthier et al., 2019).
There are two broad categories of mycorrhizal fungi, arbuscular
mycorrhizal fungi (AMF), and ectomycorrhizal fungi (ECMF).
AMF are widely distributed and associate with >80% of plant
species, while ECMF associate with ~2% of plant species, primarily
large woody species that dominate temperate and some tropical
forests (Aerts, 2003). Pathogenic fungi attack their host plant
species, which adds nutrients and carbon to resource pools
(Maron et al,, 2011). Decomposers—or saprotrophs—break down
organic matter by releasing extracellular enzymes, increasing
access to nutrients for other organisms (Bagyaraj and Ashwin,
2017). Decomposers can also suppress pathogenic fungi, reducing
mortality of vulnerable host plants (Adnan et al., 2019). Many soil
fungi also produce fruiting bodies (e.g., mushrooms) to generate
and release sexual spores. Prior to next generation sequencing
studying fungal communities primarily consisted of collecting
these reproductive structures for identification. It is useful to
compare sequences found in belowground environmental DNA
(eDNA) studies with macrofungi collections to discover what
proportion of species are shared between different methods. Not
all fungi produce fruiting bodies, therefore sequencing of DNA
in soil can reveal species absent from aboveground collections.
On the other hand, aboveground collections can fill in gaps
resulting from biases in DNA extraction, PCR amplification,
and sequencing. Studies comparing fruiting body surveys to soil
sequencing surveys typically find between 10 and 20% overlap,
indicating the importance of utilizing both styles of survey (Gardes
and Bruns, 1996; Dahlberg et al., 1997; Baptista et al., 2015).

The Pacific Northwest of the US is dominated by
ectomycorrhizal trees and continues to be one of the most
active logging regions in North America. Recent estimates of
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logging in the area show an annual average of seven million
tons of lumber are harvested in Oregon (ORFI, 2020), and nine
million tons are harvested in Washington per year (Arnold, 2004).
Increases in efficiency of lumber use and conservation efforts
have protected some old-growth areas in these areas, but demand
continues to drive increases in harvesting (Pepke, 2010). Two
major logging techniques are selective logging and clearcutting.
The impacts of each technique on soils are similar, but clearcutting
effects tend to be far more extreme. The use of large vehicles and
machines in both techniques results in compaction of soil and
heavy metal pollution (Hartmann et al, 2014). Openings in the
canopy allow more light to reach the soil, which decreases moisture
and increases temperature. The removal of trees also eliminates
hosts for symbionts and alters the chemistry of soil as litter inputs
are reduced. Erosion is also far more likely, which can further alter
soil chemistry and nutrient pools. Knowledge about the impacts
of logging on belowground communities will not only increase
understanding the role of disturbance in fungal community
assembly but could also aid in active forest management and
replanting efforts.

To evaluate the consequences of logging legacies on fungal
composition, we sequenced fungi from soils in clearcut, selectively
logged, and old-growth forest in the Pacific Northwest. We
separately sampled soil (Oi—Oe) and litter because the litter layer is
often ignored but contains a substantial amount of fungal biomass
(Lim et al,, 20105 Frey et al., 2011; Hu et al,, 2019). Furthermore,
the layers may differ in the composition of fungal functional
guilds (McGuire et al,, 2013). We also compared belowground
communities to aboveground fruiting body composition. We
addressed the following questions: (1) How do soil and litter
fungal communities vary between forest stands with different
logging histories? (2) What proportion of fungi are found both and
belowground within the forest? (3) How do fungal communities in
the litter layer differ from those in the soil?

2. Materials and methods

2.1. Site description

Our study sites were located within The H. J. Andrews
Experimental Forest (hereafter referred to as HJA; 44.2°N,
122.2°W), a mid-elevation Pacific Northwest conifer forest
dominated by Pseudotsuga menziesii (Douglas-fir) and Tsuga
heterophylla (Western hemlock) with stands of varying age up to
700 years. The annual mean temperature is 8.6°C, the mean annual
precipitation is 2,289 mm/yr. HJA was established in 1948 by the
United States Forest Service. The original focus of the research
being conducted within HJA was to manipulate forest operations
such as logging and forest regeneration to optimize the efficiency of
the timber industry. Due to this history, the watersheds within HJA
were subjected to logging of varying intensity at different times.
We sampled three watersheds with different logging legacies within
HJA—watershed 6 (WS6), watershed 7 (WS7), and watershed 8
(WS8) (Figure 1). WS6 and WS7 were both previously logged: WS6
was clearcut in 1974 with 9% road coverage and was replanted with
P. menziesii seedlings in 1976, while WS7 had 60% of its overstory
harvested in 1974 with 0% road coverage, the rest of the canopy
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harvested in 1984, and a final thinning in 2001 to ensure ~4 m
between each tree. WS8 was never logged, it was left as an old-
growth forest control for comparison with other watersheds from
the inception of HJA (Table 1). However, it did experience a fire
that burned up to 70% of the standing trees in the 1850s, though
this is still considered an old-growth forest within this system.
The watersheds lie within the transition between western hemlock
(Tsuga heterophylla) and silver fir (Abies amabilis) zones. WS6
was planted with 100% P. menziesii at a density of 383 stems/ha
with a basal area of 70 & 10 m2/ha. WS7 was planted with 100%
P. menziesii at a density of 333 stems/ha with a basal area of
75 + 4.8 m2/ha, which was reduced to 220 stems/ha in 2001.
The understory of all three watersheds is comprised of vine maple
(Acer circinatum), two Oregon grape species (Mahonia aquifolium
and M. nervosa), whipplea (Whipplea modesta), salal (Gaultheria
shallon), and rhododendron (Rhododendron macrophyllum). The
overstory in WS8 is a mix of P. menziesii, T. heterophylla,
A. amabilis, and western red cedar (Thuja plicata) with nearly one-
third of individuals being greater than 450 years of age and the
remaining around 125 years or younger (Andrews, 2022).

2.2. Sample collection

All samples were collected on 15 November 2018. Within each
watershed we sampled along three 100 m transects running east
to west that were separated by 50 m north to south. Along each
transect we collected five litter and five soil samples at randomized
points (soil n = 45, litter n = 45). Litter samples consisted of
collecting organic litter around the target point by hand while
wearing EtOH-sterilized gloves to fill a sterile 500 mL bag. Soil
samples consisted of 2.5 cm x 20 cm cores taken using an EtOH-
sterilized corer after the litter layer was removed. Samples were
stored on ice for up to 12 h before being transferred to a —20°C
freezer until homogenization and DNA extraction.

2.3. Soil and litter sample processing

Soil samples were homogenized using EtOH and UV-sterilized
2 mm aperture sieves, and litter samples were homogenized using
EtOH and UV-sterilized ceramic mortar and pestles. To facilitate
homogenization, liquid nitrogen was poured onto the litter samples
immediately before pulverizing. For each sample, 0.25 g and 3.0 g
were weighed in sterile 2 ml Eppendorf tubes for DNA extraction
and moisture analysis, respectively. An additional sterile 2 ml
Eppendorf tube was filled and kept as an archival sample within
a —80°C freezer. All tubes were stored at —20°C before use.

The rest of each homogenized sample was air-dried at room
temperature in a labeled paper bag. Air-dried soil samples were
prepared for pH analysis by mixing a 1:2 ratio of sample to
deionized water. For soil samples, 10 g of soil was weighed in a glass
beaker and mixed with 20 ml of deionized water. For litter samples a
ratio of 1:8 was used to compensate for absorption, 2.5 g of litter was
weighed in a glass beaker and mixed with 20 ml of deionized water.
Three readings per sample were recorded using a benchtop pH
meter with a glass electrode, and the average value was calculated.
Moisture was calculated for each sample by recording the weight of
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3.0 g of sample in an aluminum weighing dish, drying the sample
in a drying oven at 130°C for 48 h, re-weighing the sample, and
subtracting the dried sample weight from the initial sample weight
(Black, 1965).

2.4. Library preparation

High throughput sequencing was used to analyze fungal
community composition for soil and litter samples. DNA
was extracted from 0.25 g of each soil and litter sample
using  Qiagen single-tube  extraction
kits, following the protocol. The ITS1
region of the fungal rRNA gene was amplified using the
ITS1-F (CTTGGTCATTTAGAGGAAGTAA) and ITS2
(GCTGCGTTCTTCATCGATGC) primer pair, the Nextra NX2
Mlumina (San Diego, California) adapter, and Earth Microbiome

DNeasy PowerSoil
manufacturer’s

barcoded primers. A master mix containing 12.5 pl GoTagq, 9.45 pl
nuclease-free water, 0.5 pl forward (ITS1F) primer, 0.5 pl reverse
(ITS2) primer, 0.5 pl Nextera (NX2) primer, and 0.05 pl BSA
was added to the wells of a 96-well PCR plate. In each well, 1.0 .l
of genomic DNA and 0.5 pl of a unique barcoded primer was
added to the master mix for a total volume of 25 pl per well. PCR
reactions were held in a thermal cycler at 94°C for 1 min, with
amplification proceeding for 35 cycles at 94°C for 30 s, 52°C for
30 s, and 68°C for 30 s, and a final elongation of 7 min at 68°C.

Amplicon concentrations were quantified according to a
Quant-iT PicoGreen protocol (Thermo Fisher Scientific, Waltham,
MA). DNA concentrations were quantified on a Molecular
Devices SpectraMax M5E multi-mode plate reader (San Jose, CA).
Amplicons were pooled together according to quantification data
from the PicoGreen assay to obtain an equimolar concentration
of 1 ng of DNA per sample. The pooled library was purified
using a Qiagen QIAquick PCR purification kit, according to
the manufacturer’s protocol. The amplicon pool was sequenced
using an Illumina MiSeq (San Diego, CA) instrument at the
University of Oregon’s Genomics and Cell Characterization Core
Facility (GC3F).

2.5. Sequence processing

Raw sequences were demultiplexed using the Quantitative
Insights into Microbial Ecology (QIIME) pipeline (Caporaso
et al, 2010). We then assembled an amplicon single variant
(ASV) table using the DADA2 pipeline (Callahan et al,, 2016).
Taxonomy was assigned using the naive Bayesian classifier from
the Ribosomal Database Project (RDP) against the UNITE database
(Koljalg et al, 2005; Cole et al, 2014). We used variation-
stabilizing transformation to normalize ASV counts (Anders and
Huber, 2010). To assign functional guild classifications to each
ASV we used the annotation tool FUNGuild set to its default
parameters (Nguyen et al,, 2016). Many ASVs tend to have multiple
guilds assigned to them (e.g., saprotroph and pathogen). When
performing our downstream analyses, we allowed for ASVs to
be represented in multiple categorical subsets (i.e., the previous
example would be counted once as a saprotroph and once as a
pathogen).
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harvest in 1974, 1984, and thinning in 2004; watershed 8, unlogged.

Map of H. J. Andrews Experimental Forest—a Long Term Ecological Research Site (LTER) in Lane and Linn County, Oregon, USA. Includes coloration
of three watersheds with different management histories that were sampled for soil fungi. Watershed 6, clearcut in 1974; watershed 7, canopy
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2.6. Statistical analyses

Statistical analyses were performed in R (v3.6.3) using the
vegan package (Oksanen et al, 2019). We used the Bray-Curtis
dissimilarity statistic to quantify the compositional dissimilarity
between our sample communities. This statistic allowed us to
visualize the difference between communities within a two-
dimensional plot using non-metric multidimensional scaling
(NMDS). Additionally, to test for significance in our Bray-Curtis
dissimilarity results we performed permutation analyses of variance
(PERMANOVAs) comparing watershed, sample source (soil or
litter), as well as physicochemical properties (pH, moisture).
Additionally, to visualize compositional differences, we compared
the relative abundances of functional guilds and the most abundant
15 genera found in each treatment. Figures were generated using
ggplot2 (Wickham, 2016).

2.7. Compilation of fruiting (sporocarp)
studies

To gain an understanding of the total fungal community in the
forest and because eDNA and sporocarp surveys capture different
parts of the fungal community (Froslev et al,, 2019) we wanted
to compare the fungal species represented by sporocarps (sexual)
vs. those in the soil eDNA samples (largely asexual). We limited
the lists to macrofungi [mushrooms in the general sense (Thiers
and Halling, 2018), including boletes and corals as well as larger
ascomycetes such as Helvella] that were identified to species. This
list was then compared to a list of macrofungi collected from the
LTER using existing data from the H. J. Andrews from the following
publications and reports, and their associated datasets in the H.
J. Andrews datafiles [Rhoades, 1972; Luoma et al,, 1991 (TP109);
Smith et al., 1996 (SA01401)] and iNaturalist (2022) observations
through February 2021. Sporocarps in the Rhoades (1972) study
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were collected opportunistically between October 1970 and April
1972, those in the Smith et al. (1996) study were collected twice
per year for 4 years from three forest stands, one old growth,
one rotation age and one young-growth. The Luoma et al. (1991)
study took place in 10 stands, with sampling occurring for about
6 weeks twice per year for 4 years. All the names in our final
list (Supplementary Table 1) were verified in Index Fungorum;
this process uncovered numerous typos and names changes which
are enumerated in Supplementary Table 1. Many collections were
identified only to genus; these were not included in our comparison
with the soil eDNA because we had no way of determining which
species they might match in the eDNA.

3. Results

3.1. Differences between management
types

While keeping litter and mineral soil separate, the fungal
communities form separate clusters by management histories

TABLE1 Management history for each watershed sampled within the
H. J. Andrews experimental forest.

Watershed |WS6 WS7

Clearcut in 1974 A total of 60% of basal area
Residue burned in 1975 |removed in 1974
Remaining canopy removed
in 1984

Thinned in 2001

Ws8 |

Logging history None

Removal strategy |High-lead cable system | High-lead cable system (40%) |N/A

(90%) and tractor (10%) |and tractor (60%)

Replanting history |P. menziesii in 1976 P. menziesii in 1976 N/A

Canopy closure 2004
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FIGURE 2

canopy + thinned, watershed 7, unlogged, watershed 8.

Non-metric multidimensional scaling ordinations based on Bray-Curtis dissimilarity between three forest stands with different logging histories
sampled in H. J. Andrews Forest, Oregon. Included are ectomycorrhizal fungi, saprotrophs, and plant pathogens in soils (A—C), as well as
ectomycorrhizal fungi, saprotrophs, and plant pathogens in litter (D—F). All PERMANOVA p-values are <0.001. Clearcut, watershed 6,
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(clearcut, canopy + thinned, unlogged) based on Bray-Curtis
dissimilarity (Figure 2). The difference between management types
was significant for both mineral soil and litter using PERMANOVA
(soil: df = 2, F = 1.84, R* = 0.0825, p < 0.001; litter: df = 2,
F =232, R = 0.104, p < 0.001). The composition of the genera
that comprised each guild were distinct between management types
(Figures 3-5A). Saprotrophs, pathogens, and ectomycorrhizal
fungi were all significant when considered separately (Figures 3-
5C and Supplementary Table 2). Similarly, if the watersheds are
grouped into a binary of logged and unlogged (Figure 6) all of these
categories remain significantly different (all fungi: df = 1, F = 2.55,
R? = 0.0291, p < 0.001; ECMF: df = 1, F = 2.35, R* = 0.0275,
p < 0.001; saprotroph: df =1, F = 7.34, R? = 0.0795, p < 0.001;
pathogen: df = 1, F = 3.08, R* = 0.125, p < 0.001).

3.2. Mineral soil vs. litter

Based on Bray-Curtis dissimilarity, the overall fungal
communities separated into distinct clusters for mineral soil and
litter (Oi—Oe) samples (Figure 6C). We found that the difference
between these groups is highly significant using PERMANOVA
(df =1,F=13.92, R? = 0.141, p < 0.001). Some of these differences
are apparent when comparing relative abundances of functional
guilds and the genera that comprise them (Figures 3-5B). Litter
communities tend to contain more pathogens, while mineral
soil communities contain more ectomycorrhizal fungi (ECMF;
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Figure 6A). When comparing the saprotrophs and pathogens
between soil and litter samples there are significant differences
(df =1, F = 242, R?> = 0.028, p = 0.008 and df = 1, F = 3.08,
R? = 0.035, p = 0.007, respectively). There are not significant
differences between soil and litter for ectomycorrhizal fungi
(df = 1, F = 0944, R*> = 0.011, p = 0.574)—however, it was
significant when accounting for an interaction with management
history (df = 1, F = 1.63, R? = 0.019, p = 0.007).

3.3. Fruiting-body comparison

Our belowground sequences from the three sites yielded 144
macrofungi including those that form mushrooms, cups, crusts,
and truffles that were identified to species. Our compilation of
sporocarp data across the entire H. J. Andrews forest yielded
380 species; however, only 34 (6.49%) were shared between the
sporocarp and eDNA datasets for a total of 524 species found. The
entire list, indicating the kind of data (eDNA or sporocarp) and the
source of the information can be found in Supplementary Table 1.

3.4. Physiochemical properties

We characterized the pH and moisture content of our samples.
Based on PERMANOVAs of the Bray-Curtis dissimilarities of
communities, we found that pH and moisture had a significant
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FIGURE 3

Comparisons of ectomycorrhizal fungal (ECM fungi) communities in soil and litter of logged and unlogged forest stands within the H. J. Andrews
Forest, Oregon, USA. Clearcut (CC), watershed 6, canopy + thinned (C + T), watershed 7, unlogged (UL), watershed 8. (A) Relative abundances of
ECMF genera between watersheds. (B) Relative abundances of ECMF genera between soil and litter. (C) NMDS ordination of ECMF communities
based on Bray-Curtis dissimilarities between soil and litter (PERMANOVA, p = 0.578).
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effect on soil fungi (pH: df = 1, F = 2.63, R? = 0.0590, p < 0.001;
moisture: df = 1, F = 3.07, R? = 0.0682, p < 0.001) while it did
not have a significant effect on litter fungi (pH: df = 1, F = 1.19,
R? = 0.0282, p = 0.121; moisture: df = 1, F = 1.16, R* = 0.0275,
p=0.128).

4. Discussion

4.1. Legacies of logging

Pseudo replication is a potential concern with our dataset, as
our logging treatments are confounded with watershed identity.
This may limit the generalizability of our data to other logging
systems. However, due to the close geographic proximity, shared
climate, similar topography, identical understory composition, and
limited physical barriers we are confident that this effect is minimal.
Logging practices vary in their effects on aboveground forest
structure and we found that differences in historical logging also
had significant legacy effects on belowground fungal composition.
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We saw large differences in some taxa between logged and unlogged
forests, and these differences depended on the functional groups of
the fungi. We also saw differences in fungal composition between
logged forests depending on whether the forest was clearcut or
selectively logged. Logging causes several consistent ecological
changes in forest structure, composition and function that the fungi
are likely responding to. For example, the early stages of succession
are lost due to replanting and since the tree ages are the same
in replated forests, there are no snags, few downed logs and the
canopy is open allowing more sunlight to hit the forest floor for
about 30 years post cut (Franklin et al, 2002). To simplify our
discussion, we only consider the genera that had very large (2x
or more) differences between sampling units in our soils and litter
data.

In soils, we found that ECM fungi showed strong compositional
responses to logging legacies, which may have implications for
forest regeneration trajectories since most of the trees in these sites
depend on ECM fungi for growth and survival. We found that some
fungal genera were more abundant in early to mid-successional
forests whereas others were more restricted to unlogged, old growth
forests. Since the dominant overstory tree hosts (P. menziesii) are
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Comparisons of saprotroph communities in soil and litter of logged and unlogged forest stands within the H. J. Andrews Forest, Oregon, USA.
Clearcut (CC), watershed 6, canopy + thinned (C + T), watershed 7, unlogged (UL), watershed 8. (A) Relative abundances of saprotroph genera
between watersheds. (B) Relative abundances of saprotroph genera between soil and litter. (C) NMDS ordination of saprotroph communities based
on Bray-Curtis dissimilarities between soil and litter (PERMANOVA, p = 0.028).
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the same in these sites, these results suggest that environmental
filtering structures ECM fungal communities across sites due to
the abiotic changes from historical logging practices. We found
greater abundance (>2x) of Piloderma and Russula in unlogged
forests, which is consistent with other studies (Smith et al,
2016; Kranabetter et al,, 2018) and we found more of the early
successional Wilcoxina in logged forests (Dickie et al, 2013).
Studies of sporocarps (fruiting bodies) have generally found that
Inocybe species are largely early successional (Cripps, 1997 and
refs. therein), which is consistent with our data. However, a study
by Norvell and Exeter (2004) on sporocarps in the Oregon Coast
range found no relationship between stand age after logging and
Inocybe fruiting. The differences between the Inocybe studies could
be the result of differences in methods; studies of sporocarps can
only detect fruiting, not abundance of the taxon in the soil, whereas
we could only detect abundance in the soil and our fruiting body
survey was not concomitant—it was a compilation of more than
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40 years of data. Similarly, the genus Cortinarius is considered to be
later successional (Nara et al,, 2003; Sun et al., 2015), but we found
them to be more than 2x more abundant and more diverse in the
soils of logged watersheds, with only 3/37 taxa restricted to the soils
of the unlogged forest. Another study compared ECMF in logged
and unlogged forests in Malaysia, finding similar trends in relative
abundances of genera—nearly twice as many Russula in unlogged
forests, and more Inocybe in logged forests. Together, these results
suggest that some fungal clades may show similar trends due to
logging regardless of location (McGuire et al,, 2015).

Plant pathogens were distinctly in their abundance and
composition between the logged and unlogged sites, and our data
suggest that these differences are potentially linked to differences
in the abundance of litter. For example, Cylindrosympodium was
greater than twice as abundant in the unlogged watershed, and this
genus was also greater than twice as abundant in the litter. Post
clearcutting, the logged watersheds were burned, which would have
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Comparisons of pathogen communities in soil and litter of logged and unlogged forest stands within the H. J. Andrews Forest, Oregon, USA.
Clearcut (CC), watershed 6, canopy + thinned (C + T), watershed 7, unlogged (UL), watershed 8. (A) Relative abundances of pathogen genera
between watersheds. (B) Relative abundances of pathogen genera between soil and litter. (C) NMDS ordination of pathogen communities based on
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significantly reduced the litter relative to the unlogged watershed
which also would have had larger and older trees. We note here
that FUNGuild (Nguyen et al., 2016) classified Cylindrosympodium
as a pathogen, but the particular species in our data were not
determinable with the exception of C. lauri, which was not
common. It was originally isolated from Laurus leaves and was
assumed to be plant pathogenic (Crous et al., 2007), but we found
no evidence that it has been tested for pathogenicity in any study.
While some species of Cylindrosympodium are thought to be
plant pathogens (Crous et al,, 2007), others appear to be involved
in decomposition (Purahong et al, 2016; Hernandez-Restrepo
et al,, 2017). Deeper study of this abundant genus is warranted
as its abundance in litter and in both our study and others
(e.g., Jumpponen et al.,, 2010; Silva and Lambers, 2021) suggests
it is important at the ecosystem scale. The higher abundance
of pathogens could make seed recruitment difficult within the
unlogged watershed but may also help maintain tree diversity as
has been found in tropical systems (Song et al., 2021).

We also saw differences between the individual logging
treatments. The soil fungal communities of watershed 7 (selectively
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logged) were similar to watershed 6 (clearcut), while the litter
fungal communities were similar to watershed 8 (old-growth). This
may indicate that below-ground soil fungi are more vulnerable to
impacts from logging than fungi found in the litter later. Another
explanation may be that the process of selectively harvesting in
watershed 7, rather than clearcutting, allowed for persistence of the
original above-ground fungal community. This is in contrast with
the above-ground fungal community of watershed 6, which was
likely wiped out when clearcut and burned with a novel assembly
replacing it, perhaps representative of where the seedlings were
sourced. These differences indicate that there are alternative states
depending on the type of logging and regeneration strategy, and
that above-ground and below-ground communities may exhibit
different legacy responses (Rodriguez-Ramos et al.,, 2020). Even
following planting, and a cessation of logging in watershed 6,
43 years before our sampling there remains a legacy effect. This is
indicative of potential changes in the function of the communities
between logged and unlogged watersheds.

Changes to the soil fungal community can impede or facilitate
forest regeneration through their interactions with plants as they
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establish and mature. The seedlings of ectomycorrhizal plant
species can rely upon common mycorrhizal networks (CMN) to
assist in their establishment (Liang et al., 2021). Access to CMNs
give seedlings a steady flow of nutrients, and—depending on the
fungi involved—a source of fixed carbon from mature conspecifics
in the network (Walder et al,, 2012). Changes to the saprotroph
community can further influence access to nutrients by altering
decomposition. Thus, changes in the composition of these two
guilds due to logging can influence the accessibility of nutrients and
carbon for trees during early regeneration. This can ultimately slow
down the process of regeneration and the storage of carbon within
a forest (Allison and Treseder, 2008).

4.2. Mineral soil vs. litter

Soil and litter fungi had different compositional trends
across the logging gradient due to the strong segregation of
fungal functional groups across these horizons. Higher relative
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abundances of pathogens in the litter layer are likely due to the
presence of pathogens within senesced host material that falls and
constitutes the Oi layer (Wahdan et al., 2020). We saw the opposite
trend with ECMF. ECMF can break down organic materials,
but they are not as efficient as independent saprotrophs (Talbot
et al,, 2008). This explains why ECMF were detected in greater
relative abundances in the mineral soil, as they forage for nutrient
pools, rather than in the litter layer where the early stages of
decomposition occur (Lindahl et al., 2007). This tendency may also
explain why there does not seem to be a distinct difference between
the ECMF found in mineral soil and litter layers—it appears that the
genera in the litter samples are comprised of a subset of the genera
found in the mineral soil samples. The ECMF sequences found in
the litter layer may be the exploratory hyphae of the belowground
mycelium searching for nutrient sources (Rosinger et al,, 2018) or
may be spores from fruiting bodies.

Saprotrophic fungal composition was also distinct between soil
and litter, likely due to the different forms of organic material in the
layers (Bodeker et al., 2016). The relative abundance of saprotrophs
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was also higher in litter samples. Early colonizers of senesced
organic material are likely found in the litter layer, while those that
are responsible for later stages of decay may be found in or near the
mineral soil. ECMF and saprotrophs compete for the same organic
resources, which further explains their spatial segregation (Talbot
et al., 2008; Bodeker et al., 2016).

4.3. Soil eDNA vs. sporocarp sampling

Fungal sporocarps, e.g., mushrooms, are produced when sexual
reproduction has occurred (Pellkkmans et al,, 2016), whereas fungal
DNA in soils is primarily composed of asexual hyphae and asexual
spores (Camenzind et al, 2022). The two datasets combined
suggest that the 16,000 acres of the HJ Andrews Forest contain
at least 524 species of macrofungi. Of these only a small subset
of the soil eDNA dataset shared species with the compilation of
sporocarp data from HJ Andrews (6.49%), which is somewhat
less than the 10% overlap typically found between sporocarp and
sequencing surveys (Dahlberg et al., 1997; Richard et al,, 2005;
Porter et al., 2008; Baptista et al,, 2015). Interestingly, there were
more macrofungi in collections/observations than in the eDNA,
which is unusual. However, given that we surveyed a much larger
area (the whole LTER) for sporocarps than we collected soil eDNA
from (several points in each of three watersheds), and the sporocarp
surveys covered several years, the larger number of species in the
sporocarp group is less surprising. It could be argued that we can’t
compare the two data sets, even qualitatively, because they were not
taken in exactly the same places and at the same time. However,
studies of fruiting body formation indicate that a combination of
environmental signals trigger fruiting and that these signals are
species-specific (Pelkmans et al., 2016). For this reason, it can take
dozens of years or more to completely sample a plot in a forest.
For example, a study in Switzerland by Straatsma et al. (2001)
sampled mushrooms over a 21 year period in the same plots.
Only 8/408 were found in all years and many only fruited once
during the 21 years. Future studies would benefit from collecting
and sequencing fruiting bodies as well as soils because that is
the only way to directly and accurately compare the datasets, as
identification errors can occur with morphological studies, fungal
diversity is poorly documented, and species identification with
high-throughput sequence data can be error-prone (Thines et al,
2018; Nilsson et al., 2019).

5. Conclusion

Our data show that logging can have a legacy effect upon fungal
communities lasting decades, including guilds that are important
for forest ecosystem processes. Planting following logging, as was
done in our sites, may minimize some of these legacy changes, as
there is less of a lag between the loss of hosts for the soil fungi and
their reintroduction. However, planting may introduce novel fungi
into the system, which can change the trajectory of regeneration for
the fungal community and add its own legacy effect. Changes to the
fungal community due to legacy effects can have consequences for
recovery following disturbance. Forest regeneration is an ongoing
process with no real end—yet forests can reach stable states where
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the turnover of species is minimal. The plant communities of
the forests in the Western Cascades can take decades or even
more than a century following a disturbance to reach such a
state depending on the severity (Franklin et al,, 2002). Long term
studies that track the regeneration of fungal communities in parallel
to the regeneration of plants are severely lacking, limiting our
understanding of how the communities influence one another.
Further research is required to determine the impacts from the loss
of particular fungal species on tree establishment and recruitment.
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