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Abstract
1.	 Fungi dominate the decomposition of deadwood, with white rot-type species re-

moving more lignin than brown rot-type species to gain access to wood carbohy-
drates. These fungi often compete to colonise the same tree species, and globally, 
a small shift in the success of either rot type could have massive greenhouse gas 
implications.

2.	 For this reason, we need to know what controls white vs. brown rot outcomes, 
starting with field studies that track fungi and the fate of wood lignin under real-
world conditions. Such experiments, however, have had skewed, white-rot-only 
outcomes and have lacked representation of bacteria that compete for wood 
sugars.

3.	 To address this, we pre-inoculated small-diameter birch Betula papyrifera stem 
sections with a brown rot fungus Fomitopsis betulina and compared these to non-
inoculated birch in a treatment design that had been dominated by white rot fungi 
in past field studies.

4.	 This approach encouraged more brown rot, widening the range of wood physico-
chemical outcomes (density, pH, lignin and carbohydrate profiles).

5.	 Achieving the brown rot outcome allowed us to better connect the fungal rot 
type as a trait to its functional outcomes. Specifically, it enabled us to test for de-
finitive links between dominant fungi (identified via ITS2 amplicon sequencing), 
their C release patterns, and their bacterial associates (identified via 16S rRNAV4 
amplicon sequencing). We observed a clear link between rot type and fungal 
dominance but did not find parallel bacterial codominance. While the Shannon 
index for fungi was lower in brown-rotted wood than in white-rotted wood, the 
pattern was reversed for bacteria. Bacterial beta diversity, too, was different be-
tween brown- and white-rotted wood. This fungal influence on bacterial diversity 
may be due to increased niche space (i.e., higher availability of soluble sugars) for 
bacteria when brown rot fungi dominate.
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1  |  INTRODUC TION

Accurate prediction of carbon (C) fluxes from wood decomposition 
is a critical gap in modelling greenhouse gas emissions (Keenan 
et  al.,  2013). Trees sequester 80% of Earth's aboveground C in 
their secondary xylem (i.e., wood) (Houghton et al., 2009), which 
contains lignin, cellulose and hemicellulose (Chen, 2014). Classic 
plant trait predictors of decomposition (e.g., C:N; lignin content) 
fail to explain much of the variability in wood decay at local scales 
(Van Der Wal et al., 2015). Instead, microbial community assembly 
can ‘steer’ a single tree species under similar environmental condi-
tions towards very different outcomes (Cline et al., 2018; Fukami 
et al., 2010; Song et al., 2017). These alternate pathway options 
are due to fungi that dominate the biological decomposition of 
wood and govern C desequestration, either reallocating C to the 
soil or releasing it to the atmosphere (Floudas et al., 2012; Rayner 
& Boddy,  1988). Wood-decomposing fungi are not functionally 
redundant: they have a spectrum of traits that vary C release 
and can frustrate trait–function correlations (Dickie et al., 2012; 
Lodge, 1997).

Some of these fungal traits explain variability in the rates of C 
released during wood decomposition, including host-specificity, 
metabolic rates and life-history strategies. The fungi that variably 
dominate wood decomposition are, on average, less host-specific 
than other fungal litter decomposers (Lodge, 1997). Although there 
are examples of host-specificity (e.g., Fomitopsis betulina on birch), 
community assembly in a given deadwood log is generally more 
flexible—colonisation timing (Dickie et al., 2012; Fukami et al., 2010) 
and inoculum potential (Song et  al.,  2015) both matter. The fungi 
that rise to dominance also have variable growth habits and com-
bative capacities that can hasten or stall decay. For example, 27% of 
the variability in fungal wood decay, measured as wood mass loss, 
was found to be positively correlated with one trait—hyphal exten-
sion rate (Lustenhouwer et al., 2020). Conversely, fast-growing but 
non-lignolytic Trichoderma spp. are combative enough to stall decay 
for long periods of time if arriving as early colonisers (Schubert 
et  al.,  2008) or as mycoparasites of other early-colonising fungi 
(Kubicek et al., 2011).

Variability in the fates of wood C, however, can be explained by 
a different trait—fungal rot type (i.e., ‘nutritional mode’). Fungi have 
different strategies for deconstructing lignocellulose, and these 
vary CO2 release. White rot fungi access cellulose and hemicellulose 

by attacking the lignin barrier using Class II peroxidases (Floudas 
et  al.,  2012) and depolymerising or decoupling phenylpropane 
units (Blanchette,  2003). White rot fungi dominate wood decom-
position in temperate, higher latitude forests (>80% taxonomically 
(Gilbertson, 1980) and in collections (Simpson et al., 2024)), and their 
lignin selectivity and thus C release vary among species (Stokland & 
Alfredsen, 2024; Worrall et al., 1997). In contrast, brown rot fungi, 
which are most commonly found in high-latitude and high-altitude 
conifer forests (Simpson et al., 2024), circumvent lignin. Brown rot 
fungi use reactive oxygen species (ROS) to selectively extract sugars 
from cellulose and hemicellulose (Arantes & Goodell, 2014; Floudas 
et  al.,  2012). Brown rot fungi leave more lignin behind in woody 
residues than white rot fungi and likely sequester more C into the 
soil (Stokland & Alfredsen,  2024). However, similarly to white rot 
fungi, brown rot fungi vary in how much lignin they remove (Schilling 
et al., 2020; Stokland & Alfredsen, 2024; Stutz et al., 2017, 2019) or 
modify (Yelle et al., 2008).

This spectrum of fungal-derived fates for lignin-bound C (40% 
of wood C) creates, we assume, a spectrum of C emissions (Martin 
et al., 2021). Shifts of average C emission along this spectrum could 
have major global consequences. In a warming world, the higher-
latitude and higher-altitude distributions of brown rot fungi seem 
likely to contract, releasing more C from lignin as both white rot 
fungi and white-rot-associated microbes that release C from lignin 
expand. This could create positive feedback between CO2 emissions 
and warming, and with 146 Gt of global C in lignin (Friedlingstein 
et al., 2022; Houghton et al., 2009), a small contraction in brown rot 
could release an immense amount of CO2 equivalents from lignin.

We need to know what controls these white vs. brown rot out-
comes to be able to predict future wood C fates. A specific need is 
field studies that track fungi and the fate of wood lignin under real-
world conditions, but these have had only white rot as an outcome 
(e.g., Cline et al., 2018) and have lacked representation of bacteria 
that compete with fungi for wood carbohydrates. Bacteria have a 
low capacity to decay sound wood (de Boer et al., 2005; Johnston 
et  al.,  2016), but many have the basic capacity to metabolise lig-
nocellulosic oligomers (López-Mondéjar et  al.,  2016; Salvachúa 
et  al., 2015), and their co-colonisation of wood could shape niche 
spaces for wood-colonising fungi, and vice versa (Christofides 
et al., 2019; Folman et al., 2008; Murray & Woodward, 2003; Tláskal 
et al., 2021). As a case in point, during brown rot, concentrations of 
soluble sugars are higher than in white-rotted wood (Cowling, 1961; 

6.	 Collectively, achieving these more directed wood rot-type outcomes enabled us 
to clearly link fungal dominance to wood physicochemical changes, including C 
release, while also revealing a lack of relationship between dominant fungi and 
the success of associated bacteria.
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Schilling et al., 2020), likely as a consequence of non-targeted car-
bohydrate depolymerisation via ROS. We assume more C is seques-
tered into the soil during brown rot, but evidence is indirect (Stokland 
& Alfredsen, 2024), and bacteria may metabolise some/all of these 
sugars. Wood-decaying fungi may further shape niche spaces for 
bacteria by altering pH (Jurgensen et al., 1989; Song et al., 2017), se-
creting consumable by-products (Stopnisek et al., 2016), and/or di-
rectly antagonising or facilitating bacteria (Janeš et al., 2006; Pierce 
et al., 2021; Rousk et al., 2008; Stopnisek et al., 2016). Conversely, 
bacteria could shape the niche spaces for coloniser fungi (Jurgensen 
et  al.,  1989; Murray & Woodward,  2003), including ‘cheaters’ 
(Allison, 2005), who may decrease the metabolic payoff from fungal-
secreted enzymes or reduce the benefits of an ROS mechanism that 
is too productive in releasing soluble sugars.

To establish the link between fungal decomposition traits and 
their functional consequences in a field wood-decay study, we at-
tempted to broaden the range of outcomes to include brown rot 
in a study system that we knew was biased for white rot (Cline 
et al., 2018; Maillard et al., 2022). Specifically, we inoculated small-
diameter birch Betula papyrifera stem sections with a birch-specific 
brown rot fungus Fomitopsis betulina (Pleszczyńska et  al.,  2017), 
and compared these with non-inoculated sections placed in ground 
contact for 14 months. Given the wide boreal distribution of B. pa-
pyrifera (Apps et  al.,  1993; Kneeshaw & Gauthier,  2003), and the 
host-specificity of F. betulina (Henningsson, 1965) among many po-
tential white rot fungal colonisers of birch (Gilbertson, 1980), we hy-
pothesised that we could constrain decay stage and force a broader 
range across brown vs, white rot outcomes. We also hypothesised 
that this could establish clearer links between dominant fungi, their 
C release patterns, and the possible codominance of bacteria shaped 
by (or shaping) fungal success.

2  |  MATERIAL S AND METHODS

2.1  |  Fomitopsis betulina solid-state inoculum 
preparation

We adapted techniques used for inoculating logs for edible mush-
room cultivation to control the inoculum potential of Fomitopsis 
betulina (formerly Piptoporus betulinus), a non-edible fungus. The 
F. betulina strain was isolated from the University of Minnesota 
Cloquet Experimental Forest; it was verified by ITS2 sequencing and 
is publicly available in the University of Minnesota Forest Pathology 
culture collection.

To create inoculum ‘spawn’, five canning jars were filled two-
thirds with whole oats and submerged in distilled water overnight. 
After soaking, excess water was strained and oats were air-dried for 
3 h. Oats were autoclaved for 1 h (121°C; 16 psi), rested for 48 h and 
autoclaved again for 1 h. Cooled jars of oats were each inoculated 
with 4 agar plugs (0.7 cm diameter) from the edge of F. betulina my-
celium (grown on potato dextrose agar) and incubated (26°C; 70% 
relative humidity) for 3 weeks until thoroughly colonised.

Twelve B. papyrifera trees, each over 10 years old and with a 
base diameter >4 cm (exceeding the ‘coarse woody debris’ thresh-
old (Harmon et  al.,  2004)), were cut from our study site north of 
Itasca Biological Station and Laboratories (IBSL) (47.250471 N; 
95.228816 W). We did not need permission for this fieldwork. Bark-
free sawdust (Wiley-milled to 20-mesh) was acquired from stem 
sections >3 cm in diameter from two of the 12 trees. Five canning 
jars with 375 g of pre-soaked sawdust were autoclaved twice for 1 h 
with a 48-h resting period, as above for oats. A 2-cm top layer of 
colonised oats was added to each jar of sawdust and gently mixed. 
Jars were incubated for 3 weeks, as above for oats.

2.2  |  Field experiment

Eight replicate birch stem sections (12 cm length; 3–4 cm diameter, 
knot-free) for eight treatments, plus a non-decayed control (4 cm 
length) cut from each tree yielded 72 birch stem sections in total 
from eight out of ten trees not used for sawdust (Figure S1). Eight 
sections were cut and assigned to treatments (Table  S1) so that 
each tree had one of each treatment, and each treatment had one 
of each stem position (base section, second from base, and so forth). 
Non-decayed control sections were located in the middle (fifth from 
base). Holes at both ends of all stem sections, except controls, were 
drilled to a 12.5 mm depth, using an angle grinder at RPM >2400 and 
a soft-steel, screw-tip bit with a stop-collar (Figure  S1). Excepting 
controls, every other section per tree was then autoclaved for 1 h 
to sterilise half of the treatment sections (Figure S1). In parallel, soil 
collected from the upper 10 cm adjacent to cut trees was homog-
enised and divided, with one of the two bags autoclaved for 1 h, as 
above. Stem holes were inoculated using a traditional inoculation 
tool jabbed once into either sawdust colonised by F. betulina or ster-
ile birch sawdust (Figure S1). Melted paraffin wax was used to seal 
each hole. The last two birch trees were cut into eight stem sec-
tions each, and these 16 sections were used as sacrificial samples to 
time the final sampling. Sacrificial samples were placed only on non-
sterilised soil, so represented a subset of the fully factorial design 
(i.e., included four of the eight possible treatments, in which only 
wood sterility and inoculum presence were varied).

In August 2021, an 8 × 10 grid was created at the study site, an 
early-successional forest of birch Betula papyrifera, balsam fir Abies 
balsamea and aspen Populus tremuloides. Grid spacing was 30 cm be-
tween rows and columns. At each grid point, 500 mL of sterilised or 
non-sterilised soil was added and tamped to create a circular pad, 
alternating in a checkerboard pattern to ensure no same-treatment 
soil was adjacent in rows or columns. Wood treatments (sterilised 
vs. non-sterilised; inoculated vs. non-inoculated) were placed in 
ground contact across this grid on top of the soil (sterilised vs. non-
sterilised) pads, with cut ends facing East–West. Small U-shaped gal-
vanised stakes secured them in ground contact, free of fallen leaves. 
Treatments were spaced to avoid adjacency of the same type. Two 
extra columns contained the 16 sacrificial stem sections that were 
destructively harvested to track decay progress and to time final 
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sampling. The study site was enclosed using waist-height, galvanised 
hexagonal fencing to minimise disturbance by animals.

2.3  |  Harvesting decayed samples

When density loss in sacrificial samples reached decay classes II–
III (Harmon et  al.,  2008) in 14 months, all stems were harvested. 
Inoculation holes containing the 12.5 mm inoculation spawn were 
removed using a band saw sprayed with 70% ethanol between cuts. 
Bark was removed from the remaining centre sections, and each was 
cut longitudinally, parallel to the grain and in a manner that ensured 
both halves contained the part of the wood that had been in con-
tact with soil (Figure S1). One half-cylinder was used for DNA analy-
ses, and the other half-cylinder was used for wood physicochemical 
characterisation.

2.4  |  Wood physicochemical characterisation

To measure wood density, fresh wood volume was measured via 
water displacement, and dry wood mass was measured after dry-
ing at 100°C for 48 h. Density loss was calculated relative to non-
decayed controls. Samples were then Wiley-milled to 20 mesh. 
Acid-insoluble components of the resulting wood sawdust were 
measured gravimetrically as Klason lignin, using 72% sulphuric acid 
as a solvent and without subtracting ash contents that are minuscule 
in birch (Pettersen,  1984; Schilling et  al.,  2020). Lignin concentra-
tions were adjusted to compensate for the illusion of gain—caused 
by the loss of other components—by multiplying each value by the 
fraction of the density remaining (decayed wood density vs. sound/
non-decayed wood density) (Anderson et al., 2023), and lignin loss 
was calculated as a percentage. Lignin loss was paired with density 
loss as a ratio (L:D) and used as a rot-type indicator (<0.8 for brown 
rot; >0.8 for white rot) (Worrall et al., 1997), which has been con-
firmed among 79 species (Schilling et al., 2020). Acid-soluble sugars 
(glucose, xylose, galactose, arabinose and mannose) were quanti-
fied via high-performance liquid chromatography (HPLC) using an 
Aminex HPX-87P Carbohydrate Analysis Column and Biorad De-
Ashing Micro-Guard Cartridges. Mobile phase was HPLC-grade 
water at an operating flow rate of 0.6 mL min−1. The column ther-
mostat was set to 85°C and refractive index (at 35°C) was used 
for detection. Standard curves were acquired using reagent-grade 
glucose, xylose, galactose, arabinose and mannose. For each sam-
ple, the concentrations of glucose, xylose, galactose, mannose and 
arabinose monosaccharides were derived from the area under each 
sugar's peak. Monosaccharide amounts were calculated by multiply-
ing monosaccharide concentrations by the total reaction volume. 
Then, monosaccharide amounts were multiplied by each sugar's hy-
dration factor to get the amounts of structural carbohydrates. Then, 
the percent of structural carbohydrates was calculated as a fraction 
of the total mass of the starting sample material. Finally, the per-
centage of structural carbohydrates was adjusted for density loss by 

multiplying the percentage of structural carbohydrates by the frac-
tion of the density remaining in each sample (decayed wood den-
sity vs. non-decayed wood density) (Anderson et al., 2023; Schilling 
et al., 2020).

2.5  |  DNA extraction and sequencing

Half-cylinder stem sections reserved for DNA analyses were stored 
at −80°C until processing. Drill bits (0.635 cm in diameter) and metal 
spatulas were sterilised at 180°C for 3 h. Samples were drilled, 
while frozen, using established spacing and sterile techniques 
(Zhang et al., 2024). Qiagen (Hilden, Germany) DNeasy PowerLyzer 
PowerSoil Kit was used for extracting DNA from 200 to 400 mg of 
sawdust using the modified protocol (Zhang et  al.,  2024). The ex-
tracted DNA's concentrations and purity were checked using the 
Qubit fluorometer and gel electrophoresis. Extracted DNA was ana-
lysed by the University of Minnesota Genomics Center using MiSeq 
2 × 300 (Illumina, San Diego, CA, USA) amplicon sequencing, target-
ing ITS2 and 16S rRNA V4 genes (Table S2) (Gohl et al., 2016; Zhang 
et al., 2024).

2.6  |  Replication statement

Scale of 
inference

Scale at which the 
factor of interest is 
applied

Number of replicates 
at the appropriate 
scale

Tree Tree 8

Individual stem 
section

Individual stem 
section

8 of each 
combination; 64 total 
decayed

Individual stem 
section

Individual stem 
section

8 non-decayed

2.7  |  Data processing and statistical analyses

Statistical analyses and data visualisation were performed on R and 
considered significant at p ≤ 0.05. Differences in (1) surface-area-
to-volume ratio of wood samples post-decay (Figure S2), (2) wood 
density loss and (3) L:D of samples by wood treatment (sterilised vs. 
non-sterilised), soil treatment (sterilised vs. non-sterilised) and inoc-
ulum treatment (inoculated vs. non-inoculated) were assessed using 
three-way factorial analysis of variance (ANOVA). Prior to running 
ANOVA, variance homoscedasticity and normality of residuals were 
confirmed using Levene's and Shapiro–Wilk's tests. Differences 
in pH, structural carbohydrates and Klason lignin concentrations 
across treatment groups were assessed using the Wilcoxon non-
parametric test.

Amplicon sequences received as raw demultiplexed .fastq files 
were processed using the DADA2 pipeline (Callahan et  al.,  2016). 
Fungal and bacterial amplicon sequence variants (ASVs) were 
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assigned using the UNITE general FASTA release for eukaryotes 
Version 18.07.2023 (Abarenkov et al., 2024) and Silva 138 SSU Ref 
NR 99 (Quast et al., 2013), respectively. The ASVs assigned to the 
Fomitopsis genus with a species assignment ‘NA’ were examined 
via BLAST (Altschul et al., 1990) and verified to be Fomitopsis betu-
lina (97.41%–99.74% identity; E-values ranging 0–5 × 10−165). Based 
on assigned taxonomy, fungal ASVs were classified into ecological 
groups using the FungalTraits database (Põlme et  al.,  2020). Non-
fungal and non-bacterial taxa, as well as taxa labelled as ‘NA’ at 
the kingdom level, were removed. ASVs with <10 reads in a given 
sample, and samples with <100 fungal/bacterial reads were also re-
moved (= 2 fungal samples; = 6 bacterial samples). For non-decayed 
samples, 94% of reads were removed as non-fungal ASVs, with 
92% belonging to the tree host. Similarly, 99.8% of reads from the 
non-decayed samples were removed as non-bacterial. Given dif-
ferences in read depth, rarefications of fungal and bacterial alpha 
diversities were performed separately for non-decayed and decayed 
samples. The rarefaction depth for fungi in decayed samples was 
set to 10,000 and to 100 in non-decayed samples. For bacteria, the 
rarefaction depth was set to 14,000 and 608 in decayed and non-
decayed samples, respectively.

ASV richness, as well as Shannon and Pielou evenness in-
dices were calculated using the ‘microbiome’ package (Lahti & 
Shetty,  2017). Faith phylogenetic diversity (PD) index was calcu-
lated using the ‘picante’ package (Kembel et  al.,  2010). Effects of 
soil sterilisation, wood sterilisation, and pre-inoculation with F. bet-
ulina on each of the four alpha diversity metrics were tested using 
the Wilcoxon non-parametric test. To visualise treatment effects 
on community composition, we generated non-metric multidimen-
sional scaling plots, after calculating Bray–Curtis distances using the 
‘vegan’ package (Oksanen et al., 2017). To examine effects (with in-
teractions) of soil sterilisation, wood sterilisation and pre-inoculation 
with F. betulina on fungal and bacterial community structures, we 
performed a permutational multivariate analysis of variance using 
ADONIS2 in the ‘vegan’ package (Oksanen et al., 2017).

3  |  RESULTS

3.1  |  Outcomes of wood decay

Inoculum was the only factor affecting density loss (three-way 
ANOVA; F1,56 = 177.3, p < 0.001). Mean density loss for inoculated 
treatments was 44.7% ± 10.9%, and mean density loss for non-
inoculated treatments was 12.7% ± 8.0% (Figure  1a). To assign 
rot-type outcomes, wood decay must be above bole decay class I 
(no longer ‘sound’) but below class IV (not becoming soil) (Schilling 
et al., 2015). For birch, this corresponds to density loss values be-
tween 9.2% and 45.6% (Harmon et al., 2008). Of 64 decayed sam-
ples in our study, 39 (60.9%) were in decay classes II–III (Harmon 
et  al.,  2008). We measured lignin loss and paired it with density 
loss to generate a ratio (L:D) and use it as a rot-type indicator (<0.8 
for brown rot, >0.8 for white rot). Limiting statistical analyses to 

these 39 birch sections, inoculated samples had lower L:D values 
(0.24 ± 0.37) than non-inoculated samples (1.73 ± 0.57) (Figure  1b; 
three-way ANOVA; F1,31 = 107.8, p < 0.001), and samples placed on 
sterilised soil had lower L:D values (0.790 ± 0.738) than samples 
placed on non-sterilised soil (1.38 ± 0.99) (Figure  1b; three-way 
ANOVA; F1,31 = 11.8, p < 0.01). Most inoculated sections had a brown 
rot outcome (L:D < 0.8), whereas most non-inoculated sections had a 
white rot outcome (L:D > 0.8).

3.2  |  Chemistry of decayed wood

Decayed wood (i.e., stem sections that were placed onto the field 
site and left to decay for 14 months) had significantly lower pH than 
non-decayed wood (i.e., sound wood/stem sections that were pro-
cessed as soon as birch trees were cut) (Wilcoxon test; n1 = 8, n2 = 64, 
statistic = 12, p < 0.001) (Figure 1c). Wood inoculated with brown rot 
F. betulina had lower pH than non-inoculated wood (3.0 and 3.5, re-
spectively), with inoculum being the only significant factor (Wilcoxon 
test; n1 = 32, n2 = 32, statistic = 7, p < 0.001) (Figure  1c). Inoculum 
was also the sole factor affecting adjusted concentrations of Klason 
lignin and carbohydrates, with samples inoculated with brown rot F. 
betulina containing more residual Klason lignin (p < 0.001) than non-
inoculated samples (Figure 2; Table S3). Conversely, there was less 
arabinan (p < 0.05), galactan (p = 0.001), glucan (p < 0.001), mannan 
(p < 0.001), and xylan (p < 0.001) in inoculated samples than in non-
inoculated samples (Figure 2; Table S3).

4  |  FUNGAL AND BAC TERIAL 
COMMUNIT Y COMPOSITION

Decayed birch had higher fungal richness (p < 0.001), higher Faith 
PD index (p < 0.001) and lower evenness (p < 0.05) than non-decayed 
birch (Figure S3A; Table S4), but this comparison has the caveat of 
read depths mentioned in Section 2. Fungal beta diversity was also 
different between decayed and non-decayed birch (Figure S4).

Fomitopsis betulina dominated in inoculated samples, in all but 
one case (sample E2), producing large sporophores and with a mean 
relative DNA abundance of 84.7% ± 21.6% (Figure 3a; Figure S5). 
Non-decayed birch had a ~50% relative abundance of F. betulina 
(Figure  3a), indicating that it was present as an endophyte but 
was unable to succeed in ground contact in non-inoculated stem 
sections. Endophytic F. betulina read counts in non-decayed birch 
were low (mean 118 ± 80), compared to decayed birch inoculated 
with F. betulina (mean 49,380 ± 19,521). In non-inoculated decayed 
birch, white rot fungi dominated (Figure  3b), but the dominant 
taxa varied according to treatments. When stem sections were 
pre-sterilised, Phanerochaete (mostly spp. livescens) and Sistotrema 
(spp. brinkmannii, porulosum and coroniferum) colonised and domi-
nated (Figure 3a). When stem sections had not been pre-sterilised, 
Peniophora (mostly sp. cinerea) and Trametes (mostly sp. pubescens 
and some sp. versicolor) had high relative abundances (Figure 3a), 
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likely due to their presence and priority as endophytes. In con-
trast, relative abundances of dominant bacterial species showed 
no clear taxonomic correlations or differences across treatments 
(Figure 3c).

Despite differences in fungal community composition be-
tween sterilised and non-sterilised wood, inoculation was the only 
factor significantly affecting fungal alpha diversity. Inoculation 
did not affect richness, but it lowered Pielou evenness (p < 0.001) 

and Shannon (p < 0.001) indices and increased the Faith PD index 
(p < 0.001) (Figure 4a; Table S5). Inoculation was also the only signif-
icant variable influencing bacterial alpha diversity. Bacterial richness 
(p < 0.005), Shannon (p < 0.001), Pielou evenness (p < 0.001) and 
Faith PD (p < 0.005) indices were all higher in brown-rotted than in 
white-rotted wood (p < 0.001) (Figure 4b; Table S5). Inoculation also 
affected fungal (R2 = 0.27; Pr(>F) = 0.001) and bacterial (R2 = 0.15; 
Pr(>F) = 0.001) beta diversities (Figure 5a,b; Table S6). Wood and soil 

F I G U R E  1  Physicochemistry of wood across treatments. (a) Density loss of decayed birch stem sections, relative to non-decayed 
sections. The red dashed lines indicate the density loss thresholds used to define decay stages II–III (9.2%–45.6%). (b) L:D values of decayed 
samples in decay stages II–III, showing the 0.8 threshold (red dashed line) for rot type (brown rot L:D < 0.8; white rot L:D > 0.8). (c) Birch 
wood pH. ‘Non-decayed’ refers to sound wood. Data for decayed samples are faceted horizontally by the soil variable (sterilised vs. non-
sterilised) and coloured by the inoculum variable (inoculated vs. non-inoculated). The wood variable (sterilised vs. non-sterilised) is on the 
x-axes and the density loss, L:D and pH values are on the y-axes. The single brown-rot-inoculated sample (E2) that had a white rot fungus 
rise to dominance is shown, demonstrating the consistency of wood chemistry with fungal dominance.



2696  |    BAKYTBAIKYZY et al.

sterilisation did not affect bacterial beta diversity, but wood sterili-
sation did influence fungal beta diversity (R2 = 0.04; Pr(>F) = 0.002) 
(Figure 5a; Table S6).

5  |  DISCUSSION

We successfully promoted a brown rot outcome in all but one in-
oculated birch stem section, with all but one non-inoculated stem 
section having a white rot outcome. Broadening the range of rot-type 
outcomes was a significant accomplishment. Fomitopsis betulina was 
present as an endophyte in non-decayed stem sections we sam-
pled, but it barely persisted in non-inoculated decaying birch, later 
to be dominated by white-rot fungal colonisers. This reflects the 

stress-tolerant life-history strategy of F. betulina, whereby it copes 
with strenuous abiotic conditions in a living tree to be among the 
first colonisers when the tree dies (Boddy & Griffith, 1989; Boddy 
& Hiscox,  2016). Cord-forming fungi in soil with combative life-
history strategies may outcompete the early colonisers, such as F. 
betulina (Boddy,  2000; Boddy & Heilmann-Clausen,  2008), unless 
there is a significant inoculum potential to overcome invasion (Song 
et al., 2015). Our inoculum was enough to overcome invasion, with in-
oculated treatments having low variability and consistent dominance 
of F. betulina, excepting the one sample (E2) that became dominated 
by Phanerochaete livescens, showing all physicochemical signatures 
of white rot. Fast-growing white rot fungi from the soil (notably, 
Phanerochaete) colonised the stem sections lacking F. betulina inocu-
lations when wood endophytes had been removed by sterilisation. 

F I G U R E  2  Concentrations of structural carbohydrates and Klason lignin in wood, across treatments. ‘Non-decayed’ refers to sound 
wood. Data for decayed samples are faceted horizontally by the soil variable (sterilised vs. non-sterilised) and coloured by the inoculum 
variable (inoculated vs. non-inoculated). The wood variable (sterilised vs. non-sterilised) is on the x-axes and the concentrations (adjusted for 
density loss) of structural carbohydrates and Klason lignin are on the y-axes. The single brown-rot-inoculated sample (E2) that had a white 
rot fungus rise to dominance is shown, demonstrating the consistency of wood chemistry with fungal dominance.

F I G U R E  3  Fungal and bacterial compositions across treatments. Relative abundances of fungi (a) at the genus level and (b) as ecological 
groups. Sistotrema is marked as ‘saprotroph’ in the FungalTraits database (c) Relative abundances of bacteria at the phylum level. ‘'Non-
decayed’ refers to sound wood. Data for decayed samples are faceted horizontally by the soil variable (sterilised vs. non-sterilised) and 
vertically by the inoculum variable (inoculated vs. non-inoculated). The wood variable (sterilised vs. non-sterilised) is on the x-axes and the 
relative abundance of taxa/ecological groups (corresponding to different colours on the bar plots) is on the y-axes.
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Given similar density losses across non-inoculated (i.e., white-rotted) 
samples, variation in lignin degradation (apparent selectivity) was the 
primary driver of L:D differences, with highest lignin loss in treat-
ments lacking wood pre-sterilisation. This may be due to lignin re-
moval being higher when fungi decay pre-colonised wood, but it 
may simply be a consequence of the relative lignin-selectivity of the 
dominant strains (e.g., Peniophora) in the non-sterilised wood.

We hypothesised that if we could produce more brown rot in a 
portion of our decaying birch stem sections—thus broadening the 
range of rot-type outcomes—we could better test the functional con-
sequences of rot types, such as changes in wood pH and sugar avail-
ability. This hypothesis was supported. A lower pH in brown-rotted 
than in white-rotted wood was not surprising, as pH broadly defines 
wood rot type (Cowling, 1961; Song et al., 2017). Carbohydrate con-
centrations, adjusted for density loss, were also different between 
rot types, with some variability, depending on white-rot fungal dom-
inance. This difference likely reflects a fungal metabolic trade-off 
between removing lignin and releasing sugars. In monoculture stud-
ies, brown rot fungi release more free, soluble monosaccharides, 
compared to white rot fungi (Cowling, 1961; Schilling et al., 2015, 
2020), likely due to a more random ROS depolymerisation strategy; 
however, this distinction is not seen in field samples with full micro-
bial communities present (Jurgensen et al., 1989), potentially reflect-
ing a bacterial ‘cheater’ role in metabolising excess soluble sugars 
(Allison, 2005).

We also hypothesised that more directed rot-type outcomes 
would establish clearer links between dominant fungi and codomi-
nant bacterial associates. We found a clear link between rot type and 
fungal dominance, but we did not find a parallel bacterial codomi-
nance. The increase in fungal richness observed post-decay aligns 
with previous findings (Christofides et al., 2019; Hoppe et al., 2015; 
Kubartová et al., 2012; Rajala et al., 2012, 2015), but we did not ob-
serve associations of white rot with Firmicutes or of brown rot with 

Acidobacteria, Actinobacteria and Alphaproteobacteria, as seen in 
standing dead birch (Haq et  al.,  2022). Moreover, bacterial alpha 
diversity (Shannon index) did not decrease with brown rot inocula-
tions, as it did for fungi, and instead increased. Fungi may be directly 
modifying bacterial niche spaces by changing pH and/or sugar avail-
ability, as seen before (Haq et al., 2022; Hoppe et al., 2015; Johnston 
et al., 2019; Odriozola et al., 2021). ‘Cheater’ bacteria (Allison, 2005) 
might feed on soluble carbohydrates released by brown rot F. bet-
ulina due to its non-targeted ROS-based depolymerisation mecha-
nism, and this might explain an increase in all four bacterial diversity 
metrics in F. betulina-dominated samples. Furthermore, bacteria 
‘stealing’ sugars released during brown rot might be one of the fac-
tors that prevents brown rot fungi from dominating in field experi-
ments (without the addition of exogenous inoculum) and limits their 
frequency and distribution in nature. However, a metagenomic fol-
low-up to enhance resolution within the bacterial community could 
better reveal bacterial community differences between rot types, 
if any exist. Additionally, other prokaryotes and fungi (including 
yeasts) could be utilising the released sugars, shaping the success 
of brown rot.

One caveat to mention is the challenge of disentangling effects 
of density loss from those of rot type in a 14-month colonisation win-
dow. A faster brown rot decay mechanism, as seen under laboratory 
conditions (Castaño et al., 2018, 2022; Kleman-Leyer et al., 1992), 
could explain the differences in density losses between inoculated 
and non-inoculated samples. It seems more likely, however, that in-
oculated samples had more density loss due to greater fungal bio-
mass (introduced via inoculation) and/or less competition with other 
species, including soft rot fungi in Ascomycota. We targeted decay 
classes II–III to restrict comparisons to the active decay window 
(Schilling et  al.,  2015) and adjusted lignin and carbohydrate con-
centrations to compensate for density loss (Anderson et al., 2023). 
However, we cannot similarly standardise microbial abundances 

F I G U R E  4  (a) Fungal and (b) bacterial alpha diversities in decayed samples across treatments. The data are faceted horizontally by the soil 
variable (sterilised vs. non-sterilised) and coloured by the inoculum variable (inoculated vs. non-inoculated). The wood variable (sterilised vs. 
non-sterilised) is on the x-axes and the alpha diversity values for the four metrics (faceted vertically) are on the y-axes.
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and/or diversity indices. This caveat is shared with previous stud-
ies, where correlations between bacterial richness and density loss 
have included wood in all decay classes (I–V) (Harmon et al., 2008; 
Kielak et al., 2016; Rinta-Kanto et al., 2016), and results have var-
ied (Hoppe et al., 2015; Kielak et al., 2016; Rinta-Kanto et al., 2016; 
Tláskal et al., 2017). We constrained variability by limiting the wood 
substrate to the same diameter, species, age, location of origin, plot 
for decay and soil-contact conditions, but there would be value in 
future work exploring the variability in each of these parameters, 
particularly given the colonisation success of other Fomitopsis spe-
cies in early decay stages (Rajala et al., 2015).

One way we checked confounding effects of decay stage was by 
restricting analyses to an even narrower window of density losses 
where rot types overlapped. Comparing bacterial Shannon indices 
for three inoculated (i.e., brown-rotted) and three non-inoculated 
(i.e., white-rotted) samples in a density loss window of 19.6%–22.9% 
(Figure 1a,b), we still found that values differed, depending on rot 
type. Specifically, the bacterial Shannon index for three brown-
rotted samples in this decay window averaged 6.41 ± 0.25, similar to 
the 6.19 ± 1.00 for all brown-rotted samples in decay stages II and III. 
The bacterial Shannon index for three white-rotted samples in this 
decay window averaged 5.80 ± 0.91, similar to the 5.55 ± 1.06 for all 
white-rotted samples in decay stages II and III. This suggests that rot 
type, not density loss, is driving distinct bacterial alpha diversities 
between inoculated and non-inoculated samples.

A second caveat relates to having multiple taxa compete for and 
dominate the white rot outcome, but only one, F. betulina, driving 
brown rot. In other words, species could be the main effect, not rot 
type, and our findings are constricted to a specific age class of birch 
stemwood. Some have found that ecological strategies of fungi influ-
ence associated bacterial communities, but that taxonomic identities 
do not (Johnston et al., 2019; Kielak et al., 2016). For example, an 

ability to form cords can translate to shifts in bacterial communities 
(Johnston et  al.,  2019), likely due to translocation of nitrogen and 
phosphorus from soil into wood substrates (Philpott et  al.,  2014). 
Others have shown abundances of certain fungal taxa to be better 
predictors of bacterial community composition than environmental 
predictors (Odriozola et al., 2021). If future work focuses on partic-
ular patterns emergent in our data, inoculating with more species 
would be logical.

Collectively, our study design effectively broadened the range 
of rot-type outcomes through the use of wood inoculations. We 
partially confirmed our hypothesis that these directed outcomes 
would enable clearer links between dominant fungi, their C release 
patterns, and their bacterial associates. A lack of relationship be-
tween rot-type dominance and bacterial codominance, along with 
negatively correlated fungal and bacterial diversity indices, was 
unexpected, suggesting that more niche space is available to bac-
teria when brown rot dominates wood decomposition. The ability 
to overcome site-specific colonisation pressure by controlling inocu-
lum also provides more evidence for why simple growth parameters, 
such as hyphal extension rate (Lustenhouwer et al., 2020), can be 
useful predictors of decay rates. If combined with nutritional mode 
predictors of decay fates that are embedded as fungal traits in infor-
matics pipelines, such as FungalTraits (Põlme et al., 2020), it suggests 
greater potential to predict C sequestration and release from wood 
as a function of biotic variability.
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