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Abstract 
In Canadian silvicultural systems, intensifying biomass removal while harvesting for saw or 

pulpwood is presently the only economically feasible way of increasing biomass feedstocks. 

As a result, there is less slash and subsequently less coarse woody debris (CWD) pools in 

different decay stages over time. The impacts on saproxylic fungi and ecosystem 

functioning are not well understood. Fungi are the primary agents of CWD decay in forests, 

playing essential roles in nutrient cycling and carbon storage. We compared fungal 

biodiversity and CWD mineralization across 3 CWD species (Pinus banksiana, Populus 

tremuloides, and Picea mariana), 5 decay classes, and 2 ecoregions representing 3W and 3E 

Ontario. Fungal diversity metrics and community structure were examined via high-

throughput sequencing of the ITS2 region. CWD pieces were incubated in a temperature-

controlled lab setting and C mineralization rates measured. Moisture content, density, and 

nutrient dynamics, including C, N, P, K, Ca, Mg, and Mn concentrations, C:N ratio, and N:P 

ratio of CWD were assessed. Fungal communities significantly differed among CWD species, 

decay class, and ecoregion and were primarily correlated with Ca, Mn, and K 

concentrations, density, and C:N ratio. Species richness and diversity peaked in 3W Ontario 

and in decay classes 4 and 5. We observed a shift from pathogenic, colonizer fungi to an 

increased abundance of wood decay fungi as decay class increased. Hardwood CWD had 

higher abundances of white rot fungi than softwood CWD. C mineralization was higher in 

hardwood CWD, increased with decay class, and was primarily influenced by P 

concentration and density. Data from this study will be used in developing forest 

management strategies to preserve biodiversity and monitor carbon flux in northern 

boreal forests, particularly under intensified-bioenergy production silvicultural systems.  
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1. INTRODUCTION 

1.1 Bioenergy in Canada 
 
As Canada shifts towards sustainable energy use and development, there is an increasing 

demand for biofuel feedstock, particularly in the form of biomass residue from forests. The 

use of forest biomass as feedstock for biofuel adheres to the principles for sustainable 

development, as greenhouse gas (GHG) emissions produced during the production of 

bioenergy are considered to offset fossil fuel emissions (Natural Resources Canada, 2010). 

Though carbon dioxide (CO2), a major GHG, is released from the combustion of biomass 

residue, there is a net reduction of CO2 as carbon is taken up by vegetation via 

photosynthesis and stored in plant material (Natural Resources Canada, 2010). The 

primary sources of residue used in biomass combustion are by-products of conventional 

forestry practices, including residues from harvestings, thinning, non-commercial species, 

and stumps (Paré et al., 2011). Canada is an ideal candidate for using biomass as biofuel 

due to its forested area, totalling 347 million hectares (232 million hectares managed, 115 

million hectares unmanaged) and large timber supply (250 Mm
3 

y
-1 annual allowable cut) 

(Natural Resources Canada, 2016, Paré et al., 2011). Though the use of biomass has the 

potential to provide sustainable energy and offset GHG, intensified harvest of biomass can 

negatively affect forest ecosystems by decreasing soil fertility, increasing soil acidification, 

reducing soil organic matter content and soil moisture, decreasing stand productivity, and 

by generally reducing available habitats essential in maintaining biodiversity (Aherne et al. 

2012; Berch et al., 2011). In Canadian forestry operations, a portion of aboveground 

biomass is customarily left on site after whole-tree harvesting: 25% of aboveground 
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biomass was left in a black spruce stand, and 41-59% of aboveground biomass was left in 

two mixed hardwood stands post whole-tree harvesting in Ontario (Ralevic et al., 2010). 

However, from the total aboveground biomass residue left after whole-tree harvest, 7% of 

biomass residue from the black spruce stand and 9-17% from the mixed hardwood stands 

were in roadside piles, not on site (Ralevic et al., 2010). This leaves biomass residue 

unavailable for ecosystem function, further accentuating the negative effects of biomass 

removal (Aherne et al., 2012).  

1.2 Consequences of Biomass Removal in Forests 
 
The loss of biomass residue from intensive harvesting can potentially lead to loss of 

habitats essential for maintaining biodiversity (Berch et al., 2011). Biodiversity can be 

recognized as three main components, as described by Schulze & Mooney (1994): 

composition, structure, and function. Biomass residue in forest stands provides habitats for 

many organisms, including mammals, birds, invertebrates, bryophytes, lichens, and fungi, 

all of which interact with each other and their environments to provide ecosystem 

functions (Ferris & Humphrey 1999). Nutrient cycling, soil organic matter contribution, soil 

development, moisture retention, and protection from soil erosion, are all ecological 

functions provided by the interaction between woody biomass and forest organisms that 

are crucial to the continued productivity of forest stands (Berch et al., 2011). Failure to 

maintain biodiversity, in turn losing fundamental ecosystem functions, will be 

economically costly over the long-term, therefore it is imperative to develop forest 

management strategies that will conserve biodiversity and sustain forest productivity. 

Using biodiversity indicators, defined by Simberloff (1998) as characteristics that when 

measured, demonstrate ecological trends and measure the current state or quality of an 
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area, can be used to help develop monitoring programs and management strategies. 

Simberloff (1998) also describes the two main uses of biodiversity indicators: where the 

presence and fluctuation of the indicator is reflective of other species in the community, 

and where the presence and fluctuation of the indicator is reflective of chemical or physical 

environmental change. Biomass residue in the form of dead and decaying wood can act as a 

key structural indicator of biodiversity, and its presence in different forms (species, size, 

decay state, location) can influence composition (microbial and invertebrate decomposer 

communities, nesting vertebrates, lichens and bryophytes) and ecological function 

(nutrient cycling, carbon cycling, fuel for forest fires) (Ferris & Humphrey, 1998).  

1.3 Importance of Coarse Woody Debris to Forest Ecosystems  
 
Dead and decaying wood in forest ecosystems is referred to as coarse woody debris (CWD). 

CWD includes sound and rotting logs, snags, and stumps, generally greater than 8-10 cm in 

diameter (Stevens, 1997). The presence of CWD promotes forest productivity, provides 

structure for macro-and microorganisms, and contributes to long-term carbon storage 

(Stevens, 1997). CWD adds to the long-term accumulation of organic material in forests, 

contributing to soil organic matter (SOM) via wood decomposition, and increasing 

moisture storage capacity of soils (Harvey et al., 1987). CWD contributes primarily carbon 

to nutrient stores in forest ecosystems, followed by minor contributions (less than 5% 

released) of nitrogen (N) and phosphorous (P) (Harmon et al., 2004; Laiho & Prescott, 

1999). Nutrient release and carbon turnover in CWD is determined by decomposition rate, 

which is subsequently influenced by air temperature, moisture availability, substrate 

quality, and community of decomposer organisms, chiefly fungi (Boddy, 2001; Edmonds et 

al., 1986; Harmon, 2004). N and P concentrations change as CWD decays, with CWD 
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generally starting as a sink for N and P but shifting to a source as decomposition proceeds 

(Laiho & Prescott, 2004). Changes in nutrient concentrations may be due to leaching, 

fragmentation, microbial communities such as nitrogen-fixing bacteria, and active 

transport by fungi (Harmon et al., 2004). CWD contributes to terrestrial forest carbon 

pools, representing a balance between the influx CO2 fixed in photosynthesis and the efflux 

of CO2 through decomposition (Malhi et al., 1999). Estimating accurate carbon flux from 

CWD is essential in understanding the carbon balance of boreal forests in Canada as CWD 

has the capability to store up to 30% of aboveground carbon (Laiho & Prescott, 1999). 

Managed forests have less total CWD compared to unmanaged forests, and as the carbon-

storage ability of CWD depends on its distribution and frequency, preserving CWD in 

boreal forest stands is a consideration when managing biomass removal for biofuels 

(Blaser et al. 2013; Laiho and Prescott 2004).  

1.4 Fungi as Agents of Wood Decay  
 
Fungi are the primary agents of wood decomposition and are affected by microclimate, 

CWD species, and stage of decay (Boddy, 2001; Heilmann-Clausen & Christensen, 2003). 

Despite fungi playing a fundamental role in CWD decomposition, there have been few 

studies documenting fungal community composition within CWD in North America, though 

several studies have been conducted across northern Europe (Heilmann-Clausen & 

Christensen, 2003; Kebli et al., 2012; Kubartova et al., 2012; Ottoson et al., 2015; 

Ovaskainen et al., 2010). The ecological, geological, and climatic differences in boreal 

forests in Ontario compared to those in northern Europe may cause differences in fungal 

communities within CWD, and may require a rethinking of the current management 

approaches applied to maintain sufficient CWD in forest stands (Berch et al., 2011). 
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 Based on a visual fruiting body survey by Heilmann-Clausen & Christensen (2003), 

they reported that CWD in intermediate to late decay stages (decay class 3 and 4) were the 

most species rich. This reflects an increase in the number of niches available, as some parts 

of CWD may decay rapidly and some may decay slower, allowing for the presence of both 

early and late decay stage fungi (Heilmann-Clausen & Christensen, 2003). In these mid-

decay classes, advances of technology has allowed for more thorough examinations. Recent 

literature has further supported the pattern of increased species diversity and richness 

with increasing decay class (Arnstadt et al., 2016; Baldrian et al., 2016; Kurbartova et al., 

2012; Rajala et al., 2012; Yamashita et al., 2015). This generally suggests that more than 

niche availability may influence diversity and richness, and that other external factors, such 

as nutrient dynamics of CWD and climate, may also play important roles in shaping fungal 

communities over time (Arnstadt et al., 2016). 

 Fungal species richness and community composition in CWD is strongly driven by 

tree species due to the differences in physical and chemical properties of wood (Baber et 

al., 2016; Boddy, 2001; Hoppe et al., 2016). For example, Hoppe et al. (2016) observed 

differences in fungi community structure between European beech (Fagus slyvatica L.) and 

Norway spruce (Picea abies (L.) Karst.) CWD in southwestern Germany, and found decay 

class, relative wood moisture, pH, wood volume, wood density, C:N ratio, and lignin 

concentration all correlated significantly to the variation in fungal community structure. 

Fungal groups differ by tree species primarily in their ability to degrade lignin: white rot 

fungi have the ability to break down lignin via ligninolytic enzymes and therefore are 

largely associated with hardwoods, whereas brown rot fungi cannot break down lignin and 

are largely associated with softwoods (Schwarze, 2007). Differences in fungal community 
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composition can occur within the first 5 years of fresh wood decay, demonstrating that 

distinct communities are correlated with varying host CWD species (Baber et al., 2016). 

Effective forest management strategies cannot be successfully implemented without a 

thorough understanding of the relationship between fungi community structure and CWD 

substrate. 

 Environmental conditions may also affect fungal community composition through 

temperature and moisture (Harmon, 2004). Wood fungi are mesophilic, and are limited by 

low and high moisture contents (below 30% and above 240% on a dry weight basis) 

(Harmon, 2004; Pouska et al., 2016; Pouska et al., 2017). Below 30% moisture, water is 

generally not available to microbes, whereas high moisture content causes oxygen diffusion 

to be reduced and therefore limits aerobic activity (Harmon, 2004). Water content stability 

increases with the progression of wood decay, and consequently is positively correlated 

with fungal species richness (Pouska et al., 2016).  

1.5 High-throughput Sequencing in Environmental Studies 
 
Novel sequence-based studies using DNA have been revolutionary in examining fungal 

communities as they have the ability to obtain taxonomic information directly from 

environmental samples, such as soil or plant tissue. Traditional, labor-intensive techniques 

of sampling wood decay fungi, such as fruiting body collection and culturing fungal strains, 

are biased towards fungi that are fast-growing, culturable, reproduce sexually, and 

reproduce visible fruiting bodies, consequently excluding many species that cannot be 

cultured or produce inconspicuous or hypogeous fruiting bodies (O’Brien et al., 2005). 

High-throughput sequencing uses a short genetic marker in an organisms’ genome to 

identify it as belonging to a particular species (Frézal & Leblois, 2008). O’Brien et al. (2005) 
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compared diversity counts via high-throughput sequencing to diversity counts obtained 

from traditional fruiting body surveys. They found 412 operational taxonomic units (OTUs) 

from soil samples obtained from two 2000 m2 forest plots at a single point in time using 

high-throughput sequencing, which parallels the 408 OTUs found in one 1500m2 forest plot 

using fruiting body surveys, but which took 21 years of sampling to complete (O’Brien et 

al., 2005). The ability to obtain such a large number of species from a one time sampling of 

a few grams of substrate is changing our ability to describe fungal community composition 

in CWD. 

 The internal transcribed spacer (ITS) region has been proposed as the universal 

DNA barcode marker for fungi, as it has the highest probability of successful identification 

for the broadest range of fungi when compared to other nuclear ribosomal regions (Schoch 

et al., 2012). The ITS region has been commonly used to sequence fungal DNA from Norway 

spruce CWD samples, generally in Northern European countries (Hoppe et al., 2016; 

Lindner et al., 2011; Ottoson et al., 2015; Ovaskainen et al., 2010; Ovaskainen et al., 2013, 

Rajala et al., 2012). Despite the success of using high-throughput sequencing to study 

fungal communities within CWD in Northern Europe, there have been few studies 

describing fungal communities in CWD within North American forest ecosystems. Brazee et 

al. (2014) used the ITS region to examine fungal communities in sugar maple (Acer 

saccharum Marsh.) CWD in mixed hardwood forests in Wisconsin, and Kebli et al. (2012) 

used the ITS region to examine fungal communities in trembling aspen CWD in Quebec, 

Canada. Fischer et al. (2012) used molecular sampling of the nrLSU gene to observe fungal 

community composition in decay class 2 and 4 conifer logs from boreal mixedwood sites in 

northeastern Ontario that had various management histories. They found that fungal 
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community composition differed between decay classes 2 and 4, and that species richness 

was higher in decay class 4 logs (Fischer et al. 2012). There however remains a lack of data 

on fungal communities within hardwood and softwood CWD native to North American 

boreal forests. Using high-throughput sequencing, specifically using the ITS region to 

assess fungal communities within CWD, will allow for a broader understanding of fungal 

biodiversity within CWD, in turn, providing knowledge necessary to develop forest 

management strategies in Canadian boreal forests.  

1.6 Using Decay Class Transition Models To Predict CWD Pools 
 
Integrating information about fungal communities with decay class transition models will 

better help predict the probability a piece of CWD will transition from one decay class to 

the next, therefore predicting the age of CWD in forest stands and the shifts in decay class 

structure over time (Russell et al., 2013). The length of time a piece of CWD remains in a 

decay class, defined as residence time, can help evaluate carbon losses from CWD biomass 

(Russell et al., 2013). These decay class transition models can also describe temporal 

patterns of other nutrients as CWD decomposes (Gorgolewski et al., 2019). Using these 

decay class transition models can also assist in the assessment of stand-scale CWD when 

incorporated with stand-level CWD stocks: Gorgolewksi et al. (2019) modelled changes in 

CWD volume, mass, and nutrient concentrations over 40 years, and compared subsequent 

nutrient pools in CWD in managed to unmanaged stands, predicting that CWD volume, 

mass, and nutrient concentrations in managed stands were 10-16% lower than in 

unmanaged stands. Understanding the impacts harvest intensity has on CWD supply will 

help refine guidelines regarding biomass harvesting for bioenergy systems (Gorgolewski et 

al., 2019). Temporal modelling of CWD decay dynamics will help to inform forest 
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management policies, to better maintain the levels of CWD necessary to support 

biodiversity, forest productivity, and forest carbon stocks.  

1.7 Objectives 
Our main goal in this study was to examine fungal community structure within CWD in 

order to understand the relationship between CWD and fungal controls on CWD 

decomposition in northern boreal forests.  

 We studied fungal biodiversity and carbon mineralization as a function of (i) tree 

species: trembling aspen (Populus tremuloides Michx.) representing hardwood CWD, and 

jack pine (Pinus banksiana Lamb.) and black spruce (Picea mariana (Mill.) Britton, Sterns & 

Poggenb.) representing softwood CWD, (ii) decay (classes 1-5), (ii) 2 ecoregions with 3 

replicate sites per ecoregion, as well as (iv) determined how physical and chemical 

properties of CWD impacted fungal communities using supporting nutrient data. The 

following hypotheses will be tested: (i) fungal community structure will increase and 

decrease in abundance based on species of CWD as hardwood and softwood CWD have 

different physical and chemical properties that influence the presence or absence of fungi; 

(ii) fungal community structure will increase and decrease in abundance based on decay 

class of wood, with fewer species in the early decay classes and greater diversity in later 

decay classes as niches become more available; (iii) fungal communities will increase and 

decrease in abundance based on ecoregions due to long-term macroclimate differences in 

growing season, temperature, and precipitation patterns; and (iv) nutrient content of CWD 

and CO2 production from CWD will increase and decrease across decay class and CWD 

species, subsequently driving differences in fungal community composition.  
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 This study is part of a large-scale long-term study aiming to develop decay class 

transition models that will be used to predict the age and residence time of CWD in 

northern boreal Ontario forests. Understanding the residence time of CWD can help 

evaluate carbon and nutrient dynamics as CWD decomposes (Russell et al., 2013). Fungi 

are the key driver of CWD decomposition, so incorporating fungal community composition 

into decay class transition models will allow for a more robust analysis and improved 

predictions pertaining to decomposition rates and carbon mineralization.  

2. METHODS 
 

2.1 Site Descriptions 
 
A total of 6 sites across 2 contrasting ecoregions were sampled: 3 sites in ecoregion 3W 

(Lake Nipigon), and 3 sites from 3E (Lake Abitibi). All sites selected were natural, wildfire 

origin stands. 3W sites were located ~30km from Thunder Bay, Ontario and 3E sites were 

located ~30km from Chapleau, Ontario (Figure A1). Climatic differences between these 

ecoregions are described in Table 1. Ecoregion 3E is generally warmer and wetter with a 

shorter growing season than ecoregion 3W (Table 1). Ecoregions were generally conifer-

dominated mixed woods, varying in mixtures of black spruce, jack pine, and trembling 

aspen trees (Table 2). The dominant soil texture generally was coarse to fine loams, with 

moderately dry to fresh moisture regimes (Table 2). 

Table 1: Monthly values of precipitation, temperature, summer rainfall, and growing 
season averaged from 1968-1988 between Lake Nipigon and Lake Abitibi ecoregions in 
Ontario (Crins et al., 2009) 

 Lake Nipigon 
Ecoregion (3W) 

Abitibi Plains 
Ecoregion (3E) 
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Average Annual Precipitation 654mm-879mm 652mm-1029mm 

Average Annual Temperature -1.7C to 2.1C -0.5C to 2.5C 

Mean Summer Rainfall 231mm-298mm 220mm-291mm 

Mean Growing Season Length 161 to 182 days 167 to 185 days 

 
 
Table 2: Site descriptions of sampled plots in both 3E and 3W ecoregions of Ontario, 
Canada 

Site Name Ecoregion 
(East or West) 

Moisture 
Regime 

Dominant Soil 
Texture 

Species Composition Age 

Shallow Nest 3W 2 Fine Sandy Sb70Pj30 109 

Escape  3W 4 Sandy Loam Sb50Po20Pj10Bf10Bw10 99 

Escape 2  3W 2 Sandy Loam Pj40Po30Bw20Sb10 84 

KM 38 3E 3 Coarse Loamy Pj50Po40Bw10 53 
 

Junction  3E 1 Coarse Sandy Pj70Po20Sb10 61 
 

Lower Fresh  3E 2 Fine Loamy Pj100 66 

 

2.2 Microclimate Data Collection 
 
A HOBO H21-002 Micro Station Data Logger (Onset Computer Corporation, Bourne, MA), 

with two soil temperature probes and two soil moisture probes inserted 10cm into the soil 

profile, was installed in the centre of each study site. An air temperature/relative humidity 

logger was attached to a nearby tree and installed 1.5m off the ground. Soil temperature, 

soil moisture, air temperature, and relative humidity measurements were taken 4 times 

per day, every 6 hours: midnight, 6am, noon, 6pm. Data loggers were installed July 2016 

and recorded continuously until June 2018. The data were used to describe the short-term 
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microclimate differences between the sites in each ecoregion that overlapped with the 

CWD sampling conducted at each sites. 

 There was no significant difference in mean air temperature (p=0.74) or soil 

temperature (p=0.79) between ecoregions or sites within each ecoregion (Table A1.2; 

Table A1.3). There was no significant difference in mean relative humidity (p=0.70) 

between ecoregions; however, there was a significant variability in relative humidity 

between sites within each ecoregion (p=0.033)(Figure 1; Table A1.1).  

 There was a significant difference in mean soil moisture (p=0.029) between 

ecoregions and sites within ecoregion (p=0.007), all due to maximum soil moisture of 

1.8m3m-3 in one replicate site (3E ecoregion), an anomaly likely due to wildlife displacing a 

soil probe (Table A1.4; Figure 2). All other sites had maximum soil moistures ranging from 

0.28m3m-3 to 0.37 m3m-3 (Figure 2). The soil probe displacement was corrected in October 

2017, with readings consistent to those of other sites thereafter. 
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Figure 1: Mean relative humidity between 3W and 3E ecoregions from June 2016-July 
2018 
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Figure 2: Mean soil moisture between 3W and 3E ecoregions from June 2016 to July 2018 

2.3 Coarse Woody Debris Sampling 
 
Sampling occurred from June 6th-9th 2017 (ecoregion 3W), and from June 20th- 22nd 2017 

(ecoregion 3E).  At each site, individual CWD logs were selected with an initial length of 

1.5m and to be generally the same diameter, representative of the stand condition, with 

average diameter ranging from 8.9cm to 13.2cm. Trembling aspen CWD was chosen for 

hardwood samples across all sites, whereas either black spruce or jack pine CWD was 

chosen for softwood samples, depending on dominant tree species in each site. CWD was 

classified into 5 decay classes, as described in Table 3. CWD selected represented 3 

hardwood and 3 softwood replicates for each of the 5 decay classes, for a total of 30 CWD 

logs sampled in each site (n=180 across all sites).  
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Table 3: Classification used for dividing CWD logs into different stages of decomposition in 
the field (Renvall, 1995; Sollins, 1981) 

Decay 
Class 

Wood Bark Twigs Vegetation Other 
Characteristics  

  

1 Hard Present Present None May have needles or leaves 
indicating recent morality 

2 Fairly hard Beginning to 
slough off  
 

Absent None     

3 Outer wood soft; core 
remains hard 

May be present 
or absent  
 

Absent Partial bryophyte 
and lichen coverage  

    

4 Soft; can penetrate 
easily into wood 

Typically not 
present 
 

Absent Extensive bryophyte 
and lichen coverage  

    

5 Very soft; solid wood 
less than 25% of 
sample 

Typically not 
present 

Absent Extensive bryophyte 
and lichen coverage  

    

 

For fungal community analysis, wood samples were taken from each log by drilling a hole 

using a 3/8” drill bit and collecting the wood shavings in a plastic ziplock bag. Wood 

samples were taken from 3 locations on the log: one from the top-center of the log, one 

from the bottom-right of the log, and one from the bottom-left of the log. Drill holes were 

evenly spaced and placed in areas most representative of the log’s decay stage. Bark was 

scraped off prior to drilling. 70% ethanol and a propane blowtorch were used to sterilize 

the drill bit and other tools between each successive sampling location to prevent 

contamination. A total of 537 wood samples were collected across all sites. Wood samples 

were transported on ice to the laboratory and stored at -20°C until analyzed. For some of 

the decay class 4 and 5 samples, further processing was needed to reach the sawdust-like 

texture necessary for DNA extraction. To achieve this, a coffee grinder was used to grind 

the samples into fine-textured wood dust. The coffee grinder was sterilized between 

samples using 70% ethanol.  
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2.4 DNA Extraction and PCR amplification  
 
DNA was first extracted from wood samples (n=537) using the PowerSoil DNA Isolation 

(Mo Bio Laboratories, Inc., San Diego, California, U.S.A) according to the manufacturers 

instructions, with the following adaptations to the protocol: a 10 minute homogenization 

step was performed using a Mini-Beadbeater-24 (Biospec Products Inc., Bartlesville, OK) 

rather than the Vortex Adaptor described. DNA was quantified using the Qubit™ dsDNA BR 

Assay kit (Invitrogen by ThermoFisher Scientific, Eugene, OR) with a Qubit™ 4 Flurometer 

(ThermoFisher Scientific). Some decay class 1 and 2 samples had DNA concentrations too 

low for sequencing, and as a result, a sub-set of decay class 1 and 2 samples (n= 72) was 

selected for further processing (Table A3.1).  

 DNA was extracted a second time from the sub-set of decay class 1 and 2 wood 

samples plus all decay class 3, 4 and 5 wood samples (n=393), using the DNeasy 

PowerPlant Pro (Qiagen, Hilden, Germany) kit to increase the concentrations of DNA 

needed for amplification and sequencing. DNA was extracted according to the DNeasy 

PowerPlant Pro manufacturers instructions, with the following adaptations to the protocol: 

a 2 minute homogenization step was performed using a Mini-Beadbeater-24 (Biospec 

Products Inc., Bartlesville, OK) rather than the Vortex Adaptor or PowerLyzer 24 

Homogenizer described, and 250μL of Solution IR, for removal of PCR inhibitors, was used 

instead of 175μL, as recommended by Qiagen for problematic samples. DNA was eluted in 

25μL of elution buffer and stored at -20°C. Fungal specific primers, forward primer fITS7 

(5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGARTCATCGAATCTTTG 3’), forward 

primer fITS9 (5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAACGCAGCRAAIIGYGA 3’), 

and reverse primer ITS4R (3’ 
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GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTCCGCTTATTGATATGC 5’), were used 

to amplified the Internal Transcribed Spacer (ITS) region of fungal DNA using polymerase 

chain reaction (PCR) (Ihrmark et al. 2012). Fungal DNA was amplified using 2 primer sets 

for each sample: fITS7 and ITS4R, and fITS9 and ITS4R. PCR was performed in triplicate for 

each sample using a 75μL reaction mixture containing: 7.5μL fungal DNA, 1.5μL each of 

10μM forward and reverse primer, 37.5μL HotStarTaq Plus Master Mix (Qiagen, Hilden, 

Germany), and 27μL nuclease free water. Amplification was performed using a PCR 

program with an initial denaturation at 95°C for 5 min, followed by 30 cycles of denaturing 

at 95°C for 30 sec, annealing at 50°C for 30 sec, and extension at 72°C for 1min, with a final 

extension at 72°C for 5 min. Positive controls (DNA obtained from known fungi) and 

negative controls (nuclease free water) were included in every set of PCR performed.  

Each PCR product was analyzed by electrophoresis using 1% agarose gel with TAE buffer 

and GelRed (Biotium, Fremont, CA) at 120V for 45 min. Samples were visualized under UV 

light and measured using GeneRuler 100bp plus DNA Ladder (ThermoFisher Scientific, 

Ottawa, ON). Samples amplified using the fITS7 and ITS4R primer set were 240bp, and 

samples amplified using the fITS9 and ITS4R primer set were 460bp. 

 Triplicate PCR products were pooled into one sample and purified with the 

MinElute PCR purification (Qiagen, Hilden, Germany) kit according to the manufacturers 

instructions, and eluted in 10μL of nuclease free water. The 3 samples taken from 3 

locations on each CWD log were further pooled, resulting in 1 purified sample per piece of 

CWD (n=131). Purified samples were then quantified using the Qubit™ dsDNA BR Assay kit 

(Invitrogen by ThermoFisher Scientific, Eugene, OR) with a Qubit™ 4 Flurometer 

(ThermoFisher Scientific). Equimolar amounts of each quantified marker (fITS7 and ITS4R, 
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and fITS9 and ITS4R) were pooled together for sequencing. Samples were sequenced at the 

Biodiversity Institute of Ontario (Centre for Biodiversity Genomics, University of Guelph, 

ON, CA) on the MiSeq platform (Illumina Biotechnology Co., San Diego, CA).  

2.5 Bioinformatic analysis 
 
Illumina MiSeq reads were processed using SCVUIU v1.1, an ITS metabarcode pipeline 

available at https://github.com/terrimporter/SCVUIU_ITS_metabarcode_pipeline with 

modifications as described below.  Raw paired-end reads were merged with a minimum 

Phred quality score of 20 at the ends and a minimum overlap of 25bp. The fITS9 forward 

primer was trimmed first using CUTADAPT v2.3 (Martin, 2011), with trimmed reads at 

least 150bp, a minimum Phred quality score of 20, and no ambiguous bases were allowed 

when matching primers. Then untrimmed fITS9 output was used to trim the fITS7 primer 

except than up to 3 ambiguous bases were allowed.  The ITS4R reverse primer was then 

trimmed using same criteria and no more than 3 ambiguous bases were allowed. Reads 

were dereplicated using VSEARCH v2.11 (Rognes et al., 2016) and only unique sequences 

were retained. Reads were denoised and exact sequence variants (ESVs) were generated 

using USEARCH v10.0.240 (Edgar, 2016), removing any PhiX contamination, putative 

chimeric sequences, sequences with predicted errors, and rare sequences (singletons and 

doubletons). An ESV x sample table was creased with VSEARCH. The ITS2 region was 

isolated by removing partial ribosomal RNA gene sequences with the ITSx extractor 

(Bengtsson-Palme et al., 2013). ITS taxonomic information was assigned with the 

Ribosomal Database Classifier, using the UNITE fungal ITS reference dataset 07-04-2014 

(Nilsson et al., 2019; Wang et al., 2007). Merged taxonomic assignment and VSEARCH ESV 

tables were generated and imported into Microsoft Excel (2011) for further data analyses.  

https://github.com/terrimporter/SCVUIU_ITS_metabarcode_pipeline
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2.6 Coarse Woody Debris Respiration 
 
Cookies were removed from the end of each CWD log across all sites (3 hardwood and 3 

softwood replicates for each of the 5 decay classes) in October 2018 and immediately 

frozen at -20°C. A total of 180 cookies were collected across all sites. Each cookie was 

subsampled to obtain a piece of CWD approximately 30g. Each sample was weighed and 

incubated in a 200mL glass jar with a lid fitted with a sleeve stopper at room temperature 

(20°C) for 7 days. Syringes were used to collect 15mL of air within jars on days 1, 3, 5, and 

7, replenishing the headspace with each sample taken. Samples were analyzed using an SRI 

8610C Gas Chromatograph (SRI Instruments, Torrence, CA) and PeakSimple Data Systems 

(SRI Instruments, Torrence, CA). 5mL of each sample was injected into the gas 

chromatograph and CO2 peak areas were recorded. Calibration standards of 2ppm N2O, 

10ppm CH4, and 0.1% CO2 (ProSpec by Praxair, Sudbury, ON) were run every 15 samples. 

Samples were oven-dried at 60°C for 24h and dry weight was determined. Moisture 

content was calculated using wet and dry weights. 

To calculate CO2 production from CWD, peak areas of CO2 were first converted to parts per 

million (ppm) using the following formula: 

peak area of sample × (calibration standard in ppm/ peak area of the calibration standard) 

ppm was then converted to mg CO2 g CWD-1 day-1 using the following formula:  

(change in gas concentration in ppm*0.2/1000000)/(0.082*293)*44 *1000/ (dry weight of 
sample*7) 

 
where 0.2 is the volume of the gas in the jar in litres, 0.082 is the ideal gas constant as 

LatmK-1mol-1, 293 is the air temperature in degrees Kelvin, the multiple of 1000000 

converts from ppm to moles, 44 converts from moles to grams, 1000 converts from grams 
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to milligrams, and 7 is the number of days in the incubation time. Calculations were 

completed in Microsoft Excel (2011). 

2.7 Chemical Analyses of Coarse Woody Debris 
 
Cookies were removed from the end of each CWD log across all sites (3 hardwood and 3 

softwood replicates for each of the 5 decay classes) in July 2016 for wood chemistry 

analysis. A total of 180 cookies were collected across all sites. Samples were oven-dried at 

50°C until constant weight was achieved, and volume was determined using diameter and 

width measurements from each cookie and subsequently used to calculate density.  

 Chemical analyses of wood for total carbon (C), total Kjeldahl nitrogen (TKN), and 

concentrations (mg kg-1) of phosphorous (P), potassium (K), calcium (Ca), magnesium 

(Mg), manganese (Mn) was completed at the Ontario Forest Research Institute (OFRI) 

laboratory in Sault Ste. Marie, ON. Samples were finely ground using a Wiley Mill through a 

20-mesh sieve (Thomas Scientific, Swedeboro, NJ). P, K, Ca, Mg, and Mn analysis was 

performed by ICP spectroscopy using the Selenium Digest, a modified Kjeldahl-Gunning 

digestion process, with selenium oxide and sulphuric acid (Varian Liberty II, Agilent 

Technologies Canada, Mississauga, ON). TKN analysis was performed by automated wet 

chemistry using the same Selenium Digest protocol, adjusting the sulphuric acid 

concentration from 6.5% to 4% (Astoria Analyzer, Astoria-Pacific International, Clackamas, 

OR). Carbon analysis was performed using the Dumas dry combustion method via a 

thermal conductivity detector (Elementar vario MAX CNS, Elementar Analysensyteme 

GmnH, Hanau, Germany). A blank and primary quality control standard were run at the 

beginning of each batch to check contamination, a secondary quality control standard was 

run every 20 samples and a duplicate every 10 samples to check accuracy, and both a 
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primary and secondary control was run at the end of each batch. For values that came back 

as “below detection” a midpoint between 0 and the detection limit for that element was 

used. 

 Additionally, C:N, and N:P ratios were calculated. Mass (g) of each nutrient (C, N, P, 

K, Ca, Mg, and Mn) within each piece of CWD was calculated by first calculating a standard 

log volume for a log representative of the CWD used for this study (186cm in height, 

11.8cm lower diameter, 10.5cm upper diameter), then using the standard log volume to 

calculate mass (volume x density), and finally calculating nutrient mass (mass x nutrient 

concentration). 

2.8 Statistical Analyses 

2.8.1 Fungal Community Analyses 
 
Merged taxonomic and ESV tables were imported from Microsoft Excel (2011) into R 3.6.0 

(R Core Team, 2013) for analysis. All figures were generated using the “ggplot2” graphics 

package (Wickham, 2016). All community analyses were completed using functions from 

the package “vegan” unless otherwise specified (Oksanen et al., 2019). Rarefaction curves 

were generated to assess read coverage per sample, and data was normalized to the 15th 

percentile of library size using the rarecurve2 and rrarefy functions, respectively. 

Replicates were pooled by decay class and wood type, and 3 outliers (samples with less 

than 5th percentile ESVs) were removed from community analyses: 3E Fresh Junction 

Decay Class 1 Hardwood, 3W ESCAPE 2 Decay Class 2 Hardwood, and 3W ESCAPE 2 Decay 

Class 2 Softwood (n=56).  

 Shannon-Wiener and Simpson’s diversity index were calculated for all ESVs across 

ecoregion, site, decay class, and CWD wood type using the diversity function. The influence 
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of ecoregion, site (within ecoregion), wood type, and decay on Shannon and Simpson’s 

diversity was evaluated using a analyzed as a three-way randomized block design with 

replication (sites treated as blocks nested within ecoregion)s on pooled CWD pieces 

(n=56). Differences in Shannon-Wiener and Simpson’s diversity index between decay 

classes was determined by multiple comparisons of analysis of variance using Tukey’s 

honestly significant difference (HSD) test with a threshold of p<0.05.  

 To calculate beta diversity, ESV counts were first converted to a presence/absence 

matrix and scree plots were generated using the dimcheckNMDS function from the package 

“goeveg” (Goral & Schellenberg, 2018) to determine the number of dimensions used for 

non-metric multidimensional scaling (NMDS). A 2-dimensional Bray-Curtis NMDS was run 

on ESVs using the function metaMDS. A distance matrix was created based on 

presence/absence data using Jaccard dissimilarity via the vegdist function. Beta dispersion 

was calculated for ESVs across ecoregion, site (within ecoregion), decay class, and wood 

type using the betadispers function, and heterogeneity of beta dispersions within groups 

was checked. A Shephards curve was generated using the function stressplot to assess 

goodness of fit between observed and ordination distances. An analysis of variance using 

distance matrices, an Adonis test, using the function adonis from the “pairwiseAdonis” 

package (Arbizu, 2017) was performed to test the significance of groupings (ecoregion, site 

(within ecoregion), decay class, wood type).  

 Wood density, chemistry and rate of CO2 production was fitted to NMDS plots using 

the function envfit. The relationship of wood density, chemistry, and CO2 production with 

fungal community composition was assessed using backwards-stepwise second-order 

Akaike Information Criterion (AICc) modelling using the function dredge from the package 
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“MuMIn” (Barton, 2019). AICc is recommended when n/k < 40, where k is the number of 

parameters and n is the sample size (Burnham & Anderson, 2002). In this case, k=12 and 

n=56 (<40), therefore AICc was utilized. Pearson’s correlation coefficients were calculated 

using the function rcorr from the package “MASS” (Venables & Ripley, 2002).  

 Taxa were confidently identified at each rank across all ESVs (ecoregion, site (within 

ecoregion), decay class, wood type) using a 50% bootstrap support cut-off for segments 

<250bp (Claesson et al., 2009; Liu et al., 2012; Piccard et al., 2017; Porras-Alfaro et al., 

2014). Confidently identified, rarefied data was reformatted for functional trait assignment 

and processed through the FUNGuild database (Nguyen et al., 2016).  

2.8.2 Wood Chemistry and CO2 Production 
 
The influence of ecoregion, site within ecoregion, wood type, and decay class on wood 

chemical and physical properties and CO2 production was analyzed as a three-way 

randomized block design with replication (sites treated as blocks nested within ecoregion) 

using analysis of variance (ANOVA) on all CWD pieces (n=179). Distribution of residuals for 

each wood physical and chemical parameter was visually assessed for normality. To 

determine differences within ecoregion, site (within ecoregion), decay class, and wood 

type, a Tukey’s HSD multiple comparison one-way analysis of variance with a threshold of 

p<0.05 was utilized. Backwards-stepwise AICc modelling was also used to determine the 

relationship of wood density and chemistry with CO2 production from CWD pieces 

(n=179). In this case, AICc was also utilized as k=12 and n=179 (<40).  

3. RESULTS 
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3.1 Chemical and Physical CWD Properties 
 
Most of the investigated variables clearly differed between decay class and CWD wood 

type. Ecoregion was found to be a non-significant factor (p>0.05) for all wood physical and 

chemical properties except for CWD moisture content (%), Ca (mg kg-1), Mg (mg kg-1), Mn 

(mg kg-1), mass of Ca (g), mass of Mg (g) and mass of Mn (g) (Table A1.6- Table A1.23). 

CWD located in the 3W ecoregion had significantly higher levels of Ca, Mg, and Mn, and a 

lower moisture content, than CWD located in the 3E ecoregion (Figure 3).  

 
Figure 3: Physical and chemical parameters of coarse woody debris across 3W and 3E 
ecoregions. Error bars represent standard error. Bars sharing the same letter do not differ 
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significantly as determined by multiple comparisons using Tukey’s HSD post-hoc test 
(p<0.05)(n=179). 

 The block effect, site within ecoregion, was only found to be a significant factor 

(p<0.05) for mass of P (g) and N:P ratio across CWD pieces (Table A1.16; Table A1.19). 

Mass of P was generally higher in the 3E ecoregion, with one replicate site having a 

significantly greater P mass (0.42g) than other sites (0.25g and 0.28g)(Figure 4). In the 3W 

ecoregion, one replicate had a significantly greater P mass (0.34g) compared to other sites 

(0.28g and 0.27g)(Figure 4). The 3E ecoregion had a significantly lower N:P ratio in one 

replicate site (12.6) compared to other sites (17.1 and 16.4). The 3W ecoregion had a 

significantly higher N:P ratio in one replicate site (18.0) compared to other sites (14.6 and 

14.6)(Figure 4).  

 

Figure 4: Phosphorous content (g) and N:P ratio of coarse woody debris across sites 
(within ecoregion). Error bars represent standard error. Bars sharing the same letter do 
not differ significantly as determined by multiple comparisons using Tukey’s HSD post-hoc 
test (p<0.05) (n=179). 
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 Wood type was a significant factor (p<0.05) for all wood physical and chemical 

properties except N:P ratio (Table A1.6- Table A1.23). Moisture content was significantly 

(p<0.05) higher in hardwood CWD (69.7%) than softwood CWD (62.4%)(Figure 5). Density 

was significantly (p<0.05) higher in softwood CWD (0.28 g cm-3) than in hardwood CWD 

(0.24 g cm-3)(Figure 5). Hardwood CWD had significantly (p<0.05) higher contents of most 

nutrients: P, Ca, Mg, and N (Figure 5). Hardwood CWD had significantly (p<0.05) higher 

total nitrogen than softwood CWD (Figure 5). Softwood CWD had significantly (p<0.05) 

higher contents of carbon and Mn, and had a higher C:N ratio (Figure 5).  
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Figure 5: Physical and chemical parameters of softwood and hardwood coarse woody 
debris. Error bars represent standard error. Bars sharing the same letter do not differ 
significantly as determined by multiple comparisons using Tukey’s HSD test 
(p<0.05)(n=179). 

 Decay class was a significant factor (p<0.05) for all CWD wood physical and 

chemical properties except total carbon (%) and Mg concentration (mg kg-1) (Table A1.6-

Table A1.23). Moisture content was lowest in decay class 1 and 2 (<60%), and increased 



 28 

from 66.3% in decay class 3 to 80% in decay class 5 (Figure 6). Density decreased from 

0.40 g cm-3 in decay class 1 to 0.13 g cm-3 in decay class 5 (Figure 6).  

 Concentrations of P (mg kg-1) were lowest in decay class 1 and 2 (<50 mg kg-1) 

before increasing to 60.6 mg kg-1 in decay class 3, further increasing to 137.3 mg kg-1 in 

decay class 4 and 171.4 mg kg-1 in decay class 5 (Figure 6). Concentrations of Ca (mg kg-1) 

decreased from decay class 2 (3701.2 mg kg-1) to decay class 3 (3219.9 mg kg-1), then 

increased to 4896.6 mg kg-1 in decay class 4 and 4863.4 mg kg-1 in decay class 5 (Figure 6). 

Concentrations of Mn (mg kg-1) increased incrementally from 457.7 mg kg-1 in decay class 1 

to 520.3 mg kg-1 in decay class 5 (Figure 6).  

 Concentration of K (mg kg-1) leached as wood decayed, decreasing from 953.8 mg 

kg-1 to 551.0 mg kg-1)(Figure 6). Content (g) of K also decreased as wood decayed, from 

6.7g in decay class 1 to 1.1g in decay class 5 (Figure 6). Ca content (g) decreased slightly 

from decay class 1 (25.5g) to decay class 2 (22.4g) before decreasing to 13.3g in decay class 

3 and 9.7g in decay class 5 (Figure 6). Content (g) of Mg and Mn both decreased 

incrementally from decay class 1 (3.2g and 0.44g, respectively) to decay class 5 (1.0g to 

0.18g, respectively)(Figure 6).  

 Content (g) of carbon decreased from 3600.9g in decay class 1 to 1129.4g in decay 

class 5 (Figure 6). Content (g) of P decreased from decay class 1 (0.35g) to decay class 2 

(0.24g) and decay class 3 (0.24g) before increasing to 0.36g in decay class 5 (Figure 6). 

Percent total nitrogen increased from <0.06% in decay class 1 and 2 to 0.10% in decay 

class 3 and 0.23% in decay class 5 (Figure 6). Content (g) of nitrogen increased from 3.68g 

in decay class 1 to 3.79g in decay class 3, then increased to 5.2g in decay class 4 before 

decreasing to 4.8g in decay class 5 (Figure 6). C:N ratio decreased from ~1200 in decay 
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class 1 and 2 to 749.2 in decay class 3, and further decreased to 258.0 in decay class 5 

(Figure 6).  
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Figure 6: Physical and chemical parameters of coarse woody debris in each of 5 decay 
classes. Error bars represent standard error. Bars sharing the same letter do not differ 
significantly as determined by multiple comparisons using Tukey’s HSD test 
(p<0.05)(n=179). 
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 A significant (p<0.05) interaction between CWD wood type and decay class was 

found in total nitrogen, both concentrations and mass of P, K, and Mn, mass of Mg and Ca, 

and C:N ratio (Table A1. 6-A1.23). Total nitrogen was higher in hardwood CWD and 

increased with decay class (Figure 5; Figure 6). P concentration and mass were both higher 

in hardwood CWD, though P concentration increased with decay class and P mass 

decreased from decay class 1 to 3 before increasing to decay class 5 (Figure 5; Figure 6). K 

concentration and mass were both higher in hardwood CWD and both decreased with 

decay class (Figure 5; Figure 6). Mn concentration and mass were both higher in softwood 

CWD, with Mn concentration increasing with decay class and Mn mass decreasing (Figure 

5; Figure 6). Mg mass and Ca mass were higher in hardwood CWD and decreased with 

decay class (Figure 5; Figure 6). C:N ratio was higher in softwood CWD and remained stable 

over the decay class 1 and 2 before decreasing to decay class 5 (Figure 5; Figure 6). 

3.2 Coarse Woody Debris CO2 Respiration  
 
Ecoregion and site were both found to be non-significant factors (p>0.05) for CO2 

respiration (Table A1.5). Wood type and decay class were found to significantly (p<0.05) 

influence the production of CO2 in CWD, though no significant interaction between wood 

type and decay class was found (Table A1.5). Hardwood CWD across all sites produced 

significantly more CO2 than softwood CWD (Figure 7). Both hardwood and softwood CWD 

CO2 production increased significantly (p<0.05) with increasing decay class (Figure 7). As 

ecoregion and site accounted for any climate variables, we can infer that microclimate does 

not have a significant effect on CO2 production of CWD in this study (Table A1.5). Stepwise-

backwards AICc modelling included density (g cm-3) and phosphorous concentration (mg 

kg-1) as the variables that have the greatest relationship with CWD CO2 production.  
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Figure 7: Mean CO2 production (mg CO2 g CWD-1d-1) from hardwood and softwood CWD 
across decay class. Error bars represent standard error. Bars sharing the same letter do not 
differ significantly as determined by multiple comparisons using Tukey’s HSD test 
(p<0.05)(n=179). 

 
Table 4: Backwards-stepwise AICc model selection for mg CO2 g dry CWD-1 d-1 by physical 
and chemical parameters of CWD (n=179). Significant values (p<0.05) are in bold. 

Original Model:  
 
mg CO2 g dry CWD-1 d-1 ~ Density + Moisture Content +  Carbon+ Nitrogen+ Phosphorous+ 
Potassium+ Calcium+ Magnesium+ Manganese +C:N ratio +N:P ratio 
 
 
Final Model: 
 
mg CO2/g dry CWD/day ~Density + Phosphorous 

 Estimate p value 
Density (g/cm3) -1.49 <0.05*** 
Phosphorous Concentration ( mg kg-1) 1.402e-3 0.015* 
AIC=-301.09 
Intercept: 1.092*** 
adj R2=0.20 
p value <0.05 
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3.3 Fungal Diversity 
 
Across all samples sequenced (n=131) there were a total of 4, 260, 849 reads and 11,178 

exact sequence variants (ESVs). ESVs across ecoregions, sites (within ecoregion), decay 

class, and wood types were rarefied down to the 15th percentile and converted to a 

presence absence matrix. Replicates were pooled and 3 outliers were removed from 

community analyses: 3E Fresh Junction Decay Class 1 Hardwood, 3W ESCAPE 2 Decay 

Class 2 Hardwood, and 3W ESCAPE 2 Decay Class 2 Softwood (n=56). 

3.3.1 Alpha Diversity 
 
There were no significant (p<0.05) differences in Shannon or Simpson’s diversity across 

ecoregion, sites (within ecoregion), or wood type (Table A2.1; Table A2.2). Shannon and 

Simpson’s diversity significantly (p<0.05) increased with decay class; Shannon and 

Simpson’s diversity were the highest in decay class 4 with values of 4.11 and 0.96, 

respectively (Table 5). Shannon and Simpson’s diversity decay class 4 values were only 

significantly different from decay class 1 values (2.89 and 0.82, respectively)(Table 5). 

Table 5: Shannon-Wiener diversity (H) and Simpson's diversity (D) across sites, decay 
class, and wood type. Figures within columns sharing the same letter do not differ 
significantly as determined by multiple comparisons using Tukey's HSD test (p<0.05). 
Standard deviation of the mean is in parentheses. Diversity metrics completed on 56 
pooled CWD pieces spanning 11,178 ESVs. 

  Diversity  

  Shannon Simpson 

Decay Class  1 2.89c 

(0.93) 
 

0.82c 

(0.22) 

 2 3.32b 

(0.67) 
 

0.91b 

(0.065) 
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 3 3.90b 

(0.53) 
 

0.94b 
(0.032) 

 4 4.11ab 

(0.43) 

 

0.96ab 
(0.018) 

 5 3.94b 

(0.71) 
0.93b 

(0.067) 
 

3.3.2 Beta Diversity 
 

There were no significant (p<0.05) interactions of fungal communities among ecoregion, 

site (within ecoregion), wood type, or decay class (Table A2.5). Among ecoregion, fungal 

species composition is significantly different (p=0.001)(Table A2.6). Ordination analysis 

shows overlap and separation in fungal communities among ecoregion (Figure 8). Species 

composition did not significantly differ among sites (p=0.261) (Table A2.7). Species 

composition was significantly different among wood type (p=0.001) (Table A2.8). Fungal 

communities show separation based on type of CWD (hardwood or softwood) (Figure 9). 

Species composition was significantly different among decay classes (p=0.002)(Table 

A2.9). Ordination analysis shows clear separation of fungal communities as decay class 

increases (Figure 10). 
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Figure 8: Non-metric multidimensional scaling plot of fungal communities across 
ecoregion. Diversity metrics completed on 56 pooled CWD pieces spanning 11, 178 ESVs. 
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Figure 9: Non-metric multidimensional scaling plot of fungal communities across wood 
type fitted with physical and chemical CWD qualities. Diversity metrics completed on 56 
pooled CWD pieces spanning 11, 178 ESVs. Length of arrows is scaled by correlation, so 
“weak” predictors have shorter arrows than “strong” predictors. 
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Figure 10: Non-metric multidimensional scaling plot of fungal communities across decay 
classes fitted with physical and chemical CWD qualities. Diversity metrics completed on 56 
pooled CWD pieces spanning 11, 178 ESVs. Length of arrows is scaled by correlation, so 
“weak” predictors have shorter arrows than “strong” predictors. 
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3.3.4 Addition of Wood Chemistry and CO2 Production 
 
 
When plotted with species composition by wood type, Mg, Ca, Mn, and K concentrations 

(mg kg-1), along with density (g cm-3), percent total carbon, and C:N ratio, are the CWD 

properties that correlate with species composition along the NMDS1 axis (Figure 9). 

Backwards-stepwise AICc model selection performed on NMDS1 axis retained Ca and Mn 

concentration and C:N ratio as the chemical qualities have the greatest relationship with 

fungal community composition across CWD wood type (Table 6).  

Table 6: Backwards-stepwise AICc model selection for NMDS1 axis and wood density, 
chemistry, and CO2 production.  Significant values (p<0.05) are in bold. 

Original Model:  
 
NMDS1~mg CO2/g CWD/day + Density + Moisture Content + Total Carbon+ Total Nitrogen+ 
Phosphorous+ Potassium+ Calcium+ Magnesium+ Manganese +C:N +N:P 
 
 
Final Model: 
 
NMDS1~Calcium + C:N + Manganese 

 Estimate p value 
Calcium 6.049e-5 <0.05*** 
Manganese -1.516e-3 <0.05*** 
C:N -2.198e-4 <0.05*** 
AIC= -0.835 
Intercept: 0.0545 

  

adj R2=0.627 
p value <0.05 

  

 

 When plotted with species composition by decay class, moisture content, percent 

total nitrogen, percent total carbon, P and K concentrations (mg kg-1), density (g cm-3), and 

C:N ratio are the CWD properties that correlate with species composition along the NMDS2 

axis (Figure 10). Backwards-stepwise AICc model selection retained density and K, Ca, and 
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Mn concentrations (mg kg-1) as the chemical qualities that have the greatest relationship 

with fungal community composition across decay class (Table 7). 

Table 7: Backwards-stepwise AICc model selection for NMDS2 axis and wood density, 
chemistry, and CO2 production. Significant values (p<0.05) are in bold. 

 

3.4 Taxonomic and Functional Fungal Composition 
 
There were a total of 11, 178 ESVs across samples (n=131). Taxa were confidently 

identified using a 50% cut-off for fragments <250 base pairs, as recommended by the 

Ribosomal Database Project (Claesson et al., 2009). Of the 11,178 ESVs, 4,911 were 

identified across ecoregion, decay class, and wood type at 50% confidence. 

 11,178 ESVs were run against the FUNGuild database to determine functional trait. 

ESVs were classified to functional trait with a possible, probable, and highly probable 

confidence ranking. Of the 11,178 ESVs run against the FUNGuild database, 6,882 were 

unassigned, and 3,372 could not be classified to functional trait. As a result, only 924 ESVs 

Original Model:  
 
NMDS2~mg CO2/g CWD/day + Density + Moisture Content + Total Carbon+ Total Nitrogen+ 
Phosphorous+ Potassium+ Calcium+ Magnesium+ Manganese +C:N +N:P 
 
 
Final Model: 
 
NMDS2~Calcium + Density + Manganese + Potassium  

 Estimate p value 
Density -1.802 <0.05*** 
Potassium -1.693e-4 <0.05** 
Calcium -2,677e-5 0.036* 
Manganese -8.25e-4 <0.05** 
AIC= -31.38 
Intercept: 0.723*** 
adj R2=0.615 
p value <0.05 
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were assigned a functional trait (white rot fungi, brown rot fungi, brown rot-white rot 

fungi, soft rot fungi, hypogeous fungi, poisonous fungi, and blue-staining fungi).  

3.4.1 Community Composition by Ecoregion 
 
There were slight differences in fungal community composition across ecoregion. The 3W 

ecoregion had higher ESV and species richness compared to the 3E ecoregion (Table 8). 

Table 8: ESV and species counts across decay class, wood type, and ecoregion. ESVs and 
species were confidently identified using a 50% base pair cut-off for a total of 4,911 
confidently identified ESVs and 1033 species across all pieces of CWD. 

  ESVs  Species 

Decay Class 1 954 299 

 2 979 296 

 3 1976 523 

 4 2039 536 

 5 2162 616 

    

Wood Type Hardwood 3041 777 

 Softwood 2871 696 

    

Ecoregion 3W 3208 788 

 3E 2868 692 

 
 

 Agaricomycetes was the dominant class across both ecoregions, at 26.1% and 23.5% 

respectively, of total ESVs (Figure 11). Leotiomycetes had the second highest proportion of 

total ESVs for both ecoregions, followed by Eurotiomycetes (Figure 11). The 3E ecoregion 

had higher proportions of Sordariomycetes (9.9% compared to 8.3% in 3W ecoregion), and 

Dothideomycetes was present in higher proportions in the 3W ecoregion (8.4%) compared 

to the 3E ecoregion (5.3%)(Figure 11).  

 Across total reads (4,260,849), Agariomycetes had the highest relative abundance 

(58.7% in the 3W ecoregion and 54.5% in the 3E ecoregion), followed by Leotiomycetes 
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(12.5% in the 3W ecoregion and 15.5% in the 3E ecoregion), and Sodariomycetes (7.3% in 

the 3W ecoregion and 7.1% in the 3E ecoregion)(Figure 11). The 3E ecoregion had a higher 

relative abundance of Eurotiomycetes (4.1% compared to 2.7% in 3W ecoregion), and a 

higher relative abundance of Pezizomycetes (3.5% compared to 0.9% in 3W ecoregion) 

(Figure 11).  
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Figure 11: Proportion of total ESVs and reads across ecoregions classified to Class with 
50% cut-off for fragments <250bp across 56 pooled CWD pieces, 4,911 ESVs and 4,260, 
849 reads. 

 Of classifiable taxa in the 3E ecoregion, 41.5% were classified as white rot fungi, 

37.9% as brown rot fungi, 6.2% as white rot-brown rot fungi, 3.7% as soft rot fungi, 6.46% 

as blue-staining fungi, and less than 5% total combined poisonous and hypogeous fungi 

(Figure 12). Of classifiable fungi in the 3W ecoregion, 49.9% were classified as brown rot-

white rot fungi, 36.9% as white rot fungi, and less than 5% total combined soft rot, blue-

staining, poisonous, and hypogeous fungi (Figure 12). 

 
Figure 12: Proportion of ESVs across ecoregions classified to functional trait with possible, 
probable, and highly probable confidence rankings across 56 pooled CWD pieces and 924 
ESVs. 

3.4.2 Community Composition by Wood Type 
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Fungal community dynamics differed across CWD wood type. Hardwood CWD had higher 

ESV and species richness than softwood CWD (Table 8).  

 In terms of total ESVs, Agaricomycetes was the dominant Class for both wood types, 

though Agariomycetes is higher in proportion in softwood CWD (25.9% compared to 

22.1% in hardwood CWD)(Figure 13). Leotiomycetes had the second highest proportion of 

total ESVS, followed by Eurotiomycetes (Figure 13). Hardwood CWD had a greater 

proportion of Sordariomycetes (11.8%) and Dothideomycetes (7.9%) compared to 

softwood CWD (5.9% and 5.5%, respectively) (Figure 13).  

 In hardwood CWD, Agariomycetes had the highest relative abundance at 38.9% of 

total reads, followed by Leotiomycetes (16.9%)(Figure 13). In softwood CWD, 

Agariomycetes also had the highest relative abundance at 70.3% percent of total reads, 

followed by Leotiomycetes (11.9%) and Sodariomycetes (4.0%)(Figure 13).  
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Figure 13: Proportion of total ESVs and reads across CWD wood type classified to Class 
with 50% cut-off for fragments <250bp across 56 pooled CWD pieces, 4,911 ESVs and 
4,260, 849 reads. 

 There was a visible shift in fungi classified to functional traits between hardwood 

and softwood CWD; hardwood CWD exhibited a higher abundance of white rot fungi 

(61.04%) compared to softwood CWD (33.2%)(Figure 14). Softwood CWD had a higher 

abundance of brown rot fungi (27.2%) and brown rot-white rot fungi (35.5%) than 

hardwood CWD (5.1% and 11.7%, respectively) (Figure 14). Both hardwood and softwood 
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CWD had 2.5% of soft rot fungi, and <1% of hypogeous fungi (Figure 14). Hardwood CWD 

had a higher abundance of both blue-staining fungi (11.2%) and poisonous fungi (8.1%) 

than softwood CWD (1.4% and 0.07%, respectively) (Figure 14).  

 
Figure 14: Proportion of ESVs across CWD wood type classified to functional trait with 
possible, probable, and highly probable confidence rankings across 56 pooled CWD pieces 
and 924 ESVs.  
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3.4.3 Community Composition by Decay Class 
 
 Differences in fungal community dynamics were observed across decay classes. ESV 

and species richness both increased with decay class (Table 8). 

 In terms of total ESVs, Leotiomycetes was the dominant class in decay class 1 

(22.5%), decay class 2 (21.4%) and decay class 3 (23.9%), with Agaricomycetes becoming 

the dominant class in decay class 4 (26.3%) and decay class 5 (27.8%)(Figure 15). There 

was a slight decrease in proportion of Eurotiomycetes from decay class 1 (13.6%) to decay 

class 5 (11.2%)(Figure 15). Proportions of Sodariomycetes and Dothideomycetes remained 

relatively stable across decay class (Figure 15).  

 In terms of total reads (4,260,849), Agariomycetes remained the dominant class 

from decay classes 1 through 5 (Figure 15). Abundance of Leotiomycetes increased from 

15.7% in decay class 1 to 22.3% in decay class 3, then declined to 7.8% in decay class 5 

(Figure 15). Euriotiomycetes also decreased in abundance from 5.9% in decay class 1 to 

1.6% in decay class 5 (Figure 15). Sodariomycetes increased from decay class 1 (3.3%) to 

decay class 5 (5.0%)(Figure 15).  
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Figure 15: Proportion of total ESVs and reads across decay class classified to Class with 
50% cut-off for fragments <250bp across 56 pooled CWD pieces, 4,911 ESVs and 4,260, 
849 reads. 

 Of classifiable taxa across decay class, decay class 1 CWD had a high abundance of 

white rot fungi (61.04%), followed by blue-staining (23.7%), brown rot (9.3%), and soft rot 

(5.4%)(Figure 16). Brown rot-white rot and hypogeous fungi were not present in decay 

class 1, and <1% of poisonous fungi was present (Figure 16).  
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 From decay class 1 to 2, brown rot-white rot fungi increased in abundance from 0% 

to 42.3% and brown rot fungi increased from 9.3% to 30.4% (Figure 16). White rot fungi 

decreased in abundance to 12.6%, blue-staining fungi decreased to 10.6%, and soft rot 

fungi decreased to 2.7% (Figure 16). No hypogeous fungi were present, and poisonous 

fungi made up less than 2% of total ESVs (Figure 16).  

 White rot and brown rot fungi both increased in abundance from decay class 2 to 3, 

to 36.7% and 46.4%, respectively (Figure 16). Brown rot-white rot fungi decreased to 

9.6%, and soft rot increased to 3.9% (Figure 16). There were no blue-staining fungi present 

in decay class 3, and hypogeous and poisonous fungi made up less than 5% of total ESVS 

(Figure 16).  

 White rot fungi decreased in abundance slightly from decay class 3 to 4, to 33.8%, 

whereas brown rot-white rot fungi increased to 53.7% (Figure 16). Brown rot decreased to 

9.24% and soft rot decreased to 1.4% (Figure 16). Blue-staining, hypogeous, and poisonous 

combined total <5% of ESVs (Figure 16). In the most decayed CWD, decay class 5, white rot 

increased to 74.7% of total ESVs, followed by brown rot at 13.4%, and brown rot-white rot 

at 10.05% (Figure 16). No hypogeous fungi were present, and blue-staining and poisonous 

fungi combined totalled <5% of ESVs (Figure 16).   
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Figure 16: Proportion of ESVs across decay class classified to functional trait with possible, 
probable, and highly probable confidence rankings across 56 pooled CWD pieces and 924 
ESVs. 

4. DISCUSSION 
 

4.1 The effects of ecoregion on CWD physical and chemical characteristics and resulting 
changes in fungal community composition 
 
Fungal community composition differed significantly (p=0.001) between coarse woody 

debris across 2 ecoregions: the 3W (Lake Nipigon) ecoregion with sites within the Black 

Sturgeon ecodistrict, and the 3E (Lake Abitibi) ecoregion with sites within the Foleyet 

ecodistrict (Figure 8; Table A2.6). Though the 6 sites within these 2 ecoregions were 

intentionally selected to be similar in terms of moisture regime, there were subtle stand 

compositional differences between the site within each ecoregion that have influenced the 
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physical and chemical properties of CWD, which may have influenced the fungal 

communities present (Wester, 2018).  

 We found that CWD sampled in the 3W ecoregion generally had lower moisture 

contents than the CWD sampled in the 3E ecoregion, likely due to the higher maximum 

annual precipitation in the 3E ecoregion (Figure 3; Table 1). In the 3E ecoregion we saw a 

higher abundance of soft rot fungi, explained by higher moisture content in CWD: soft rot 

fungi tend to differ by environment, not by wood type, and favour damp locations 

(Schwarze, 2007)(Figure 12). Soil conditions, primarily moisture content, can influence the 

infection rate of trees by soil-borne pathogens, with increased soil moisture leading to 

lower probability of decay (Camy et al., 2002; Thor et al., 2005). We observed less ESVs and 

species in the 3E ecoregion (with higher CWD moisture content), suggesting that moisture 

may be limiting the colonization of CWD by fungal pathogens (Figure 3; Table 8). 

 CWD located in the 3W had higher concentrations (mg kg-1) and total content (g) of 

Ca, Mg, and Mn, likely due to the cation-rich bedrock and shallow mineral layer located in 

3W sites (Wester, 2018)(Figure 3). The 3W ecoregion is an average of 52% bedrock, 

whereas the 3E ecoregion has primarily deeper morainal and glaciofluvial soil deposits 

(Wester, 2018). Soil parent material has a direct influence on the nutrient contents of soil, 

therefore influencing the macro- and micronutrients taken up by tree roots and stored in 

wood tissue (Morgan & Connolly, 2013; Singh & Schulze, 2015). Soil chemistry and soil 

type can also directly influence fungal communities (Boddy, 2008; Tyler, 1985). Lauber et 

al. (2008) found that the composition of fungal communities in soil of pine and hardwood 

stands was strongly correlated with soil properties, specifically soil nutrients. The 

influence of soil chemistry on wood decay fungi that form mycelia is well known, as hyphae 
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physically extend into the soil interface and import nutrients, though there is uncertainty 

regarding the effect of soil chemistry on wood decay fungi restricted to CWD (Boddy, 2008; 

Donnelly & Boddy, 1998).  

 Differences in fungal communities across ecoregions may also be due to CWD 

species: though trembling aspen was sampled as hardwood CWD across both regions, black 

spruce was primarily sampled across the 3W ecoregion and jack pine was primarily 

sampled across the 3E ecoregion as softwood CWD. Previous studies generally have either 

observed fungal communities via DNA sequencing on only one softwood CWD species, or 

observed similar communities in multiple softwood CWD species (Hoppe et al., 2016; 

Kubartová et al., 2012; Lindner et al., 2011; Ottosson et al., 2015). However, Renvall (1995) 

visually observed more fungal species on Norway spruce than on Scots pine (Pinus 

sylvestris L.) CWD. Kebli et al. (2011) found that white spruce (Picea glauca (Moench) Voss) 

and black spruce had higher Shannon-Weiner diversity and mean OTU number than jack 

pine. We found a higher number of species and ESVs in the 3W ecoregion, dominated by 

black spruce (Table 8). Stokland and Larsson (2011) sampled pine and spruce CWD based 

on identification of fruiting bodies in managed and unmanaged forests in south eastern 

Norway and classified the fungal species observed by host preference: if 80% of 

observations were made on pine or spruce logs, that species said to either prefer pine or 

spruce. They suggested that fungal species targeting spruce or pine CWD have evolved 

different dispersal abilities based on selection pressure from fire dynamics, as pine forests 

have a fire return interval of 20-100 years and spruce forests have a much long fire return 

interval (a few to several hundred years) or have no fires at all. They proposed that the 

more frequent fire regimes in pine forests have selected fungi that are adapted to 
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disturbance and are able to utilize low abundances of CWD and CWD of various qualities. 

Though northern Ontario boreal forests have different fire regimes than Norwegian forests, 

we do see high-intensity, short-interval fire regimes in each ecoregion that may have 

similar effects and may influence host preference of fungi (Natural Fire Regimes in Ontario, 

2006).  

 It is difficult to compare information on fungi specialized to CWD species as visual 

(and sequenced-based) surveys only capture a subset of the species pool. We grouped 

black spruce and jack pine into one category, softwood CWD, as both are similar in 

structure and commonly found in mixtures across northern Ontario’s boreal forest, 

allowing us to conduct a more robust analysis on changes in fungal community 

composition that will influence forest management decisions in the future. 

4.2 Influence of CWD wood type and associated wood chemistry and physical properties on 
fungal community composition 
 
Fungal community composition differed significantly (p=0.001) between hardwood 

(trembling aspen) and softwood (jack pine and black spruce) (Figure 9; Table A2.8). This is 

consistent with previous studies that found significant differences in fungal community 

composition between European beech and Norway spruce in Northern Europe (Baber et 

al., 2016; Hoppe et al., 2016). Fungal species differ in their biogeochemical systems for 

degrading wood cell wall components: cellulose, hemicellulose, and lignin (Schwarze, 

2007). The nature of lignin varies within tree species but can broadly be divided into 2 

categories: guaiacyl lignins, of which softwood trees contain almost exclusively, and 

guaiacyl-syringyl lignins, which are present in hardwood trees in equal ratios with guaiacyl 

lignins (Schwarze, 2007). White rot fungi are primarily associated with hardwood CWD, 
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and have the ability to degrade cellulose, hemicellulose, and lignin via selective 

delignification, where lignin is degraded before cellulose or hemicellulose, or by 

simultaneous decay, where all 3 compounds are degraded at the same time (Schwarze, 

2007). We found the high abundance of Agaricomycetes in hardwood CWD, a class of 

Basidiomycota primarily composed of wood decomposers, either as white rot or brown rot 

fungi, and can be further explained by the high abundance of white rot fungi seen in 

hardwood CWD as classified by FUNGuild (Ohm et al., 2014) (Figure 13; Figure 14).  

 Brown rot fungi are primarily associated with softwood CWD, and degrade cellulose 

and hemicellulose but have limited ability to degrade lignin (Schwarze, 2007). Little is 

known about the ability of brown rot fungi to decompose lignin, except for a few reports on 

the presence of ligninolytic enzymes in brown rot fungi (Lee et al., 2004; Yelle et al., 2008). 

Softwood CWD in this study had a high abundance of Agaricomycetes, known to contain 

brown rot fungi, which was further explained by the high abundances of brown rot fungi 

and brown rot-white rot fungi classified by FUNGuild (Figure 13; Figure 14). The 

preference for softwood CWD by brown rot fungi may be due to their low species numbers, 

only 6% of all described wood decay fungi, and primary occupation of northern latitudes 

where conifer stands are most prevalent (Schwarze, 2007).  

 The backwards-stepwise AICc model selection highlighted Ca and Mn 

concentrations (mg kg-1) and C:N ratio as the external factors that had the greatest 

relationships with fungal community composition across CWD wood type (Table 6). 

Calcium is essential for membrane stabilization, morphogenesis, signal transduction, and 

hyphal tip growth in fungi (Jellison et al., 1996). Ca accumulation in CWD via wood decay 

fungi is hypothesized to not be determined by white rot or brown rot effects, but by the 



 54 

species of fungi, the type of wood being decayed, and degree of soil contact (Jellison et al., 

1996). Ostrofsky et al. (1997) found that red spruce (Picea rubens Sarg.) inoculated with 

white rot fungal species including I. lacteus, T. versicolor, P. chrysporium, and Armillaria sp. 

(all members of Agaricomycetes) had greater Ca concentrations than incubated control 

wood. Higher proportions of white rot fungi in hardwood CWD are accumulating Ca, 

resulting in higher concentrations of Ca in hardwood CWD (Figure 5; Figure 14).  

 Along with Ca, AICc modelling also selected Mn as having the greatest relationship 

with fungal communities across wood type (Table 6). Mn is an important regulator in lignin 

degradation of white rot fungi (Ostrofsky et al., 1997). White rot fungi breakdown lignin via 

lignin-modifying enzymes (LMEs) that include lignin peroxidase (LiP) and manganese 

peroxidase (MnP) (Bonnarme & Jeffries, 1990). LiP is formed at low Mn concentrations and 

repressed at high Mn concentrations, with high Mn concentrations activating the 

production of MnP (Bonnarme & Jeffries, 1990). In this study, softwood CWD had 

significantly higher concentrations of Mn than hardwood CWD, agreeing with a synthesis of 

mean elemental content of wood conducted by Harmon (2004) that reported that in 

general, gymnosperms have higher concentrations of Mn than angiosperms (Figure 5). Low 

Mn concentration and high abundance of white rot fungi in hardwood CWD might suggest 

that LiP is being formed preferentially over MnP, further causing the degradation of lignin 

and the decomposition of CWD (Figure 4; Figure 13).  

 Finally, AICc modelling selected C:N ratio as having the greatest relationship with 

fungal communities across wood type (Table 6). Hardwood CWD had significantly less 

carbon mass (g) and more nitrogen mass (g) than softwood CWD, consequently lowering 

the C:N ratio (Figure 4). Softwood species generally have higher carbon contents than 
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hardwood species due to their higher lignin content, as lignin has the highest percentage of 

carbon of all wood macromolecules (Lamlon & Savidge, 2003). Increased carbon content in 

softwoods may be due to the higher abundance of brown rot fungi, as brown rot fungi 

decompose slower than white rot fungi and do not decompose lignin, leaving more 

remaining carbon in the wood tissue (Jurgensen et al., 1989). Higher nitrogen content in 

hardwood CWD may also be explained by the higher abundance of white rot fungi: white 

rot fungi release carbon bound by lignin, thus making it available for nitrogen-fixing 

bacteria to utilize and produce bioavailable nitrogen (Jurgensen et al., 1989). We found a 

significant (p<0.05) interaction in the relationship of C:N ratio by wood type and decay 

class, with C:N ratio higher in softwood CWD and decreasing with increasing decay class 

(Figure 5; Figure 6; Table A1.15). As decay stage increases we see a loss in mass of carbon 

due to an increase in abundance of wood decay fungi, particularly white rot fungi, that are 

breaking down lignin and making carbon available for nitrogen-fixing bacteria, also seen by 

the increase in mass of nitrogen with increasing decay class from bacterial nitrogen 

immobilization. This could also be due to the merging of soil and fungal communities as 

wood becomes more decomposed and the distinction between soil and wood lessens, 

allowing nitrogen-fixing soil bacteria to become more prevalent (Hoppe et al., 2015; 

Mäkipää et al., 2017; Rajala et al., 2012). 

 Though not selected by the backwards-stepwise AICc selection model as relating 

factors on fungal communities across wood type, we do see significant differences in 

moisture content, and both P and Mg concentrations and mass across CWD wood type that 

may be related to fungal communities (Figure 5). Moisture content, P concentration and 

mass, and Mg concentration and mass were all significantly higher in hardwood CWD than 
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in softwood CWD (Table A1.6-A1.22). We see a high abundance of Leotiomycetes and 

Agaricomycetes, both known to contain mycorrhizal fungi, in hardwood CWD in this study 

(Ekanayaka et al., 2019; Kohler et al., 2015) (Figure 13). Mycorrhizal fungi are capable of 

transporting and accumulating nutrients, particularly P, allowing us to infer that increased 

abundance of mycorrhizal fungi in hardwood CWD may result in increased concentration 

and mass of P (Leake et al., 2002; Wells & Boddy, 1995). Hardwood CWD in this study also 

may have significantly higher concentrations of P and Mg due to the symbiotic relationship 

of trembling aspen with both ectomycorrhizal and arbuscular mycorrhizal fungi pre- tree 

mortality (Brundrett et al., 1990; Vozzo & Hacskaylo, 1974). This three-way symbiosis 

allows trembling aspen to accumulate Mg, P, and Ca in higher amounts compared to 

Norway spruce or jack pine CWD, in agreement with Harmon’s (2004) assessment that 

hardwood CWD generally has higher elemental concentrations than softwood CWD (Liu et 

al., 2002; Sihanonth & Todd, 1997).  

 A negative correlation between density and moisture content has been found in 

both living trees and CWD (Harmon, 2004). We found both a higher moisture content and 

lower density in hardwood CWD than in softwood CWD, suggesting that significant 

differences in moisture content and density are inversely related (Figure 5). Studies on the 

relationship between moisture content and fungal communities in CWD have been more 

focused on the changes in community composition with increasing moisture content as 

decay progresses, not on moisture content between hardwood and softwood CWD (Hoppe 

et al., 2015; Rajala et al., 2012). 

4.3 Changes in fungal community composition with increasing decay class and associated 
influence of CWD wood physical and chemical properties 
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Fungal community composition also differed significantly (p=0.002) among coarse wood 

debris in different decay classes, consistent with findings by Rajala et al. (2010) whose 

ordination analyses showed communities in late decay stages more homogenous than in 

early decay classes (Figure 10; Table A2.9).  This suggests that as CWD decays, the 

influence of colonizer fungi decreases and stabilized fungal communities form (Rajala et al., 

2010). Fungal communities within CWD are continually changing temporally and spatially 

as wood decomposes, rejecting the notion of a climax community at a particular stage of 

decay (Boddy, 2001).  

 Community composition depends on the fungi already present within CWD and the 

colonizer fungi, as described by Boddy (2001). Fungal diversity and richness have been 

shown to increase with decay stage, beginning with pioneer, colonizing fungi, which the 

results of this study confirm (Hoppe et al., 2016; Kubartová et al., 2012; Rajala et al., 2015) 

(Table 5; Table 8). Spores of pathogenic, pioneer fungi may already be present in tree 

trunks before they fall, enter through the cut-ends of felled trees, colonize CWD via air, 

water currents, rain splash, animal vectors, or arrive as vegetative mycelium (Boddy, 

2001). We found a higher abundance of Saccharomycetes (yeasts) in decay classes 1 and 2 

and nearly a complete absence (<1%) in decay classes 3, 4, and 5, as well as a higher 

abundance of pathogenic blue-staining fungi in decay classes 1 and 2, and higher 

abundances of Leotiomycetes, a class of pathogenic fungi that cause plant disease, in decay 

classes 1 to 3, signifying the presence of colonizer fungi in early decay stages (Figure 15; 

Figure 16).   

 After CWD has been colonized, community development is influenced by 

interspecific interactions and species-specific substrate modification (Boddy, 2001; 
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Kubartová et al., 2012). Kubartová et al. (2012) found that when many species coexist the 

indirect effects of species interactions are likely positive and may alleviate the negative 

effects of competition seen with increasing diversity and less available space. As CWD 

becomes more decayed, the quality of the substrate and remaining consumable energy 

decreases and more interacting fungi occupy space within the CWD piece, selecting for 

fungi that are able to provide different ecological roles (Kubartová et al., 2012). The class 

Agaricomycetes is comprised of 16,000 species that function as wood decayers, pathogens, 

and parasites, and are lichen-forming and ectomycorrhizal (Kohler et al., 2015; O’Hanlon & 

Harrington, 2011). Agaricomycetes were the most abundant in decay class 5, likely due to 

their ability to fulfill different ecological roles as wood becomes more decayed (Table 15). 

Kubartová et al. (2012) suggest that Ascomycetes are also likely to perform different 

ecological roles, as seen in this study by the higher abundance of unidentified Ascomycetes 

in decay classes 3, 4 and 5 compared to decay class 1 or 2 (Figure 15).  

 The nutrient content of CWD can influence the microbial decomposer community, 

which, in turn influences the rate of decomposition (Harmon, 2004). Backwards-stepwise 

AICc model selection described Ca, Mn, and K (mg kg-1) concentrations and density (g cm-3) 

as the external factors that have the greatest relationship with fungal communities across 

CWD decay class (Table 7). We found that density significantly decreased and fungal 

diversity significantly increased with increasing decay class, as confirmed by other studies 

(Kubartová et al., 2012; Rajala et al., 2012) (Figure 6). As wood becomes more decomposed 

and density decreases, CWD becomes more heterogeneous, increasing the availability of 

different niches and allowing for increased diversity (Boddy, 2001).  
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 We also see early colonizer fungi replaced with decomposer fungi, specifically white 

rot fungi, leading to increased degradation of wood material, subsequently increasing total 

mass and nutrient mass loss (Rajala et al., 2012). We found a significant (p<0.05) 

interaction in Mn concentration and mass of Mn with decay class and wood type (Table 

A1.14; Table A1.22). Mn was significantly lower in hardwood CWD, likely influenced by a 

high abundance of white rot fungi decomposing lignin via lignin peroxidase (LiP), which is 

inhibited by high Mn concentrations (Bonnarme & Jeffries, 1990)(Figure 5). Although Mn 

concentration increased with decay class, the mass of Mn decreased with decay class 

(Figure 6). High abundance of white rot fungi in later decay classes likely results in 

increased lignin degradation and a subsequent faster decomposition rate, causing a loss of 

total Mn mass, but an increase in concentration of Mn in remaining wood (Figure 6; Figure 

16). 

 We also found a significant (p<0.05) interaction in K concentration and mass of K (g) 

with decay class and wood type (Table A1.11; Table A1.20). K is generally present in higher 

concentrations in hardwood CWD than in softwood CWD, and is highly soluble, initially 

remaining constant before decreasing with increasing decay class (Harmon, 2004; Jellison 

et al., 1997; Laiho & Prescott, 2004). We found that concentrations of K and mass of K were 

significantly higher in hardwood CWD than in softwood, and concentrations of K remained 

constant across decay class, where mass of K decreased significantly from decay class 1 to 

decay class 5 (Figure 5; Figure 6). Ostrofsky et al. (1997) found that different fungi had 

different effects on K concentrations in wood over time, with some fungal species, such as 

Armillaria sp., increasing K concentration with increased decay stage, and some species, 

such as T. versicolor, decreasing K concentration with increased decay stage; however, most 
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fungi do not accumulate K in CWD. Ostrofsky et al. (1997) suggest this is due to both K’s 

high solubility and cation-binding: Ca has been shown to preferentially accumulate instead 

of K in wood, and, when rainfall is a factor, K has been shown to leach faster than mass loss 

(Foster & Lang, 1982; Momoshima & Bondietti, 1990). CWD in later decay stages in our 

study have higher diversity and species richness than in early decay stages, and as a result 

may contain higher abundances of fungi like T. versicolor, that decrease K concentration in 

wood (Table 8).  

 Ca concentration was selected by the backwards-stepwise AICc model as having a 

relationship with fungal communities across CWD wood type (as previously discussed) and 

across decay stage, and although we didn’t see a significant (p<0.05) interaction in Ca 

concentration with decay class by wood type, we did see a significant interaction in mass of 

Ca with decay class by wood type (Table A1.12; Table A1.17). The same trend seen in Ca 

concentrations across CWD wood type (increased Ca accumulation from higher 

abundances of white rot fungi in hardwood CWD) can be used to explain the change in Ca 

concentration across decay class: higher concentrations of Ca are accumulated in later 

decay classes due to the high abundance of species of white rot fungi (particularly from the 

class Agaricomycetes) (Ostrofsky et al., 1997). Though Agaricomycetes sp. are 

accumulating Ca, they, along with other white rot, brown rot, and soft rot fungi, are also 

decomposing wood material, leading to a loss of density and loss of Ca mass as decay class 

increases. 

 Though not selected by the backwards-stepwise AICc modelling as being relating 

factors on fungal communities across decay class, we do see significant differences in 

moisture content, total nitrogen concentration and nitrogen mass, carbon mass, P 
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concentration and mass, and Mg mass. The increase in nitrogen concentration and mass 

and subsequent decrease in C:N ratio with increasing decay class is consistent with 

previous research (Clinton et al., 2009; Gorgolewski et al., 2019; Rajala et al., 2012; 

Saunders et al., 2011). We see a loss in carbon mass with increasing decay stage as pioneer 

fungi begin wood decomposition, followed by the establishment of a stabilized, diverse 

community of primarily wood decay fungi that breakdown lignin, cellulose, and 

hemicellulose, making carbon available for consumption by the bacterial community 

(Rajala et al., 2012).  

 The accumulation of nitrogen in CWD (and P and Ca) via fungal mycelia has been 

widely described (Clinton et al., 2009; Kuenhe et al., 2008; Mäkipää et al., 2017). Clinton et 

al. (2009) found that nitrogen accumulation in CWD by wood decay fungi did depend on 

fungal species, indicating that a more diverse fungal community has a greater potential to 

sequester nitrogen. Clinton et al. (2009) also found that fungal species were sequestering 

nitrogen and other nutrients from the surrounding soil matrix. Along with the translocation 

of nitrogen from the soil via mycelia, the merging of wood fungal communities and soil 

fungal communities in later decay stages may also increase the consumption of carbon and 

fixing of nitrogen via N-fixing bacteria (Rajala et al., 2012).  

 We did not find a significant difference in concentration of Mg across decay class 

(Table A1.13). However, we did find a significant loss in mass of Mg across decay class 

(Figure 6). As we did not see significant Mg accumulation or leaching across decay class, we 

can hypothesize that fungi do not have an effect on Mg concentrations in CWD. The 

significant loss of Mg mass can be related to the general loss in density and wood mass as 
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decay progresses, similar to decreases in P, K, and Mn mass with increasing decay class 

(Figure 6). 

 We found a significant increase in moisture content with increasing decay class 

(Figure 6). Wood needs moisture contents of above 24-31% of dry weight (i.e., above the 

fibre saturation point) before wood decay fungi can colonize (Käärik, 1974). Tolerance to 

moisture depends on the type of fungi: Käärik (1974) describes Basidiomycota as 

preferring a range of 30-160% moisture on a dry weight basis, with Ascomycota tolerating 

moisture contents up to 240%. We saw highest fungal diversity associated with the highest 

moisture content, suggesting that in later decay stages we see an increase in fungal species 

that have a tolerance of high moisture content (Table 5).  

4.4 Connecting carbon mineralization rates and fungal communities in CWD 
 
CWD wood type and decay class had a significant (p<0.05) effect on CO2 production (mg 

CO2 g dry CWD-1 d-1), with hardwood CWD producing significantly more CO2 than softwood 

CWD, and CO2 production increasing with decay class (Figure 7; Table A1.5). These results 

are consistent with previous research on CWD decomposition controls, with CWD species, 

density, temperature, and moisture content all being important factors influencing the rate 

of CO2 respiration (Gough et al., 2007; Harmon, 2004; Herrmann & Bauhus, 2013; Kahl et 

al., 2015; Pastorelli et al., 2017; Wang et al., 2002). Herrmann & Bauhus (2013) incubated 

CWD in situ while controlling air temperature and humidity, and found that CO2 flux was 

higher in European beech CWD than in Norway spruce or Scots pine. Herrmann & Bauhus 

(2013) also found that wood moisture exerted a stronger influence on carbon 

mineralization than temperature, with European beech CWD being more responsive to 
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changes in moisture content, in terms of carbon mineralization, compared to Norway 

spruce or Scots pine. 

 We found a higher moisture content and higher carbon mineralization in hardwood 

CWD, suggesting a positive relationship between hardwood CWD moisture content and CO2 

respiration (Figure 5; Figure 7). Higher carbon mineralization in hardwood CWD may be in 

part due to the fungal community: hardwood CWD are typically dominated by white rot 

fungal species that have the ability to decompose lignin as well as cellulose and 

hemicellulose, whereas softwood CWD are typically dominated by brown rot fungi that 

primarily decompose cellulose and hemicellulose (Schwarze, 2007). As respiration 

consumes matter, including carbon, from CWD, the ability of white rot fungi to decompose 

wood and digest carbon at a faster rate will lead to increased rates of CO2 respiration 

(Harmon, 2004). In hardwood CWD, we recorded a higher abundance of Agaricomycetes, a 

class of Basidiomycota primarily composed of white rot and brown rot fungi, and a higher 

abundance of white rot fungi as classified by FUNGuild, allowing us to infer that an increase 

of white rot fungi is leading to higher carbon mineralization rates (Figure 11; Figure 12).  

 Backwards-stepwise AICc model selection identified density (g cm-3) as one of the 

external factors that has the greatest relationship with carbon mineralization (Table 4). 

Herrmann & Bauhus (2013) also reported a significant effect of density on carbon 

mineralization, and as density is known to decrease with increasing decay class, we can 

conclude that decay class significantly effects carbon mineralization. Pastorelli et al. (2017) 

found that CO2 production was significantly higher in later decay classes in European black 

pine (Pinus nigra Arnold) CWD in Central Italy, and Gough et al. (2007) found that 

temperature-normalized respiration rates increased with decay class in both hardwood 
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and softwood CWD from a north temperate forest in Michigan, USA. In a review linking 

fungal diversity and community dynamics to decomposition, van der Wal et al. (2013) 

suggest that higher species richness enhances decomposition via synergistic interactions. 

Functional niche complementarity, also known as niche differentiation and facilitation, that 

describes the hypothesis of increased performance of a community when compared to an 

individual species (Loreau et al., 2001). We found the highest number of species in decay 

class 5, and highest Shannon-Wiener values in decay classes 4 and 5, allowing us to infer 

that the more heterogeneous environment of a later decay stage log increased niche 

availability and resulted in positive interactions between fungal species (Table 5; Table 8).  

 A more diverse community will also have improved resource exploitation, in this 

case, increasing carbon mineralization (van der Wal et al., 2013). Mäkipää et al., (2017) 

found that species richness in black spruce CWD increased with decay class, eventually 

reaching the same species richness and community composition as the underlying soil. This 

increased species richness was partly due to the inclusion of mycorrhizal species from soil, 

which, when observed in conjunction with the increase in nitrogen and decrease in carbon 

in CWD, collectively can influence carbon dynamics and accelerate wood decay (Mäkipää et 

al., 2017). In both hardwood and softwood CWD, we saw a spike in CO2 production in decay 

class 3, corresponding with a shift in fungal communities from a high abundance of 

pathogenic fungi (poisonous and blue-staining fungi as classified by FUNGuild) to primarily 

wood decay fungi (i.e., brown rot and white rot fungi) (Figure 7; Figure 16). As 

decomposition progresses and we observe a community shift towards fungi specialized for 

wood decay, more lignin will be degraded and subsequently more CO2 produced.  
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 Phosphorous concentration (mg kg-1) was described as the second external factor 

that had the greatest relationship with carbon mineralization, with P concentration 

increasing with decay class (Figure 6; Table 4). Studies have been conducted on the effects 

of P fertilization on carbon mineralization in soils, with the general consensus that 

increasing P availability increases CO2 respiration via microbial activity (Bradford et al., 

2008; Chen et al., 2014; Fisk et al., 2015; Spohn & Kuzyakoy, 2013). Gulis et al. (2004) 

studied the effects of P and N enrichment on wood decomposition rates in streams in North 

Carolina, USA, concluding that fungi largely drove the effect of nutrient enrichment on 

decomposition rather than bacteria based on measurements of fungal biomass. More 

information is needed to better describe the effects of P on carbon mineralization in CWD, 

the underlying processes that occur, and the effect of fungal diversity. One potential reason 

for an increase in P associated with increased CO2 respiration may be due to the CWD and 

soil fungal communities becoming more similar with decay, allowing for higher abundances 

of mycorrhizal fungi that accumulate P in CWD (Leake et al., 2002; Mäkipää et al., 2017).  

4.5 Management implications  
In this study we were able to describe the diversity and community composition of fungi in 

northern Ontario boreal forests, highlighting differences that can be used in conjunction 

with decay class transition models to refine sustainable management strategies to maintain 

CWD stocks, monitor carbon flux, and maintain biodiversity in intensified-bioenergy 

production silvicultural systems. Loss of fungal biodiversity due to intensified-bioenergy 

harvest can lead to economically costly losses in ecosystem function, and it is therefore 

important to understand the controls on fungal community composition that lead to 

decomposition of CWD. Incorporating fungi, a key driver of CWD decomposition, into decay 
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class transition models, will improve our ability to accurately predict decomposition rates 

and carbon mineralization of CWD, which is essential in understanding the carbon balance 

of Ontario’s boreal forest. Improving sustainable energy production, such as using forest 

biomass as feedstock for biofuel, may generate carbon offsets and reduce the harmful 

impacts of climate change.  

 A more extensive sampling of CWD across northern Ontario, along with the analysis 

of fungal communities within soil in close proximity to CWD, may increase our 

understanding of fungal community dynamics in northern Ontario boreal forests as wood 

and soil fungal communities have been shown to merge in later decay stages (Rajala et al., 

2012).  

5. CONCLUSION 
 
Fungal communities in CWD in northern Ontario boreal forests were significantly different 

among ecoregions, trembling aspen, jack pine, and black spruce CWD, and decay class. CWD 

wood type and decay class significantly impacted carbon mineralization in CWD, with CO2 

production increasing with decay stage and generally higher in hardwood CWD. Wood 

physical and chemical properties significantly differed by ecoregion, CWD type, and decay 

class, and fungal communities were primarily influenced by calcium, manganese and 

potassium concentrations, density, and C:N ratio. CO2 production was primarily influenced 

by phosphorous concentration and wood density. We saw a shift towards an increased 

abundance of wood decay fungi as decomposition progressed compared to higher 

abundances of pathogenic fungi in the early decay stages. Species richness and diversity 

peaked in decay classes 4 and 5, demonstrating that the fungal community is exhibiting 
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positive species interactions and resource exploitation. Fungal diversity and species 

richness was higher in the 3W ecoregion (Lake Nipigon) suggesting that the cation-rich 

bedrock and glacial till in this ecoregion may be influencing soil properties, further 

affecting wood decay fungi present in CWD via mycelial uptake of nutrients. High-

throughput sequencing allowed us to create a robust picture of fungal communities in CWD 

in northern Ontario boreal forests across ecoregions, though we do acknowledge the 

limitations of sequencing, including a lack of a complete reference database and resulting 

inaccuracies in identification. 
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APPENDICES 
 

Appendix 1: Analysis of variance (ANOVA) tables for microclimate and physical and chemical 
properties of coarse woody debris across ecoregion, site, decay class, and coarse woody debris 
wood type. 
 
Table A1.1. ANOVA results with relative humidity (%) as the dependent variable from June 2016 to 
July 2018. Significant values (p<0.05) are in bold. 
Relative Humidity ~ Ecoregion + Site (Ecoregion)       
Response Df Sum of 

Squares 
Mean Squares F value Pr>F ratio 

Ecoregion 1 12.0  11.962  0.1403   0.70865 
Site (Ecoregion) 2 573.6  286.812   3.3629  0.03772 * 
Residuals 128 10916.7  85.287  - - 
 
Table A1.2. ANOVA results with air temperature (°C) as the dependent variable from June 2016 to 
July 2018. Significant values (p<0.05) are in bold. 
Air Temperature ~ Ecoregion + Site (Ecoregion)       
Response Df Sum of 

Squares 
Mean Squares F value Pr>F ratio 

Ecoregion 1 12.9   12.904   0.1083  0.7427 
Site (Ecoregion) 2 6.0 2.994   0.0251  0.9752 
Residuals 128 15258.0  119.203     - - 
 
Table A1.3. ANOVA results with soil temperature (°C) as the dependent variable from June 2016 to 
July 2018. Significant values (p<0.05) are in bold. 
Soil Temperature ~ Ecoregion + Site (Ecoregion)       
Response Df Sum of 

Squares 
Mean Squares F value Pr>F ratio 

Ecoregion 1  1.37   1.3728   0.0651  0.7990 
Site (Ecoregion) 2 0.52   0.2577  0.0122 0.9879 
Residuals 128 2699.81  21.0923  - - 
 
Table A1.4. ANOVA results with soil moisture (m3m-3) as the dependent variable from June 2016 to 
July 2018. Significant values (p<0.05) are in bold. 
Soil Moisture ~ Ecoregion + Site (Ecoregion)      
Response Df Sum of 

Squares 
Mean Squares F value Pr>F ratio 

Ecoregion 1 0.8477  0.84772  4.8223  0.029896 *  
Site (Ecoregion) 2 1.8119  0.90593   5.1534  0.007038 ** 
Residuals 128 22.5014  0.17579    - - 
 
 
Table A1.5. ANOVA results with mg CO2 g of dry CWD-1 d-1 as the dependent variable. Significant 
values (p<0.05) are in bold. 
mg CO2 g dry CWD-1 d-1~ Region + Site (Ecoregion) + Wood Type + Decay Class + 
Wood Type*Decay Class 

     

Response Df Sum of Mean Squares F value Pr>F ratio 
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Squares 
Ecoregion 1 0.1407   0.14070  0.7983  0.372882     
Site 
(Ecoregion) 

2 0.1412  0.07060  0.4006  0.670561  

Wood Type 1  1.7961  1.79614  10.1914  0.001688 **  
Decay Class 4 8.3779  2.09447  11.8841  1.63e-08 *** 
Wood 
Type*Decay 
Class 

4 0.3643  0.09107  0.5167  0.723548    

Residuals 166 6975.2   6975.2   - - 
 
 
Table A1.6. ANOVA results with moisture content (%) as the dependent variable. Significant values 
(p<0.05) are in bold. 
Moisture Content ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 1945.9   1945.9  13.2255  0.0003682 *** 
Site 
(Ecoregion) 

2 868.4  434.2  2.9511   0.0550340    

Wood Type 1 2352.7 2352.7 15.9905  9.564e-05 *** 
Decay Class 4 16865.5   4216.4  28.6573 < 2.2e-16 *** 
Wood 
Type*Decay 
Class 

4 335.6  83.912  1.9970  0.097292   

Residuals 166 6975.2   6975.2   - - 
 
 
Table A1.7. ANOVA results with density (g cm-3) as the dependent variable. Significant values 
(p<0.05) are in bold. 
Density ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood Type*Decay 
Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 0.00145   0.00145  0.3524  0.5535798    
Site 
(Ecoregion) 

2 0.05493  0.02746 1.7886  0.1702  

Wood Type 1 0.05696 0.05696 13.8004  0.002774 *** 
Decay Class 4 1.95000 0.48750  118.1181 < 2.2e-16 *** 
Wood 
Type*Decay 
Class 

4 0.00915  0.00229 0.5544 0.6960822 

Residuals 166 0.68512 0.00413 - - 
 
 
Table A1.8. ANOVA results with total carbon (%) as the dependent variable. Significant values 
(p<0.05) are in bold. 
Total Carbon ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood      
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Type*Decay Class 
Response Df Sum of Squares Mean Squares F value Pr>F ratio 
Ecoregion 1 2.433342 2.433342 0.3034153 0.5825 
Site 
(Ecoregion) 

2 
13.783621 6.891811 0.8593452 0.4253142 

Wood Type 1 246.384814 246.384814 30.7219134 1.152e-07 *** 
Decay Class 4 37.845246 9.461311 1.1797383 0.321621 
Wood 
Type*Decay 
Class 

4 21.798519 
 

5.44963 
 

0.6795186 
 

0.6070758 

Residuals 166 1331.293357 8.01984 - - 
 
 
Table A1.9. ANOVA results with total nitrogen (%) as the dependent variable. Significant values 
(p<0.05) are in bold. 
Total Nitrogen ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 0.0000278 0.0000278 0.00732573 0.931205     
Site 
(Ecoregion) 

2 0.00892   0.004462   1.1734  0.311872    

Wood Type 1 0.23961  0.239611  63.0180  2.915e-13 *** 
Decay Class 4 1.00098  0.250244  65.8145  < 2.2e-16 *** 
Wood 
Type*Decay 
Class 

4 0.05918  0.014794  3.8908  0.004774 **  

Residuals 166  0.63118   0.003802  - - 
  
 
Table A1.10. ANOVA results with phosphorous (mg kg-1) as the dependent variable. Significant 
values (p<0.05) are in bold. 
Phosphorous ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 4138 4138  1.4553  0.229393 
Site 
(Ecoregion) 

2 21440  10719.8  1.565  0.212  

Wood Type 1 153849   153849   54.1100  8.283e-12 *** 
Decay Class 4 506943   126736  44.5740 < 2.2e-16 *** 
Wood 
Type*Decay 
Class 

4 68643   17161   6.0014  0.0001566 *** 

Residuals 166 468947 2859  - - 
 
Table A1.11. ANOVA results with potassium (mg kg-1) as the dependent variable. Significant values 
(p<0.05) are in bold. 
Potassium ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood      
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Type*Decay Class 
Response Df Sum of 

Squares 
Mean Squares F value Pr>F ratio 

Ecoregion 1 1063237  1063237  2.7153  0.101285 
Site 
(Ecoregion) 

2 1640287  820144  2.0945  0.126380    

Wood Type 1 26005885  26005885  66.4128  8.441e-14 *** 
Decay Class 4 4476785  1119196  2.8582  0.025225 *  
Wood 
Type*Decay 
Class 

4 5500962  1375240  3.5120  0.008818 **  

Residuals 166 65002153   391579    - - 
 
Table A1.12. ANOVA results with calcium (mg kg-1) as the dependent variable. Significant values 
(p<0.05) are in bold. 
Calcium ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood Type*Decay 
Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1  27755660   27755660  4.6476  0.032538 *  
Site 
(Ecoregion) 

2  27453480    13726740    2.2985   0.103599 

Wood Type 1 842863763  842863763  141.1338  < 2.2e-16 *** 
Decay Class 4 82429669  20607417  3.4506  0.009738 **  
Wood 
Type*Decay 
Class 

4 23891948  5972987  1.0002  0.409148    

Residuals 166  991367001      5972090  - - 
 
Table A1.13. ANOVA results with magnesium (mg kg-1) as the dependent variable. Significant 
values (p<0.05) are in bold. 
Magnesium ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 955112  955112  10.6480  0.001338 **  
Site 
(Ecoregion) 

2 833231    208308    2.3791   0.053875  

Wood Type 1 10748067  10748067  119.8247 < 2.2e-16 *** 
Decay Class 4 206027  51507  0.5742    0.681710   
Wood 
Type*Decay 
Class 

4 71045  17761  0.1980     0.939130   

Residuals 166 14889916  89698  - - 
 
 
Table A1.14. ANOVA results with manganese (mg kg-1) as the dependent variable. Significant 
values (p<0.05) are in bold. 
Manganese ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood      
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Type*Decay Class 
Response Df Sum of 

Squares 
Mean Squares F value Pr>F ratio 

Ecoregion 1 88262   88262   16.9933 5 5.913e-05 *** 
Site 
(Ecoregion) 

2 15177  7588  1.4610  0.234967   

Wood Type 1 325930   325930   62.7522  3.215e-13 *** 
Decay Class 4 90128  22532  4.3382  0.002309 **  
Wood 
Type*Decay 
Class 

4 95737  23934  4.6081    0.001488 **  

Residuals 166 862192     5194 - - 
 
Table A1.15. ANOVA results with C:N ratio as the dependent variable. Significant values (p<0.05) 
are in bold. 
C:N ratio ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood Type*Decay 
Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 38340  38340  0.1846  0.6680  
Site 
(Ecoregion) 

4 578353    289176   1.3925     0.2514 

Wood Type 1 14385388  14385388  69.2694  3.019e-14 *** 
Decay Class 4 33684525   8421131  40.5499  < 2.2e-16 *** 
Wood 
Type*Decay 
Class 

4 8297398   2074350   9.9885  2.878e-07 *** 

Residuals 164 34473736      207673 - - 
 
 
Table. A1.16. ANOVA results with N:P ratio as the dependent variable. Significant values (p<0.05) 
are in bold. 
N:P ratio ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 6.5  6.452  0.1535  0.695672 
Site 
(Ecoregion) 

2 401.3  200.630   4.7747  0.009634 ** 

Wood Type 1 3.8  3.771  0.0897  0.764889  
Decay Class 4 628.2  157.038   3.7373  0.006124 ** 
Wood 
Type*Decay 
Class 

4 335.6   83.912   1.9970  0.097292  

Residuals 166 6975.2   42.019 - - 
 
Table A1.17. ANOVA results with mass of carbon (g) as the dependent variable. Significant values 
(p<0.05) are in bold. 
Mass of Carbon ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood      
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Type*Decay Class 
Response Df Sum of Squares Mean Squares F value Pr>F ratio 
Ecoregion 1 184077  184077  0.5376  0.464444     
Site 
(Ecoregion) 

2 4591635  2295818  1.7909  0.169800  

Wood Type 1 7711146   7711146   22.5225  4.458e-06 *** 
Decay Class 4 159962286  39990571  116.8035  < 2.2e-16 *** 
Wood 
Type*Decay 
Class 

4 954764  238691  0.6972  0.594931    

Residuals 166 56834201  342375     - - 
 
 
 
Table A1.18. ANOVA results with mass of nitrogen (g) as the dependent variable. Significant values 
(p<0.05) are in bold. 
Mass of Nitrogen ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 0.37 0.373  0.1192  0.7303 
Site 
(Ecoregion) 

2 4.05  2.027  0.6485  0.5242    

Wood Type 1 186.68  186.677  59.7299  9.865e-13 *** 
Decay Class 4 91.72   22.931   7.3370  1.825e-05 *** 
Wood 
Type*Decay 
Class 

4 23.40  5.851  1.8720  0.1177  

Residuals 166 518.81    3.125   - - 
 
 
Table A1.19. ANOVA results with mass of phosphorous (g) as the dependent variable. Significant 
values (p<0.05) are in bold. 
Mass of Phosphorous ~ Region + Site (Ecoregion) + Wood Type + Decay Class + 
Wood Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 0.0235  0.02352 0.8576  0.3557434 
Site 
(Ecoregion) 

2 0.5212  0.26058   9.5032  0.0001237 *** 

Wood Type 1 1.0134  1.01344  36.9592   8.02e-09 *** 
Decay Class 4 0.5704  0.14259   5.2001  0.0005689 *** 
Wood 
Type*Decay 
Class 

4 0.2306  0.05764   2.1021  0.0827930   

Residuals 166 4.5518  0.02742 - - 
 
Table A1.20. ANOVA results with mass of potassium (g) as the dependent variable. Significant 
values (p<0.05) are in bold. 
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Mass of Potassium ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1  24.79   24.79  1.7878  0.1830  
Site 
(Ecoregion) 

2 58.73  29.37  2.1180  0.1235     

Wood Type 1 711.29 711.29   51.3002  2.453e-11 *** 
Decay Class 4 753.86   188.46  13.5926  1.316e-09 *** 
Wood 
Type*Decay 
Class 

4 380.34    95.09   6.8578  3.921e-05 *** 

Residuals 166 2301.63    13.87 - - 
 
 
Table A1.21. ANOVA results with mass of calcium (g) as the dependent variable. Significant values 
(p<0.05) are in bold. 
Mass of Calcium ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1  530.8   530.8  4.5972   0.0334789 *  
Site 
(Ecoregion) 

2 21.2  10.6  0.0916  0.9125079   

Wood Type 1 13007. 13007.9  112.6647  < 2.2e-16 *** 
Decay Class 4  6663.7   1665.9   14.4291  3.932e-10 *** 
Wood 
Type*Decay 
Class 

4 2630.9    657.7    5.6967  0.0002543 *** 

Residuals 166 19165.9  115.5   - - 
 
 
Table A1.22. ANOVA results with mass of magnesium (g) as the dependent variable. Significant 
values (p<0.05) are in bold. 
Mass of Magnesium ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 18.125  18.125  9.7838  0.00208 **  
Site 
(Ecoregion) 

2 0.014  0.007  0.0039  0.99613  

Wood Type 1 182.090  182.090  98.2896  < 2.2e-16 *** 
Decay Class 4 121.868   30.467  16.4456  2.277e-11 *** 
Wood 
Type*Decay 
Class 

4 49.078   12.270   6.6229  5.715e-05 *** 

Residuals 166 307.529    1.853 - - 
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Table A1.23. ANOVA results with mass of manganese (g) as the dependent variable. Significant 
values (p<0.05) are in bold. 
Mass of Manganese ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 1.7048    1.7048   24.8586  1.541e-06 *** 
Site 
(Ecoregion) 

2 0.0131  0.0065  0.0954  0.90909  

Wood Type 1 7.5056   7.5056   109.4451 < 2.2e-16 *** 
Decay Class 4 1.3245  0.3311  4.8285  0.00104 **  
Wood 
Type*Decay 
Class 

4 1.9381   0.4845    7.0653  2.814e-05 *** 

Residuals 166 11.3840  0.0686  - - 
 
 

 
Figure A1. Map of northern Ontario showing sample locations: 3 replicate sites in the 3W 
ecoregion, ~30km from Thunder Bay, ON, and 3 replicate sites for the 3E ecoregion, ~30km from 
Chapleau, ON. Map by Vidioman, distributed under a CC-BY 2.0 license.  
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Appendix 2: Additional statistics for fungal community diversity analyses across ecoregion, 
site, decay class, and wood type, including output for Adonis tests of significance, NMDS 
scores, and Pearson’s correlation coefficient values. 
 
Table A2.1. ANOVA results with Shannon-Weiner diversity (H) as the dependent variable. 
Significant values (p<0.05) are in bold. 
Shannon Diversity ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 0.7857  0.7857   1.7395  0.1941812 
Site 
(Ecoregion) 

2 0.2299  0.11496  0.2545  0.7764423  

Wood Type 1 0.1843  0.18427  0.4080  0.5263834  
Decay Class 4 10.6316  2.65791   5.8847  0.0007215 *** 
Wood 
Type*Decay 
Class 

4  2.1177  0.52941  1.1721  0.3364765   

Residuals 43 19.4215  0.45166  - - 
 
 
Table A2.2. ANOVA results with Simpson’s diversity (D) as the dependent variable. Significant 
values (p<0.05) are in bold. 
Simpson’s Diversity ~ Region + Site (Ecoregion) + Wood Type + Decay Class + Wood 
Type*Decay Class 

     

Response Df Sum of 
Squares 

Mean Squares F value Pr>F ratio 

Ecoregion 1 0.01519  0.0151921   1.4038  0.24259   
Site 
(Ecoregion) 

2 0.00920  0.004602  0.4252  0.65633   

Wood Type 1 0.01712  0.017121  1.5820  0.21526  
Decay Class 4 0.11725  0.029312   2.7086  0.04249 * 
Wood 
Type*Decay 
Class 

4 0.04381   0.010953  1.0121  0.41180   

Residuals 43 0.46534  0.010822 - - 
 
 
Table A2.3. NMDS values for CWD pieces across ecoregion, site (within ecoregion), decay class, and 
wood type. 
Ecoregion 
 

Site Decay Class Wood Type NMDS1  NMDS2 

3E KM38 1 Hardwood -0.39747624 0.13805536 

3E KM38 1 Softwood -0.8335272 -0.512522493 

3E KM38 2 Hardwood 0.18781538 -0.762907201 

3E KM38 2 Softwood -0.48795173 0.075908632 

3E KM38 3 Hardwood 0.13060711 0.119329127 

3E KM38 3 Softwood -0.12019538 0.181140751 
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3E KM38 4 Hardwood 0.51718445 -0.041599552 

3E KM38 4 Softwood -0.20921466 0.219930742 

3E KM38 5 Hardwood 0.5580881 0.414584464 

3E KM38 5 Softwood -0.26001082 0.530869395 

3E Fresh Junction 1 Softwood -0.92679197 -0.059087825 

3E Fresh Junction 2 Hardwood 0.87779983 0.020220124 

3E Fresh Junction 2 Softwood -0.70563173 0.170723643 

3E Fresh Junction 3 Hardwood 0.63190684 0.113956738 

3E Fresh Junction 3 Softwood -0.42225469 0.343830429 

3E Fresh Junction 4 Hardwood 0.26096009 0.191105683 

3E Fresh Junction 4 Softwood -0.28249121 0.427918559 

3E Fresh Junction 5 Hardwood 0.43470985 0.324664406 

3E Fresh Junction 5 Softwood 0.48773532 0.521631421 

3E Lower Fresh 1 Hardwood 0.69216099 -0.291395604 

3E Lower Fresh 1 Softwood -0.70924276 -0.07263503 

3E Lower Fresh 2 Hardwood 0.74025398 -0.023537293 

3E Lower Fresh 2 Softwood -0.67046478 0.213518718 

3E Lower Fresh 3 Hardwood 0.34995564 0.124946622 

3E Lower Fresh 3 Softwood -0.37174743 0.061095535 

3E Lower Fresh 4 Hardwood 0.42841776 0.212599923 

3E Lower Fresh 4 Softwood -0.21290213 0.330608433 

3E Lower Fresh 5 Hardwood -0.02280903 0.321040192 

3E Lower Fresh 5 Softwood -0.14281428 0.425259753 

3W Shallow Nest 1 Hardwood 0.73918388 -0.63672631 

3W Shallow Nest 1 Softwood -0.17959378 -0.128583268 

3W Shallow Nest 2 Hardwood 0.37231501 -0.236814599 

3W Shallow Nest 2 Softwood -0.36839685 -0.196315332 

3W Shallow Nest 3 Hardwood 0.19511573 -0.123879812 

3W Shallow Nest 3 Softwood -0.27835719 -0.122288994 

3W Shallow Nest 4 Hardwood 0.44691292 -0.318594324 

3W Shallow Nest 4 Softwood -0.21798726 0.111976289 

3W Shallow Nest 5 Hardwood 0.4942776 0.13151287 

3W Shallow Nest 5 Softwood -0.14712552 0.055095138 

3W Escape 1 Softwood -0.2722003 -0.796913866 

3W Escape 2 Hardwood 0.32363246 -0.532479304 

3W Escape 2 Softwood -0.35095068 -0.289639533 

3W Escape 3 Hardwood 0.13577463 0.051192599 

3W Escape 3 Softwood -0.41432466 -0.186445357 

3W Escape 4 Hardwood 0.32796386 0.169864715 

3W Escape 4 Softwood -0.26181924 -0.002868765 

3W Escape 5 Hardwood 0.28273787 0.096836898 

3W Escape 5 Softwood -0.3062875 0.26155464 

3W Escape 2 1 Hardwood -0.02965855 -0.786525995 
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3W Escape 2 1 Softwood -0.48979641 -0.662232447 

3W Escape 2 3 Hardwood 0.28848236 -0.049920719 

3W Escape 2 3 Softwood -0.08879056 -0.009814196 

3W Escape 2 4 Hardwood 0.32877614 -0.037435789 

3W Escape 2 4 Softwood -0.27683677 0.171308921 

3W Escape 2 5 Hardwood 0.40832733 0.069130301 

3W Escape 2 5 Softwood -0.1834438 0.279752586 

 
Table A2.4. NMDS values for wood physical and chemical parameters. 

Wood Physical and Chemical 
Parameter 

NMDS1 NMDS2 

mg CO2 g dry CWD-1 d-1 0.6254574 0.78025831 

Moisture Content 0.493045 0.87000381 

Density -0.395867 -0.91830784 

Total Carbon -0.972332 -0.23360307 

Total Nitrogen 0.6561311 0.75464688 

Phosphorous 0.6880215 0.72569033 

Potassium 0.603098 -0.79766708 

Calcium 0.9982283 -0.05949983 

Magnesium 0.966841 -0.25537893 

Manganese -0.9894662 0.14476437 

C:N ratio -0.7115996 -0.70258526 

N:P ratio 0.1478938 0.98900325 

 
Table A2.5. Adonis analysis of variance on distance matrix results based on presence/absence data 
using Jaccard dissimilarity testing the interactions between ecoregion, site (within ecoregion), 
decay class, and wood type. Adonis test run with 999 permutations. Significant values (p<0.05) are 
in bold. 

 Df Sum of 
Squares 

Mean 
Squares 

F Model R2 Pr>F ratio 

Ecoregion 1 0.9622 1 0 0.04338 1 

Site  2 0.8562 0 0 0.0386 1 

Decay Class 4 2.3771 1 0 0.10717 1 

Wood Type 1 1.9301 2 0 0.08702 1 

Region: Site  2 0.8102 9 0 0.03653 1 

Region: Decay Class 4 1.4472 9 0 0.06525 1 

Site: Decay Class 8 2.608 9 0 0.11758 1 

Region: Wood Type 1 0.5255 1 0 0.02369 1 

Site: Wood Type 2 0.6925 0 0 0.03122 1 

Decay Class: Wood Type 4 1.6207 0 0 0.07307 1 

Region: Site: Decay Class 7 2.3425 0 0 0.10561 1 

Region: Site: Wood Type 2 0.6871 0 0 0.03098 1 

Region: Decay Class: Wood Type 4 1.3481 0 0 0.06078 1 

Site: Decay Class: Wood Type 7 2.0198 0 0 0.09106 1 
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Region: Site: Decay Class: Wood Type 6 1.9534 0 0 0.08807 1 

Residuals 0 0 - - - - 

Total 55 22.1807 - - - - 

 
 
Table A2.6. Adonis analysis of variance on distance matrix results based on presence/absence data 
using Jaccard dissimilarity with ecoregion as the dependent variable. Adonis test run with 999 
permutations. Significant values (p<0.05) are in bold. 
 Df Sum of 

Squares 
Mean 
Squares 

F Model R2 Pr>F ratio 

Ecoregion 1 0 0.96224 2.4489 0.04338 0.001*** 

Residuals 54 21.2184 0.39293  0.95662  

Total 55 22.1807 - - 1 - 

 
Table A2.7. Adonis analysis of variance on distance matrix results based on presence/absence data 
using Jaccard dissimilarity with site as the dependent variable. Adonis test run with 999 
permutations. Significant values (p<0.05) are in bold. 
 Df Sum of 

Squares 
Mean 
Squares 

F Model R2 Pr>F 
ratio 

Site (within Ecoregion) 2 0.8574 0.42872 1.0656 0.03866 0.261 

Residuals 53 21.3232 0.40232 - 0.96134 - 

Total 55 22.1807 - - 1 - 

 
 
Table A2.8. Adonis analysis of variance on distance matrix results based on presence/absence data 
using Jaccard dissimilarity with wood type as the dependent variable. Adonis test run with 999 
permutations. Significant values (p<0.05) are in bold. 
 Df Sum of 

Squares 
Mean 
Squares 

F Model R2 Pr>F ratio 

Wood Type 1 1.9582 1.95816 5.23 0.0883 0.001*** 

Residuals 54 20.218 0.37441 - 0.9117 - 

Total 55 22.1762 - - 1 - 

 
 
Table A2.9. Adonis analysis of variance on distance matrix results based on presence/absence data 
using Jaccard dissimilarity with decay class as the dependent variable. Adonis test run with 999 
permutations. Significant values (p<0.05) are in bold. 
 Df Sum of 

Squares 
Mean 
Squares 

F Model R2 Pr>F ratio 

Decay Class 4 2.4092 0.60229 1.5539 0.10864 0.002*** 

Residuals 51 19.767 0.38759 - 0.89136 - 

Total 55 22.1762 - - 1 - 



Table A2. 10. Pearson’s correlation coefficients (r values) associated with AICc model selection on NMDS1 and NMDS2 axes by wood 
physical and chemical parameters. 

 

 NMDS1 NMDS2 mg CO2 g 
CWD-1 d-1 

Moisture 
Content 

Density Total 
Carbon 

Total 
Nitrogen 

Phosphorous Potassium Calcium Magnesium Manganese C:N 
ratio 

N:P 
ratio 

NMDS1 1.00 -9.0e-11 0.35 0.44 -0.38 -0.45 0.50 0.46 0.44 0.71 0.65 -0.43 -0.58 0.06 

NMDS2 0.00 1.00 0.32 0.57 -0.65 -0.08 0.43 0.36 -0.43 -0.03 -0.13 0.05 -0.42 0.29 

mg CO2 g 
CWD-1 d-1 

0.35 0.32 1.00 0.46 -0.58 -0.22 0.54 0.52 0.08 0.34 0.30 0.02 -0.51 0.10 

Moisture 
Content 

0.44 0.57 0.46 1.00 -0.77 -0.27 0.67 0.63 -0.04 0.43 0.28 -0.17 -0.65 0.05 

Density -0.38 -0.65 -0.58 -0.77 1.00 0.27 -0.79 -0.67 0.05 -0.43 -0.35 -0.17 0.82 -0.22 

Total 
Carbon 

-0.45 -0.08 -0.22 -0.27 0.27 1.00 -0.38 -0.41 -0.23 -0.54 -0.47 0.12 0.34 0.15 

Total 
Nitrogen 

0.50 0.43 0.54 0.67 -0.79 -0.38 1.00 0.93 0.12 0.66 0.45 0.03 -0.78 0.04 

Phosphorous 0.46 0.36 0.52 0.63 -0.67 -0.41 0.93 1.00 0.21 0.67 0.44 -0.03 -0.70 -0.23 

Potassium 0.44 -0.43 0.08 -0.04 0.05 -0.23 0.12 0.21 1.00 0.51 0.69 -0.28 -0.25 -0.29 

Calcium 0.71 -0.03 0.34 0.43 -0.43 -0.54 0.66 0.67 0.51 1.00 0.82 -0.25 -0.58 -0.14 

Magnesium 0.65 -0.13 0.30 0.28 -0.35 -0.47 0.45 0.44 0.69 0.82 1.00 -0.31 -0.53 -0.01 

Manganese -0.43 0.05 0.02 -0.17 -0.17 0.12 0.03 -0.03 -0.28 -0.25 -0.31 1.00 -0.04 0.07 

C:N -0.58 -0.42 -0.51 -0.65 0.82 0.34 -0.78 -0.70 -0.25 -0.58 -0.53 -0.04 1.00 -0.16 

N:P 0.06 0.29 0.10 0.05 -0.22 0.15 0.04 -0.23 -0.29 -0.14 -0.01 0.07 -0.16 1.00 



Appendix 3: DNA concentrations and sub-set of decay class 1 and 2 samples.  
 
Table A3. 1. DNA concentrations from wood samples after extraction using the MoBio 
PowerSoil DNA Isolation kit. DNA concentrations that were below detection limits are 
marked by “too low”. Decay class 1 and 2 wood samples that were used in further DNA 
extractions are marked by “*”.  
 

Decay 
Class 

Sample 
Number Replicate 

DNA 
Concentration 

(μg/mL) 
 

Decay 
Class 

Sample 
Number Replicate 

DNA 
Concentration 

(μg/mL) 

1 14011 1 1.23* 
 

1 24011 1 Too low 

1   2 6.36* 
 

1   2 Too low 

1   3 3.63* 
 

1   3 0.121 

1 14012 1 0.424 
 

1 24012 1 0.0416 

1   2 1.84 
 

1   2 Too low 

1   3 1.01 
 

1   3 Too low 

1 14013 1 1.42 
 

1 24013 1 Too low* 

1   2 1.58 
 

1   2 0.0508* 

1   3 0.616 
 

1   3 0.024* 

2 14021 1 1.21 
 

2 24021 1 0.756* 

2   2 0.804 
 

2   2 0.123* 

2   3 2.07 
 

2   3 2.13* 

2 14022 1 0.74* 
 

2 24022 1 0.218 

2   2 4.16* 
 

2   2 0.0688 

2   3 2.51* 
 

2   3 1.1 

2 14023 1 1.1 
 

2 24023 1 Too low 

2   2 1.78 
 

2   2 0.155 

2   3 3.42 
 

2   3 0.332 

3 14031 1 16.8 
 

3 24031 1 Too low 

3   2 7.5 
 

3   2 0.332 

3   3 5.6 
 

3   3 0.108 

3 14032 1 1.8 
 

3 24032 1 1.6 

3   2 6.42 
 

3   2 6.96 

3   3 8.08 
 

3   3 0.246 

3 14033 1 1.33 
 

3 24033 1 Too low 

3   2 9.72 
 

3   2 1.6 

3   3 1.45 
 

3   3 2.58 

4 14041 1 3.48 
 

4 24041 1 0.536 

4   2 4.24 
 

4   2 5.2 
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4   3 15.8 
 

4   3 4.28 

4 14042 1 1.09 
 

4 24042 1 3.2 

4   2 10.4 
 

4   2 12.9 

4   3 38.8 
 

4   3 1.82 

4 14043 1 3.96 
 

4 24043 1 1.38 

4   2 13.3 
 

4   2 5.92 

4   3 27.8 
 

4   3 9.12 

5 14051 1 3.82 
 

5 24051 1 5.62 

5   2 1.36 
 

5   2 4.82 

5   3 6.78 
 

5   3 2.64 

5 14052 1 4.08 
 

5 24052 1 3.04 

5   2 1.68 
 

5   2 11.5 

5   3 6.62 
 

5   3 4.82 

5 14053 1 14.8 
 

5 24053 1 16.9 

5   2 11.2 
 

5   2 13.8 

5   3 36.8 
 

5   3 21.6 

1 14061 1 0.9 
 

1 24061 1 0.0868 

1   2 0.46 
 

1   2 0.199 

1   3 0.468 
 

1   3 0.0688 

1 14062 1 0.0524 
 

1 24062 1 0.0568 

1   2 3.93 
 

1   2 0.0492 

1   3 0.334 
 

1   3 0.058 

1 14063 1 0.88* 
 

1 24063 1 0.244* 

1   2 0.552* 
 

1   2 0.028* 

1   3 1.12* 
 

1   3 0.492* 

2 14071 1 0.548 
 

2 24071 1 0.0924 

2   2 0.808 
 

2   2 0.223 

2   3 0.512 
 

2   3 0.0876 

2 14072 1 1.83 
 

2 24072 1 0.776 

2   2 0.528 
 

2   2 0.608 

2   3 0.269 
 

2   3 0.0876 

2 14073 1 2.49* 
 

2 24073 1 0.896* 

2   2 6.68* 
 

2   2 0.532* 

2   3 4.28* 
 

2   3 0.257* 

3 14081 1 15.8 
 

3 24081 1 Too low 

3   2 7.72 
 

3   2 Too low 

3   3 6.06 
 

3   3 0.19 

3 14082 1 1.13 
 

3 24082 1 0.298 

3   2 4.74 
 

3   2 0.714 
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3   3 0.982 
 

3   3 1.58 

3 14083 1 7.2 
 

3 24083 1 0.98 

3   2 3.82 
 

3   2 1.49 

3   3 6.44 
 

3   3 1.24 

4 14091 1 11.2 
 

4 24091 1 9.14 

4   2 5.04 
 

4   2 8.64 

4   3 5.2 
 

4   3 0.442 

4 14092 1 20.2 
 

4 24092 1 0.17 

4   2 32.8 
 

4   2 0.62 

4   3 39.6 
 

4   3 14.5 

4 14093 1 10.2 
 

4 24093 1 3.32 

4   2 4.36 
 

4   2 3.14 

4   3 4.62 
 

4   3 1.53 

5 14101 1 4.2 
 

5 24101 1 23.4 

5   2 4.16 
 

5   2 22.6 

5   3 5.84 
 

5   3 20.4 

5 14102 1 15.9 
 

5 24102 1 2.96 

5   2 19.3 
 

5   2 6.5 

5   3 10.6 
 

5   3 2.84 

5 14103 1 10.2 
 

5 24103 1 28.6 

5   2 14.3 
 

5   2 10.9 

5   3 27 
 

5   3 11 

1 15011 1 0.0536 
 

5   3 15.9 

1   2 0.0624 
 

1 25011 1 1.18 

1   3 1.04 
 

1   2 1.16 

1 15012 1 0.0916 
 

1   3 0.668 

1   2 0.182 
 

1 25012 1 Too low 

1   3 0.8 
 

1   2 0.876 

1 15013 1 0.11* 
 

1   3 0.37 

1   2 0.347* 
 

1 25013 1 0.732* 

1   3 0.84* 
 

1   2 1.24* 

2 15021 1 2.18 
 

1   3 1.28* 

2   2 1.64 
 

2 25021 1 0.0472 

2   3 Too low 
 

2   2 1.92 

2 15022 1 0.524 
 

2   3 0.88 

2   2 0.424 
 

2 25022 1 1.48* 

2   3 0.0888 
 

2   2 0.784* 

2 15023 1 0.0344* 
 

2   3 0.516* 

2   2 1.17* 
 

2 25023 1 0.074 
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2   3 0.72* 
 

2   2 0.0856 

3 15031 1 0.336 
 

2   3 0.304 

3   2 1.34 
 

3 25031 1 0.06 

3   3 0.833 
 

3   2 0.124 

3 15032 1 0.53 
 

3   3 2.86 

3   2 0.92 
 

3 25032 1 0.72 

3   3 0.266 
 

3   2 1.06 

3 15033 1 0.798 
 

3   3 1.31 

3   2 1.65 
 

3 25033 1 2.56 

3   3 0.45 
 

3   2 1.94 

4 15041 1 6.04 
 

3   3 1.63 

4   2 6.44 
 

4 25041 1 0.502 

4   3 2.64 
 

4   2 2.36 

4 15042 1 17.2 
 

4   3 9.12 

4   2 15.6 
 

4 25042 1 6.88 

4   3 12.3 
 

4   2 7.46 

5 15051 1 3.52 
 

4   3 15.2 

5   2 26 
 

4 25043 1 1.25 

5   3 38.2 
 

4   2 1.66 

5 15052 1 3.66 
 

4   3 5.42 

5   2 33.4 
 

5 25051 1 19 

5   3 2.4 
 

5   2 19 

5 15053 1 3.36 
 

5   3 6.12 

5   2 2.88 
 

5 25052 1 28.2 

5   3 0.924 
 

5   2 3.58 

1 15061 1 0.704 
 

5   3 8.26 

1   2 0.0564 
 

5 25053 1 13.4 

1   3 0.2 
 

5   2 19.5 

1 15062 1 2.57* 
 

5   3 17.6 

1   2 2.19* 
 

1 25061 1 0.528 

1   3 2.89* 
 

1   2 0.0764 

1 15063 1 1.4 
 

1   3 0.696 

1   2 1.09 
 

1 25062 1 0.636* 

1   3 3.14 
 

1   2 0.234* 

2 15071 1 2.78 
 

1   3 1.62* 

2   2 5.6 
 

1 25063 1 0.0688 

2   3 3.69 
 

1   2 0.163 

2 15072 1 6.88* 
 

1   3 0.054 

2   2 16.8* 
 

2 25071 1 1.7 
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2   3 4.12* 
 

2   2 1.46 

2 15073 1 0.0884 
 

2   3 3.29 

2   2 5.28 
 

2 25072 1 2.74* 

2   3 5.52 
 

2   2 2.52* 

3 15081 1 5.18 
 

2   3 3.24* 

3   2 8.3 
 

2 25073 1 0.235 

3   3 8.14 
 

2   2 0.196 

3 15082 1 18.7 
 

2   3 1.4 

3   2 1.91 
 

3 25081 1 11.8 

3   3 7.79 
 

3   2 9.02 

3 15083 1 16.1 
 

3   3 7.68 

3   2 1.99 
 

3 25082 1 25.6 

3   3 7.2 
 

3   2 0.594 

4 15091 1 4.12 
 

3   3 8.74 

4   2 17.8 
 

3 25083 1 3.84 

4   3 11.9 
 

3   2 2.02 

4 15092 1 17.1 
 

3   3 10.2 

4   2 9.78 
 

4 25091 1 1.85 

4   3 31.2 
 

4   2 0.39 

4 15093 1 21.2 
 

4   3 5.24 

4   2 31 
 

4 25092 1 50 

4   3 29.2 
 

4   2 7.86 

5 15101 1 95.4 
 

4   3 13.7 

5   2 65.4 
 

4 25093 1 36.6 

5   3 38.8 
 

4   2 20.6 

5 15102 1 42 
 

4   3 5.74 

5   2 74 
 

5 25101 1 18 

5   3 24 
 

5   2 27.6 

5 15103 1 12 
 

5   3 50.4 

5   2 39.4 
 

5 25102 1 33 

5   3 15.9 
 

5   2 4.8 

1 16011 1 Too low 
 

5   3 47.2 

1   2 Too low 
 

5 25103 1 22.6 

1   3 Too low 
 

5   2 38 

1 16012 1 0.101* 
 

5   3 120 

1   2 0.173* 
 

5   3 11 

1   3 0.042* 
 

1 26011 1 0.0892 

1 16013 1 0.0544 
 

1   2 0.294 

1   2 0.128 
 

1   3 0.0208 
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1   3 Too low 
 

1 26012 1 Too low 

2 16021 1 0.836* 
 

1   2 0.213 

2   2 1.38* 
 

1   3 0.588 

2   3 3.58* 
 

1 26013 1 0.0384* 

2 16022 1 1.1 
 

1   2 0.208* 

2   2 0.94 
 

1   3 0.323* 

2   3 0.564 
 

2 26021 1 0.134 

2 16023 1 0.09 
 

2   2 0.221 

2   2 0.436 
 

2   3 0.0892 

2   3 1.17 
 

2 26022 1 0.282* 

3 16031 1 0.0824 
 

2   2 0.349* 

3   2 0.058 
 

2   3 0.385* 

3   3 0.237 
 

2 26023 1 0.1 

3 16032 1 1.49 
 

2   2 0.07 

3   2 3.12 
 

2   3 0.464 

3   3 0.652 
 

3 26031 1 0.12 

3 16033 1 0.024 
 

3   2 0.474 

3   2 0.0556 
 

3   3 0.366 

3   3 1.14 
 

3 26032 1 1.54 

4 16041 1 2.16 
 

3   2 3.44 

4   2 2.46 
 

3   3 0.726 

4   3 2.78 
 

3 26033 1 Too low 

4 16042 1 4.02 
 

3   2 Too low 

4   2 14.9 
 

3   3 0.248 

4   3 6.62 
 

4 26041 1 1.46 

4 16043 1 1.62 
 

4   2 8.32 

4   2 15.5 
 

4   3 2.18 

4   3 3.7 
 

4 26042 1 2.82 

5 16051 1 5.78 
 

4   2 2.88 

5   2 7.96 
 

4   3 0.972 

5   3 9.86 
 

4 26043 1 1.68 

5 16052 1 3.18 
 

4   2 2.66 

5   2 3.3 
 

4   3 2.76 

5   3 5.44 
 

5 26051 1 6.84 

5 16053 1 10.6 
 

5   2 6.28 

5   2 11.1 
 

5   3 6.14 

5   3 6.32 
 

5 26052 1 1.76 

1 16061 1 2.93 
 

5   2 1.69 

1   2 1.3 
 

5   3 17.8 
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1   3 0.736 
 

5 26053 1 3.44 

1 16062 1 0.768* 
 

5   2 4.26 

1   2 0.588* 
 

5   3 0.846 

1   3 0.432* 
 

1 26061 1 0.246 

1 16063 1 0.134 
 

1   2 0.976 

1   2 0.078 
 

1   3 0.203 

1   3 0.172 
 

1 26062 1 1.28* 

2 16071 1 0.548 
 

1   2 1.01* 

2   2 0.96 
 

1   3 0.175* 

2   3 0.769 
 

1 26063 1 0.0832 

2 16072 1 1.52 
 

1   2 0.265 

2   2 1.22 
 

1   3 0.164 

2   3 1.68 
 

2 26071 1 1.87* 

2 16073 1 1.81* 
 

2   2 2.02* 

2   2 0.322* 
 

2   3 1.26* 

2   3 3.86* 
 

2 26072 1 0.536 

3 16081 1 11.7 
 

2   2 0.0684 

3   2 5.64 
 

2   3 1.65 

3   3 5 
 

2 26073 1 0.324 

3 16082 1 6.64 
 

2   2 0.0224 

3   2 2.96 
 

2   3 0.026 

3   3 8.4 
 

3 26081 1 10.9 

3 16083 1 4.02 
 

3   2 3.36 

3   2 4.8 
 

3   3 6.9 

3   3 3.28 
 

3 26082 1 2.16 

4 16091 1 1.89 
 

3   2 2.86 

4   2 2.8 
 

3   3 2.56 

4   3 5.66 
 

3 26083 1 1.23 

4 16092 1 0.358 
 

3   2 0.724 

4   2 2.08 
 

3   3 0.842 

4   3 2.6 
 

4 26091 1 3.24 

4 16093 1 2.6 
 

4   2 2.86 

4   2 25.2 
 

4   3 4.22 

4   3 18 
 

4 26092 1 15.2 

5 16101 1 4.36 
 

4   2 8.54 

5   2 15 
 

4   3 13.3 

5   3 11.2 
 

4 26093 1 13.5 

5 16102 1 22.8 
 

4   2 7.66 

5   2 18.1 
 

4   3 13.9 
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5   3 5.9 
 

5 26101 1 1.21 

5 16103 1 44.8 
 

5   2 19.4 

5   2 39.8 
 

5   3 12.7 

5   3 23.4 
 

5 26102 1 8.98 

 

      
 

5   2 18.8 

    
 

5   3 4.28 

    
 

5 26103 1 18.5 

    
 

5   2 32.8 

     
5   3 39.8 

 


