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A B S T R A C T   

We incubated 196 large-diameter aspen (Populus tremuloides), birch (Betula papyrifera), and pine (Pinus taeda) 
logs on the FACE Wood Decomposition Experiment encompassing eight climatically-distinct forest sites in the 
United States. We sampled dead wood from these large-diameter logs after 2 to 6 y of decomposition and 
determined wood rot type as a continuous variable using the lignin loss/density loss ratio (L/D) and assessed 
wood-rotting fungal guilds using high-throughput amplicon sequencing (HTAS) of the ITS-2 marker. We found L/ 
D values in line with a white rot dominance in all three tree species, with pine having lower L/D values than 
aspen and birch. Based on HTAS data, white rot fungi were the most abundant and diverse wood-rotting fungal 
guild, and soft rot fungi were more abundant and diverse than brown rot fungi in logs with low L/D values. For 
aspen and birch logs, decay type was related to the wood density at sampling. For the pine logs, decay type was 
associated with the balance between white and brown/soft rot fungi abundance and OTU richness. Our results 
demonstrate that decay type is governed by biotic and abiotic factors, which vary by tree species.   

1. Introduction 

Dead wood represents an essential ecological niche for various 
macro- and microorganisms, sustaining forest biodiversity (Rayner and 
Boddy 1988; Harmon et al., 1986; Hoppe et al., 2016; Johnston et al., 
2016; Skelton et al., 2019). From a biogeochemical perspective, dead 
wood is central to forest productivity and forest carbon (C) sequestration 
by storing large amounts of nutrients and C that are recycled or stabi
lized through the decomposition processes (Chambers et al., 2000; 
Baldrian and Lindahl 2011; Magnússon et al., 2016). However, dead 
wood not only represents an ecological and biogeochemical component 
of forests but is also considered by humans to be a resource for con
struction and energy production, notably through intensive forestry 
practices (Davidson and Janssens, 2006; Canadell and Raupach, 2008; 
Edenhofer et al., 2014). Collectively, this means that the fate of dead 
wood C is flexible and within some measure of human control in 
managed forests (Meinshausen et al., 2009; Thornton et al., 2014). 

Accurate predictions of wood decay rates and fates for C released by 
decomposers are critical, unmet challenges for Earth Systems modeling 
(Keenan et al., 2013). 

The role of dead wood in the C cycle has historically benefited from 
important modeling efforts (Dai et al., 2021; Lustenhouwer et al., 2020). 
On a large scale, wood decay rates have been described as associated 
with temperature and precipitation (A’bear et al., 2014; Bradford et al., 
2014; Harmon et al., 2020). Additionally, the position of dead wood 
(ground contact vs. aboveground) has been identified as a factor influ
encing decay rates, usually slower for dead wood standing vertically 
than for horizontal logs (Harmon et al., 2013; Russel et al., 2015). 
Wood’s initial intrinsic characteristics, notably its density, carbon/
nitrogen ratio, extractives, and nutrient content affect decay rates 
(Weedon et al., 2009; Zanne et al., 2015; Harmon et al., 2020). However, 
dead wood presents unique specificities compared to other 
plant-derived organic matter types, such as leaf and microbial litter. 
During decomposition, physicochemical properties of leaf litter and 
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microbial biomass tend to converge, making C modeling mainly 
dependent on decay rates (Fierer et al., 2009; Preston et al., 2009; 
Wallenstein et al., 2013; Maillard et al., 2020; Ryan et al., 2020). Dead 
wood does not always exhibit this physicochemical convergence phe
nomenon. Indeed, substantial chemical divergences emerge through 
wood decomposition, generating very different decay types and poten
tially contrasting consequences for biogeochemical cycles (Keenan et al., 
2013; Schilling et al., 2020). Although wood decay rates have profited C 
modeling efforts, the fates for carbon reallocated to soils or atmosphere 
as a function of wood decay types have been poorly investigated and 
need attention. 

In temperate and boreal forests, fungal communities have been 
characterized as the primary agents of wood decomposition (Rayner and 
Boddy 1988; Lindner et al., 2011; van der Wal et al., 2014). These fungal 
decomposers are responsible for the different decay types observed in 
dead wood (Schilling et al., 2020). Decay nutritional modes, also known 
as decay or rot types, have been proposed as functional traits for 
regrouping different fungal lineages within functional guilds (Blanch
ette 1980). With the capacity to synthesize peroxidases and glycosyl 
hydrolase enzymes, white rot (WR) fungi cause substantial removal of 
lignin and carbohydrates during wood decomposition (Eriksson et al., 
1990; Zhang et al., 2019). Conversely, brown rot (BR) fungi access and 
decompose carbohydrates using Fenton-based chemistry, with only 
minor removal of lignin (Riley et al., 2014; Schilling et al., 2020). The 
soft rot (SR) fungi, less studied than the two other wood-rotting types, 
have been described as using wood cell wall erosion to access carbo
hydrates, with low lignin removal similar to brown rot fungi (Eslyn 
et al., 1975; Nilsson et al., 1989; Blanchette et al., 2010). With con
trasting wood decomposition mechanisms, these three wood-rotting 
fungal guilds (BR, SR, and WR) may drive major differences in the for
est C cycle. BR and SR fungi, in particular, might increase forest soil C 
stocks by generating recalcitrant particulate lignin (Stutz et al., 2017). In 
contrast, by mineralizing lignin, WR fungi might limit the contribution 
of wood to stable soil organic matter formation. The fate of lignin 
decomposed by WR fungi is still uncertain and depends on two phe
nomena: (1) the polyphenols resulting from lignin depolymerization 
might adsorb on mineral particles and create stable mineral-associated 
organic matter (Stutz et al., 2019); or (2) lignin might be completely 
mineralized by WR fungi, limiting lignin-associated C transfer and sta
bilization in soil (Del Cerro et al., 2021). 

Decay-type assessment presents a technical challenge. Scanning 
electron microscopy has been defined as one of the most accurate ap
proaches to identifying different rot types (Riley et al., 2014). However, 
while useful for laboratory experiments using dead wood decomposed 
by a single fungal species, scanning electron microscopy is challenging 
to scale up to the field, where multiple wood-rotting fungi decompose 
the same wood logs in parallel or successively. For this purpose, chem
ical approaches were developed, and notably, the continuous variable 
(not binary brown vs. white rot type) ratio of lignin loss (L) to density 
loss (D) (Worrall et al., 1997; Schilling et al., 2015, 2020). By extending 
the results of Worrall et al. (1997), Schilling et al. (2020) found that 
wood decomposed by WR fungi have a high L/D, usually ranging from 5 
to 0.8 and decreasing with decomposition time, which is caused by 
progressive removal of lignin. Conversely, BR and SR fungi were char
acterized by L/D ratios below 0.8, being relatively stable during the 
decomposition time, due to the selective extraction of the carbohy
drates. Still, despite the emergence of this robust tool to categorize dead 
wood physicochemical properties, the study of the decay type preva
lence in the field remains primarily indirectly explored by assessing the 
wood-rotting fungal guilds abundance. 

Sporocarp investigations of wood-rotting fungi across North Amer
ican forests revealed that latitude affects BR and WR fungal distribu
tions, which dominate higher and lower latitudes, respectively 
(Gilbertson 1980). However, SR fungal distributions have been poorly 
studied; SR fungi are often described as stress-tolerant fungi that inhabit 
extreme environments, such as polar regions, deserts, or wet tropical 

forests (Blanchette et al., 2010). The different latitudinal distributions 
between BR and WR fungi may result from climatic parameters (tem
perature and/or precipitation), with BR fungi preferring colder and drier 
habitats and WR fungi favoring warmer and wetter environments (Gil
bertson 1980). Host tree phylogeny, notably gymnosperms, which are 
usually more abundant at higher latitudes, might also explain the dis
tribution of BR and WR fungi (Gilbertson 1980). In contrast to WR fungi, 
Gilbertson (1980) notably found that BR fungi were strongly associated 
with gymnosperm tree species. Recently, an evolutionary study chal
lenged current thoughts about the angiosperm/gymnosperm prefer
ences of BR and WR fungi (Krah et al., 2018). Dead wood position 
(horizontal on the ground or standing vertically) has also been described 
as affecting wood-rotting guild distribution, with BR species being more 
abundant in logs lacking contact with soil, while WR fungi were more 
abundant in dead wood that is in direct contact with the forest floor 
(Jaroszewicz et al., 2021). Finally, decomposition time is also an 
important factor explaining wood-rotting fungal dominance. BR fungi 
have been observed to be relatively abundant at the beginning of the 
decomposition process, and WR fungi to be relatively stable throughout 
wood decomposition (Rajala et al., 2012, 2015; Fukasawa et al., 2019). 
Few, if any studies have investigated the biotic and abiotic drivers of 
wood-rotting fungal guild balance using high-throughput amplicon 
sequencing (HTAS) technologies (WR, BR, and SR relative abundances 
and ratios) and their impacts on dead wood decay types. 

This study assessed wood decay types and the wood-rotting fungal 
guilds of three tree species (two angiosperms, aspen (Populus trem
uloides) and birch (Betula papyrifera), and one gymnosperm, loblolly pine 
(Pinus taeda)) at eight distinct forest sites across North America (Fig. 1). 
Tree boles (logs) were left to decompose for up to 6 y and sampled after 
2, 4 or 6 y depending on site decay rates and log species. For the pine 
species, we included a log ground contact/orientation treatment 
comparing boles that were decomposing horizontally on the forest floor 
and boles that were standing vertically without ground contact. Dead 
wood was sampled to assess wood-rotting fungi relative abundance and 
OTU richness (using DNA metabarcoding and sequencing of the ITS2 
fungal marker) and wood physicochemistry (final wood density and L/D 
ratio). Fungal operational taxonomic units (OTUs) were classified as BR, 
SR, or WR decay types using databases and literature resources. Decay 
rates (wood density at sampling), wood decay type (L/D ratio), and 
wood-rotting fungal guilds were linked with climate parameters (mean 
annual precipitation [MAP] and mean annual temperature [MAT]) using 
structural equation modeling. Based on the physiologies and ecologies of 
the different wood-rotting fungal guilds, we tested the following pre
dictions: (P1) WR fungi will dominate aspen and birch dead wood, and 
pine dead wood will be rich in BR fungi as compared to aspen and birch; 
(P2) BR fungi will dominate northern, colder, sites while WR fungi will 
dominate southern, warmer, forests; (P3) Pine will have a lower-than- 
average L/D ratio due to more abundant BR fungi; and (P4) Vertically 
standing pine wood logs will be rich in BR fungi as compared to hori
zontal pine logs and will also have a lower L/D ratio. 

2. Materials and methods 

2.1. Experimental design 

This study utilizes samples from the decommissioned U.S. Dept. of 
Energy’s Free Air Carbon Dioxide Enrichment (FACE) Wood Decompo
sition Experiment (FWDE). The FWDE (Trettin et al., 2021) is designed 
to assess wood decomposition and the fate of the associated 
wood-carbon across major forested biogeoclimatic zones across the 
continental United States. We retained eight among the nine study sites 
of the FWDE (Table 1, Fig. 1). These Experimental Forest sites have 
annual precipitation means that range from 58.9 cm at a site in Colorado 
to 228.1 cm at a site in North Carolina. Mean annual temperatures range 
from 4.2 ◦C in Montana to 18.8 ◦C in South Carolina. 

The FWDE utilized elevated and control logs obtained from the FACE 
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experiment; pine logs were obtained from the Duke Forest in North 
Carolina and the aspen and birch logs were obtained from the Rhine
lander, Wisconsin site. The aspen and birch logs were cut into 1 m long 
sections (pine into 2 m sections) and 24 of each were placed horizontally 
on the ground. An additional 24 pine logs were placed vertically atop 
PVC pipe stands and wired into place as an above ground, vertical 
treatment. The material was deployed in 2011; for details on the 
experimental design, set-up and characteristics of the sites, see Trettin 
et al. (2021). 

2.2. Sampling and wood property analyses 

For an L/D assessment to correctly determine rot type, there must be 

some decay (higher than decay class 1) but not so much decay loss that 
density and content chemistries are no longer distinguishable as wood 
versus soil (typically, lower than decay class 4) (Schilling et al., 2015). 
To target decay classes 2 and 3, we sampled wood after 2, 4 or 6 y of 
decomposition depending on the log species and experimental site, 
when the wood had not surpassed decay class 3 and only in samples that 
had progressed above decay class 1 (Table S1). Both dead wood origi
nating from control and carbon dioxide enrichment FACE treatments 
were sampled and regrouped as a unique treatment in our study. A 3-cm 
disk was cut from log ends for DNA extractions (described below), with a 
second adjacent disk cut for oven-drying and lignin analysis (gravi
metrically, as acid-insoluble lignin in 72% H2SO4). Densities were also 
calculated (dry weight (g) per fresh volume (cm3)) by weighing whole 

Fig. 1. Location of the experimental sites.  

Table 1 
Locations and descriptions of FACE experimental sites.  

Site Code State Latitude (◦N) Longitude (◦W) Altitude (m) Forest Type 

Caspar Creek CC CA 39.3726 123.7063 240 Douglas-fir 
Coweeta CO NC 35.0467 83.4574 910 Oak-hickory 
Duke DU NC 33.9760 79.0924 170 Loblolly-shortleaf pine 
Fraser FR CO 39.9296 105.8698 2710 Fir-spruce 
Marcell MA MN 47.5057 93.4861 430 White-red-jack pine 
Santee SA SC 33.1482 79.7910 8 Loblolly-shortleaf pine 
Sierra Ancha SI AZ 33.8039 110.9159 2220 Ponderosa pine 
Tenderfoot TE MT 46.9236 110.8697 2130 Lodgepole pine  
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logs, in the field, and drying material from disk 2 to measure and adjust 
for moisture content. Using these measures, and as outlined in Schilling 
et al. (2015), we calculated the loss of lignin relative to the loss of 
density (L/D) to create a continuous variable as a carbohydrate selec
tivity index, with lignin-degrading white rot having reliable L/D > 0.8 
(Schilling et al., 2020). Given that there can be more progressive decay 
near the log ends with exposed grain, it is useful to note that densities 
were calculated based on whole-log measurements rather than on 
samples from these disks, and that the lignin analysis from the inner disk 
was adjusted to a ‘store’ (content per volume rather than per mass) by 
using these whole-log densities. 

2.3. Fungal community sequencing 

For DNA extraction, samples were collected after 2 or 6 y of 
decomposition depending on the log species and experimental site by 
drilling three holes per log and collecting the resulting drill shavings 
(Table S1). Each horizontal log was sampled for DNA approximately 10 
cm from the end by drilling three 3.175 mm diameter holes (approxi
mately 3 cm deep) at approximately 0, 90 and 270 ◦, with zero being the 
top of the log. Vertical logs were sampled at 3 points, which were 
randomly selected from 4 cardinal points (0, 90, 180 or 270). Holes were 
drilled similar to the methods of Jusino et al. (2020). Drill bits were 
washed and DNA-sterilized between each use following Jusino et al. 
(2020). After collection, drill shavings were covered with a buffered 2% 
CTAB cell lysis buffer solution (CLS; Lindner and Banik, 2011) and 
frozen at −20 ◦C. The DNA was subsequently extracted from the samples 
following the protocol of Lindner and Banik (2011). The first step of the 
extraction involves a 2-h incubation at 65C, following this incubation, 
the three samples from each log were pooled for the remainder of the 
extraction. Negative controls (CLS with no sample) were included dur
ing every batch of DNA extraction to control for possible contamination 
at the DNA extraction step. 

After extraction we PCR amplified the fungal DNA for HTAS libraries 
using individually barcoded Ion fungal-specific primers fITS7 and ITS4 
(Ihrmark et al., 2012) that were modified to be compatible for Ion 
Torrent sequencing (Ihrmark et al., 2012) according to manufacturer’s 
recommendations. The forward primer consisted of the Ion A adapter 
sequence, the Ion key signal sequence, a unique Ion Xpress Barcode 
sequence (10–12 bp), a single base-pair linker (A), and finally the fITS7 
primer (Ihrmark et al., 2012). The reverse primer consisted of the Ion 
trP1 adapter sequence followed by the conserved ITS4 primer (Ihrmark 
et al., 2012). The following reagents were used for each PCR reaction: 
7.88 μl DNA-free molecular grade water, 3.0 μl Green GoTaq 5x buffer 
(Promega Corporation, Madison, WI, USA) – final concentration 1x, 0.3 
μl of 10 mM dNTPs (Promega Corporation, Madison, WI, USA) for a final 
concentration 0.2 mM of each dNTP, 0.3 μl of each 10 μM primer for a 
final concentration of 0.2 μM of each primer, 0.12 μl of 20 mg/ml BSA 
(New England BioLabs), 0.1 μL of 5u/μL GoTaq polymerase (Promega) – 
final concentration of 0.033 u/μL of the reaction, and 3.0 μL of template 
DNA for a total reaction volume of 15 μL. Each PCR cycle was run with a 
negative control (same reagents, substituting water DNA-free molecular 
grade water for the full volume of template DNA). Thermocycling con
ditions were: initial denaturation of 94 ◦C for 3 min, then 11 cycles of 
(94 ◦C for 30 s, 60 ◦C for 30 s (drop 0.5 ◦C per cycle), 68 ◦C for 1 min), 
then 26 cycles of (94 ◦C for 30 s, 55 ◦C for 30 s, and 68 ◦C for 1 min), with 
a final extension of 68 ◦C for 7 min. An additional sample consisting of 
SynMo (Palmer et al., 2018), an equimolar spiked-in mock community 
control composed of non-biological synthetic ITS sequences, was also 
amplified and included in each sequencing run. PCR products, including 
negative extraction controls, and negative PCR controls were visualized 
on agarose gel, to confirm amplification of the target region, and rule out 
possible contamination during extraction or PCR steps. Zymo 
Select-a-size spin columns were used to purify the PCR products (Zymo 
Research, Irvine, CA, USA). After purification, libraries were quantified 
using a Qubit® 2.0 Fluorometer with the high-sensitivity DNA 

quantification kit (ThermoFisher Scientific, Madison, WI, USA), equili
brated and then combined to form sequencing libraries. The barcoded 
libraries were sequenced on the Ion Torrent semiconductor sequencing 
platform. Raw sequence data were deposited in the NCBI SRA under 
PRJNA779094. 

2.4. Bioinformatics 

We processed our Ion Torrent data using AMPtk version 1.4.0 
(Palmer et al., 2018; amptk.readthedocs.io). Each run was pre-processed 
separately, then concatenated prior to clustering. We pre-processed our 
merged, individually barcoded reads using USEARCH (version 9.2.64), 
vsearch (version 2.9.0) and then removed the forward and reverse ITS 
primers. We discarded any reads shorter than 125 bp. Reads longer than 
300 bp were trimmed to 300 and any reads shorter than 300 bp were 
padded with Ns to help improve the clustering step (Palmer et al., 2018). 
Sequence reads were then quality-filtered with expected errors less than 
1.0 (Edgar and Flyvbjerg 2015), de-replicated, and clustered at 97% 
similarity to generate operational taxonomic units (OTUs) using 
UPARSE (Edgar 2013). Following clustering, any padded Ns were 
removed, and the processed sequences were mapped to the OTUs. We 
used SynMo (Palmer et al., 2018) to account for observed rates of bar
code crossover using the filter module in AMPtk. Following filtering, the 
LULU script (version 0.1.0; Frøslev et al., 2017) was used for further 
post-clustering curation. Taxonomic assignment of the OTUs was ach
ieved using the hybrid taxonomy algorithm in AMPtk. All non-fungal 
OTUs were removed following taxonomy assignment. 

2.5. Data analyses 

Data analyses and visualizations were performed using R software 
version 4.0.5 (R Core Team, 2021). To account for variations in total 
sequence read counts across samples, all fungal community analyses 
were based on counts rarefied to 10,072/sample (see Fig. S1 for the 
rarefaction curves) in the vegan package (Oksanen et al., 2013). The 196 
samples had a total of 1,974,112 sequences and 3334 fungal OTUs 
present in the final quality-controlled and rarefied dataset. Based on the 
assigned taxonomy, fungal OTUs were classified as BR, SR, or WR fungi 
using a combination of different databases and literature resources 
(Levy 1969; Nilsson 1973; Bugos et al., 1988; Zabel et al., 1991; Worrall 
et al., 1997; KarunasekeraDaniel, 2015; Nguyen et al., 2016; Pedersen 
et al., 2020; Põlme et al., 2020; Fukasawa and Matsukura 2021). Rot 
types superseded trophic status, so for example, plant pathogenic fungi 
presenting as an SR type were classified as SR fungi. The detailed list of 
classified taxa is provided in Table S2. The WR, BR and SR relative 
abundances and OTU richness were then calculated and used as quan
titative metrics of dead wood colonization by the different wood-rotting 
fungal guilds. Samples presenting wood decay type (L/D ratio) values 
below 0.8 were classified as presenting SR/BR decay, and values over 
0.8 were classified as WR decay (Worrall et al., 1997; Schilling et al., 
2015, 2020). The L/D ratio was then used as a continuous variable for 
the statistical analyses. Additionally, wood density at sampling was 
considered as an indicator of decomposition rate, with low density 
indicating an advanced decay stage as described in Rajala et al. (2015). 

The effects of tree species (aspen, birch, or pine) on the L/D ratio and 
the relative abundance and OTU richness of BR, SR, and WR fungi were 
evaluated for horizontal log positions, and depending on the log position 
using the Kruskal–Wallis test by ranks followed by a post hoc test using 
the criterion Fisher’s least significant difference (P ≤ 0.05) given that 
assumption of homoscedasticity was not respect nor improved after 
normalization. Samplings were conducted independently and without 
perfect coordination for wood chemistry analysis and fungal community 
sequencing, leading to a limited number of logs presenting both L/D and 
wood-rotting guilds information. Consequently, given this imbalanced 
experimental design and the lack of replicates at some study sites, tree 
species effects on the L/D ratio and the relative abundance of BR, SR, 
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and WR for horizontal log positions were tested only for Caspar Creek 
(CC), Fraser (FR), Marcell (MA), Santee (SA), Sierra Ancha (SI), and 
Tenderfoot (TE) sites. For similar reasons, log position effects on the L/D 
ratio and BR, SR, and WR relative abundance for pine tree species were 
tested only for Caspar Creek (CC), Coweeta (CO), Duke (DU), Marcell 
(MA), Santee (SA), and Tenderfoot (TE) sites. The site effect was 
measured by L/D, final wood density, and BR, SR, and WR relative 
abundance using the Kruskal–Wallis test by ranks (P ≤ 0.05) (Figs. S2, 
S3, S4, S5 and S6). Because L/D results from the decomposition history 
of dead wood, likely including different types of wood-rotting fungi, we 
used ratios between the relative abundance and the OTU richness of the 
different wood-rotting fungal guilds. Based on the literature, we ex
pected WR fungi to have an increased L/D compared to BR and SR fungi 
(Schilling et al., 2015, 2020). Thus, we calculated the WR/BR, WR/SR, 
and WR/(BR + SR) ratios. 

We tested for relationships between L/D and wood rot fungi ratios 
using Pearson’s correlation (P ≤ 0.05) for the different combinations of 
three species and log orientations (horizontal aspen, birch, and pine, and 
vertical pine). We applied structural equation modeling (SEM) based on 
an a priori model (Fig. S2) to elucidate the direct and indirect effects of 
climate (MAP and MAT), decay stage (final wood density), and wood- 
rotting fungi ratios on L/D. Final wood density (referred to as density 
in the graphs) was used as a proxy for the decay stage (Zalamea et al., 
2007; Mäkipää and Linkosalo 2011; Chambers et al., 2000). SEM was 
performed using the lavaan package in R software (Rosseel, 2012). 
Wood density, MAP, and MAT variables were rescaled to limit variance 
inflation before SEM. Maximum likelihood estimation (MLM) was used 
as the estimator to account for the lack of normality of some variables. 
Wood-rotting fungi abundance and richness ratios were alternatively 
tested against the a priori model. The models presenting the best fit were 
kept for each combination of tree species and log orientation (horizontal 
aspen, birch, and pine, and vertical pine). The four models were then 
reduced to the best-fit models (Х2 > 0.05, RMSEA ≤0.08). The 
non-significant paths (P > 0.05) that improved model fit were kept in 
the final models. 

3. Results 

3.1. Tree species effect on wood decay type 

When all sites were considered together for the horizontal log posi
tion, we found a large range of carbohydrate selectivity values ranging 
from 0 to 2.91 despite logs being transplanted from a common source. 

Most log L/D values reflected WR-dominated decay histories (>0.8). All 
birch samples had L/D > 0.8, and nearly 80 % of the aspen and pine 
(78.6 % and 78.3 % of logs tested, respectively) reflected a process more 
dominated by lignin-degrading WR fungi (Fig. 2). The L/D < 0.8 
indicative of dominance of BR/SR decay processes was not recorded in 
birch, and was 21.4 % and 21.7 % for aspen and pine, respectively. 
Considered as a continuous variable, the average L/D was significantly 
(P ≤ 0.05) lower for the pine (1.05) by comparison with aspen (1.24) 
and birch (1.40), indicating that pine decay had a higher carbohydrate 
selectivity than the angiosperms tested but was still a white rot- 
dominated process. The amount of L/D variation (standard deviation) 
was higher for the aspen (±0.58) than for the birch (±0.46) and pine 
(±0.32). 

3.2. Wood log orientation effect on wood decay type 

When all sites were considered together for the pine samples, decay 
type frequency was very similar between horizontally and vertically 
incubated wood logs and dominated by the WR decay type (86.8% and 
89.8%, respectively) (Fig. 2). Wood log orientation did not significantly 
affect (P > 0.05) the L/D range (horizontal = 1.10, vertical = 1.19). L/D 
variation between pine samples incubated horizontally and vertically 
was also very similar (±0.30 and ± 0.34, respectively). 

3.3. Tree species and log orientation effects on wood-rotting fungal guilds 
relative abundance and richness 

Tree species identity significantly affected (P ≤ 0.05) the relative 
abundance (Fig. 3) and the OTU richness (Fig. S3) of the three types of 
wood-rotting fungi. WR fungi relative abundance and OTU richness (P 
≤ 0.05) were significantly higher for the pine (abundance = 40.1 %; 
richness = 2.7 OTUs) by comparison with aspen (abundance = 26.4 %; 
richness = 1.6 OTUs) (Fig. 3A, and Fig. S3A). WR fungi relative abun
dance and OTU richness for the birch samples (abundance = 27.4 %; 
richness = 1.8 OTUs) were not significantly different from aspen and 
pine. SR fungi relative abundance and OTU richness were significantly 
higher (P ≤ 0.05) in aspen (abundance = 25.8%; richness = 6 OTUs) and 
birch (abundance = 23.7 %; richness = 6.2 OTUs) samples than for pine 
(abundance = 6.8 %; richness = 3.7 OTUs) (Fig. 3B; Fig. S3B). BR fungi 
were relatively poorly abundant and diverse by comparison with WR 
and SR fungi and represented around ~2–3 % of the sequences and 0.6 
OTU on average for the three studied tree species, being significantly (P 
≤ 0.05) more abundant and diverse in pine by comparison with aspen 

Fig. 2. L/D for the horizontal logs depends on the tree species (aspen, birch and pine for CC, FR, MA, SA, SI, and TE sites) and the log orientation for the pine 
(horizontal and vertical for CC, CO, DU, MA, SA, and TE sites). Horizontal bars represent the L/D average for all the sites together. The horizontal dashed bar at 0.8 L/ 
D represents the threshold separating brown/soft rot and white rot decay types. L/D was compared using Kruskal–Wallis test by ranks. Different letters indicate 
significant differences (Fisher’s Exact Test, P ≤ 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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and birch (Fig. 3C; Fig. S3C). 
Although wood log orientation had no significant effect on L/D for 

the pine species, it significantly affected (P ≤ 0.05) the relative abun
dance and OTU richness of the three types of wood rot fungi (Fig. 3; 
Fig. S3). WR fungi were significantly less abundant and diverse in ver
tical pine samples (abundance = 29.1 %; richness = 1.2 OTUs) by 
comparison with the pine logs incubated horizontally (abundance =

44.3 %; richness = 3.1 OTUs) (P ≤ 0.05) (Fig. 3A; Fig. S3A). On the 
contrary, BR and SR fungi were respectively significantly 99 % and 181 
% more abundant and 196 % and 54 % more diverse in vertically 
incubated wood logs compared with the horizontal samples (P ≤ 0.05) 
(Fig. 3B and C; Figs. S3B and S3C). 

3.4. Relationships between climate, wood rot fungi and wood decay type 

The site effect was examined using climate parameters (MAP and 
MAT). Differences in the final wood density, L/D, BR, SR and WR rela
tive abundance and OTU richness depending on the site are available in 
the supplementary materials section (Figs. S1–S12). Relationships be
tween wood-rotting fungi abundance and richness ratios and L/D were 
directly evaluated using Pearson’s correlations. Due to the very low 
abundance and richness of the BR fungi for the aspen and birch, only the 
WR/SR ratio was considered for these two species. No significant cor
relations were found between L/D and WR/SR abundance and richness 
ratios for the aspen and birch tree species (P > 0.05) (Fig. 4A and B; 
Figs. S4A and S4B). Concerning horizontal and vertical pine samples, 
WR/BR, WR/SR and WR/(SR + BR) ratios were tested for their potential 

correlation with L/D. For the horizontal pine samples, L/D and relative 
abundance and OTU richness WR/(SR + BR) ratios were significantly 
positively correlated (abundance: r = 0.32, P = 0.007; richness: r = 0.32, 
P = 0.009) (Fig. 4C; Fig. S4C). When tested separately, WR/BR and WR/ 
SR OTU richness but not relative abundance ratios were significantly 
correlated with the L/D for the pine samples incubated horizontally 
(WR/BR: r = 0.32, P = 0.009; WR/SR: r = 0.29, P = 0.0195). Pine 
vertical L/D was only significantly positively correlated with the WR/BR 
relative abundance ratio (r = 0.41, P = 0.003) (Fig. 4D; Fig. S4D), but 
significantly with the three OTU richness ratios (WR/BR: r = 0.34, P =
0.0174; WR/SR: r = 0.29, P = 0.0435; WR/(BR + SR): r = 0.35, P =
0.0127). 

Each of the four selected models using ratios between wood-rotting 
guild relative abundance ratios had a good fit (Fig. 5). For the wood 
rot fungi abundance-based models, MAT was an important factor in 
explaining the final wood density for most of the treatments being sig
nificant for the birch (Fig. 5B), pine horizontal (Fig. 5C) and vertical 
(Fig. 5D) (P ≤ 0.05) and as a trend for the aspen (Fig. 5A) (P ≤ 0.1). For 
the vertical pine treatment, final wood density was also significantly 
explained by the MAP, which was not the case for the three horizontal 
treatments. WR/SR was not significantly associated with L/D for the 
aspen and birch species. The final wood density significantly explained 
L/D for the aspen and birch treatments. On the contrary, L/D was not 
explained by the final wood density but by the wood-rotting fungi ratios 
for the pine horizontal and vertical treatments. Final wood density had a 
relatively high level of explained variance for the pine vertical (R2 =

0.47), pine horizontal (R2 = 0.33) and birch (R2 = 0.24) by opposition 
with the aspen (R2 = 0.05). L/D variance explained based on our models 
was the best for the birch (R2 = 0.53) followed by the pine vertical (R2 =

0.15), pine horizontal (R2 = 0.11), and aspen (R2 = 0.08). The four 
selected models using ratios between wood-rotting guild richness ratios 
also had a good fit (Fig. S13). They provided very similar results to the 
relative abundance models regarding the factors significantly associated 
with density and L/D variance explanation. However, we noticed major 
differences between the abundance- and richness-based models con
cerning the prediction of the wood-rotting guild ratios. Explained vari
ance for the wood-rotting fungi relative abundance ratios were much 
higher for the richness-based models (aspen: R2 = 0.39; birch: R2 = 0.31; 
horizontal pine: R2 = 0.23) by comparison with the abundance-based 
models (aspen: R2 = 0.23; birch: R2 = 0.17; horizontal pine: R2 =

0.04) for the horizontal logs. Wood-rotting guild ratio variance 
remained largely unexplained for the vertical pine logs (abundance: R2 

= 0.08; richness: R2 = 0.02). For the abundance-based models, WR/SR 
ratios significantly positively correlated with MAT, while they signifi
cantly positively correlated with MAP for the richness-based models. 
Wood density at sampling was significantly negatively correlated with 
the richness WR/SR and WR/(BR/SR) ratios for the aspen and horizontal 
pine samples. 

4. Discussion 

In partial agreement with our prediction (P1), white rot dominated 
decomposition in wood and WR fungi dominated the fungi present in 
fungal communities for the three studied tree species. This included the 
wood of the conifer species, pine, despite commonly reported associa
tion of brown rot with conifer wood. This may reflect a general 
distinction in BR fungal prevalence between boreal and temperate for
ests. For example, Renvall (1995) reported that in Finnish boreal forests, 
40%–50% of sporocarps found on Pinus sylvestris and Picea abies dead 
wood were BR fungi. These results were confirmed by amplicon 
sequencing studies, and BR fungi were identified as being equally as 
abundant as WR fungi during Picea abies wood decomposition in boreal 
forests (Rajala et al., 2015). In temperate forests, studies using sporocarp 
counting and fungal metabarcoding show generally fewer BR fungi. In 
German temperate forests, BR fungi sporocarps accounted for a rela
tively small proportion of the total fruit bodies in comparison to WR 

Fig. 3. (A) White (WR), (B) brown (BR), and (C) soft (SR) rot fungi relative 
abundance (%) for the horizontal logs depending on the tree species (aspen, 
birch and pine for CC, FR, MA, SA, SI, and TE sites) and depending on the log 
orientation for the pine species (horizontal and vertical for CC, CO, DU, MA, SA, 
and TE sites). Horizontal bars represent the L/D average for all sites together. 
WR, BR, and SR relative abundances were compared using Kruskal–Wallis test 
by ranks. Different letters indicate significant differences (Fisher’s Exact Test, P 
≤ 0.05). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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fungi (Arnstadt et al., 2016). In the same study, BR fruit bodies were 
more frequently found colonizing Pinus sylvestris and Picea abies than 
Fagus sylvatica dead wood (Arnstadt et al., 2016). Leonhardt et al. (2019) 
explored the mycobiome of 13 angiosperm and gymnosperm tree species 
in temperate forests and highlighted that BR fungi rarely exceeded 5% of 
relative abundance, except for Picea abies (20%–25%), while WR fungi 
represented 30%–60% of the sequences. Similar results were found by 
Baldrian et al. (2016), with BR fungi being almost absent on Fagus syl
vatica and Abies alba dead wood and representing only 15% of the se
quences for Picea abies. Again, in temperate forests, Cline et al. (2018), 
Fukasawa and Matsuoka (2015a) and Viotti et al. (2021)each reported 
minor proportions of BR fungi in comparison to WR fungi in birch, pine, 
and oak dead wood. While relative abundance is often used as a metric 
of wood-rotting dominance in the recent literature, our results also 
showed that OTU richness depicted the same patterns. Taken together, 
these pieces of evidence parallel our results and point to a wood-rotting 
fungal balance being dominated by WR fungi in temperate forests. 

This generalization does not undermine the importance of BR or SR 
in shaping global carbon emissions from wood. First, BR fungi in ITS 
datasets in Japan were recently shown not to align well with visual 
qualifications of BR in wood (Fukasawa 2015a; 2015b; Fukasawa and 

Matsukura 2021). In addition, there is an obvious caveat when linking a 
community snapshot of DNA and physiochemical consequences in 
wood, in that a snapshot may not adequately describe the entire 
decomposition process. Second, shifts in the balance between rot types 
may be more consequential and susceptible to change than the fre
quency of each rot type. Instead of pushing for a focus on one rot type 
over another, a prevalence of WR in temperate forests would support the 
need for future work that focuses on ecological traits that have enabled 
WR to dominate warmer forests and may enable them future dominance, 
relative to BR fungi, in warming boreal forests. 

In our study, the most northern site, Marcell, was at the southern 
limit of the North American boreal forest zone but was not enriched in 
BR fungi contradicting our second prediction (P2). This might indicate 
that instead of a latitudinal continuum of WR/BR fungal dominance, the 
global distribution of these two wood-rotting fungal guilds might be 
associated with a latitudinal threshold separating WR- and BR- 
dominated areas. It is also important to note that a regional scale, 
Fukasawa et al. (2021) found that BR-fungi frequency was positively 
correlated with MAT, indicating that regional and continental drivers of 
the wood-rotting guilds occurrence might be different. Interestingly, SR 
fungi were the second most abundant wood-rotting fungal guild, 

Fig. 4. Pearson’s correlations between L/D and log10 ratio of the different rot type relative abundances with all the study sites regrouped together for (A) aspen, (B) 
birch, (C) horizontal pine, and (D) vertical pine dead wood. Only significant correlations are shown (P ≤ 0.05). 
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reaching the same abundance as WR fungi for aspen and birch dead 
wood. Although it is hard to disentangle effects, it is possible that SR 
contributed to low L/D values that would normally be attributed to 
BR-dominated decay in a field study. Our SR fungal results are in 
agreement with most of the previous studies conducted in temperate 
forests (Arnstadt et al., 2016; Baldrian et al., 2016; Leonhardt et al., 
2019) and contradict the narrative of SR fungi as organisms of extreme 
ecological niches (Blanchette et al., 2010). The importance of the 
geographic distribution of SR fungi might be underestimated in the 
literature due to the ambiguous trophic status of most members of this 
group. For example, some SR fungal species have a pathogenic and/or 
endophytic lifestyle, limiting their precise classification when the tro
phic status supersedes decay type during data analysis (Nguyen et al., 
2016). 

For the pine tree species, log orientation strongly affected wood- 
rotting fungal guilds by drastically increasing the relative abundance 
of BR fungi and decreasing the relative abundance of WR fungi. These 
observations parallel a recent study showing that BR fungi were more 
abundant in dead logs lacking ground contact (Jaroszewicz et al., 2021). 
The central hypothesis to explain this phenomenon is that dead logs 
standing vertically represent a less competitive habitat for BR fungi as 
compared to dead wood in contact with forest soil due to potentially 
limited colonization by soil fungi (Song et al., 2017). Because SR fungi 
also exhibited increased abundance in vertical dead wood in our study, 
we propose that competition between wood-rotting types mainly occurs 
between BR and WR fungi and not between BR and SR fungi. Priority 
effects experiments have already highlighted the potential lack of 
competitive abilities of BR fungi versus WR fungi. For example, Song 
et al. (2015, 2017) determined that when inoculated on sterilized dead 
birch wood in microcosms, BR fungal species were able to remain. 

Conversely, BR fungi were not able to colonize and persist on 
non-sterilized dead birch wood when incubated in the field (Cline et al., 
2018). These observations might be associated with BR fungi life cycle 
because they have mostly been found as abundant in wood’s early and 
mid-decay stages (Renvall, 1995; Rajala et al., 2012, 2015). The BR 
fungi could allocate more energy to rapid wood decomposition and 
sporocarp formation to colonize fresh dead wood or non-healthy living 
trees than compete with other fungi to defend territories or colonize new 
spaces. Taken together, our results suggest that dead wood standing 
vertically might represent a key ecological niche and a diversity reser
voir for BR fungi in temperate forests. 

The WR decay (L/D ratio) was the most frequently found wood- 
rotting type for the three studied tree species decomposing horizontal
ly. However, on average, the L/D ratio was significantly lower for pine 
than for aspen and birch, which agrees with our third prediction (P3). It 
was possible to clearly distinguish two patterns in L/D ratio drivers 
between aspen/birch and pine. The L/D ratio implied a WR dominance 
for aspen and birch dead wood. Concerning the factors influencing wood 
decay type, for both aspen and birch, the L/D ratio was significantly 
positively correlated with wood density at the sampling time, often 
depicted as a proxy of the decomposition rate (Rajala et al., 2015). In 
other words, when the wood density is low, at the more advanced decay 
stages, the L/D ratio converged around 1.2–1.4, which corresponds with 
the maximum lignin removal by WR rot fungi at the end of decompo
sition (Schilling et al., 2015, 2020). Consequently, for aspen and birch, 
the L/D ratio is indirectly mediated by MAT (significantly for birch and 
as the trend for aspen) that accelerated wood decomposition (i.e. density 
at sampling in our study). Temperature control of wood decomposition 
rates has notably been described on a large scale and might result from 
an acceleration of the growth and activity of fungal decomposers 

Fig. 5. Structural equation model (SEM) showing the effects of climate (MAP and MAT), wood density, and rot type relative abundance ratios on L/D for (A) aspen, 
(B) birch, (C) horizontal pine, and (D) vertical pine dead wood. Red and green colored arrows respectively represent significant negative and positive effects. The 
standardized path coefficient is indicated along with the arrows. The arrows lacking standardized path coefficients were not included in the SEM. The r2 values 
represent the proportion of total variance explained for the dependent variable of interest. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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(Lustenhouwer et al., 2020). 
MAT affected the decay rates (density at sampling) for pine dead 

wood, but the density was not associated with the L/D ratio. Dead wood 
decomposed by BR or SR fungi had values below 0.8, which is not 
associated with decomposition time, as we observed in this study with 
the lack of correlation between wood density and L/D ratio for pine dead 
wood (Schilling et al., 2020). The main factor influencing the L/D ratio 
was the ratio of WR to (BR + SR), suggesting that BR and SR fungi 
together were able to affect pine wood chemistry. These results contrast 
with aspen and birch wood. Despite being more abundant than in pine 
dead wood, SR fungi were statistically not associated with the L/D ratio, 
suggesting some BR and SR fungi cooperation during wood decompo
sition. Both MAT and MAP were associated with wood density at sam
pling for the vertical pine treatment, showing that moisture might be a 
limiting factor in the decomposition of vertically standing logs. The L/D 
ratio of vertical pine was similar to that of horizontal pine dead wood, 
which is not in agreement with our fourth prediction (P4) but, instead, 
was driven by the ratio between WR and BR fungi. Collectively, these 
pieces of evidence demonstrate that even if BR fungi were relatively 
poorly abundant and diverse, on average, they could affect the pine L/D 
strongly, whether alone or in association with the SR fungi. 

How potential climatic parameters affect wood-rotting guild balance 
and L/D on a large scale remains relatively unknown (Fukasawa, 2021). 
MAP and MAT, respectively, influenced abundance and richness ratios 
of WR/SR without functional consequences to the L/D ratio for aspen or 
birch. Specifically, despite being as abundant as the WR fungi, the SR 
fungi colonizing aspen or birch had little influence on. We found a 
negative relationship between MAP and WR/(BR + SR) richness ratios 
for the vertical pine logs. Thus, a wetter climate could disadvantage WR 
fungi and/or favor BR and SR fungi leading to a potential increase of 
lignin-derived SOM. Finally, both of the wood-rotting fungal guild 
models using relative abundance and richness gave similar outputs 
concerning wood density and L/D, with a slight advantage in the 
abundance-based approach. However, richness-based models performed 
well in predicting the wood-rotting fungal guilds balance, notably for 
the horizontal logs. Consequently, both abundance- and richness-based 
wood-rotting fungi guild ratios represent promising predictive variables 
to integrate into forest soil carbon biogeochemical models. 

While this study provides several new insights into the large-scale 
factors influencing wood decay types, important caveats should be 
considered. The choice of incubated wood originating from the same 
geographic region and then translocated across large-scale climatic 
gradients presents the advantage of a robust determination of the po
tential effects of climate parameters on wood decomposition processes. 
Nevertheless, in our study, some tree species were incubated out of the 
natural range of their distribution, which appears unrealistic regarding 
the climatic conditions dead wood of these species would encounter 
during their decomposition. Additionally, most of our study sites were 
dominated by gymnosperm trees, thus potentially limiting and/or 
biasing the fungal decomposer reservoirs. Consequently, depending on 
the specificity of the different fungal species for their woody substrates, 
we might have under- or over-estimated the abundance of some of the 
wood-rotting fungal guilds associated with aspen and birch dead wood. 
It is also important to note that all the boles initially came from the same 
forest sites in our transplant experiment. As such, the wood decompo
sition trajectories measured in our study might have been influenced by 
the community composition of the initial fungal pre-colonizers (i.e. 
wood endophytes) from the originating log sites (Song et al., 2017; Cline 
et al., 2018; Maillard et al., 2021). New studies investigating the factors 
influencing the wood-rotting fungal abundances at forest sites having 
adequate decomposer reservoirs will be important in validating the 
observed patterns. Finally, we did not capture the fungal successions 
because we sampled wood only once. This might explain the potential 
lack of correlations between the wood-rotting fungal guilds and the 
wood chemistry for aspen and birch, with L/D resulting from the suc
cessive waves of decomposers and fungal metabarcoding being a 

snapshot of the wood-inhabiting fungi at the sampling time. 

5. Conclusion 

Our study represents the first attempt to bridge wood-decay type and 
the different groups of wood-rotting fungi on a large spatial scale and 
using large-diameter tree boles. The results showed that WR fungi 
dominate the wood decomposition processes in temperate forests inde
pendently of the tree species or log position. SR fungi were much more 
abundant and diverse than expected, but without clear functional con
sequences on the L/D ratio for angiosperm tree species. Aspen and birch 
L/D ratios were best explained by warmer temperatures accelerating the 
decay rates and thus causing the diminution of L/D ratios. In contrast, 
BR fungi alone or in association with SR fungi were able to modify the L/ 
D ratio for pine dead wood drastically. Across a large-scale log trans
plant experiment, we demonstrated that wood-rotting fungal guild 
balance governs the decomposition trajectories of dead wood. Thus, 
fungal decomposers are a source of organic matter physicochemical 
heterogeneity that is crucial to consider in modeling efforts for the long- 
term fate of C derived from woody material. Given the suspected 
opposite consequences of WR and BR/SR fungi on the fate of wood- 
derived C, even slight changes in the wood-rotting fungal guild bal
ance due to forest management practices or climate change might have 
major impacts on the forest C cycle. Future studies are needed to 
improve predictions of the wood-rotting fungal abundance and diversity 
and their respective effects on the global C cycle. 
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