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A B S T R A C T   

Although dead fungal mycelium (necromass) represents a key component of biogeochemical cycling in all 
terrestrial ecosystems, how different ecological factors interact to control necromass decomposition rates re
mains poorly understood. This study assessed how edaphic parameters, plant traits, and soil microbial com
munity structure predicted the mass loss rates of different fungal necromasses within experimental monocultures 
of 12 tree species in Minnesota, USA. Necromass decay rates were most strongly driven by initial chemical 
composition, being significantly slower for fungal necromass with higher initial melanin content. Of the extrinsic 
ecological factors measured, variation in the amount of mass remaining for both low and high melanin necromass 
types was significantly predicted by soil bacterial richness and fungal community composition, but not by any 
soil microclimatic parameters or plant traits. Further, the microbial communities governing decay rates varied 
depending on the initial necromass chemical composition, suggesting that extrinsic and intrinsic factors inter
acted to propel decomposition. Finally, we also found significant positive relationships between the amount of 
remaining fungal necromass and soil carbon and nitrogen concentrations. Collectively, these results suggest that, 
after the initial chemical composition of dead fungal residues, soil microbial communities represent the main 
drivers of soil necromass degradation, with potentially large consequences for soil carbon sequestration and 
nutrient availability.   

1. Introduction 

Microbial residues (i.e., necromass) represent a key component of 
forest carbon (C) and nutrient cycles (Buckeridge et al., 2022; Kästner 
et al., 2021; Sokol et al., 2022), accounting for up to 50% and 80% of soil 
organic C and nitrogen (N), respectively, across diverse ecosystems 
(Angst et al., 2021; Liu et al., 2021; Wang et al., 2021). Compositionally, 
dead fungal mycelium makes up a significantly larger fraction of soil 
microbial necromass than bacterial residues (Liang et al., 2019; Angst 
et al., 2021; Wang et al., 2021). The substantial contribution of fungal 
necromass to soil C and N stocks can be principally explained by the fast 
turnover of fungal mycelium relative to plant tissues (See et al., 2022), 
as well as the capacity of molecules deriving from necromass to form 

stable bonds with mineral particles (Cotrufo et al., 2013; Liang et al., 
2017) and organic compounds (Buckeridge et al., 2020). Furthermore, 
fungal necromass can also accrue in particulate forms in the soil (Fer
nandez et al., 2019; Maillard et al., 2021), as fungal necromass quickly 
reaches a plateau phase in terms of mass loss (Ryan et al., 2020; 
Schweigert et al., 2015; See et al., 2021). 

The asymptotic nature of fungal residue decomposition corresponds 
closely with changes in fungal necromass chemical composition; fungal 
residues rapidly lose labile compounds during the first phases of 
decomposition (up to three months) and then retain a significant frac
tion in later stages that appear to be resistant to microbial degradation 
(Fernandez et al., 2019). Therefore, after a phase of rapid mass loss 
post-senescence, fungal necromass mass remaining stabilizes, and the 
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decay rates almost reach zero (Ryan et al., 2020; Maillard et al., 2021; 
See et al., 2021). Of the intrinsic factors (i.e., properties of the fungal 
necromass itself) influencing fungal residue decomposition, melanin, an 
abundant pigment detected in the cell walls of two-thirds of soil fungi 
(Siletti et al., 2017; van der Wal et al., 2009), has been consistently 
associated with the persistence of fungal residues in the late stages of 
decomposition (Fernandez and Koide, 2014; Fernandez and Kennedy 
2018; Maillard et al., 2023). Indeed, the level of melanization of fungal 
necromass is highly predictive of the amount of necromass remaining 
(Beidler et al., 2020; Fernandez et al., 2019) as well as of soil C stocks 
(Clemmensen et al., 2015; Siletti et al., 2017). 

Compared to intrinsic factors such as melanin, the influence of 
extrinsic factors (i.e., characteristics of the biotic or abiotic environ
ment) on fungal residue decomposition remains largely unexplored (see 
Beidler et al., 2020 for rare exception). Given that these factors have 
been extensively described as controlling the decomposition rates of 
plant-derived organic matter, it seems likely they may also affect fungal 
residue degradation (Bradford et al., 2016; Fanin et al., 2020; Maillard 
et al., 2022a; Prescott 2010; Vivanco and Austin 2008). Additionally, 
understanding how extrinsic factors affecting fungal residue accumu
lation interact with dead mycelial chemical properties is crucial for 
improving the incorporation of microbial necromass decomposition into 
forest soil biogeochemical models (Wieder et al., 2015). 

Of the extrinsic factors influencing necromass decomposition rates, 
abiotic and biotic properties are likely both important. Concerning the 
former, Fernandez et al. (2019) found that fungal necromass incubated 
in experimentally warmed plots decomposed faster than under ambient 
conditions, consistent with other observations showing greater micro
bial necromass decomposition in warmer study systems (Throckmorton 
et al., 2012). Combining laboratory and field experiments, Adamczyk 
et al. (2019) revealed that tannins deriving from tree roots acted as an 
extrinsic biotic factor decelerating fungal residue degradation. By 
complexing with necromass-associated proteins, likely with chitin 
polymers, and with enzymes involved in decomposition, plant tannins 
were found to inhibit microbial degradation of fungal necromass, 
contributing to its stabilization in the soil (Adamczyk et al., 2017, 2019; 
Hättenschwiler et al., 2019). Similarly, root-associated fungi, notably 
ectomycorrhizal fungi, have been associated with a deceleration in 
fungal necromass decomposition (Beidler et al., 2021; Maillard et al., 
2021). While the mechanisms underpinning this deceleration remain 
unknown, they might be related to competition between saprotrophic 
microbes and ectomycorrhizal fungi for organic nutrients deriving from 
mycelial residues (Fernandez and Kennedy, 2016). 

With regard to the microbial communities present on decaying 
fungal necromass, Maillard et al. (2021) recently demonstrated that the 
abundance of several bacterial and fungal genera colonizing dead fungal 
mycelia was significantly associated with the necromass decay rate. 
Most notably, the early stages of decomposition are typically dominated 
by copiotrophic bacteria, which likely thrive on the labile compounds of 
necromass. Conversely, the late stages of decay oligotrophic bacteria 
become the most abundant, which are more efficient at degrading 
resistant compounds (Beidler et al., 2020; Maillard et al., 2021). 
Nevertheless, because microbial communities change rapidly during 
fungal necromass decomposition (Beidler et al., 2020; Brabcová et al., 
2016, 2018; Kennedy and Maillard 2022; Maillard et al., 2022b), the 
relationships between mass loss and microbial taxa abundance might 
simply be associated with a successional pattern that doesn’t relate to 
specific bacterial or fungal degradation activities, but rather to other 
factors influencing the microbial community structure, such as micro
bial interactions (e.g., antibiotics production, mycoparasitism, spatial 
competition). Researchers have also incubated fungal necromass in 
various habitats and forest types (soil vs. leaf litter for Brabcová et al., 
2016; soil vs. dead wood for Maillard et al., 2020; ectomycorrhizal or 
arbuscular mycorrhizal forests for Beidler et al., 2021) to assess how 
potential differences in microbial community composition may influ
ence fungal residue decomposition. Those studies found the amount of 

necromass remaining in the late stages of decomposition to be surpris
ingly similar between habitats (Brabcová et al., 2016; Maillard et al., 
2020) and forest types (Beidler et al., 2021), suggesting a high func
tional redundancy of the microbial communities involved in necromass 
decomposition. Nonetheless, different incubation niches and forest 
types typically have large differences in edaphic and microclimatic pa
rameters that may also potentially influence necromass decomposition 
rates, thus limiting conclusions about the specific role of soil microbes in 
fungal necromass degradation. 

In this study, we took advantage of a common garden experiment 
containing 12 tree species representative of the North America 
temperate forests, which had been grown in monoculture for 9 years at 
the same experimental site in Minnesota, USA (Grossman et al., 2020). 
We first assessed a range of abiotic and biotic extrinsic factors possibly 
driving fungal necromass decomposition rates based on the existing 
literature, which included soil parameters (pH, temperature, and 
moisture), tree traits (fine root density, and fine root and leaf tannin 
contents), and soil bacterial and fungal community richness and 
composition. We chose soil microbial communities as potential pre
dictors of fungal necromass decomposition rates since they have been 
described as relatively stable in forest ecosystems regarding richness and 
composition across seasons (Martinović et al., 2021; Santalahti et al., 
2016; Shigyo et al., 2019). We then incubated fungal residues with low 
or high melanin content in the same tree plots in which edaphic, plant, 
and microbial parameters were quantified. After five months of incu
bation in soil, the amount of necromass remaining was determined, 
corresponding to the late stages of decomposition in terms of mass loss 
(Ryan et al., 2020; See et al., 2021). Then, we used a multimodel 
inference approach to determine the best predictors for the low and high 
melanin necromass decomposition rates. Finally, we tested the re
lationships between soil C and N concentrations and fungal necromass 
decay rates (i.e., the amount of fungal necromass remaining after five 
months of decomposition). 

We hypothesized the following: 

H1. Plots with elevated temperature and moisture levels (due to var
iations in tree traits such as canopy height, canopy light interception, 
water use, and litter layer depth) would favor the activity of microbial 
decomposers and accelerate decomposition for both necromass types. 

H2. Tree species with high tannin concentrations in their fine roots 
and leaves would be associated with low decomposition rates for both 
necromass types. 

H3. Tree species hosting ectomycorrhizal fungi would be associated 
with lower rates of necromass decomposition, while plots harboring a 
high richness and abundance of soil copiotrophic bacteria and sapro
trophic fungi would be related to fast necromass decomposition rates. 

H4. Tree species hosting ectomycorrhizal fungi would be associated 
with higher soil C concentration, and low necromass decomposition 
rates would be linked with higher soil C concentration. 

2. Materials and methods 

2.1. Field site 

We conducted our study at the Forests and Biodiversity experiment 
(FAB; Grossman et al., 2017) at the Cedar Creek Ecosystem Science 
Reserve (Cedar Creek), a 2300-ha reserve and National Science Foun
dation Long-Term Ecological Research site in eastern Minnesota, in the 
United States (45◦25′ N, 93◦10′ W). The site is situated on the Anoka 
Sand Plain, which is characterized by excessively drained soils consist
ing of upwards of 90% sand. The mean annual temperature at Cedar 
Creek is 6.7 ◦C, and the mean annual precipitation is 801 mm. The 
experimental site consists of a common garden experiment in which 12 
tree species were planted in 2013 in mono- and polyculture combina
tions. Four of these species are gymnosperms: eastern red cedar 
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(Juniperus virginiana), and white (Pinus strobus), red (P. resinosa), and 
jack (P. banksiana) pine. The eight angiosperm species include red 
(Quercus rubra), pin (Q. ellipsoidalis), white (Q. alba), and bur 
(Q. macrocarpa) oak; red maple (Acer rubrum) and box elder 
(A. negundo); paper birch (Betula papyrifera); and basswood (Tilia 
americana). Among the 12 studied tree species, three established sym
biotic interactions with arbuscular mycorrhizal fungi (J. virginiana, 
A. rubrum, and A. negundo), and nine with ectomycorrhizal fungi 
(B. papyrifera, Q. alba, Q. ellipsoidalis, Q. macrocarpa, Q. rubra, 
P. banksiana, P. resinosa, P. strobus, and T. americana). Each of the three 
blocks of the experiment (spaced 4.5-m apart) consisted of either 46 or 
47 square plots with a side of 3.5 m; plots were planted with 1, 2, 5, or 12 
species. Each plot contained 64 trees, planted at 0.5-m intervals. Here, 
we focused on the monospecific plots (n = 36 with three plots per tree 
species) (see Grossman et al., 2017 for details about the experimental 
site). We excluded two plots of A. negundo and one plot of A. rubrum that 
had exceptionally high mortality rates. Consequently, the remaining 
A. negundo plot was subdivided into three subplots while one of the two 
remaining A. rubrum plots was randomly chosen and divided into two 
subplots. 

2.2. Soil sampling 

On June 29, 2021, we sampled soil cores (6-cm diameter) at each 
monocultural plot (n = 36). Prior to coring, the organic horizon con
taining decomposed materials was carefully removed to collect the 
forest topsoil (0–5 cm) exclusively. Two cores were randomly taken from 
each plot and pooled in the field, while avoiding plot borders to limit 
edge effects. The soil samples were placed in a cooler and then held at 
4 ◦C in the laboratory until processing (within one day). The soil samples 
were sieved (2 mm), and the tree roots were collected for fine-root 
density quantification. An aliquot of each soil sample was freeze-dried 
for molecular analyses. 

2.3. Edaphic parameters 

A sub-sample of the soil from each plot was air-dried and analyzed in 
double distilled water with a benchtop pH meter to determine the pH. 
The topsoil temperature and moisture content were measured in the 
field on August 9, 2021, using a soil time-domain reflectometry (TDR) 
sensor (FieldScout TDR, Spectrum Technologies Inc., USA) and a soil 
thermometer. Soil temperature and water measurements were deter
mined at four random places for each monospecific tree plot, and the 
results were averaged. We also determined mineral soil C and N con
centrations to 20 cm depth using five 20 cm2 cores collected from each 
plot in July 2019. Cores were composited by plot, wet sieved (2 mm), 
and dried at 105 ◦C prior to analysis. Soil C and N concentrations were 
determined by dry combustion (Costech Analytical Technologies Inc.). 

2.4. Tree traits 

Tree roots sorted from the soil samples were washed thoroughly with 
water. Fine roots (below 2 mm in diameter, Liu et al., 2018) were 
excised and freeze-dried. No sign of root zone overlap from tree species 
of surrounding plots were noticed during this step. Further, we calcu
lated the fine-root density for each plot as the g of dry biomass of fine 
root per m3 of topsoil. Freeze-dried fine roots were subsequently used for 
root tannin quantification. Tannin concentrations (sum of condensed 
tannins and hydrolysable tannins) were measured using the protein 
precipitating method as described in Adamczyk et al. (2008). Briefly, 
after extraction with acetone-water (7:3), followed by reaction with 
protein, tannin concentrations are determined spectrophotometrically 
based on oxidation of hydroxyl groups with FeCl3 and formation of 
iron-phenolate complex. Tannic acid (Sigma Chemicals), characterized 
as in Adamczyk et al. (2017), was used as the standard. Samples were 
measured in two technical replicates. The final results are presented as 

milligrams of tannic acid equivalents per gram of dry fine root material. 
For leaf tannin concentrations, we used data collected by Grossman et al. 
(2020) in a previous experiment conducted at the same experimental 
site. 

2.5. Soil microbial analyses 

We used high throughput sequencing (HTS) of bacterial (16S) and 
fungal (ITS) taxonomic markers to characterize microbial community 
richness and structure. In total, 36 soil samples were analyzed (three per 
tree monospecific plots). Total genomic DNA was extracted with Pow
erSoil Pro kits (MoBio, Carlsbad, CA, USA) from 0.25 g of freeze-dried 
soil following the manufacturer’s instructions. DNA extraction (lysis 
tubes with no substrate added) and PCR blanks (molecular-grade water 
as a replacement for template DNA) were also included. For bacteria, the 
515F–806R primer pair was chosen to target the V4 region of the 16S 
rRNA gene (Caporaso et al., 2012). For fungi, the 5.8S-Fun and ITS4-Fun 
primer pair (Taylor et al., 2016) was used to target the ITS2 region of the 
fungal rRNA operon. Samples were first amplified in individual 20 μl 
reactions containing 10 μl of Phusion Hot Start II High-Fidelity PCR 
Master Mix (Thermo Scientific, Waltham, MA, USA), 0.5 μl of each 20 
mM primer, 1 μl of DNA template and 8 μl of PCR-grade water. Ther
mocycling conditions were as follows: 1) 98 ◦C for 30 s, 2) 98 ◦C for 30 s, 
3) 55 ◦C for 30 s, 4) 72 ◦C for 30 s, repeat steps 2–4 34 times, 5) 72 ◦C for 
10 min and 6) infinite hold at 4 ◦C. If initial PCRs were not successful, 
template DNA dilutions were performed. For all samples with ampli
cons, a second PCR was run under thermocycling conditions to add 
unique Golay barcodes and sequencing adaptors. PCR products were 
then cleaned using the Charm Just-a-Plate Purification and Normaliza
tion Kit (Charm Biotech, San Diego, CA, USA). Each sample was then 
pooled at equimolar concentration and sequenced with the MiSeq 
technology (2 × 250 bp V2 Illumina chemistry) at the University of 
Minnesota Genomics Center. Raw.fastq files for each sample were 
deposited in the NCBI Short Read Archive as bioproject PRJNA916697. 

Sequences were bioinformatically processed using the AMPtk pipe
line v1.4.2 (Palmer et al., 2018). A quality assessment of a fungal mock 
community sample revealed that including reverse reads in the 
following pipeline notably lowered OTU richness as well as the total 
sequence reads per OTU (likely due to poor quality). To avoid this data 
loss, we used only the forward reads for both the bacterial and fungal 
datasets. Sequences first had primers removed and were all trimmed 250 
bp. They were next denoised with the DADA2 algorithm (Callahan et al., 
2016) and the resulting ASVs were clustered into operational taxonomic 
units (OTUs) at 97% similarity. A 0.5% abundance cut-off was applied to 
eliminate very low abundance OTUs that likely resulted from barcode 
index-bleed (Palmer et al., 2018). Taxonomy was assigned using a 
hybrid algorithm integrating results from a USEARCH global alignment 
against the RDP (bacteria) and UNITE (fungi) databases, respectively, 
with both UTAX and SINTAX classifiers. 

From the bacterial dataset, we removed any OTUs lacking a kingdom 
identity (i.e., not being classified as bacterial sequences) and being 
classified as mitochondrial or chloroplastic organelles. We excluded any 
OTUs with no fungal taxonomic annotations from the fungal dataset. We 
then summed OTU sequence reads detected as contaminants in either 
the extraction and PCR blanks for the bacterial and fungal datasets and 
subtracted those sums from the environmental samples. Finally, to ac
count for variation in total sequence read counts across samples, all 
analyses were based on counts rarefied to 1,966 per sample and 16,692 
per sample for the bacterial and the fungal datasets, respectively (see 
Fig. S1 for the bacterial and fungal OTU accumulation curves). Good’s 
coverage index was calculated for each sample. All the samples pre
sented scores above 0.97 and 0.99 for the bacterial and fungal datasets, 
respectively, which was deemed suitable for subsequent analyses. 
Following quality filtering and rarefaction, all samples were retained (n 
= 36 for both the bacterial and fungal communities), which represented 
a total of 70,776 and 600,912 sequences belonging to 1,565 bacterial 
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and 1,117 fungal OTUs, respectively. 
Bacterial OTUs were assigned to copiotrophic and oligotrophic 

functional groups based on Li et al. (2021). Specifically, all bacterial 
OTUs belonging to the phylum Bacteroidetes, Firmicutes, Gemmatimo
nadetes, and classes alpha-Proteobacteria, and gamma-Proteobacteria 
were defined as copiotrophic, while bacterial OTUs belonging to 
phylum Acidobacteria, Actinobacteria, Planctomycetes, Chloroflexi and 
class delta-Proteobacteria were defined as oligotrophic. Trophic mode 
assignments for fungi were made with FUNGuild (Nguyen et al., 2016). 
For the fungi, we restricted our analyses to ectomycorrhizal and sapro
trophic fungi, which dominated our dataset in comparison to other 
fungal guilds (Table 1). 

2.6. Mycobag preparation, deployment, and collection 

To determine the decomposition rates of fungal residues, we used the 
species Meliniomyces bicolor as our source of necromass because it is a 
naturally present soil species in temperate and boreal forests (Grelet 
et al., 2009) and can have its melanin content manipulated in the lab
oratory non-chemically (Fernandez and Kennedy, 2018). Following the 
protocol described by Fernandez and Kennedy (2018), we produced two 
types of M. bicolor mycelial residues in axenic conditions, hereafter 
referred to as low and high melanin necromass (see Table S1 for the 
chemical profiles of the two M. bicolor necromass types used in this study 
based on Fernandez and Kennedy, 2018). For both necromass types, we 
homogenized and freeze-dried the fungal necromass separately (100 mg 
dry matter; low and high melanin necromass) and then placed them in 
polyester mesh bags (5 × 10 cm, with 53-μm pores) (R510 Forage Bag, 
ANKOM Technology, Macedon, NY, USA), followed by and heat-sealing. 
The 53-μm mesh size excluded tree root in-growth and did not allow for 
the penetration of soil particles, making it suitable for the quantification 
of fungal necromass degradation rates (Beidler et al., 2020). On the same 
day as soil sampling for predictor variable quantification (June 9, 2021), 
immediately after soil coring, we deployed the mycobags. Within each 
monocultural tree plot, two sets of low and high melanin mycobags (n =
72 for each necromass type) were buried in the topsoil (0–5 cm depth) at 
a randomly chosen position while avoiding plot borders to limit edge 
effects. 

After five months of incubation, on November 2, 2021, corre
sponding to the late stage of fungal necromass decomposition when 
mass loss decay rates approached zero (See et al., 2021), we harvested 
the mycobags. The mycobags were individually bagged, placed on ice, 
and taken to the laboratory for immediate processing. Among the 144 
bags deployed, three bags were not included in the analysis (two were 
lost, and one was found unburied at harvesting). In the laboratory, 
fungal necromass was carefully removed using sterile pipette tips for 
each sample, transferred in autoclaved tubes (2 ml), and stored at 
−80 ◦C until freeze drying. We pooled the necromass of the same quality 
(low or high melanin necromass) from the two sets incubated at each 
plot to account for spatial variations in necromass decomposition at the 
plot level. Necromass decomposition rates for each plot and necromass 
type (low and high melanin) were expressed as the percent of initial 
mass remaining. Based on the results presented in Beidler et al. (2020), 
any loss-on-handling during necromass deployment was considered 
negligible. 

2.7. Data analyses 

Statistical analyses and data visualization were performed using R 
software (R Core Team, 2020). All tests were considered significant 
using a threshold of P < 0.05. An analysis of variance (ANOVA) was used 
to test for differences in fungal necromass mass remaining depending on 
necromass quality (low and high melanin) and tree species (A. negundo, 
A. rubrum, B. papyrifera, J. virginiana, P. banksiana, P. resinosa, P. strobus, 
Q. alba, Q. ellipsoidalis, Q. macrocarpa, Q. rubra, and T. Americana). 
Before the ANOVAs, the residual variances were tested for 

homoscedasticity using Cochran’s test, and data were log-transformed if 
necessary. In parallel, we used linear mixed-effect models with the lme4 
package (Bates et al., 2015) to analyze the differences in fungal necro
mass mass remaining depending on necromass type (low or high 
melanin), tree phylogeny (angiosperm or gymnosperm species), and tree 
mycorrhizal association (arbuscular mycorrhizal and ectomycorrhizal 
fungal), with the tree species designated as a random factor. The ANOVA 
was then applied to the linear mixed-effect models to test for fixed ef
fects (necromass type, tree phylogeny, and tree mycorrhizal 
association). 

The effects of tree species on the soil bacterial and fungal commu
nities were tested using permutational multivariate analyses of variance 
(PERMANOVA) and visualized with a principal coordinate analysis 
(PCoA). We calculated the overall bacterial and fungal operational 
taxonomic unit (OTU) richness as well as the functional group OTU 
richness (bacteria; oligotroph, copiotroph, or unclassified, fungi; ecto
mycorrhizal, saprotroph, or unclassified) using the Vegan package for R 
(Oksanen et al., 2013). The relative abundance of the bacterial and 
fungal functional groups was also quantified. We used one-way ANOVAs 
followed by Tukey’s honest significance test to evaluate the effects of 
tree species on the edaphic (soil pH, moisture, and temperature), plant 
(fine-root density, and fine-root and leaf tannin concentrations), bacte
rial (OTU richness, functional group OTU richness and abundance), and 
fungal (OTU richness, functional group OTU richness and abundance) 
parameters. 

To determine the best predictors of fungal necromass decomposition 
rates, we used information theory model selection in the MuMIn pack
age for the low and high melanin necromass types separately (i.e., 
response variables) (Burnham and Anderson, 2002). We included 19 
predictor variables belonging to edaphic (pH, moisture, and tempera
ture), plant (fine root density, and fine root and leaf tannin concentra
tions), soil microbial richness (bacterial and fungal total, and separated 
by functional group OTU richness), soil microbial functional group 
abundance (bacterial and fungal functional group relative abundances), 
and soil microbial community structure (bacterial and fungal PCoA axis 
1 and 2). The response and predictor variables were rescaled, and we 
used the lm function to fit a basic linear model for each response variable 
(i.e., low or high melanin necromass mass remaining). We then gener
ated a full set of models for the low and high melanin necromass 
decomposition rates, from which we selected all those within four AICc 
units of the best-fitting model (i.e., with the lowest AICc score). 
Model-averaged coefficients and the relative importance values for the 
predictors were calculated from the selected models for each response 
variable (i.e., low or high melanin necromass mass remaining). All sig
nificant predictor variables were tested for relationships with fungal 
necromass decomposition rates using Pearson’s correlations. We also 
used canonical correspondence analysis (CCA) from the Vegan R pack
age to identify correlations between the most abundant fungal genera 
(top 50 genera) and fungal necromass decomposition rates, with the low 
and high melanin necromass mass remaining used as predictors. Finally, 
we tested the relationships between soil C and N concentrations and the 
necromass decay rates using Pearson’s correlations. 

3. Results 

3.1. Effect of tree species on the edaphic, plant, and soil microbial 
parameters 

Tree species had no significant effect on soil pH (P = 0.36), but 
significantly affected both soil moisture (P < 0.001) and temperature (P 
= 0.011, Table 1). Soil moisture ranged from 5.66 to 15.43% across tree 
species, being, on average, lowest for the Pinus species, intermediate for 
B. papyrifera and J. virginiana, and the highest for T. americana, and Acer 
and Quercus. The range of soil temperatures under different tree species 
was narrower (18.88–20.75 ◦C on average), with soil temperatures 
being consistently cooler for all the Pinus species. 
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Table 1 
Averaged values for edaphic, plant, bacterial and fungal parameters (± standard error) in soil (n = 32) depending on tree species. Differences between tree species were assessed using one-way analysis of variance followed 
by Tukey’s honest significance test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). All the predictors used were measured in this study, except the leaf tannin concentrations by tree species that were derived from Grossman 
et al. (2020) from an experiment conducted at the same experimental site. Different letters indicate significant differences between tree species.   

Predictor Tree species 
effect 

Acer 
negundo 

Acer 
rubrum 

Betula 
papyrifera 

Juniperus 
virginiana 

Pinus 
banksiana 

Pinus 
resinosa 

Pinus 
strobus 

Quercus 
alba 

Quercus 
ellipsoidalis 

Quercus 
macrocarpa 

Quercus 
rubra 

Tilia 
americana 

Soil pH F1.157, P =
0.365 

6.33 ±
0.11 a 

6.08 ±
0.07 a 

6 ± 0.07 a 6.05 ± 0.09 
a 

6.12 ±
0.06 a 

5.97 ±
0.09 a 

6.21 ±
0.15 a 

6.29 ±
0.11 a 

5.93 ± 0.19 
a 

6.08 ± 0.14 
a 

6.15 ±
0.08 a 

6.05 ± 0.12 
a 

Moisture (%) F6.937, P < 
0.001*** 

11.25 ±
0 abc 

15.43 ±
1.27 a 

9.4 ± 0.39 
bcd 

9.53 ± 1.16 
bcd 

5.66 ±
0.78 d 

7.03 ±
0.52 cd 

7.61 ±
1.22 bcd 

11.53 ±
1.34 abc 

11.22 ±
0.47 abc 

11.13 ± 0.85 
abc 

11.71 ±
1.63 abc 

12.51 ± 1.2 
ab 

Temperature (◦C) F3.021, P ¼
0.011* 

20.75 ±
0 a 

19.43 ±
0.73 ab 

19.34 ±
0.28 ab 

19.07 ±
0.13 b 

18.88 ±
0.29 b 

18.98 ±
0.07 b 

18.42 ±
0.37 b 

19.48 ±
0.14 ab 

19.76 ±
0.08 ab 

19.07 ± 0.33 
b 

19.48 ±
0.49 ab 

19.28 ±
0.22 ab 

Plant Fine root density (g/m3) F22.57, P < 
0.001*** 

7.14 ±
1.86 de 

3.44 ±
0.55 e 

18.85 ±
1.81 cd 

47.28 ±
4.15 a 

42.34 ±
3.30 ab 

29.41 ±
1.39 bc 

18.90 ±
2.70 cd 

9.15 ±
4.28 de 

9.47 ± 1.04 
de 

10.07 ± 2.07 
de 

14.30 ±
4.56 de 

18.55 ±
3.74 cd 

Fine root tannin (mg/g) F15.57, P < 
0.001*** 

88.73 ±
8.39 abc 

63.62 ±
4.72 cde 

92.18 ±
6.73 ab 

68.24 ±
3.38 bcd 

53.84 ±
7.53 de 

48.1 ±
4.54 de 

37.44 ±
4.05 e 

54.96 ±
3.69 de 

85.98 ± 5.8 
abc 

99.24 ± 4.88 
a 

58.34 ±
4.13 de 

37.52 ±
4.28 e 

Leaf tannin (mg/g) not 
applicable 

69.9 46.9 54.2 19.7 183.2 221.0 77.1 38.6 68.3 50.1 39.6 121.3 

Bacteria OTU richness (number of 
OTUs) 

F0.8, P = 0.64 374 ±
17.16 a 

316 ±
72.06 a 

407.67 ±
5.9 a 

374 ±
21.08 a 

388.67 ±
26.27 a 

399.33 ±
11.86 a 

397 ±
38.4 a 

405 ±
34.02 a 

361.67 ±
40.58 a 

371 ± 12.22 
a 

377.33 ±
15.3 a 

323.33 ±
40.13 a 

Oligotrophic OTU 
richness (number of 
OTUs) 

F0.818, P =
0.624 

183.67 ±
7.88 a 

152 ±
37.03 a 

193.67 ±
8.51 a 

188.33 ±
6.17 a 

180.67 ±
7.86 a 

197.67 ±
11.85 a 

192.33 ±
19.1 a 

187 ±
12.58 a 

176.67 ±
17.57 a 

165.67 ±
3.38 a 

180.33 ±
8.09 a 

157.33 ±
20.2 a 

Copiotrophic OTU 
richness (number of 
OTUs) 

F2.05, P =
0.0686 

89 ± 7.57 
a 

74.67 ±
19.33 a 

121 ± 3.51 
a 

91.33 ±
13.04 a 

116.67 ±
11.32 a 

104.67 ±
1.2 a 

115 ±
12.12 a 

114.33 ±
13.92 a 

93.67 ±
9.67 a 

102.67 ±
6.12 a 

94.33 ±
7.26 a 

76 ± 12.17 
a 

Oligotrophic abundance 
(%) 

F4.986, P < 
0.001*** 

34.13 ±
0.21 bc 

31.79 ±
4.52 c 

37.08 ±
3.27 bc 

34.71 ±
2.05 bc 

44.47 ±
2.45 ab 

38.59 ±
1.65 abc 

48.78 ±
1.69 a 

37.47 ±
1.37 abc 

36.15 ±
1.01 bc 

32.49 ± 0.14 
c 

33.67 ±
2.05 bc 

32.76 ±
2.98 c 

Copiotrophic abundance 
(%) 

F2.934, P ¼
0.0133* 

12.44 ±
1.66 ab 

10.85 ±
3.27 ab 

20.06 ±
1.01 ab 

11.21 ±
1.56 ab 

26.36 ±
5.11 a 

17.68 ±
2.36 ab 

22.57 ±
1.01 ab 

19.31 ±
5.31 ab 

17.82 ±
6.11 ab 

12.77 ± 0.76 
ab 

12.02 ±
0.66 ab 

9.27 ± 1.41 
b 

Fungi OTU richness (number of 
OTUs) 

F3.13, P ¼
0.00939** 

252.67 ±
44.37 ab 

331.67 ±
10.65 a 

167 ±
10.39 b 

283.33 ±
14.44 ab 

221.67 ±
16.7 ab 

249.33 ±
5.61 ab 

200 ±
22.61 b 

231 ±
17.62 ab 

257.67 ±
40.92 ab 

223.33 ±
26.41 ab 

290 ±
27.74 ab 

219.67 ±
26.74 ab 

Ectomycorrhizal OTU 
richness (number of 
OTUs) 

F2.839, P ¼
0.0158* 

3 ± 1 b 4 ± 1 ab 12.33 ±
3.18 ab 

4.67 ± 4.18 
ab 

7.67 ±
1.33 ab 

10 ± 1 ab 10.67 ±
1.76 ab 

9.67 ± 2.4 
ab 

16 ± 3 a 10.33 ± 1.45 
ab 

16 ± 3.21 
a 

10 ± 3.46 
ab 

Saprotrophic OTU 
richness (number of 
OTUs) 

F2.601, P ¼
0.0244* 

105 ±
16.62 ab 

140 ±
7.55 a 

77 ± 0 b 110 ± 8.5 
ab 

98 ± 8.72 
ab 

106.67 ±
5.24 ab 

95 ±
11.15 ab 

100.67 ±
6.36 ab 

112.67 ±
13.12 ab 

98 ± 10 ab 125.33 ±
10.91 ab 

88 ± 14.11 
ab 

Ectomycorrhizal 
abundance (%) 

F1.426, P =
0.225 

13.7 ±
8.39 a 

7.55 ±
5.63 a 

51.14 ±
16.17 a 

21.73 ±
21.73 a 

5.99 ±
1.31 a 

49.77 ±
12.35 a 

45.9 ±
14.49 a 

35.28 ±
17.92 a 

46 ± 19.91 a 59.14 ±
12.52 a 

46.78 ±
11.33 a 

35.28 ±
24.54 a 

Saprotrophic abundance 
(%) 

F1.807, P =
0.109 

51.79 ±
7.34 a 

60.27 ±
3.84 a 

40.74 ±
12.69 a 

45.44 ± 11 
a 

77.73 ±
2.45 a 

36.78 ±
8.39 a 

44.61 ±
13.76 a 

33.98 ±
9.38 a 

31.38 ±
11.57 a 

29.99 ±
10.39 a 

35.09 ± 7 
a 

39.83 ±
16.17 a  
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Tree fine root density and tannin content significantly differed 
among tree species (P < 0.001 for both) (Table 1). Across species, the 
fine root densities were relatively low, around or below 10 g m−3 for 
A. negundo, A rubrum, Q. alba, Q. ellipsoidalis, and Q. macrocarpa; high, 
above 40 g m−3 for J. virginiana, P. banksiana, and P. resinosa; and in
termediate for B. papyrifera, P. strobus, P. resinosa, Q. rubra, and 
T. americana. Fine root tannin concentrations, averaged by tree species, 
varied from 37.52 to 99.24 mg g−1 with P. strobus, P. resinosa, and 
T. americana presenting with the lowest values, and A. negundo, 
B. papyrifera, Q. macrocarpa, and Q. ellipsoidalis the highest. P. resinosa, 
P. banksiana, and T. americana harbored higher leaf tannin concentra
tions than the other tree species. 

Soil bacterial and fungal community structure was significantly 
impacted by tree species (P < 0.001), explaining 44% and 45% of bac
terial and fungal OTU composition, respectively (Fig. S2). Based on 
PCoA visualization, there was no consistent clustering by tree genera, 
mycorrhizal association (arbuscular mycorrhizal vs. ectomycorrhizal), 
or phylogeny (angiosperm vs. gymnosperm) for the bacterial commu
nities. The PCoA fungal communities showed some clustering by tree 
genus, with the different Acer, Quercus, and Pinus species-associated 
communities being relatively closer together. However, we again did 
not find any grouping of the fungal community composition by mycor
rhizal association or phylogeny. Permutational multivariate analyses 
(PERMANOVA) revealed that soil moisture (P < 0.010) and leaf tannin 
(P < 0.016) significantly affected the structure of the soil bacterial 
communities (Table S3). Soil fungal OTU composition was significantly 
impacted by soil moisture (P < 0.005), temperature (P < 0.034), fine 
root density (P < 0.043), and leaf tannin (P < 0.002). 

Tree species had no effect on the total bacterial (P = 0.64), oligo
trophic (P = 0.62) or copiotrophic (P = 0.07) OTU richness (Table 1). 
The relative abundance of oligotrophic bacteria was significantly 
different among tree species (P < 0.001) and notably high for the three 
Pinus species. The total fungal (P < 0.01), ectomycorrhizal ECM (P <
0.05) and saprotrophic (P < 0.05) OTU richness changed significantly 
depending on tree species. The total fungal and saprotrophic OTU 
richness differences were mostly driven by B. papyrifera plots, which had 
much lower soil fungal diversity than the other tree species studied. The 
fungal ectomycorrhizal OTU richness differences by tree species were 
explained by the non-ectomycorrhizal species (A. negundo, A. rubrum, 
and J. virginiana), which harbored a limited diversity of ectomycorrhizal 
fungi. 

3.2. Effect of necromass type and tree species on necromass 
decomposition rates 

Necromass decomposition rates (% of initial dry mass remaining) 
were significantly affected by necromass type (P < 0.001; Fig. 1a), with 

the amount of low melanin necromass remaining being two times lower 
than for high melanin necromass. Tree species (P = 0.52) and the 
interaction between necromass type × tree species (P = 0.99) did not 
significantly influence fungal necromass decomposition rates (see 
Fig. S3 for the amount of necromass mass remaining averaged by tree 
species). Linear mixed-effect models assessing the differences in necro
mass decomposition rates also did not reveal a significant effect on tree 
phylogeny (angiosperm vs. gymnosperm, P = 0.93), mycorrhization 
association (arbuscular mycorrhizal vs. ectomycorrhizal, P = 0.47), or 
the interaction between tree phylogeny and mycorrhizal association (P 
= 0.93), when controlling for tree species as a random factor (Table S2). 
There was, however, a significant positive correlation between low and 
high melanin necromass decomposition rates incubated across forest 
plots, such that if necromass with low melanin decomposed quickly in a 
given plot, necromass with high melanin did as well, and vice versa (R2 

= 0.39, P < 0.001, Fig. 1b). 

3.3. Drivers of decomposition rates for low versus high melanin necromass 

For both necromass types, none of the edaphic parameters (soil pH, 
moisture, and temperature) or plant traits (fine-root density, and fine- 
root and leaf tannin concentrations) significantly predicted decompo
sition rates (Fig. 2). However, total bacterial OTU richness and bacterial 
oligotrophic OTU richness were both found to be significant predictors 
of low melanin necromass decomposition rates. This result, based on 
multimodel inference, was confirmed using linear regressions showing 
significant negative correlations between the total soil bacterial (R2 =

0.25, P = 0.002) and oligotrophic OTU richness (R2 = 0.22, P = 0.004), 
with the amount of low melanin necromass remaining (Fig. 3a and b). 
Additionally, for both necromass types, the OTU composition of the soil 
fungal communities (PCo2) was the main predictor of fungal necromass 
decomposition. This pattern was also confirmed by significant Pearson’s 
correlations between the fungal community structure and necromass 
mass remaining (low melanin: R2 = 0.22, P = 0.004; high melanin: R2 =

0.24, P = 0.002, Fig. 3c). 
Identifying that the structure of the soil fungal communities, but not 

the bacterial communities, predicted fungal necromass decay rates, ca
nonical correlation analysis (CCA) was applied to further examine the 
relationships between the relative abundance of fungal genera and the 
decomposition rates of low and high melanin necromass. The CCA 
focused on the most abundant soil fungal genera and revealed that the 
low and high melanin necromass mass remaining vectors were not 
entirely parallel. Still, these vectors pointed in the same direction, sug
gesting that, at least partially, different microbial communities might be 
associated with necromass decomposition rates (Fig. 4). Fungal genera 
such as Metarhizium, Scleroderma, and Thelephora were all associated 
with greater mass loss for the low melanin necromass, while 

Fig. 1. (a) Fungal necromass mass remaining (% of 
initial dry mass) after incubation in forest soil 
depending on necromass type (low and high melanin) 
and tree species (A. negundo, A. rubrum, B. papyrifera, 
J. virginiana, P. banksiana, P. resinosa, P. strobus, 
Q. alba, Q. ellipsoidalis, Q. macrocarpa, Q. rubra, and 
T. Americana). The effect of necromass type and tree 
species and their interaction on necromass decom
position rate was assessed using a two-way analysis of 
variance (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 
(b) Relationship between low and high melanin nec
romass mass remaining (% of initial dry mass) incu
bated at the same forest plot colored by the tree 
species (A. negundo, A. rubrum, B. papyrifera, 
J. virginiana, P. banksiana, P. resinosa, P. strobus, 
Q. alba, Q. ellipsoidalis, Q. macrocarpa, Q. rubra, and 
T. Americana) (Pearson’s correlation; *, P < 0.05; **, 
P < 0.01; ***, P < 0.001). Shading represents the 
95% confidence interval.   
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Pseudogymnascus and Wilcoxina were related to acceleration of high 
melanin necromass decomposition (Fig. 4). Exophiala was associated 
with substantial necromass mass losses for both low and high melanin 
necromass. Finally, Meliniomyces was associated with a deceleration in 
low melanin necromass decomposition. 

3.4. Relationships between soil C and N concentrations and fungal 
necromass decay rates 

There was no significant effect of tree species on soil C (P = 0.054) or 
N (P = 0.13) concentrations in the 0–20 cm soil layers (Fig. S4). How
ever, there were significant positive correlations between the mass 
remaining of the low melanin fungal residues and soil C (R2 = 0.21, P =
0.005) as well as N concentrations (R2 = 0.16, P = 0.014) (Fig. 5). The 

amount of high melanin necromass remaining post-incubation and soil C 
and N concentrations followed the same positive trends, but were only 
marginally significant (P < 0.10). 

4. Discussion 

Our study represents the first to systematically compare the extrinsic 
drivers of fungal necromass decomposition across a diverse range of 
forest types sharing similar pedoclimatic conditions. Specifically, using 
a common garden experiment with plots planted with different tree 
species to modulate edaphic parameters, tree traits, and soil microbial 
communities, we were able to evaluate the respective effects of a range 
of abiotic and biotic extrinsic factors on the decomposition of con
trasting fungal necromass types. We confirm the strong impact of the 
initial chemical quality of the fungal residues on their decomposability, 
regardless of decomposition environment, but, surprisingly, found no 
significant influence of tree species on necromass decomposition rates. 
Instead, at the plot level, we identified the richness and the composition 
of the soil bacterial and fungal communities, rather than edaphic pa
rameters and plant traits, as drivers of necromass decay. In combination 
with the intrinsic role of necromass chemistry, these results indicate that 
soil microbial communities represent the primary extrinsic driver of 
fungal necromass decomposition rates at local scales. 

4.1. Necromass chemical properties, not tree species, drive necromass 
decay rates 

As we postulated, the initial quality of the fungal necromass affected 
the decomposition rates, with the mass remaining of high melanin 
necromass twice as high as that of the low melanin necromass type. Our 
results paralleled studies comparing chemically distinct necromass types 
that consistently found greater retention of melanized necromass than 
non-melanized residues (Fernandez and Koide, 2014; Fernandez and 
Kennedy, 2018; Fernandez et al., 2019; See et al., 2021). The persistence 
of dead melanized mycelia might be associated with the intrinsic resis
tance of melanin to microbial degradation (Day and Bulter, 1998). Still, 
melanin may also reduce the accessibility for the microbial degradation 
of more labile compounds composing the fungal cell walls, such as the 
glucan, mannan, and chitin polymers (Bull 1970; Ryan et al., 2020). 
Importantly, we found a strong relationship between the decomposition 
rates of low and high melanin necromass types across plots, explaining 
around 40% of the variation in mass remaining. This indicates that while 
a substantial fraction of fungal necromass decay rates is linked to nec
romass quality, another fraction, likely composed of labile compounds 
(e.g., trehalose, glycogen, storage proteins etc.), is largely independent 

Fig. 2. Relative importance of predictors for the necromass decomposition rate 
(% of initial dry mass remaining) for low melanin (n = 32) and high melanin (n 
= 32) necromass types. Predictors were colored by categories (edaphic =

brown, plant = green, bacteria = pink, and fungi = purple). Asterisks indicate a 
significant correlation based on the averaged model coefficients (*, P < 0.05; 
**, P < 0.01; ***, P < 0.001). 

Fig. 3. Relationships between the necromass decomposition rate (% of initial dry mass remaining) and (a) bacterial OTU richness, (b) oligotrophic bacterial OTU 
richness, and (c) fungal OTU composition (PcO2) for the low and high melanin necromass types (Pearson’s correlation; *, P < 0.05; **, P < 0.01; ***, P < 0.001). 
Dashed line indicates marginally significant correlation (P < 0.1). Shading represents the 95% confidence interval. 
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of necromass type. 
Surprisingly, we did not detect any tree species effect associated with 

microclimatic soil modifications (i.e., soil moisture and temperature) 
and tree trait variations (i.e., root density and root tannins) on necro
mass decomposition rates, contradicting our first and second pre
dictions. Multimodel inference confirmed those observations, with none 
of the edaphic parameters and tree traits significantly predicting nec
romass decomposition rates for either necromass type, despite large 
disparities in the amount of necromass remaining within necromass 
types. These negative results cannot be attributed to a lack of environ
mental gradients, given that both the soil moisture and temperature, as 
well as fine root density and tannin content, varied substantially at the 
plot level. Regarding the microclimatic soil parameters, it is possible 

that the temperature and moisture ranges caused by the tree species 
were too narrow to induce significant changes in necromass decompo
sition rates. For example, in our study, the maximum average difference 
in temperature between two tree species (A. negundo vs. P. strobus plots) 
was 2.3 ◦C, while in a warming experiment, Fernandez et al. (2019) only 
started observing differences in fungal necromass decomposition at 
+4.5 ◦C compared with the control treatment. Our results suggest that 
microclimatic parameters induced by different tree species on necro
mass decomposition rates are likely minor. This supposition also aligns 
with the earlier observational findings of Beidler et al. (2020), which 
showed a lack of a vegetation-type effect on fungal necromass decom
position. Because we only assessed microclimatic parameters at one time 
point over the course of the experiment, however, continuous soil 
temperature and moisture measurements using dedicated data loggers 
will be necessary to fully capture the potential effects of forest micro
climatic effects on necromass decay rates. 

Concerning plant traits, we speculate that our incubation time of five 
months might have been too short, even though it reached the late stages 
of necromass decomposition, to observe the effect of root-derived tannin 
on fungal residue decay dynamics. In particular, working in a boreal 
forest, Adamczyk et al. (2019) only started observing the consequences 
of the accumulation of tannins in necromass after 18 months of incu
bation. Thus, we speculate that the adsorption of tannins on necromass 
might be a relatively slow process in forest soils. It is also possible that 
some microbial degradation processes that only happen in the late stages 
of necromass decomposition make fungal residues more reactive toward 
binding plant-derived tannins. 

4.2. Soil bacterial richness predicts fungal necromass decomposition rates 

In partial disagreement with our third hypothesis, neither soil fungal 
functional group abundance nor diversity was identified as affecting 
necromass decay rates. Alternatively, bacterial richness significantly 
predicted necromass decay rates, with both total bacterial and oligo
trophic richnesses negatively correlating with the amount of low 
melanin necromass remaining. This necromass type-specific result sug
gests the roles of bacteria in the degradation of highly melanized and 
recalcitrant necromass might be limited in soils. In support of this pos
sibility, Starke et al. (2020) discovered that three of four bacterial 
genera colonizing necromass had weak growth on the cell-wall fraction 
compared with whole fungal residues. Our results also notably align 
with research determining that low soil bacterial diversity impeded the 
decomposition of wheat (Maron et al., 2018) and maize (Chiba et al., 
2021) litters using laboratory microbial extinction-dilution approaches. 
This suggests that the positive links between soil bacterial diversity and 
organic matter decomposition rates proposed for plant residues may be 

Fig. 4. Canonical correspondence analyses (CCA) with the 50 most abundant 
soil fungal genera. Fungal genera were colored depending on their associated 
functional group (ectomycorrhizal, saprotroph or unclassified). The size of the 
bubbles is proportional to the averaged relative abundance of each genus. 
Vectors illustrate the associations of fungal genera with the necromass 
decomposition rate (% of initial dry mass remaining) for low melanin and high 
melanin necromass types. Only mass remaining vectors were used for the ca
nonical correspondence analyses, and symmetric mass loss vectors were plotted 
for interpretation purposes. 

Fig. 5. Relationships between soil (a) C and (b) N concentrations (% in the 0–20 cm layer) and the necromass decomposition rate (% of initial dry mass remaining 
incubating in the 0–5 cm layer) for the low and high melanin necromass types (Pearson’s correlation; *, P < 0.05; **, P < 0.01; ***, P < 0.001). Dashed line indicates 
a marginally significant correlation (P < 0.1). Shading represents the 95% confidence interval. 
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extended to microbial necromass. 

4.3. Soil fungal microbial community composition drives fungal 
necromass decomposition rates 

Among all the extrinsic factors considered, the composition of the 
soil fungal communities most significantly predicted the decomposition 
rates of both low and high melanin necromass types. Most of the fungal 
genera we found to be associated with significant necromass mass losses 
were previously categorized as colonizers of fungal residues, such as 
Pseudogymnoascus, Metarhizium, Exophiala, Thelephora, Wilcoxina, and 
Scleroderma (Beidler et al., 2020; Brabcová et al., 2018; López-Mondéjar 
et al., 2018; Maillard et al., 2020, 2023). These findings show that soils 
natively enriched in fungal necromass decomposers might facilitate the 
faster turnover of these residues, likely due to an increased functional 
potential for fungal compound degradation. This is notably reinforced 
by the fact that Pseudogymnoascus and Metarhizium have been exten
sively characterized as efficient degraders of chitin, one of the main 
components of fungal necromass (Junges et al., 2014; Martinović et al., 
2022; St Leger et al., 1991). Regarding the genus Exophiala, although 
there is currently no direct evidence to support its ability to decompose 
fungal necromass, existing studies that illustrate its effectiveness in 
breaking down diverse polymers might imply that it could also effi
ciently degrade molecules associated with necromass (Ide-Pérez et al., 
2020; Middelhoven 1993). However, it is more challenging to explain 
how ectomycorrhizal fungi, such as Thelephora, Wilcoxina, and Sclero
derma, were responsible for accelerated necromass decomposition under 
our experimental conditions, as none have been previously defined as 
efficient organic matter degraders (Lindahl et al., 2021; Miyauchi et al., 
2020). Given that root exudates are transferred to soil bacteria through 
ectomycorrhizal hyphae (Gorka et al., 2019), we speculate that these 
ectomycorrhizal fungal genera may prime necromass decomposition by 
efficiently transferring labile carbon sources to necromass-degrading 
bacteria. 

4.4. Fungal necromass decay rates are coupled with soil C and N pools 

In disagreement with our fourth prediction, and despite studies 
showing that more soil C is stored in ectomycorrhizal forests compared 
with their arbuscular mycorrhizal counterparts (Soudzilovskaia et al., 
2019; Steidinger et al., 2019), we did not identify a tree species effect on 
the soil C concentration in our experimental settings. As soil C concen
trations were measured six years after the plantation of the trees, it is 
possible that this relatively short time lap was insufficient to observe a 
strong tree species’ effect. However, in agreement with the second part 
of our fourth prediction, we found a positive relationship between the 
soil C and N concentrations and the amount of fungal residue remaining 
after the decomposition period of five months for both necromass types. 
In other words, plots where fungal necromass tended to accumulate in 
its particulate form (i.e., high necromass mass remaining within the 
mycobags) harbored high soil C and N concentrations. This suggests a 
strong coupling between the fungal necromass decomposition rates and 
the soil C and N stocks, paralleling research showing a critical role of the 
microbial residues in the soil C and N cycles (Liang et al., 2019; Liu et al., 
2021; Wang et al., 2021). 

4.5. Limitations 

The lack of any significant tree species effects on necromass 
decomposition rates might reflect the nature of our necromass in
cubations. Specifically, many previous studies have found that as the 
distance between tree roots and the soil increases, the plant-structuring 
effects on the soil microbial communities also decrease (Coleman-Derr 
et al., 2016; Mendes et al., 2014). As we conducted our incubations in 
bulk soil, with mesh bags putatively separating the substrates from any 
potential roots and associated rhizospheres, our experimental conditions 

might have minimized the role of tree traits and associated fungi in 
necromass decomposition. Since fungal biomass is higher in the rhizo
sphere than in bulk soil (Guo et al., 2015), a large part of the fungal 
residue turnover might occur near the roots (See et al., 2022). Conse
quently, the drivers of fungal necromass decomposition in bulk and 
rhizospheric soils might differ. Additionally, we must note that the 
fungal primer pair we used did not efficiently recover arbuscular 
mycorrhizal fungi, so we might have neglected their role in mediating 
mycelial residue degradation processes. Finally, while we decided to use 
the attributes of soil communities at the beginning of the experiment as 
potential predictors of fungal necromass decomposition, it is likely that 
part of these communities, and notably mycorrhizal fungi, might have 
experienced changes in biomass production during the incubation time 
(Castaño et al., 2017; Shigyo et al., 2019). Therefore, future studies 
should develop methods to monitor the decay rates of fungal residues in 
close contact with plant roots in situ. They should also use a combination 
of generalist and arbuscular mycorrhizal fungi-specific primer pairs to 
fully capture soil fungal diversity for arbuscular mycorrhizal trees, and 
sample soil communities at different times during necromass degrada
tion to account for seasonal microbial community changes. 

5. Conclusions 

The current study has confirmed the intrinsic role of the initial 
chemical composition of fungal necromass in its decay trajectories 
across a wide range of North American tree species, with highly mela
nized residues decomposing more slowly than lowly melanized residues. 
While we found no effect of soil microclimatic parameters or tree traits 
on the decomposition of fungal necromass, we have demonstrated that 
the main extrinsic factors predicting necromass accumulation are attri
butes of soil microbial communities. Most notably, bacterial richness 
was associated with low melanin necromass decomposition, while the 
composition of the fungal communities predicted both low and high 
melanin necromass decay rates. As a result, we propose that bacterial 
functional redundancy may be an important driver of fungal necromass 
decomposition. In addition, soil communities enriched in fungal nec
romass decomposers, by being functionally preadapted for the degra
dation of this substrate, might accelerate the decomposition of 
necromass. Finally, based on our results showing that fungal necromass 
degradation and soil C and N concentrations are coupled, we emphasize 
that identifying the microbial factors driving necromass decomposition 
in conjunction with necromass chemical properties will help in better 
incorporating microbial-derived organic matter components into soil 
biogeochemical models. 
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