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Biogeography and organic matter removal shape
long-term effects of timber harvesting on forest soil
microbial communities
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The growing demand for renewable, carbon-neutral materials and energy is leading to intensified
forest land-use. The long-term ecological challenges associated with maintaining soil fertility in
managed forests are not yet known, in part due to the complexity of soil microbial communities and
the heterogeneity of forest soils. This study determined the long-term effects of timber harvesting,
accompanied by varied organic matter (OM) removal, on bacterial and fungal soil populations in 11- to
17-year-old reforested coniferous plantations at 18 sites across North America. Analysis of highly
replicated 16 S rRNA gene and ITS region pyrotag libraries and shotgun metagenomes demonstrated
consistent changes in microbial communities in harvested plots that included the expansion of
desiccation- and heat-tolerant organisms and decline in diversity of ectomycorrhizal fungi. However,
the majority of taxa, including the most abundant and cosmopolitan groups, were unaffected by
harvesting. Shifts in microbial populations that corresponded to increased temperature and soil
dryness were moderated by OM retention, which also selected for sub-populations of fungal
decomposers. Biogeographical differences in the distribution of taxa as well as local edaphic and
environmental conditions produced substantial variation in the effects of harvesting. This extensive
molecular-based investigation of forest soil advances our understanding of forest disturbance and
lays the foundation for monitoring long-term impacts of timber harvesting.
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Introduction

The growing renewable resource sector is driving
demand for forest biomass and the intensification of
forest land-use, resulting in shorter crop cycles, more
densely replanted forests and increased harvesting of
residual woody biomass (Fox, 2000; Allmér et al.,
2009; Achat et al., 2015). Sustaining the productivity
of future plantations depends upon prudent soil

management, which includes monitoring and asses-
sing the influence of microbially mediated processes.
Management practices can be improved with a better
understanding of the composition and function of
soil microbial communities, their differences accord-
ing to biogeography and forest type, and how
populations are affected by harvesting over the long
term. Timber harvesting is known to affect the
ecology of belowground communities in the short-
and long-term (Supplementary Table 1), yet the
inherent variability of soils and diversity of micro-
bial inhabitants necessitates a more comprehensive
investigation than has been conducted to date.

Following harvesting and before canopy closure,
soils experience significant environmental changes
that include higher average temperatures and lower
average moisture content as well as more frequent
fluctuation and higher extrema (Childs and Flint,
1987; Adams et al., 1991; Kranabetter and Chapman,
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1999; Redding et al., 2003; Kulmala et al., 2014).
These changes are known to affect microbial pro-
cesses, such the uptake of atmospheric methane
which is reduced over the short- (Castro et al., 2000;
Zerva and Mencuccini, 2005; Takakai et al., 2008;
Kulmala et al., 2014) and long-term (Wu et al., 2011)
owing to reduced populations of high-affinity
methanotrophs (Nazaries et al., 2011). Other exam-
ples include substantive and persistent changes in
populations of ectomycorrhizal fungi due to the loss
of tree hosts (Hartmann et al., 2012), broad changes
in the ratio of Basidiomycota to Ascomycota (Bader
et al., 1995; Hartmann et al., 2012; McGuire et al.,
2015) and the rise of stress-tolerant cellulolytic
populations and reduction in cellulolytic activity
(Wilhelm et al., 2017b). However, recent next-
generation sequencing-based surveys of microbial
communities find that edaphic and geographic
factors outweigh the effects of harvesting, accounting
for between 4- and 14-fold more variation over the
long-term (Hartmann et al., 2012; Cardenas et al.,
2015; Leung et al., 2016). Given the extent of
variation, it is necessary to conduct a comprehensive
comparative study across various forest and soil
types to test the robustness of previous findings and
identify potentially novel, generalizable long-term
responses to harvesting.

The long-term soil productivity study (LTSP) was
initiated in 1989 to assess changes in forest produc-
tivity following harvesting and emulates varying
degrees of soil compaction and harvesting of residual
organic matter (OM), such as woody debris and
organic soil (Powers et al., 2005). The LTSP is a field
experiment replicated at sites in some of the most
productively managed forested regions, or ecozones,
in North America, which include British Columbia,
California, Ontario and Texas. The extensive LTSP
network provided a sufficiently broad scope to assess
and contrast characteristics of long-term changes in
soil bacterial and fungal communities. The existence
of generalizable effects across ecozones may reveal
common abiotic or biotic factors shaping post-
harvest soil communities. Conversely, the extent of
localized effects may reveal the influence of biogeo-
graphy, succession and climate on the effects of
harvesting. We set out to weigh the effects of
harvesting at local and global levels and contrast
the effect size among ecozones.

The retention of coarse woody debris following
forest harvesting is a management practice that has
multiple benefits (Gustafsson et al., 2012), poten-
tially including the mitigation of long-term changes
in soil communities. Not only does the retention of
woody debris change the quality and quantity of OM
input to soils, it also mitigates chemical and physical
changes in pH, moisture and temperature (Entry
et al., 1986; Bååth et al., 1995; Kranabetter and
Chapman, 1999). Negligible differences in microbial
biomass, respiration and methanotrophic activity
were found between partially logged and unhar-
vested forests, in contrast to significant impacts from

clearcutting (Wu et al., 2011; Holden and Treseder,
2013a). Even at clear-cut sites, the retention of coarse
woody debris tempered long-term shifts in microbial
community composition and selected for unique
sub-populations (Hartmann et al., 2012) and
increased the diversity of wood-rot fungi relative to
unharvested plots (Brazee et al., 2014). The LTSP
experiment was designed to test the effects of
retention (OM1) or removal (OM2) of coarse woody
debris along with an extreme degree of organic
matter removal, where the organic soil layer is
removed (OM3) as an experimental endpoint for
maximal OM loss. We hypothesized that the reten-
tion of coarse woody debris would differentiate soil
communities in harvested plots by selecting for
populations involved in early-stage wood-decay
and decomposition, resulting in differences in soil
carbon and nitrogen content.

We set out to determine long-term effects on forest
soil communities in harvested plots with varying
amounts of OM retention at sites across North
America using bacterial (16 S rRNA gene) and fungal
(ITS) phylogenetic gene marker libraries, accompa-
nied by whole community shotgun metagenomes.
The main objectives of this study were (1) to
determine the extent to which previous findings
from the LTSP and other studies could be general-
ized (that is, their ecological validity), (2) to
determine how slash-retention and extreme OM
removal modulate effects of forest harvesting, (3) to
identify indicator taxa relevant to monitoring forest
regeneration in accordance with the goals of the
LTSP (Powers, 2006), and (4) to compare long-term
effects of harvesting to those of natural disturbance
reported in the literature. This study presents the
most comprehensive long-term perspective on the
effects of timber harvesting to date, shedding light on
the extent and nature of ecological change and
offering a new perspective on the potential impacts
of intensified forest land-use.

Materials and methods

Overview of sites and sample collection
Soils were collected from a total of eighteen
reforested LTSP sites, between 11 and 17 years old,
located in six conifer-dominated North American
ecozones with three sites per ecozone (Figure 1;
Detailed Site Information in Supplementary Table 2).
Each site contained plots corresponding to four
experimental treatments: an unharvested reference,
REF, and three harvested treatments with varying
degrees of OM removal: OM1, where tree boles
(stems) were debranched and removed, leaving
woody debris in place; OM2, where whole trees
including branches were removed and, OM3, where
whole trees were removed and the upper organic
layer of forest floor scraped away. Plots were
replanted with the native tree species commonly
used in commercial forestry in each ecozone
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(Supplementary Table 2) and no additional manip-
ulations were performed after the initial installation
of harvested treatments. The composition of plant
communities differed among ecozones, but, for the
most part, did not differ among harvested treatment
plots (details in Supplementary Materials 1). Plant
community composition was slightly different
between OM3 versus OM1 and OM2 in SBSBC and
BSON (see Supplementary Materials I). Soil compac-
tion was controlled at three levels during harvesting
and samples were collected from the lowest intensity
compaction treatment in order to focus on the effects
of OM removal. Sampling from SBSBC and IDFBC

included libraries from moderate (C1) and severe
(C2) compaction treatments previously shown to
have minor influence on community composition
(Hartmann et al., 2012). Three replicates were
collected from each treatment at each of the eighteen
sites. In Ontario (BSON and JPON), three replicate plots
were available at each site for each treatment, while
in the other four ecozones triplicate samples were
collected from one single, larger treatment plot per
site. During sampling, the litter layer was first
removed and organic layer samples (O-horizon) were
collected with a trowel. Then, the top 20 cm of
mineral soil (including the A and occasionally upper
B-horizon) was collected using a Stoney auger (5 cm
diameter). Sampling was performed to reflect con-
sistent soil characteristics among treatments and
sites. To account for heterogeneity at the plot level
and ensure sufficient soil material, sub-samples from

three to five points (consistent per ecozone) were
composited to produce the previously described
samples. Samples were stored at 4 °C during trans-
port, sieved through 2-mm mesh and stored at − 80 °
C until DNA was extracted within three months of
sampling date.

Preparation of 16 S rRNA gene and ITS region pyrotag
libraries
DNA was extracted from soil (0.5 g) using the
FastDNA™ Spin Kit for Soil (MPBio, Santa Ana,
CA) according to the manufacturer’s protocol. PCR
amplification was performed on bacterial 16 S rRNA
gene (V1–V3) using primers 27 F/519 R (Lane, 1991;
Amann et al., 1995) and fungal internal transcribed
spacer region (ITS2) using primers ITS3/ITS4 (White
et al., 1990) according to methods described in
Hartmann et al. (2012). PCR reactions were per-
formed in triplicate and pooled before purification
and quantification. All DNA quantitation was per-
formed using Pico-Green fluorescent dye (Thermo-
Fisher, Waltham, MA, USA). Samples were
sequenced using the Roche 454 Titanium platform
(GS FLX+) at the McGill University and Genome
Québec Innovation Centre, yielding an average of
7800 bacterial and 8000 fungal quality filtered reads
per sample. The ITS and 16 S amplicon libraries
from SBSBC and IDFBC used in this study were
obtained from Hartmann et al. (2012). Pyrotag
libraries were quality filtered and processed using
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Figure 1 Overview of experimental design superimposed on a map of sampling locations in each of the six ecozones (three replicate sites
per ecozone). Ecozones were named after the predominant tree species in the region. Mean annual temperature and precipitation during
the warmest quarter are provided. Samples from SBSBC and IDFBC were originally collected by Hartmann et al. (2012). The methods of
sample processing and sequencing were identical. Where available, photographs of treatment plots at the time of harvesting and at time of
sampling can be found in the Supplementary Materials III.
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mothur according to the Schloss ‘454 SOP’ (accessed
November 2015; Schloss et al., 2009). 16 S rRNA
gene libraries were clustered into operational taxo-
nomic units (OTUs) at 1% dissimilarity to produce a
count matrix. Fungal sequences were clustered at
5.5% dissimilarity, due to the hypervariability of the
ITS region, using CrunchClust (Hartmann et al.,
2012). Taxonomic classification was performed
using the RDP Classifier (Wang et al., 2007) with
the Greengenes database for 16 S rRNA genes
(database gg_13_8_99; August 2013) and the
mothur-formatted release of UNITE database for
ITS (sh_mothur_release_08.12.2013; August 2013).
All OTU counts were normalized to total counts per
thousand reads. Supplementary Table 3 provides an
account of all sequenced samples used in analysis
according to ecozone, soil layer and OM treatment.
Raw sequencing data can be retrieved from the Short
Read Archive under the study accessions:
PRJEB12501 (ITS), PRJEB8599 (16 S rRNA) and
PRJEB8420 (shotgun metagenomes), and additional
sequencing data from related LTSP projects can be
found in Wilhelm et al. (2017a). All metadata used in
analyses can be found embedded in phyloseq objects
available as Supplementary Data.

Preparation of shotgun metagenome libraries
Whole shotgun metagenomes were prepared from
samples from a single site in each of four ecozones,
BSON (A8), JPON (JW), PPCA (BL) and LPTX (TXA), using
freshly prepared DNA extracts distinct from those for
pyrotag libraries (n=21 per ecozone). Illumina paired-
end, 150-bp libraries were generated at the Joint
Genome Institute (Walnut Creek, CA, USA). Pre-
viously published paired-end, 75-bp metagenomic
libraries for IDFBC (Cardenas et al., 2015) were also
included in analyses. Raw sequence data for the IDF
ecozone is available at European Nucleotide Archive
(Study accession PRJEB8420, sample accessions
ERS656878 to ERS65689) and, for the other four
ecozones, at the JGI Genome portal (JGI proposal ID
543). Raw sequences were quality-processed as pre-
viously reported (Cardenas et al., 2015).

Bioinformatic analysis
Statistics were performed using R v. 3.1.0 (R Core
Team, 2008) with general dependency on the
following packages: reshape2, ggplot2, plyr
(Wickham, 2007, 2009, 2011), combinat (Chasalow,
2012), limma (Ritchie et al., 2015), Hmisc (Harrell
and Dupont, 2015) and phyloseq (McMurdie and
Holmes, 2014). Where necessary, P-values were
adjusted according to the Benjamini and Hochberg
(1995) false discovery rate (FDR) correction using
the qval function of the qvalue R-package (v2.2.2;
Storey et al., 2015). Chao1 richness and Shannon
diversity estimates were calculated on rarefied data
(nmin = 1300 reads) using the ‘plot_richness’ function
(phyloseq) and estimates represent the average of

500 random samplings. The ‘vegan’ R-package
(Oksanen et al., 2015) provided tools to calculate
rarefaction curves (‘rarecurve’), non-parametric mul-
tidimensional scaling (‘metaMDS’), analysis of simi-
larities (‘anosim’; nperm = 999) and permutational
analysis of variance (‘adonis’; nperm = 999). The latter
three analyses were performed using Bray-Curtis
dissimilarities calculated using the function ‘veg-
dist.’ Correlations between OTUs were made using
SparCC (Friedman and Alm, 2012) and co-
association networks were constructed from signifi-
cant (Po0.01) and relatively strong (r4| 0.3 |)
negative and positive correlations using Gephi
(v.0.9.3; Bastian et al., 2009). Indicator species
analysis was performed using the R-package ‘indic-
species’ (De Cáceres and Legendre, 2009) on normal-
ized count data for OTUs as well as binned
taxonomic classification, in which case the analysis
was repeated for all taxonomic ranks. Indicator
analysis was also performed on data subsetted by
ecozone and soil layer as well as aggregated by all
ecozones and soil layers. Results can be found in the
Supplementary Data package along with all R code to
reproduce the analyses. Phylogenetic trees were
prepared using MEGA6 (Tamura et al., 2013),
including sequence alignment, trimming and build-
ing of maximum-likelihood trees (bootstrap n=500;
Tamura-Nei substitution model). Analysis of fungal
functional guilds was performed using FUNGuild (v.
1.0; Nguyen et al., 2015), verification of FUNGuild
analysis of EM designation was performed based on
a selection of 55 genera known to contain EM species
(listed in Supplementary Materials II). A genus was
deemed to possess radiation, desiccation, and heat-
tolerant taxa if it was reported as having notable
abundance in lithic or desert environments or if
cultured representatives had documented excep-
tional tolerances.

The abundance of KEGG orthologous genes in the
unassembled genomes were obtained from IMG/M
pipeline annotation (Markowitz et al., 2008) and
normalized to counts per million. Differences in
abundance among treatments was calculated for
each ecozone-soil layer combination, as well as a
combination of all samples for each soil layer using
ANOVA tests, and corrected for multiple testing
(P-values and q-valueso0.05).

Results

Overview of community composition
The majority of variation in beta-diversity of bacter-
ial and fungal communities was attributed to
ecozone and soil layer. Of the total variation
explained by experimental factors in PERMANOVA
(Supplementary Figure 1), ecozone accounted for
64 and 67% of variation in bacterial and fungal
pyrotags, respectively, followed by site (15 and
21%), soil layer (18 and 7%) and OM treatment
(3 and 5%). The dominant effect of ecozone is
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evident in ordinations, as is the stronger effect of soil
layer on bacteria versus fungal communities
(Figure 2). The core set of bacterial OTUs present at
all sites and ecozones (15% of OTUs @ 99% identity)
accounted for 72% of total reads, despite the large
variation in overall community composition among
ecozones. Core fungal OTUs were less cosmopolitan
(5.5% of OTUs @ 94.5%) and less abundant (37% of
total reads) than bacteria (Figure 3). Shannon
diversity (alpha-diversity) significantly differed
among ecozones (Tukey HSD, padjo0.001), though
proximal ecozones shared similar diversity
(Supplementary Figure 2) and the greatest propor-
tion of OTUs (Supplementary Table 4). A sampling
depth of ~ 8000 reads per sample did not saturate
OTU richness at sites according to rarefaction curves
(Supplementary Figure 2).

Cosmopolitan and abundant bacterial OTUs were
classified as Rhodoplanes (5–7% of total libraries),
Mycobacterium (0.4–4%), Burkholderia (0.5–3%),

Reyranella (0.4–2%) and two candidate acidobac-
terial genera: Koribacter (0.2–1.5%) and Solibacter
(0.2–1%). Members of Bradyrhizobiaceae were by
far the most abundant taxonomic group, ranging
from 25% (in IDFBC and SBSBC) to 8% (in LPTX).
Although fungal OTUs were not cosmopolitan
among ecozones, a few fungal families did pre-
dominate, these included: Atheliaceae (3–24%),
Russulaceae (3.5–18%) and Suillaceae (3–9%). The
exceptions were PPCA, dominated by Trichocoma-
ceae (8–14%), and LPTX, dominated by Mortier-
ellaceae (~15%). Differences in the abundance of
certain phyla were observed between soil layers.
Alphaproteobacteria, Gammaproteobacteria, Bac-
teroidetes and Actinobacteria were most abundant
in organic layers, while candidate phylum AD3,
Chloroflexi, Betaproteobacteria, Deltaproteobac-
teria, Firmicutes and Acidobacteria were most
abundant in mineral layers. No fungal phyla were
differentially abundant between soil layers.

Figure 2 Geographic differences in community structure illustrated by non-parametric multidimensional scaling of bacterial (a) and
fungal (b) pyrotag libraries and by trends in relative abundance of specific taxa whose response to harvested treatments differed between
northern and southern sites (c). NMS was based on Bray-Curtis dissimilarities and individual OTUs were mapped as black crosses
(~44 000 bacterial and 16 000 fungal OTUs) and samples were mapped as colored circles. Unlike ITS libraries, bacterial 16 S rRNA gene
libraries exhibited a clear split between organic (top) and mineral (bottom) layers, though samples from the organic layer in PPCA and LPTX

were not mapped due to incomplete environmental data. Experimental factors were fitted to ordination with arrow length proportional to
the correlation between variable and ordination axes.
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Impacts of OM removal on soil conditions
Powers (2006) reported that 40–70% of aboveground
biomass was removed in OM1, 70–90% in OM2 and
nearly 100% in OM3 plots. At the time of our
sampling, we observed gradients in total carbon and
nitrogen in organic layer soils that corresponded
with the original intensity of OM removal.
(Supplementary Figure 3; full details
Supplementary Table 5). OM gradients did not exist
in any mineral layer samples or the organic layer of
JPON at time of sampling. Organic layer soil depth
was reduced according to the OM removal gradient.
For instance, average organic layer depth at the BSON

site was 0.4 cm (OM3), 3.2 cm (OM2), 4.0 cm (OM1)
and 4.8 (REF). Organic layers were absent in OM3 in
JPON and both BC ecozones. Soil pH was slightly
higher in harvested plots versus REF in northern, but
not southern, ecozones (Supplementary Table 5).

Mean daily soil temperature during periods before
our soil sampling (recorded in PPCA, BSON and JPON)
was significantly higher in harvested plots and
increased with OM removal (Supplementary
Figure 4). Five years after harvesting at Californian
sites, summer soil temperatures were consistently
1.5 °C (OM1) and 6 °C (OM3) warmer than REF plots
(Paz 2001). At Ontario sites, where long-term soil
temperature data was available, OM3 was on average
~ 4 °C warmer during summer than OM2 over the
first 5 years after harvesting (5 cm depth), though the
difference diminished over time. In JPON, variation in
daily temperature was on average ~ 60% greater in
OM3 than in OM2 (t=−3.8; Po0.001), amounting to
a variation of ~ 1.8 °C during the month of July. At
the time of sampling, soil moisture was inversely
related to the level of OM removal (Supplementary
Figure 3).

Impacts of OM removal on soil communities
OM removal treatments had a relatively small,
though significant (Po0.01), effect on overall bacter-
ial and fungal beta-diversity (Supplementary
Figure 1). These treatments accounted for ~ 5% of
variation in both fungal and bacterial community
composition, with British Columbian ecozones
showing the lowest variation for bacteria (SBSBC:
2% and IDFBC: 3.6%) and LPTX (3%) for fungi.
Conversely, PPCA showed the highest variation due
to treatments in both bacterial (9%) and fungal (8%)
populations. In agreement with the relatively small
effects of OM removal, the vast majority of bacterial
and fungal OTUs were common to all OM removal
treatments (Figure 3). Pairwise comparisons between
treatments using ANOSIM revealed that commu-
nities in OM1 and OM2 were the least distinct, while
communities in REF and OM3 were the most
differentiated (summary: Supplementary Figure 1;
complete: Supplementary Table 6). These trends
were mirrored in the greater number of OTUs shared
between OM1 and OM2 versus between REF and
OM3 (Figure 3). The long-term impacts of harvesting
on Shannon diversity varied among ecozones
(Supplementary Figure 5). Fungal populations had
consistently higher Shannon diversity estimates in
mineral layers of harvested plots relative to REF in
all ecozones, though statistically significant in only
SBSBC and JPON (Supplementary Figure 5). The
fungal alpha-diversity in mineral soils was greatest
in OM1 in all ecozones except LPTX, but significantly
greater in only SBSBC (Tukey HSD; padj = 0.03).

Differences in community composition between
REF and harvested plots were apparent at the
phylum level for both fungi and bacteria (Figure 4).
The relative abundance of Chloroflexi, candidate

Figure 3 A Venn diagram displaying the extent of OTUs shared among ecozones (left) and OM removal treatments (right) for bacterial
and fungal pyrotag libraries. The total number of OTUs is given followed by their total relative abundance (%) in parentheses. Proximal
ecozones in Ontario and British Columbia are combined due to their similarities. Supplementary Table 4 provides a complete breakdown
of all individual ecozones.
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phylum AD3 and Gemmatimonadetes (all mineral
layer associated) and Cyanobacteria (organic layer
associated) increased with increasing OM removal in
at least five of six ecozones. Conversely, populations
of Acidobacteria, Actinobacteria and Gammaproteo-
bacteria declined with increasing OM removal,
though not across all ecozones. Fungal communities
exhibited a decline in the ratio of Basidiomycota to
Ascomycota with increasing OM removal every-
where except for LPTX (Supplementary Figure 6).
The proportion of unclassifiable sequences also
increased with OM removal (Supplementary
Figure 7), though the most pronounced and statisti-
cally significant effects were observed in OM3
(~2-fold greater than to REF).

Three abundance patterns were apparent for both
bacterial and fungal OTUs: (i) an increased relative
abundance with increasing OM removal; (ii) a
decline with increasing OM removal, and (iii) an
increase at intermediate intensities. These three
trends occurred statistically more often than
expected by random chance (3σ or Po0.01), while
all other permutations of abundance patterns
occurred at less than or equal to random frequency.
Similar abundance patterns were observed in
clusters (or ‘modules’) of fungal OTUs in the
co-association network (Supplementary Figure 8;
modules 11, 12, 13 and 14). Bacterial networks had
no apparent modularity. Indicator analysis provided
the most detailed account of OTUs affected by
harvesting (Figure 5). Among indicator OTUs show-
ing the greatest increase in relative abundance
following harvesting were members of a number of
radiation, desiccation and heat-tolerant taxa, includ-
ing the superphylum ‘Terrabacteria group’
(Battistuzzi and Hedges, 2009). Terrabacterial phyla

(Actinobacteria, Armatimonadetes, Chloroflexi,
Cyanobacteria and Firmicutes) were all more abun-
dant in harvested treatments, particularly in OM3.
However, some families within the Actinobacteria
declined with increasing OM removal (Figure 6).
There was also an expansion in harvested treatments
of several stress-tolerant fungal taxa, including
known pyrophilous fungi (Supplementary
Figure 9), lichenized (Lecanorales) and lichenolous
fungi, and melanized rock-inhabiting fungi, such as
members of the genus Phaeotheca (Sterflinger, 2000),
and desert-adapted taxa such as Talaromyces (Stolk,
1965), Hormonema (Burford et al., 2003) and
Preussia (Rao et al., 2016). Populations of Glomer-
omycota, a phylum of arbuscular mycorrhiza, were
substantially expanded only in harvested sites in
BSON (undetected in REF and ~1% of total ITS reads
in OM3). Indicators of harvested treatments that
were common to four or more ecozones are summar-
ized in Figure 7, while a complete list of all indicator
taxa can be found in Supplementary Table 7.

Fungal indicator OTUs were more likely to decline
following harvesting than bacterial ones (odds ratio
4.5, Po0.001). Ectomycorrhizal (EM) fungi were
highly abundant overall (~10–40% of total libraries)
and EM indicator OTUs were more likely to decline
following harvesting compared with indicators from
saprotrophic groups (o.r. 7.1, P=0.002). The diver-
sity of EM fungi decreased with increasing OM
removal and was most pronounced in the organic
layer (Supplementary Figure 10). A majority of EM
genera declined in harvested plots, such as Russula,
Cenoccocum, Cortinarius, Otidea, Piloderma, Hygro-
phorus and Pseudotomentella, while a minority
consistently and substantially expanded in har-
vested plots, such as Suillus (3- to 6-fold increases),

Figure 4 Relative abundance of bacteria and fungi among treatments at the phylum level faceted by ecozone. Inset: relative abundance of
divisions within the phylum Proteobacteria. Phyla with low abundances (o0.075% of total reads) are not shown.
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Figure 5 Bacterial (top) and fungal (bottom) genera containing indicator OTUs that expanded or declined in harvested plots relative to
reference plots. The response ratio corresponds to the natural log of the average abundance in all three harvested treatments divided by the
average abundance in REF. Genera (x-axis) are ordered from left to right by average abundance in harvested plots. Dots correspond to
individual indicator OTUs with an indicator value 40.5 and padj o0.01. Dot area is scaled to total average counts. Red dots show which
OTU were indicators across all ecozones. Orange background labels indicate genera with reported tolerance of radiation, desiccation and/
or heat. Green background labels indicate genera containing ectomycorrhizal fungi.
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Thelephora, Tomentella and Wilcoxina. The most
abundant bacterial taxa that declined following
harvesting were Verrucomicrobia (Opitutus sp.),
Gammaproteobacteria (unclassified Sinobacteraceae,
Rhodanobacter and Luteibacter sp.), and Alphapro-
teobacteria (Rhodomicrobium and Ancylobacter)
and the commonly methanotrophic genus Methylo-
capsa (Supplementary Figure 11), which was nega-
tively correlated with pH (r=− 0.39, Po0.001).

Twenty-four fungal taxa and three bacterial genera
exhibited combined increases in both OM1 and OM2
(Supplementary Table 8). Their abundance patterns
were less consistent across ecozones than taxa
exhibiting expansion or decline with increasing
OM removal. IDFBC and PPCA were the only two
ecozones in which community composition in OM1
and OM2 significantly differed (Supplementary
Table 6). Several genera designated as ‘wood
saprotrophs’ by FUNGuild had higher relative
abundance in OM1, and to some extent OM2,
including Coniophora, Gymnopilus, Serpula, Peren-
niporia and Trechispora (Supplementary Figure 12).
Other poorly classified members of saprotrophic
groups such as several unclassified Agaricales OTUs
(rC:N = 0.30, Po0.001), Dermataceae (rC:N = 0.36,
Po0.001) and Agaricomycotina (n.s.) were also more
abundant in OM1 (Supplementary Figure 12). One
EM species, classified as Thelephora sp. ECM1, had
consistently higher abundances in OM1 (except in
LPTX; Supplementary Figure 12) and was positively
correlated with the C:N ratio (rC:N = 0.25, Po0.001).

Shotgun metagenomic analyses revealed a total of
128 KEGG orthologous genes were significantly
affected by harvesting. Genes related to photosynth-
esis (n=15), porphyrin and chlorophyll metabolism

(n=11), carotenoid biosynthesis (n=8) and bacterial
anoxygenic photosynthesis (n=4), all increased in
harvested treatments. The increase of xerophilic,
endolithic Geodermatophilaceae in harvested plots
was confirmed by read mapping to representative
genomes (Supplementary Figure 13). Support for the
decline in Methylocapsa populations in shotgun
metagenomic libraries was equivocal. The estimated
abundance of Methylocapsa acidophila, based on
read mapping to a representative genome (NCBI
accession: NZ_ATYA00000000.1), declined only in
IDFBC and did not significantly differ between
treatments (Supplementary Figure 11). The abun-
dance of methane oxidases, pmoA and mmoX were
also lower in IDFBC (at least in OM3); however, these
patterns did not occur in other ecozones, and the
abundances of pmoA and mmoX increased in
harvested plots in several instances
(Supplementary Figure 11).

Ecozone-specific impacts of OM removal
Variation in the effects of OM removal among
ecozones was expected given the generally large
geographic differences in community composition.
LPTX shared the fewest common OTUs with other
ecozones and the smallest number of common taxa
indicative of harvesting. Common responses to
harvesting were typical of proximal ecozones, such
as the expansion of Nostoc in both British Columbian
ecozones (Supplementary Figure 14), reflecting the
similarity of environmental conditions (Figures 2a
and b). Several taxa exhibited contrasting responses
along a North-South axis, such as Terriglobus
(bacterium) and Cladophialophora (fungus), which
had declining populations in northern sites and the
reverse pattern at southern sites (Figure 2c). Con-
versely, fungi from the order Boletales increased
with greater OM removal in northern sites, but
declined in southern sites. Northern and southern
sites exhibited marked differences in soil tempera-
ture, precipitation and soil moisture. Similarly,
several indicator taxa were exclusive to eastern
(Cupriavidus and candidate phylum GAL15) or
western ecozones (Limnohabitans, Nostoc and
AKIW781, an order of Chloroflexi), while other taxa
exhibited contrasting responses between eastern and
western ecozones, such as Rudaea, Kitasatospora
and members of Atheliales (Supplementary
Figure 14).

There were several cases where OTUs within the
same genus exhibited opposite responses to harvest-
ing and a subset of these could be attributed to
phylogenetic differences in closely related species.
In the EM genus Suillus, OTUs that showed
substantially increased relative abundance belonged
to separate clades from those which declined in
abundance (Figure 8). Rhizopogon species also exhib-
ited similar species-level differences in response to
harvesting (Supplementary Figure 15) along with the
bacterial genus, Kitasatospora (Figure 8). EM genera

Figure 6 Total abundance of phyla from Terrabacteria (Actino-
bacteria, Armatimonadetes, Chloroflexi, Cyanobacteria and Firmi-
cutes) according to ecozones and OM treatment. All terrabacterial
phyla, except for Actinobacteria, increased with increasing OM
removal and were therefore aggregated. Actinobacteria were
plotted separately. The following actinobacterial families exhib-
ited decreased with increasing OM removal (summed in a):
Actinospicaceae, Micromonosporaceae, Solirubrobacteraceae,
Streptosporangiaceae, Thermomonosporaceae, and Streptomyce-
taceae. While, the following actinobacterial families had the
opposite trend (summed in b): Gaiellaceae, Geodermatophilaceae
and Micrococcaceae. Significant (Tukey HSD; padjo0.05) pairwise
differences are grouped by lettering.
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within the same family, Tomentella and Pseudoto-
mentella, exhibited divergent responses to harvesting
(Supplementary Figure 16). However, the majority of
these OTU-level contrasting responses did not corre-
spond to phylogeny.

Discussion

Over a decade after LTSP sites were harvested, we
observed gradients in soil conditions that corre-
sponded to initial levels of OM removal. Yet, OM
removal had a relatively small effect on beta-diversity,

accounting for far less variability than occurred
among ecozones and, within most ecozones, did not
account for much more variability than occurred
among sites. The OM removal treatments had no clear
effect on populations of the most abundant and
cosmopolitan taxa, like members of the highly
abundant Bradyrhizobiaceae, reported here and else-
where (VanInsberghe et al., 2015). Despite the mini-
mal effects on overall community composition, OM
removal treatments did have significant effects on a
variety of populations of which EM fungi and stress-
tolerant taxa were most clearly impacted. For most of
those taxa, the effects were observed in OM1 and/or

Figure 7 A table of bacterial and fungal taxa that expanded or declined in response to harvesting in four or more ecozones. The lowest
depth of classification supported by bootstrapping (480) is provided and is prefaced by rank (c, class; o, order; f, family; g, genus;
s, species). Mineral layer and organic layer-associations are noted by shaded squares. Response ratio barplots show the average abundance
in all three harvested treatments divided by the average abundance in REF. Bars are shaded according to the maximum observed relative
abundance of each taxon indicated in scale bar. Changes observed in both Ontario ecozones (BSON and JPON) were denoted by ‘ON’ and,
similarly, effects observed in both British Columbian ecozones (IDFBC and SBSBC) were denoted by ‘BC’.
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OM2, indicating the effects were the result of harvest-
ing and not solely due to the removal of the forest
floor (OM3). The magnitude of changes in community
composition due to harvesting was comparable
among ecozones, though PPCA and LPTX, exhibited
the most and least pronounced changes, respectively.
The extent of ecozone-specific responses to harvest-
ing demonstrates the need for microbial assessments
at regional scales, though the many cross-ecozone
effects amount to potential indicators for monitoring
and evaluating microbial succession in long-term
managed forests.

The consistent increase in desiccation- and heat-
tolerant taxa in both soil layers reflected the warmer,
drier conditions in harvested plots. While harvesting
was sufficient to produce this effect, the removal of
the forest floor had a strong impact, demonstrating

the importance of the forest floor in shading and
insulating underlying soil. The changes we observed
in stress-tolerant taxa resembled reported long-term
changes following forest fire, indicative of compar-
able post-disturbance environmental regimes. The
expansion of terrabacterial phyla has been observed
following forest fire (Tas et al., 2014; Xiang et al.,
2014) and in other exposed soil environments such
as glacial forefelds (Rime et al., 2015). The decline in
relative abundance of Basidiomycota, predominantly
EM fungi, in favor of Ascomycotawas also consistent
with long-term changes in fire-affected soils (Holden
et al., 2013b; Buscardo et al., 2015). This pattern
likely reflects the fact that most thermo-tolerant fungi
characterized to date belong to Ascomycota
(Morgenstern et al., 2012), including several pyro-
philous taxa. The absence of significant trends in

Figure 7 Continued.
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alpha- and beta-diversity is also in agreement with
studies of wildfire-affected soils, suggesting both
disturbances produce relatively minor restructuring
of communities (Weber et al., 2014; Oliver et al.,
2015). Overall, these results suggest that the forestry
strategy of emulating natural disturbance, particu-
larly wildfire (Long, 2009; Stockdale et al., 2016),
extends to belowground communities, though a
more direct comparison is needed.

EM fungi were the most prominent trophic guild of
fungi, constituting between 10 and 40% of total ITS
libraries, and their overall decline was a major inter-
ecozone effect of harvesting. In contrast, arbuscular
mycorrhiza populations increased in harvested
plots likely due to their common symbioses with
successional plant cover, as observed post-wildfire
(Xiang et al., 2015). The decline of EM communities
in SBSBC and IDFBC was previously reported by
Hartmann et al., (2012), and, here, we have shown it

Figure 8 Maximum-likelihood phylogenetic trees for predominant OTUs from the fungal genus, Suillus, and bacterial genus,
Kitasatospora, accompanied by their abundances in harvested treatments. OTUs names are colored according to whether they exhibited
expanding (red) or declining (brown) relative abundances in harvested treatments. Barplots on the left show the sum of counts for each
genus, while barplots on the right show the abundances of individual clades (marked with stars). For simplification, the Y-axis on the
right-side plots corresponds to percent abundance of each clade in its respective genus. Overall, Suillus spp. accounted for an average of
5% of ITS reads per library, while Kitasatospora spp. accounted for an average of 0.05% of 16 S reads per library. Aligned sequences were
trimmed to 355 bp (Suillus) and 250 bp (Kitasatospora) before tree building.
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to be a general response across distinct ecozones.
The subset of EM genera, including Rhizopogon,
Suillus and Thelephora, that expanded in most
ecozones following harvesting have all been reported
to thrive in the early-stages of forest succession at
local scales (Simard, 2009; Buscardo et al., 2015;
Glassman et al., 2015; Oliver et al., 2015). Interest-
ingly, the predominance of Suillus may partly result
from their recruitment by young trees to fulfill
nutritional needs, given the nitrogen fixing activity
present in S. tomentosus tubers (Kranabetter, 2004;
Paul et al., 2012). Our results provide new evidence
that the expansion of these taxa is a common feature
of early-stage plantations in diverse North American
forests and that their dominance lasts, at least,
17 years post harvest.

Harvesting produced changes in the relative
abundance of several bacterial groups involved in
soil processes important to forest ecosystems. These
included declining populations of Verrucomicrobia
(Spartobacteria and Opitutus) and Streptomyceta-
ceae, previously identified as major cellulolytic taxa
affected by harvesting (Wilhelm et al., 2017b) and by
forest fire (Tas et al., 2014; Weber et al., 2014). Forest
floor removal produced significant expansion in
Syntrophobacteraceae, a group of thermophilic sul-
fate reducers (Kuever, 2014), while harvesting, in
general, produced a near universal expansion of
metal-reducing bacteria from genus Geothrix. These
trends suggest soil conditions may favor anaerobic
respiration, perhaps due to soil compaction from
even light machinery. Populations of Methylocapsa
also declined following harvesting in most ecozones,
which was previously linked to a reduction in
atmospheric methane oxidation in soils (Nazaries
et al., 2011). However, we could not establish a link
between changes in community structure and func-
tion, since the changes in Methylocapsa abundance
did not correspond to a decrease in relative abun-
dance of pmoA genes. The decline in Methylocapsa
may be due to altered environmental conditions in
the organic layer where their populations were most
abundant and negatively correlated with pH.

The retention of coarse woody debris (OM1 vs
OM2) did not produce any major restructuring of the
microbial community over the long-term. Across
ecozones, OM1 and OM2 shared the greatest propor-
tion of overlapping OTUs and were undifferentiated
in most analyses, extending the findings of
Hartmann et al. (2012). Yet, there were noteworthy
exceptions that suggest retention may yield marginal
benefits. For example, the only ecozones where
overall communities significantly differed between
OM1 and OM2 (IDFBC and PPCA) were the same
ecozones where soil carbon content was significantly
higher in OM1 relative to OM2. Furthermore, fungal
communities were most diverse in OM1 compared
with any treatment, and, as hypothesized, OM1
selected for certain decomposer populations, like
wood-rot fungi. Many differentially abundant taxa
between OM1 and OM2 were identified, but these

differences tended to occur in only one or a few
ecozones. Inconsistency among ecozones may partly
reflect the local communities, such as the adaptation
of endemic taxa to local sources of OM (Ayres et al.,
2009; Freschet et al., 2012). Yet, most of the
differentially abundant taxa are unclassified and
poorly characterized, so it is premature to draw
conclusions about them. Overall, these observations
indicate that woody debris retention has a minimal
impact on the overall soil community in diverse
ecozones. In contrast, OM retention had a clear effect
in terms of buffering abiotic changes, moderating the
expansion and decline of certain populations.

Removal of forest floor (OM3) had the greatest
impact on the soil community by nearly all mea-
sures. This extreme treatment was not intended to
test a forest management practice, but rather to
determine the consequences of maximum OM
removal. The inclusion of OM3 made for a starker
increase in the expansion of stress-tolerant popula-
tions in all harvested sites, a phenomenon which has
yet been described in the forest disturbance litera-
ture. Despite the severity of this treatment, and its
major effects on individual populations, even OM3
did not have a great impact on overall community
composition. This suggests that the community is
largely resilient to perturbation, though future work
is required to determine whether greater changes
manifest as forest plantations mature.

The ecozone-specific impacts of harvesting on
microbial communities is consistent with the varia-
bility in forest productivity reported in other LTSP
publications (Fleming et al., 2006; Thiffault et al.,
2011; Ponder et al., 2012; Holub et al., 2013).
Ecozone-specific impacts were mainly attributable
to the irregular distribution of taxa, which was not
unexpected given the large differences among eco-
zones in climate, edaphic factors, and plant commu-
nities. Notably, some ecozone-specific effects could
be attributed to divergent responses of closely related
species, such as those within Kitasatospora, Rhizo-
pogon and Suillus. Substantial differences were
observed even between proximal ecozones that
shared similar climates and plant communities, such
as the expansion in populations of candidate phyla
AD3 and GAL in JPON, but not in BSON. The trends in
certain microbial populations along north-south and
east-west axes demonstrated the effects of biogeo-
graphy and differences in local conditions brought
about by harvesting. The expansion of Boletales in
harvested plots in northern ecozones exemplifies
how soil warming and drying in these cooler
climates may foster growth, while post-harvesting
conditions in already hot and dry climates exceeded
tolerance thresholds leading to their decline in
southern soils. Integrating microbial ecology into
forest management practices must, therefore, be
evaluated at regional scales, despite the occurrence
of general trends. This will be particularly necessary
for management considerations pertaining to fungal
communities which exhibit greater endemicity
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at the continental scale than bacteria (Talbot et al.,
2014).

Populations that were consistently affected by
harvesting across all other ecozones were unchanged
between harvested and references plots in Texas
(LPTX). The uniquely rapid rate of forest regeneration
and land-use legacy at LPTX sites provide interesting
context for a possible explanation. The rate of
regeneration at LPTX was nearly twice the rate of
other ecozones (~25-year reforestation cycles) and
this rapid return to environmental conditions resem-
bling a pre-harvest state may hasten the recovery of
microbial communities. Additionally, the LPTX

reference plots were previously harvested (~75 years
before the LTSP installation), and, historically have
been managed by humans with fire. This history of
disturbance may contribute to the similarity of soil
communities between unharvested and harvested
plots. As such, LPTX sites likely represent a case
study on the resilience of soil communities to
repeated disturbances and long-term management
practices, though more longitudinal evidence is
clearly necessary.

This study offers insight into some of the below-
ground ecological changes that take place in the
decades after timber harvesting, providing a long list
of indicators in bacterial and fungal communities.
Changes resulting from harvesting were relatively
minor in comparison to the variability between soil
layers and among geographic regions. However, the
relative magnitude of ostensibly unaffected popula-
tions may be inflated due to substantial presence of
relic DNA in soil (Carini et al., 2016). If these
populations prove to be metabolically active and are
truly unaffected by harvesting, their resilience would
serve as a compelling area of future research.
Overall, it remains to be seen whether the changes
we observed in microbial populations persist as the
forests mature, and whether changes compound over
repeated cycles of harvest and regeneration. Our
efforts to identify specific taxa affected by harvesting
will enable researchers to track populations over
time to answer long-standing questions about the
impacts of forest disturbance and various manage-
ment practices. Yet, at present, our understanding of
the contributions of soil communities to forest
productivity and succession is limited. This limited
understanding was highlighted in our study by the
increased proportion of unclassifiable OTUs in
harvested plots. The full extent of the impact of
harvesting on soil communities cannot be known
until those knowledge gaps are filled.
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