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ABSTRACT

Despite growing scientific evidence of the impor-

tant role that wood-decomposing fungi serve in

ecosystem function, we know little about how

fungal community dynamics relate to decomposi-

tion outcomes. We deployed 42 standardized (same

dimensions and source) wood stakes from sugar

maple (Acer saccharum) and white ash (Fraxinus

americana) on the forest floor of a northern US

hardwood forest. After four years, we collected the

stakes for analysis of fungal biomass (via ergos-

terol), community composition (DNA sequencing),

and nutrient concentrations. We found large vari-

ability in mass loss (9–95% for sugar maple, 4–36%

for white ash), with sugar maple stakes showing

much greater mass loss than white ash. Fungal

community composition, summarized by PCoA

axes, was a significant predictor of mass loss for

both wood species, with fungal biomass explaining

additional variability in some models. As expected,

lower C/nutrient ratios (higher fraction of initial

nutrient remaining, X=X0) were associated with

greater mass loss. We found consistently stronger

correlations of fungal community composition,

compared to fungal biomass, with C/nutrient ratios

in sugar maple stakes. White ash stakes showed

consistent correlations of both fungal community

composition and fungal biomass with C/nutrient
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ratios. Lastly, redundancy and cluster analyses

showed that fungal communities clustered into

taxonomically distinct groups that also corre-

sponded to differences in mass loss. Together, our

results suggest that communities with low biomass

but efficient decomposers are associated with faster

decomposition, while communities with high bio-

mass but less efficient decomposers may not nec-

essarily correlate with high mass loss. Our results

suggest that wood decomposition and forest

ecosystem models could be improved by including

fungal community composition and total fungal

biomass.

Key words: wood decomposition; wood-decay

fungi; ecosystem ecology; carbon; nutrient cycling;

fungal community; ergosterol; forest ecology.

INTRODUCTION

Wood decomposition is a fundamental process in

terrestrial ecosystems, influencing carbon cycling

and nutrient turnover at both local and global

scales. The decomposition of deadwood, which can

represent as much as 30% of a forest’s total bio-

mass, releases carbon dioxide (CO2) to the atmo-

sphere through fungal respiration (Harmon and

others 1986; Woodall and others 2008; Pan and

others 2011). Nutrient cycling during decomposi-

tion is a dynamic process, with fungal decomposers

initially immobilizing or retaining nutrients before

gradually mobilizing otherwise inaccessible pools.

Through this shifting balance, they enhance soil

fertility, support plant growth, and sustain the

long-term productivity and resilience of forest

ecosystems (Johnson and others 2014). While

decomposition is generally well studied, the factors

regulating variability in decay rates remain less

clear, with evidence suggesting that climate alone

may be a poor predictor of wood decomposition

(Bradford and others 2014).

Fungal biomass, often quantified via ergosterol,

is a measurable link between decomposition

activity and substrate nutrient composition. As the

principal agents of lignocellulose breakdown, fungi

invest resources into hyphal growth and enzyme

production, and the resulting fungal biomass re-

flects the intensity of decomposer activity (Seibold

and others 2022; Micó and others 2024). Fungal

proliferation is strongly constrained by nutrient

availability, with limited nitrogen (N), phospho-

rous (P), or other essential elements reducing

growth rates and enzymatic capacity, thereby

modulating decomposition outcomes (Sterner and

Elser 2002). While studies have linked fungal bio-

mass and substrate physiochemistry, it remains

unclear how fungal biomass scales with C/nutrient

ratios in driving decomposition and to what extent

this relationship explains variability in mass loss

(Lustenhouwer and others 2020). Elucidating these

relationships is critical for improving mechanistic

models of forest-scale decomposition processes and

carbon sequestration.

The composition of fungal communities can

influence decay trajectories as decomposer taxa

vary in nutrient requirements and decay strategies

(Fukami and others 2010; Maynard and others

2018; Viotti and others 2021; Yang and others

2024). Fungal functional groups (white rot, brown

rot, and soft rot) differ in their enzymatic capabil-

ities and substrate preferences, producing distinct

patterns of wood breakdown (Boddy 2001;

Lustenhouwer and others 2020; Schilling and

others 2020). These functional differences not only

shape the rate and extent of decomposition but also

influence nutrient cycling within the substrate.

Empirical studies indicate that initial fungal colo-

nizers significantly affect mass loss outcome and

community trajectory in wood decomposition

(Lindner and others 2011). Much of the variance in

fungal community composition, and in turn wood

decomposition, is explained by wood species and

wood physiochemical properties (e.g., N content)

(Purahong and others 2018; Yang and others

2024). Other studies have shown that fungal

communities shift in response to nutrient avail-

ability, with certain taxa dominating under specific

C/nutrient conditions (van der Wal and others

2015; Fukasawa 2021). Furthermore, fungal com-

munity richness is inversely related to decay rates,

likely due to competition for resources (Perreault

and others 2023). However, despite this evidence,

few studies explicitly link fungal community com-

position to patterns of wood mass loss and nutrient

stoichiometry, representing a key gap in our

understanding of decomposition ecology.

Nutrient stoichiometry, particularly when car-

bon-to-nutrient ratios (C/nutrient) are high, is a

central constraint on decomposition rates because

wood is typically nutrient poor (Laiho and Prescott

1999, 2004; Manzoni and others 2010). Deadwood

contains high amounts of structural carbon but

very low concentrations of N and P, producing C/N

and C/P ratios that limit decomposer metabolism

(Boddy and Watkinson 1995). Studies of coarse

woody material show that nutrient concentrations

generally increase with decay stage, as wood loses

carbon mass and becomes relatively enriched in N
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and P, although absolute nutrient contents may

decline depending on the balance of leaching and

external inputs (Harmon and others 1994; Holub

and others 2001; Romero and others 2005; Klock-

ow and others 2014). Such stoichiometric imbal-

ances influence fungal growth efficiency, as

microbes must expend additional energy to acquire

limiting nutrients, constraining enzyme production

and slowing decomposition (Hobbie and Vitousek

2000; Craine and others 2007; Wu and others

2021). Despite strong evidence from soil and leaf

litter that nutrient stoichiometry regulates decom-

position rates, the specific role of nutrient avail-

ability in governing fungal community dynamics

remains poorly resolved. In particular, while the

roles of N and P have been relatively well studied,

the influence of other elements (e.g., potassium

(K), calcium (Ca), magnesium (Mg), micronutri-

ents) is far less understood (Dalling and others

2024). While minor elements zinc (Zn), boron (B),

copper (Cu), and iron (Fe) are known to accumu-

late by some wood-decay fungi, specifically white

rot, their association with community assembly

and decomposition outcomes are poorly con-

strained (Krzesłowska and others 2025).

Here, we examined how fungal biomass and

community composition correspond to decompo-

sition outcomes of standardized wood stakes. With

an overarching goal of understanding fungal and

biochemical dynamics in wood decomposition, our

objectives were the following: (1) to determine the

importance of fungal biomass and community

composition in explaining variation in mass loss

and (2) to assess how fungal biomass and com-

munity composition relate to nutrient stoichiome-

try.

METHODS

Study Site and Sample Preparation

The study was conducted in a mature, closed-ca-

nopy northern hardwood forest near Corinth,

Vermont, USA (44� 2¢ N and 72� 17¢ W). The site is

dominated by sugar maple (Acer saccharum) and

white ash (Fraxinus americana), with yellow birch

(Betula alleghaniensis) and American beech (Fagus

grandifolia) present in lesser amounts (Legge and

others 2025). This site supports a range of recent

silvicultural trials, including three unharvested

control blocks (each ca. 6 ha, separated by 550 m

on average), the focus of the current study. Each

control block included seven 11.3 m radius plots

established to characterize tree overstory structure

and composition. Mean annual temperature at the

site is 5.3�C, with annual precipitation of 1139 mm

based on climate data from 1991 to 2020 (PRISM

Group 2024). Plot-level environmental conditions

were not measured in this study.

To meet our objectives related to wood decom-

position, we manufactured decay stakes (n = 24 per

species) to be deployed in the field for later col-

lection. Three stakes of each species were unde-

ployed, thus serving as controls. This set of stakes

(n = 48 total) was used for all analyses. Stakes were

manufactured from rough-sawn, furniture-grade

planks of sugar maple and white ash (the site’s two

dominant tree species) purchased at a local mill.

Only bark-free sapwood was used, based on wood

color. In our university shop, planks were rip-sawn

and planed to 2.5 9 2.5 cm before being cut to

lengths of 20 cm. As they were being cut to length,

the order and unique numbering of the stakes was

randomized to ensure that stakes ultimately placed

on individual field plots had not arisen from the

same plank. Stakes were oven dried (75�C for

8 days), weighed while dry, and deployed on the

forest floor in May 2020. Decay stakes were placed

in groups of two (one of each species) immediately

outside the plot border, maintaining 20 cm be-

tween stakes. Stake placement around the plot

border was selected by a random azimuth from plot

center. Stakes were held in place with landscaping

staples and were collected in September of 2024

(deployed for four full growing seasons).

After collection, samples were maintained at 4�C
in darkness for three days before DNA extraction

and one month for ergosterol analysis (Lauber and

others 2010). Stakes were then cleaned (to remove

soil and leaves) and drilled to obtain wood shav-

ings, which were used for ergosterol content,

nutrient content, and DNA sequencing. The shav-

ings were then prepared for the various analyses

(below), and the stakes were dried for mass loss

calculations. The stake remains were then re-

weighed for mass loss (%), accounting for masses of

stakes used in subsequent analyses.

Fungal Biomass via Ergosterol Content

Ergosterol, an important compound for fungal

development and growth found in the cell mem-

brane of most wood-decay fungi and routinely

quantified as a proxy for fungal biomass, was

analyzed according to methods outlined by Newell

and others (1988) and Micó and others (2024). In

the laboratory, wood shavings were collected by

first removing the exterior layer of wood with a

sterile razor blade at three locations (approx.

2.5 cm from each end and in the middle of the
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stake) and drilled using a sterile drill bit. Shavings

from each stake were composited then milled into a

homogenous, fine powder (1 g) with a ball mill and

stored overnight in 7.5 mL of methanol at 4�C in

darkness. The wood powder in methanol was

placed in a dry bath at 65�C for 2 h, with shaking

every 30 min, followed by a cool bath for 5 min.

1 mL of saponification fluid (0.04 g/mL KOH in

ethanol) was added to each sample, followed by

30 min in the dry bath and 5 min in the cool bath.

The saponified samples were centrifuged at

4000 rpm for 5 min. We then decanted and rinsed

with 1 mL of methanol thrice, pooling decants.

Distilled water (0.5 mL) was added to the pooled

supernatants to develop a density barrier, which

allowed for pentane (1 mL) extraction of ergos-

terol. After evaporating pentane overnight, the

extraction residue was diluted in 1 mL of metha-

nol, filtered with 0.2 lm, and injected into an

Agilent Technologies HPLC system with a C18

column. At a flow rate of 1.5 mL min-1 of the

methanol mobile phase and a detector wavelength

of 282 nm, ergosterol was detected approximately

1.3 min after injection. Determination of fungal

biomass from ergosterol content followed the con-

version factor of 3.8 mg of ergosterol per gram of

fungus, assuming a carbon concentration of 47.2%

in fungal biomass (Koide and Malcolm 2009; Bal-

drian and others 2013).

Nutrient Quantification

Nutrient concentrations in wood samples (n = 24

per species) were measured to assess functional

relationships with mass loss. Macronutrients mea-

sured included carbon (C), phosphorous (P),

nitrogen (N), potassium (K), calcium (Ca), and

magnesium (Mg). Micronutrients measured in-

cluded boron (B), copper (Cu), iron (Fe), man-

ganese (Mn), aluminum (Al), and zinc (Zn). Milled

and homogenized samples were analyzed at the

Analytical Laboratory at the University of Maine.

Fraction of initial nutrient remaining (denoted

X=X0) for each nutrient was calculated as final

absolute nutrient mass in decayed stakes divided by

initial absolute nutrient mass in undeployed con-

trols. C/nutrient ratios were calculated as C con-

centration (%) divided by the nutrient (e.g., N, P,

K) concentration (%).

DNA Sequencing and Bioinformatics

Samples for fungal DNA metabarcoding were col-

lected from decay stakes (n = 24 per species) fol-

lowing a modified version of the approaches

described in Purahong and others (2014) and

Runnel and others (2021). After field collection,

each decay stake was lightly cleaned of larger debris

and a thin layer of the outermost portion of the

stake was removed by razor blade to expose the

inner wood. Wood tissue was then removed using a

sterilized 3 mm (1/8-inch) bit drilled into the decay

stake at three locations adjacent to the same loca-

tions in which samples were taken for ergosterol.

Extracted tissue was placed into 4 mL centrifuge

tubes and frozen at -20�C. In cases where decay

stakes were extremely wet, punky, and/or difficult

to sample in this way, sterilized forceps were used

to remove tissue.

Each sample was separately submerged in liquid

nitrogen and then pulverized to a flour-like texture

using a mortar and pestle. The DNA from approx-

imately 100 mg of each pulverized sample was

extracted using a kit-based approach (Thermo Sci-

entific GeneJET Plant Genomic DNA Purification

Kit). The DNA concentration of each extract was

determined fluorometrically (Qubit). Subse-

quently, PCR and metabarcoding of the fungal ITS2

region was conducted following a modified version

of Avis and others (2025). Briefly, this protocol

uses the ITS3_KYO2 and ITS4_KYO3 primer set

(Toju and others 2012; Morvan and others 2020)

flanked by Illumina Nextera adapters. We used

BioRad iTaq SuperMix supplemented with BSA

and the following amplification conditions: initial

denaturation of 95�C for 3 min followed by 35

cycles of 94�C for 30 s, 53�C for 45 s, 72�C for

1 min and a final elongation at 72�C for 10 min.

Amplicon metabarcoding was then conducted on

the Illumina MiSeq platform and the NExtera XT

DNA Library Preparation process at RI INBRE

Molecular Informatics Core at the University of

Rhode Island.

A bioinformatic pipeline involved FAST QC for

quality control of sequence reads, cutadapt for

primer trimming, filtering, chimera removal, and

dereplication. Amplicon sequence variants (ASVs)

were determined using DADA2, and taxonomy was

assigned using UNITE version 10.0 (Abarenkov and

others 2024). Consistent with findings from Buness

and others (2026) and Kubartová and others

(2015), single-endpoint metabarcoding after four

years of decay provides a community-level snap-

shot that captures both living and recently dead

fungal mycelium, alongside a broad set of early-

and mid-successional taxa. This enables linkage of

fungal community composition to observed mass

loss while integrating signals from taxa contribut-

ing to decomposition trajectories over time. How-

ever, because our methodology cannot partition

active versus recently dead fungal biomass (and
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may also detect spores and relic DNA), this snap-

shot does not fully resolve successional dynamics or

isolate the actively decomposing community at the

time of sampling.

Sequence data were then processed and orga-

nized using the phyloseq package in R (McMurdie

and Holmes 2013), where ASV abundance tables,

representative sequences, taxonomic assignments,

and sample metadata were combined into a unified

phyloseq object. 108 unique ASVs were measured

and included in analyses. We then conducted a

principal coordinate analysis (PCoA) of generalized

UniFrac distances based on ASV similarity using the

ape package in R (Paradis and others 2004), which

inherently accounts for differences in library size

and compositional structure. Principal coordinates

analysis (PCoA) was then performed on the

resulting distance matrix. Doing so allowed us to

assess the similarity in fungal community among

samples and to generate coordinate axes (PCoA1

and PCoA2) to be utilized as potential predictors of

mass loss. Statistical analyses were done separately

for the two stake wood species. All data processing

and statistics were conducted in R (R Core Team

2025) using RStudio (Posit Team 2025).

Data Analysis

To determine the important fungal predictors of

mass loss, we conducted multiple linear regres-

sions, where mass loss (%) was the response and

fungal biomass (mg/g) and PCoA coordinates were

predictors. Using the ‘‘lme’’ function in the nlme

package (Pinheiro and others 2025), where blocks

were treated as random effects, we tested various

combinations of important predictors, both inter-

active and additive, using a deductive approach of

omitting variables that were not statistically sig-

nificant based on p values (a = 0.05). We then

compared models based on corrected Akaike’s

information criterion (AICc), allowing us to assess

which model forms were best supported by the

data. All predictor variables were standardized

(mean = 0, standard deviation = 1), using the

‘‘scale’’ function in base R, before model fitting to

assess effect sizes among predictors having different

units.

To identify how fungal community and fungal

biomass influenced nutrient stoichiometry out-

comes, we conducted two analyses. First, we cal-

culated Pearson correlation coefficients between

fungal variables (biomass, PCoA1, or PCoA2) and

X=X0 for each nutrient. Significance of Pearson

correlations was determined via p values

(a = 0.05). Second, we conducted a Redundancy

Analysis (RDA) using the ‘‘rda’’ function in the

vegan package (Oksanen and others 2025). The

multivariate response included X=X0 of each

nutrient and the predictors were the first two axes

(PCoA1 and PCoA2) from the PCoA, as well as

fungal biomass. Significance was assessed via 999

permutations. We binned samples for each wood

species by low, intermediate, and high mass loss

(roughly equal binning based on mass loss distri-

bution) for spatial visualization of the model re-

sults. This approach allowed us to assess the extent

to which variation in fungal community structure

and biomass explained nutrient variation across a

mass loss gradient.

To evaluate differences in nutrient outcomes

among fungal taxa that decompose wood at dif-

ferent rates, we conducted a cluster analysis based

on community structure. We conducted hierar-

chical clustering using Ward’s method on Eu-

clidean distances of the ordination scores (PCoA

axes), using the vegan package. The optimal num-

ber of clusters (k = 3) was chosen based on eco-

logical interpretability along with visual inspection

of dendrogram outputs (Supplemental Figure A).

We used one-way ANOVAs to assess statistical

difference in mass loss (%) and C/nutrient out-

comes among clusters. To identify dominant taxa

within each community cluster, ASV abundance

data were merged with taxonomy at the species-

level using the ‘‘psmelt’’ function in the phyloseq

package (Supplemental Table A, Supplemental

Figure A). The most abundant fungal taxa per

cluster were determined by aggregating taxonomic

relative abundances across samples.

RESULTS

The dominant fungal species were Phanerochaete

laevis, Steccherinum fimbriatum, and Crepidotus occi-

dentalis for sugar maple wood, and Pholiota lenta, P.

laevis, and S. fimbriatum for white ash wood (Fig-

ure 1). P. laevis and S. fimbriatum, the common

dominant fungal species between the two wood

species, are associated with white rot, while P. lenta

and C. occidentalis are associated with brown rot

(Schmidt 2006).

Mass loss varied substantially after four growing

seasons, with sugar maple stakes ranging from 9 to

95% mass loss, and white ash from 4 to 36%

(Supplemental Figure B). Overall maple had

greater percentage mass loss (mean = 35.8) than

white ash (13.4). While top-performing linear

regressions for predicting mass loss differed by

wood species, the top models (based on AICc

scores) for both species included a PCoA term and
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fungal biomass as predictors (Table 1). For sugar

maple stakes, PCoA1 was present in all top models,

with additional variance explained by fungal bio-

mass or PCoA2 as additive terms. PCoA1 was the

only significant (p < 0.05) predictor across the top

three sugar maple models. For white ash stakes,

PCoA2 was present in all top models, with addi-

tional variance explained by fungal biomass and

PCoA1 in two models. One white ash model in-

cluded a significant interaction between PCoA2

and PCoA1, where simultaneous increases in pre-

dictors amplified the effect on the response. In

assessing single-predictor linear regressions, PCoA1

was once again the only significant predictor of

mass loss for sugar maple stakes (Figure 2). For

white ash, fungal biomass, PCoA1, and PCoA2

were significant predictors, with PCoA2 showing

the highest R2 value (0.68). For both wood species,

increases in PCoA1 were associated with decreases

in mass loss (based on simple linear regressions),

while increases in PCoA2 were associated with in-

creases in mass loss (although not statistically sig-

nificant for sugar maple).

For sugar maple, the wood species with relatively

higher variability in decomposition rates, mass loss

was weakly correlated with X=X0 for each nutrient

(Figure 3a). White ash, on the other hand, showed

consistently strong and positive correlations of

mass loss with X=X0 for all nutrients (except K, Cu,

and B), indicating that higher mass loss corre-

Figure 1. Rank abundance plot showing all taxonomically identified fungal species for sugar maple (left) and white ash

(right) samples. Total abundance is based on sequence reads.

Table 1. Top Three Linear Models for Predicting Mass Loss, Ranked by Increasing AICc Scores

Wood species Model predictors Effect size, term k AICc DAICc AICc wt R2

1 2 3

Sugar maple PCoA1* + fbiomass -15.3 6.4 2 173.7 0.0 0.47 0.48

PCoA1* -14.3 1 174.0 0.3 0.41 0.41

PCoA1* + PCoA2 -14.1 3.2 2 176.4 2.7 0.12 0.40

White ash PCoA2* + fbiomass* 7.4 3.6 2 115.5 0.0 0.81 0.77

PCoA2* + fbiomass* + PCoA1 7.7 4.8 1.5 3 118.9 3.4 0.15 0.76

PCoA2* 9 PCoA1 8.8 -0.9 -2.7** 3 121.7 6.2 0.04 0.72

DAIC is the difference in AICc between the model and the top-performing model (lowest AICc score). AICc wt. is the relative likelihood of each model being the best model, where
k represents the number of estimated parameters, R2 represents the adjusted coefficient of determination, and effect sizes (b coefficients) are for standardized predictors. PCoA
variables indicate fungal community composition, and fbiomass indicates fungal biomass.
*Indicates p < 0.05.
**Indicates interaction term.
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sponded to higher nutrient concentrations (Sup-

plemental Figure C). Fungal biomass showed sim-

ilarly weak and inconsistent correlations with

nutrient X=X0 in sugar maple stakes, whereas

white ash stakes exhibited consistently stronger

positive correlations between fungal biomass and

X=X0. For sugar maple, PCoA1 was correlated with

every X=X0 except Fe and Al. For white ash, either

PCoA1 or PCoA2 was correlated with each nutrient

X=X0 (except Cu).

Across wood species, mass loss was strongly and

negatively correlated with all C/nutrient ratios

(Figure 3b), indicating that higher mass loss cor-

responded to reduced carbon content and higher

relative nutrient concentrations (except K in sugar

maple and K and Cu in white ash). Fungal biomass

showed only weak negative correlations with C/N

and C/P in sugar maple, whereas white ash stakes

exhibited consistently stronger negative correla-

tions between fungal biomass and C/nutrient ra-

Figure 2. Mass loss (%) as a function of fungal predictors, where PCoA axes represent community composition. Linear

regressions (solid line) and 95% confidence intervals (shaded area) are fit for significant regressions (p < 0.05).

Fungal Community Composition Better Explains Variation    60 Page 7 of 16



tios. For sugar maple, either PCoA1 or PCoA2 was

correlated with every C/nutrient ratio. In addition,

for white ash, both PCoA1 and PCoA2 were cor-

related with all C/nutrient ratios except for some

trace metals (Fe, Al, Cu, Mn). Notably, for white

ash stakes, when mass loss was strongly negatively

correlated with a C/nutrient ratio (r < -0.75), the

C/nutrient ratio also showed similarly strong neg-

ative correlations with either fungal biomass,

PCoA1, or PCoA2.

RDA revealed that sample points were more

distinctly grouped by mass loss category (low,

intermediate, high) when fungal community

composition (PCoA1–2) (Figure 4a) was used as

the predictor, compared to when fungal biomass

was used (Figure 4b). For both wood species,

grouping by mass loss was still apparent with bio-

mass as the predictor, although the separation was

less pronounced. When community composition

was the predictor, B and Mg vectors had the largest

association for sugar maple along RDA1, while Zn

was the dominant nutrient along RDA2. For white

ash, Ca, P, and Zn were the largest vectors along

RDA1, with B explaining some variation along

RDA2. In general, most nutrient vectors tended to

associate with higher mass loss groups. When

fungal biomass was the predictor, K was the largest

vector for both wood species, largely explaining

variance along RDA1. Proportion of variance ex-

plained (PVE) by accumulated constrained axes

(RDA1, RDA2) is outlined in Supplemental

Table B.

Results of the PCoA, paired with those of the

cluster analysis, highlighted the distinct clustering

of stakes by genetic dissimilarity (Figure 5a) and

mass loss category (Figure 5b). Clustering was de-

fined by PCoA axes and revealed three well-sepa-

rated groups, indicating that the clusters were

taxonomically structured. These clusters were fur-

ther evaluated for mass loss differences and dis-

played significant variation in mass loss among the

three groups (based on ANOVA; p < 0.05). For

Figure 3. Correlation strengths of (a) fraction of initial nutrient remaining (calculated as final absolute nutrient mass

divided by initial nutrient mass) and (b) C/nutrient ratios with mass loss, fungal biomass, PCoA1, and PCoA2. Black points

indicate correlations with p > 0.05, and red indicates p < 0.05. Shaded areas on the plots indicate correlations greater

than 0.25 or less than -0.25.
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sugar maple samples, cluster 1 was dominated by P.

laevis, cluster 2 by S. fimbriatum, and cluster 3 by C.

occidentalis. For white ash, cluster 1 was dominated

by P. laevis, cluster 2 by P. lenta, and cluster 3 by

Scopuloides hypnoides. Clustering did not show a

comparable pattern in fungal biomass, as fungal

biomass did not differ significantly among cluster

groups, with the exception of cluster 1 for white

ash (Figure 5c). Consistent with our other results,

clustering showed no statistical differences in C/

nutrient ratios between groups for sugar maple,

while high-mass-loss groups were different from

low-mass-loss groups for white ash in many C/

nutrient ratios (N, P, Ca, Mg, Fe, Mn, Zn, and B)

(Supplemental Figure D).

DISCUSSION

This study demonstrates that wood decomposition

is jointly associated with fungal community com-

position, fungal biomass, and wood species iden-

tity. We found large variability in decomposition

rates, with mass loss ranging from 8.6 to 94.7% for

sugar maple stakes, and 4.1–35.8% for white ash.

Sugar maple stakes showed greater mass loss than

white ash stakes, potentially reflecting differences

in wood chemistry and structure between diffuse-

porous maple and ring-porous ash (Edelmann and

others 2023; Forrester and others 2023).

Fungal community composition, as summarized

by PCoA, was a significant statistical predictor of

mass loss across top-performing linear regressions

for both wood species, confirming its association

with decomposition rates previously reported

(Lindner and others 2011; Allison and others 2013;

van der Wal and others 2015). For the highly

variable sugar maple stakes, most variation in mass

loss was explained by a single dominant pattern of

fungal community composition (PCoA1), with

fungal biomass contributing little additional

explanatory power. In white ash, variation in mass

loss was explained by a combination of fungal

community composition (PCoA1 and PCoA2) and

fungal biomass, indicating that multiple aspects of

Figure 4. Redundancy Analysis (RDA) biplot showing the relationship between fraction of initial nutrient remaining

(responses) and similarity in fungal community composition (a, top panels) and fungal biomass (b, bottom panels) as

predictors (RDA1 and RDA2) for each species of wood. Points represent individual samples colored by mass loss category

(low, intermediate, high), while arrows indicate the direction and strength of nutrient X=X0 associations with the RDA

axes. Arrows are scaled for visual clarity. Note that sample points are more distinctly grouped in the top panels, which

include fungal community composition as the predictor, than in the bottom panels, which include fungal biomass as the

predictor.
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fungal communities contribute to decomposition in

this substrate.

However, the specific PCoA axis associated with

mass loss differed by wood species, suggesting that

distinct aspects of community composition were

correlated with decomposition in sugar maple

versus white ash. For maple, PCoA1 captured the

primary gradient linked to rapid decay, whereas in

ash, PCoA2 explained the greatest variation. Fur-

thermore, the influence of fungal biomass varied

by wood species, suggesting that some guilds

accelerate decomposition presumably through

higher abundance, whereas other, potentially more

aggressive decomposers can accomplish rapid decay

even at low biomass (Lustenhouwer and others

2020; Yang and others 2024). Alternatively, for

white ash, which decomposed more slowly, the

positive relationship between mass loss and fungal

biomass may indicate that these stakes were in an

active mid-decay phase, whereas many sugar ma-

ple stakes may have already progressed beyond this

stage. These species-specific patterns suggest that

host wood chemistry and structure filter fungal

communities in ways that shape decomposition

outcomes (Pánek and others 2024; Xu and others

2025).

Additional analyses provided independent sup-

port for the central role of fungal community

Figure 5. (a) Principal coordinate analysis (PCoA) showing fungal community clustering based on UniFrac distances. (b)

Mass loss (%) across the three identified clusters. Colors correspond to clusters in both panels, with ellipses showing 95%

confidence. Compact letter display shows difference among groups based on one-way ANOVA. (c) Fungal biomass (mg

fungus/g wood) for each cluster.
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composition in explaining variation in mass loss.

RDA revealed that samples grouped by mass loss

when ordinated by community composition,

whereas grouping was weaker under the fungal

biomass predictor. In other words, low-fungal-

biomass communities consisting of efficient

decomposers could be associated with fast decom-

position rates, whereas high-fungal-biomass com-

munities dominated by less efficient taxa may not

accelerate mass loss (Veen and others 2019).

Alternatively, given that the fungal communities

within stakes were at different successional states at

the time of collection, which is very likely given the

high variability in mass loss, the fungal metrics at

collection may not capture the cumulative

decomposition process. DNA sequencing and

quantifying ergosterol at many points through time

could elucidate successional mechanisms.

The cluster analyses further confirmed that fun-

gal communities were associated with decomposi-

tion outcomes. Three distinct clusters, identified by

genetic dissimilarity, corresponded to significantly

different levels of mass loss. Notably, the dominant

species characterizing each cluster were consistent

with their known decay strategies. In sugar maple,

the low-mass-loss cluster was dominated by S.

fimbriatum, a white-rot typically associated with

slower lignin degradation, while the high-mass-loss

cluster was dominated by P. laevis, a white-rot

fungus known for rapid decomposition of hard-

wood substrates. For white ash, the low-mass-loss

cluster was dominated by S. hypnoides, a slower

surface-level decomposer, and the high-mass-loss

cluster again by P. laevis. These patterns demon-

strate that the genetic structure of fungal commu-

nities aligns with functional differences in

decomposition, suggesting that dominance by fungi

with high ligninolytic potential is associated with

higher hardwood mass loss rates across wood spe-

cies (van der Wal and others 2015; Perreault and

others 2023).

Because fungal community composition was a

significant statistical predictor of mass loss, and

nutrient concentrations and stoichiometry change

as wood decays, we next explored how variation in

fungal community composition and biomass

covaried with nutrient patterns during decompo-

sition. As expected, C/nutrient ratios were nega-

tively correlated with mass loss. This pattern was

observed for all nutrients except K, which exhib-

ited a distinct behavior likely attributable to its high

susceptibility to leaching (Arthur and Fahey 1990;

Brown and others 1996; Krankina and others

1999). The consistently stronger correlations of

PCoA axes, compared to those of fungal biomass

(except N and P), with C/nutrient ratios and X=X0

in sugar maple stakes confirm the findings of our

regression analysis: Community composition was

the primary variable associated with decomposi-

tion. Conversely, white ash stakes showed consis-

tent correlations of both PCoA axes and fungal

biomass with C/nutrient ratios, in agreement with

white ash linear regression analysis. While this

finding reinforces the notion that fungal biomass is

coupled to nutrient supply (Gulis and others 2004,

2017), the set of broader correlations suggests that

wood species-specific nutrient environments are

related to fungal growth allocation.

In agreement with other studies (Johnson and

others 2014), white ash stakes generally exhibited

higher C/nutrient ratios in low-mass-loss clusters

compared to high-mass-loss ones. In further

exploring nutrient–decay relationships, the RDA

indicated associations of obvious nutrients (N, P,

Ca, Mg) with ordination gradients. More interest-

ingly, B and Zn were strongly associated with

ordination gradients, aligning with taxa character-

ized by low mass loss. This finding reinforces pre-

vious observations of the importance of Zn in

fungal community function, with higher X=X0

associated with faster lignin decomposers (Singhal

and Rathore 2001; Di and others 2022). While B-

related mechanisms remain largely unclear (Este-

vez-Fregoso and others 2021), our observation of

relatively higher final B (and lower C:B) associated

with faster decomposers warrants further ecological

evaluation.

Additionally, higher X=X0 was observed for sev-

eral nutrients, namely Mn and Cu, in white ash

compared to sugar maple. This finding paired with

the positive correlation between mass loss and

X=X0 suggests greater immobilization of these

nutrients during ash decay (values exceeding 1

indicate net accumulation). A possible explanation

is that white ash may support taxa (such as mem-

bers of the Pholiota lineage) more associated with

early lignin modification (e.g., Mn-peroxidase and

laccase activity), leading to slower but more con-

sistent decomposition and tighter retention of Mn

and Cu over the same period (Sack and others

1997). Alternatively, given the low nutrient con-

centrations in the wood and the relatively higher

mass loss in sugar maple stakes, single timepoint

sampling in this study may have captured the

immobilization phase for white ash samples and

the nutrient release phase for maple (Parton and

others 2007). Further studies that evaluate changes

in lignocellulose alongside community-level enzy-

matic and taxonomic markers are required to

clarify these mechanisms.
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Collectively, this study demonstrated that wood

decomposition is jointly associated with fungal

community composition, fungal biomass, and host

wood identity. Across wood species, fungal com-

munity composition emerged as an important sta-

tistical predictor of mass loss linked to nutrient

stoichiometry outcomes, whereas the influence of

fungal biomass was only evident in white ash. Gi-

ven the threatened extirpation of this species by the

introduced emerald ash borer, our findings suggest

loss of white ash may change the nature of future

decomposition dynamics in these ecosystems

(Herms and McCullough 2014). However, more

data from multi-site replication, wood-trait char-

acterization, and time-series sampling are required

to properly evaluate these effects. Furthermore,

taxonomically distinct fungal communities corre-

sponded to functionally distinct decomposition

outcomes, with dominant species’ decay strategies

likely aligning with mass loss patterns. Notably,

fungal communities dominated by low biomass but

efficient taxa could achieve rapid decay, whereas

high-biomass communities dominated by less effi-

cient taxa may not accelerate mass loss. However,

given our single endpoint experimental design,

further analyses across time-series are required to

address mechanisms associated with successional

dynamics, as well as efficiency metrics, of wood

decomposers. Together, these results underscore

the importance of fungal community dynamics and

nutrient turnover in wood decomposition. Future

studies of wood decomposition would benefit from

time-series DNA-based characterization of fungal

communities in wood tissue, particularly for

tracking community shifts and colonization

dynamics across time-series samples and decay

stages.

LIMITATIONS

A key limitation of this study is its reliance on a

single endpoint measurement after four years of

decay, which constrains our ability to resolve suc-

cessional dynamics in fungal communities and

their temporal coupling to decomposition pro-

cesses. For this reason, our goal was to provide

descriptive, not causal, analyses at this endpoint.

Because sequencing, fungal biomass, nutrient

concentrations, and mass loss were only assessed at

the final endpoint, the observed relationships likely

integrate multiple, potentially distinct stages of

decay, making it difficult to disentangle cause–ef-

fect relationships or identify transient community

shifts. While ITS sequencing provides a useful

snapshot of community composition, capturing

DNA from both active and inactive (or dead) fungal

taxa, it cannot resolve temporal turnover or dis-

tinguish taxa actively contributing to decomposi-

tion at earlier stages.

Time-series sampling would allow for more direct

tracking of fungal colonization, succession, and

functional transitions and would better link com-

munity composition and biomass to nutrient

dynamics and decomposition rates. Additionally,

we did not quantify decomposer efficiency (e.g.,

carbon use efficiency (CUE)), limiting our ability to

determine if rapid decay reflects greater biomass

accumulation or higher per-unit activity of domi-

nant taxa. Incorporating such efficiency metrics

alongside repeated measurements through time

would provide a more mechanistic understanding

of how fungal communities regulate wood

decomposition. Further limitations include the

single-site design, which may constrain the gener-

alizability of these findings to other forest systems

with differing climate, soil conditions, and species

pools, as well as the lack of plot-level microclimate

measurements, which precludes any assessment of

how moisture and temperature influence decom-

position rates. Moreover, ergosterol provides only a

coarse proxy for fungal biomass (e.g., varying

across taxa and potentially decoupled from activ-

ity), and PCoA axes represent composite statistical

gradients that may not map cleanly onto specific

ecological processes, limiting mechanistic interpre-

tation of community–function relationships.
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