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Abstract

Fungal decomposer communities play an essential role in nutrient cycling and are one of the
main drivers of decomposition. Although fungal community composition has been seen to
influence the rate of wood decay, little is known about the influence of invertebrates and
secondary metabolites on the activity and composition of fungal decomposers. Studies have
found that the exclusion of invertebrates from newly dead trees decrease decomposition
rates in deadwood. Still, studies investigating if this is persistent through time are lacking.
Therefore, the aim of this study was to investigate the influence of secondary metabolites,
nutrients and invertebrates on fungal community composition and decomposition rates in
Populus tremula.

Considering that our study was a follow-up, we analyzed wood and bark samples taken at
the onset of the previous study to investigate the relationship between initial nutrients,
secondary metabolites and fungal communities. This was then linked to fungal OTU
(operational taxonomic unit) data from the previous study. To investigate if the effect of
initial invertebrate exclusion on wood decomposition was maintained through time, we
resampled 120 logs distributed between 30 sites for new density measurements. In addition,
the number of polypore fruit bodies was recorded on all 120 logs to see if the number of
polypore fruit bodies could reflect the degree of wood decay in logs.

We found that initial secondary metabolites and nutrients in individual trees significantly
explained some variation in fungal community composition. Wood and bark chemistry also
varied noticeably between individual trees of P. tremula, suggesting that individual trees can
have divergent effects on decomposer communities. Although the initial invertebrate
exclusion did not significantly affect wood decomposition five years after tree death, we still
observed a trend in wood density similar to that of the previous study. We found that logs
with many polypore fruit bodies had a significantly lower wood density than logs with none.
This suggests that the presence of many polypore fruit bodies might indicate a greater
density loss.

This study, along with the previous experimental study, strongly suggests that invertebrate
exclusion along with initial wood and bark chemistry in P. tremula indirectly affect
decomposition of dead wood through directly affecting establishment of fungal decomposer
communities. Still, long term studies are needed to further understand the effect of

invertebrates and initial wood and bark chemistry on fungi and wood decay.



Table of content

[d 241 7Y of PN |
ABSTRACT ... it iiteiiteeirtteertenereaeieresseetasserenssssssseresssssassssssssssesssssssssssnssssassesenssssssssssnsssssssesensssssnsessnssenansessnnnes I
1. INTRODUCGTION .euuiteeuiiienereenereesierenseeressesresseressssssssessssssssssesssssesssssssasssssnsssssssessssssssnsssssssessnssssassssanssssnnsesen 1
2. MATERIAL AND IMIETHOND .. ... cttuuiiteeireeeereeneetennerressereessrenssssessesenssssasssssnssesssssssasssssnssssassessnssssnsssssnssessnsesanne 5
2. STUDY SITES . uteeetertruuieeeeeerrestueaeeerssssstnaaeeesssssnsnnseessnnsseesssssssnnnseesssssssnnneeessssssssnnseesesssssssnnneesssnnneseesssssssnnneneses 5
2.2 INITIAL SAMPLING DURING FELLING ..vvvttuuuueeeererersneeeseesssssssnneaseessssssssnseeeesssssssessssssssnaseesssssssnsesessssssnsnneesessssssnnesees 5
2.3 EXPERIMENTAL TREATIVIENT 1vtuuueeeerrerssunaeseeessssssnnaeseesssssssnnaesessssssssnnssssssssnnsesessssssssnesessssssssnnseseeessssssnnaesessssssnnnsens 6
2.4 SAMPLING IN SEASON TWO evtuuuuneeeerrersuunaeeeeesssssnnnaesessssssssnaesessssssssnessssssssnssesessssssssssessssssssnnsesesessssssnaeeessssssnnseees 7
2.5 SAMPLING IN SEASON FIVE .evvuuuueeeeerrersunuaeseeessssssnaesessssssssnnaesesssssssssesssssssnseesessssssssesessssssssnnaesesessssssmnesessssssneeeees 8
2.5.1 DENSItY MEASUICIMENTS..c..ccveveieieiiiiiiiiiiiii ettt ettt ettt et et e et et e e e e eeeeasaeaeaeaeaeaaaaaaaaassssssssssssasssssens 9
2.6 CHEMICAL ANALYSES 1uueteeeetttuteeeeerssessuneseeessssssnnnaseeessssssnnsasessssnnsesessssssssnnsesessssssssnnsesessssssnnnaseeessssssnneesssnnnnaeseses
2.6.1 Chemical Extraction
2.6.2 HPLC QNQIYSIS ..o

2.6.3 Analysis of condensed tannins (CT)
2.7 STATISTICS et tteeeeeeuuttteteeeeeaut bttt e eeeeauabee et e ee e e e anbe et ee s bt e eeeeeaaasee et e e e e e e e abse et e e e e e e e anbe e e e e e e eaaannn e e e eeeseeeeeeeannbeneeeeeaaan

2.7.1 Analyses of fungal community COMPOSITION ..........cccuveeeeeerieeeeieie e e e e et estee e e aaa e e e e e 11
2.7.2 ANQIYSIS Of WOOU AONSILY ..ottt e ettt e et e ettt e e et e e et a e e e e tseaeaaseaeesasneas 12
2.7.3 Analyses Of POIYPOre frUit DOGIES ............cccueeeeeueeieeeeee e eete e et e et e e etaa e e staa e e e e staaaeeneeas 12
3. RESULTS ... iteeiiteitieneirteneeteneerenseseenseseasssressesenssssensessassssansssssssesssssssenssssnsssesenssssanssssnssssnnssssnssssanssssnnsessnssnee 13
3.1 VARIATION IN NUTRIENTS AND PHENOLIC COMPOUNDS BETWEEN INDIVIDUAL TREES +vvvvuueeerererusineeeeeeeeesnnnneeeeeessessnnnnens 13
3.2 EXPLAINING FUNGAL COMMUNITY COMPOSITION TWO SEASONS AFTER TREE DEATH cevvvuuuneeeerrerenineeeeeeseessnnnnseeesssessnnnneees 15
3.3 EXPLAINING WOOD DECAY FIVE SEASONS AFTER THREE DEATH .eevvvuuuueeeeereersuineeeeersressnnneseeessssssnniaseesssssnseesesssssnnnneneees 19
3.4 THE RELATIONSHIP BETWEEN POLYPORE FRUIT BODIES AND WOOD DECAY ..vvvuuueeeeerrerrnnnseeeeresessnneaeseesssssnnnnseeesssssnnneeens 21
A, DISCUSSION ...ctuuiiennirtenerrenerennierenseerasssssnssessssessssssssssessnssessnssssnsssssnsssssssessnsssssnssssnsssessnsessnsssssnssssnssesansessnns 23
4,1 WOOD AND BARK CHEMISTRY VARY BETWEEN INDIVIDUAL TREES OF P. TREMUILA ....
4.2 EXPLAINING FUNGAL COMMUNITY COMPOSITION ..evvvutuuneeeeererssunneeeeeesesssnnneseeessssssnnnesesesssssereessssssnnmaeeeesssssmnnneeeesseees
4.2.1 Bark GNd WOOT CREIMUSIIY ......coeeeeeeeeeeeeeeee et ete ettt e e ettt e e et e e e sttt e e e ttta e e e aassaeesstteseaeenssasessaneeas
4.2.1 EXCIUSION Of INVEITEDIGLES .......occeeeeeeeeeeee et e e et e et e et e e et a e ettt e e et aa e e st etseaeestaseesaneeas
4.3 EXPLAINING VARIATION IN WOOD DECAY .evvvuuuuereeererssunnsaseeesssssnnaasessssssssnseseesssssnssessssssnsnsesessssssnnesesessssmsnnneeeessees
4.3.1 Bark GNd WOOT CREIMUSIIY ......ooeeeeeeeeeeeeeeee et ete ettt e e ettt e e ettt e e e sttt e e ettt e e et aaesataeseaeenssssessaneeas
4.3.2 EXCIUSION Of INVEITEDIALES ......ooeeeeeeeeeeeeee e ete ettt e et e et a e et e e e ettt e e etsta e e st etseaeessesenaaseeas
4.4 COUNTING POLYPORE FRUIT BODIES AS AN INDIRECT METHOD OF ESTIMATING WOOD DECAY ...uueieeereerrnneeeeeerrennnnnneseeeenns 29
5. CONGCLUSION ..cituierienertnnierenneerenseesensesrassersnssesnssssssssssassessnsssssssessssssssnssssnssessnssssanssssnsssssnsessnssssanssssnssessnsesee 31
REFERENCGES ....ccuuiittuiiteniiienncereneerenserenssesensesressersnsssssnsessasssssssessnssessnsssssssessnssessnssssassessnssssnsssssnssssassessnssssnnnes 32
APPENDIX ... cituiiiteiettniettneetenerensiertnseerensessnssessnsessssssssnsessassesssssssansessnssesssssesssssessnsssssnssssnssssasssssnsssssnsessnssesansans |
APPENDIX 1: HOW THE DATA IS LINKED AND ORGANIZED .....uunennnnenns
APPENDIX 2: AXES IN RDA-ANALYSIS WITH AVERAGE VALUES
APPENDIX 3: SPECIES SCORES = AVERAGE VALUES ....eteveevtuuuneseeereessnnnaeseessssssnnaeseesssssnsnnsesessnnnesesessssssnnsesessssnsssnneesesssssnnnnn
APPENDIX 4: AXES IN RDA-ANALYSIS WITH LINKED VALUES. . .eeeeervureuneeeeereerssnnnsaseessessnnnnseeeessessnnnnsessssnnnaseesssssssnnnneeeseees
APPENDIX 5: SPECIES PLOT FOR LINKED VALUES ...uuteeeteeeruuuuesesessssssnnnaseeessssssnnnaseeessssssnnnessssnsnssesessssssnnnseeessssssnnaesesssees
APPENDIX 6: SPECIES SCORES = LINKED VALUES .1vuuuueeeeesrssuneeeeeeressssnnasesessssssnnnaseesssssssnnnessssssnnaesessssssnnnneesessssssnnnneeseees




1. Introduction

Boreal forests constitute 33% of forest ecosystems worldwide (FAO 2001). Among the most
important structural features of boreal forests is the diversity, volume, characteristics and
continuity of deadwood (Hekkala et al. 2016). Because decomposition of deadwood is a slow
process that may take decades (Alban & Pastor 1993), deadwood within forests represents
varying decay stages, thus providing diverse habitats for a large variety of organisms (Radu
2006). Forming these habitats along with impacting nutrient cycling (Chao et al. 2009; Cline
et al. 2018; Harmon et al. 1986) therefore makes the decomposition process pivotal to the
diversity of plants, animals and microbes (Freedman et al. 1996). In light of this,
understanding the drivers of decomposition of deadwood in a long-term perspective is

highly relevant to ecology.

Fungi are one of the main drivers of decomposition in terrestrial ecosystems (de Boer et al.
2005). Deadwood is characterized by low nutrient content (Laiho & Prescott 2004; Vogt et al.
1986) and high content of cell wall components like lignin and cellulose (Eriksson 1990;
Tullus et al. 2010). Fungi are among the few organisms capable of breaking down these cell
wall components, thus they are integral to decomposition of deadwood (Floudas et al.
2012). This degradation is confined to certain types of basidiomycetes and ascomycetes
species producing enzymes that efficiently breaks down lignin and cellulose (Baldrian &

Valaskova 2008; Liers et al. 2011).

Fungi is a part of both tree life and tree death. Many saprotrophic fungus species are latently
present in wood as endophytes or plant pathogens before tree death (Chapela & Boddy
1988; Parfitt et al. 2010). As the tree dies, some of them have the ability to shift strategies
towards a saprotrophic mode (Chapela & Boddy 1988; Parfitt et al. 2010). These latent
colonizers are often dominating in the early stages of decomposition before being gradually
outcompeted by secondary invaders (Rayner 1988). Studies show that latent colonizers
affect the colonization success of later invaders, meaning that they influence the fungal
communities at later decay stages through opening successional pathways for specific
groups of saprotrophs (Dickie et al. 2012; Fukami et al. 2010; Hiscox et al. 2015; Ottosson et

al. 2014). Because various fungus species possess different traits in breaking down



deadwood, the abundance and composition of them is likely to significantly influence the
rate of decomposition (Blanchette 1995; Boddy & Watkinson 1995). Hence, fungi are a

fundamental part of nutrient cycling in forest ecosystems.

Insects may also contribute to decomposition by directly feeding on deadwood. While
termites (Isoptera) are known to be the most important wood consuming invertebrates for
wood mass loss (Sands & Brian 1978), they do not occur naturally in boreal forests. Excluding
termites, beetles (Coleoptera) are functionally and numerically dominant invertebrates
within deadwood (Stokland & Siitonen 2012; Wheeler & Crowson 1982). While invertebrates
have been shown to influence decomposition, the direct effects of insects are

inconsequential compared to that of fungi (Boddy 2001; Ulyshen et al. 2014; Ulyshen 2016).

Several studies also show that insects might influence decomposition of deadwood indirectly
through insect-vectored dispersal of saproxylic fungi. Insects have been seen to carry both
ascomycetes species connected to wood (Jacobsen et al. 2017; Strid et al. 2014) and
basidiomycetes species associated with deadwood (Jacobsen et al. 2017). As mentioned, the
fungal community composition in deadwood influences the rate of wood decay (Blanchette
1995; Boddy & Watkinson 1995), thus insects may influence decomposition of deadwood

through targeted animal mediated dispersal of wood-inhabiting fungi.

There are also many factors contributing to wood decomposition that have not been
extensively studied. The role of plant secondary metabolites and nutrients in wood
decomposition is an example of this. It is well known that plant secondary metabolites like
phenolic compounds can influence the rate of decomposition in litter (Horner et al. 1988).
Studies also show that C/N-ratio seem to be important for fungal communities and
decomposition rates in spruce and beech litter (Asplund et al. 2018). Despite this, little is
known about the chemical qualities of trees that are of importance for wood decomposition

and fungal establishment in deadwood.

Individual trees may also possess divergent chemical properties. Studies show that trees of
the same species can have intraspecific variation in the concentration of chemical

compounds due to environmental and genetic factors (Hall et al. 2007; Hemming & Lindroth



1995; Hemming & Lindroth 1999). Further, the chemical composition of a tree has been seen
to influence its biotic and abiotic environment (e.g. herbivores, pathogens & soil) (Lindroth &
Hwang 1996; Robinson et al. 2012). Differences in phenolic compounds and nutrients
between individual trees may therefore be more important in relation to decomposition

than anticipated.

A study conducted in Norway investigated the influence of invertebrate exclusion on fungal
communities and decomposition rates in dead wood two seasons after tree death (Jacobsen
et al. 2018). This was done by conducting a field experiment on aspen (Populus tremula)
logs, excluding invertebrates larger than 1 mm. The main findings from this study was that
the exclusion of invertebrates had a significant effect on the fungal community composition.
The invertebrate exclusion also significantly affected decomposition, showing that logs
exposed to invertebrates had a significantly lower density than the logs where invertebrates
were excluded (Jacobsen et al. 2018). It also turned out that the individual tree that the log
originated from could explain a big proportion of the variation in fungal community
composition two seasons after tree death (Jacobsen et al. 2018). This highlights the
importance of investigating how the chemical composition of individual trees can impact the

development of saprotrophic fungal communities after tree death.

Our study is based on the ground-breaking study of Jacobsen et al. (2018), which was the
first experimental study to combine and investigate the importance of invertebrates and
fungal communities in relation to wood decomposition. Considering that decomposition is a
slow process (Alban & Pastor 1993), the study of Jacobsen et al. (2018) had a short time
frame (two years). We wanted to investigate if the observed differences in wood decay rates
were maintained, and therefore resampled the logs five seasons after three death (i.e. three
seasons after sampling was conducted in Jacobsen et al. (2018)). New density measurements
were taken, and wood and bark samples taken at the onset of the previous experimental
study were analyzed.

Because density measurements require a lot of equipment and is a time-consuming process,
we also decided to count the number of polypore fruit bodies on the logs to see if they could
reflect the degree of wood decay. A previous study found that the number of fruit bodies on

individual logs could be considered as a rough proxy for fungal species importance in the



wood decay process (Pouska et al. 2011). To our knowledge, our study is the first study to
investigate the relationship between initial wood and bark chemistry, fungal community

composition and decomposition.

Our main questions in this thesis are:

1) Can initial nutrient content or phenolic compounds in wood and bark of live trees explain
early variation in fungal community composition?

2) Are differences in wood decay after initial insect exclusion maintained through time?

3) Does the number of polypore fruit bodies on the logs reflect degree of wood decay?

These questions were investigated through fieldwork, chemical analyses, wood density
measurements, use of data from the study of Jacobsen et al. 2018, as well as comparison of

results from two and five seasons after tree death.



2. Material and method

2.1 Study sites

The fieldwork was carried out in @stmarka (60.08° N, 10.58° @, 300-500 m.a.s.l) and
Nordmarka (59.87° N, 10.97° @, 250-300 m.a.s.l), South-East Norway during the summer of
2018 (figure 1). Both landscapes are within the south boreal vegetation zone (Moen, 1988)
and are referred to as boreal coniferous forest. The dominant species is spruce (Picea abies),
with elements of pine (Pinus sylvestris), birch (Betula pubescens) and European Aspen (P.

tremula) (Moen, 1988).
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Figure 1: Map over study sites in Nordmarka (red) and @stmarka (blue), South-East Norway. Reproduced from

Jacobsen et al. 2018 with permission.

2.2 Initial sampling during felling

In March 2014, 17 aspen trees (P. tremula) from the same area in As, Norway (Lat. 59.66,
Long. 10.79, 92 m.a.s.l) were felled. After felling they were cut into 1m-long logs, with an
average diameter of 27,6 cm. The choice fell on aspen due to the relatively fast decay rate
(Angers et al. 2012; Gonzalez et al. 2008; Kahl et al. 2017) and high diversity of wood-
inhabiting species (Tikkanen et al. 2006). Fresh wood samples were taken between every

second or third log during felling (green sections, figure 2), for a total of 53 samples. This



was done by drilling 10 cm into the wood, using a sterilized drill bit with a diameter of 12
mm. Bark samples were taken per individual tree, in recent time after felling. Wood samples

were dried and stored at -80°C, while bark samples were dried and then stored at -30°C.

Fresh wood samples
between the logs
" |

TreelD=A, B, C..Q 3 7 11 15

e.g
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Tree section =1,2,3..18 ' 2 4 5 6 8 910 1213 14 16 17 18

v
Logs for experimental treatment

Figure 2: lllustration of a felled tree divided into logs for the experimental treatment. The figure shows the

location of fresh wood samples taken between the logs (green), classification of tree identity and tree section.

2.3 Experimental treatment

In April 2014, all 120 logs were distributed between the two landscapes, with 15 sites in
@stmarka and 15 sites in Nordmarka (figure 1). Four logs were placed at each site and
assigned to one of four treatments; a) caged logs, b) cage control, c) control and d) ethanol-
baited positive control (figure 3) (Jacobsen et al. 2018). All logs were placed on a thin plastic
sheet during treatments to prevent soil invertebrates from penetrating the cage. At each site
the logs were placed a few meters apart, except from the ethanol-baited logs, which were

placed approximately 10 m away from the others (Jacobsen et al. 2018)

The treatments were expected to form a gradient of invertebrate colonization. The caged
logs were hypothesized to be colonized by few invertebrates, while both the control logs and
cage control logs were expected to represent a natural invertebrate colonization (Jacobsen
et al. 2018). Lastly, the ethanol-baited logs were expected to be colonized by more
invertebrates than the other treatments. The purpose of the cage control was to account for
microclimatic effects of the cage. If the cage itself had a stronger effect on the fungal
community than the exclusion of invertebrates, the fungal community composition in both

cage and cage control was expected to be similar (Jacobsen et al. 2018).



Figure 3: The experimental setup with a) caged log b) cage control log c) control log and d) ethanol-baited log.

The treatment period lasted for two seasons. The treatments were first set up in April 2014
and removed in November 2014 in both study sites. Removing the cages in winter, allowed
snow to fall naturally on the logs (Jacobsen et al. 2018). The treatments were again set up in
@stmarka in March 2015 and Nordmarka in April 2015. This was done as soon as the snow
had melted. In November 2015 the experiment ended and DNA samples and wood samples

for density measurements were taken (figure 4) (Jacobsen et al. 2018).

DNA, BARK & WOOD DNA & WOOD WOOD SAMPLES
SAMPLES SAMPLES

g% &4
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L4 Experimental treatment n No treatment
Season 0 Season 2 Season 5

Figure 4: Timeline of the experiment. Season 0: Before summer of 2014. Season 2: After the summer of 2015.
Season 5: Summer season of 2018. The start and end of the experimental treatment is illustrated with an
orange X.

2.4 Sampling in season two

Wood samples for DNA analysis were taken as described for fresh logs. There were two
samples taken for DNA analysis from each log. One 25 cm from the end, and one 50 cm from
the end. This resulted in a total of 240 DNA samples. Wood samples for density

measurements were taken close to the DNA samples, with four samples taken per log,



resulting in a total of 480. One end sample and one mid sample at was taken the top of the
log, and one end sample and mid sample was taken at the side of the log. This was done by
using a core sample drill with a diameter of 12 mm. Each sample had to be a minimum of 10

cm, to ensure 5 cm inner wood and 5 cm outer wood (Jacobsen et al. 2018).

2.5 Sampling in season five

Our fieldwork was carried out in May and June 2018. This was the beginning of the fifth
season after the trees were felled and distributed between sites (figure 4). At each of the 30
sites all four logs were examined. Four wood samples were taken per log for wood density
measurements. These samples were taken as described for the sampling in season two, with
the exception that they were taken 20 cm (end sample) and 45 cm (mid sample) from the
same end. This was done to ensure that the samples were as unaffected as possible from the
previous drilling holes, while still representing roughly the same area of the logs. We
attempted to extract a minimum length of 5 cm for the samples to ensure enough material
for the density measurements. It was not possible to extract samples of 10 cm length (5 cm
inner wood and 5 cm outer wood), as in season 2, because the inner part was usually too

decomposed to be extracted.

During sampling, polypore fruit bodies on all logs was also recorded. The number of
polypore fruit bodies was counted and divided into three classes; i) none, ii) few
(approximately 1-4 fruit bodies) and iii) many (>5 fruit bodies) (figure 5). For annual species,

fresh fruit bodies and fruit bodies developed in the last year were included.

i) None ii) Few iii) Many

Figure 5: An illustration of the three classes the recording of polypore fruit bodies was based on: i) none ii) few
and iii) many.



2.5.1 Density measurements

Samples longer than 5 cm were cut into 5 cm before drying. All samples were then dried at
103°C overnight, before dry weight was measured. A selection of the wood samples was
shorter than 5 cm and/or very crumbly. In addition, samples from one site was taken with a
smaller drill bit of 10 mm in diameter. This was accounted for in our calculations. Two of the
samples were impossible to extract from the logs, both placed in Losby, @stmarka. Because
four samples were taken for each log, we still had density measurements from all logs.
Wood density for each sample was then calculated as dry weight (g) divided by volume

(ecm3).

2.6 Chemical analyses

The chemical analyses were performed from August 2018 to January 2019. In 2014, 53 fresh
wood samples and fresh bark samples from each tree were taken after felling. The samples
were preserved by drying them at 30°C and then freezing them. In August 2018 these
samples were ground to fine powder in a Retsch MM400 ball mill (Retsch, Haag, Germany)
with 30 rotations s™* for 4-5 minutes. 6-9 mg of each sample was analyzed in a Micro Cube
(Elementer Analysen, Hanau, Germany) to measure carbon (C) and nitrogen (N) content. In
addition, 50-60 mg of each sample was weighed and transferred to precellys tubes for

chemical extraction.

2.6.1 Chemical Extraction

2 ml of MeOH was added to the precellys tubes with an Eppendorf multipipette E3. The
heterogeneous solution was then homogenized in a precellys 24 homogenizer (Bertin
Technologies, Montigny-le-Bretonneux, France) with a speed of 5000 rounds per minute
(RPM). The tubes were put on ice for 15 minutes before they were centrifuged in a Hettich
Universal 16R (Hettich, Tuttlinger, Germany) with a speed of 4000 RPM for four minutes. The
supernatant from each sample was transferred to test tubes with individual pasteur pipettes

to avoid contamination. Lids were also added to each test tube to avoid evaporation.

New 2 ml of MeOH were then added to the precellys tubes and the solution was

homogenized and centrifuged with the same equipment, time and speed as described above



before it was transferred to the test tubes. This was repeated four times before the test
tubes were put into an Eppendorf Concentrator Plus (Eppendorf, Hamburg, Germany). The
test tubes with the supernatant were condensed at 30°C for 2.5 hours on the vacuum-
alcohol (V-AL) setting. After the supernatant was condensed, the test tubes were stored in a
freezer at -18°C until high performance liquid chromatography (HPLC) analysis was
performed. In addition, the residue was stored in a freezer for further analysis of MeOH-

insoluble condensed tannins.

2.6.2 HPLC analysis

The HPLC analysis was performed to separate, identify and quantify each component in the
mixture from the wood samples. With an ultrasonic cleaner (mod. no. USC200TH; VWR
International LLC, Randor, USA), the dried extracts were dissolved in MeOH and diluted with
ultra-clean water (USF ELGA Maxima HPLC; Veolia Water Technologies, Saint-Maurice,
France). The samples were then poured into Eppendorf tubes and centrifuged before going
through a syringe filter (GHP Acrodisc 13 mm Syringe Filter with a 0.45 um GHP membrane;
PALL Corporation, Washington, USA) and sealed inside HPLC vials. An UHPLC quadrupole
time-of flight liquid chromatograph (UHPLC/Q-TOF MS) (6540 series, Agilent) was used to
identify the phenolic compounds. To calculate concentrations, a spectrum at 270-320 nm
was used and compared to commercial standards. For more details on the HPLC analysis

process see Nybakken et al. 2018.

2.6.3 Analysis of condensed tannins (CT)

As described in Hagerman (2002), the acid butanol assay for proanthocyanidins was used to
identify concentrations of MeOH-soluble and MeOH-insoluble condensed tannins. The
solution in HPLC vials was used in recent time after HPLC analysis to determine amounts of
MeOH soluble CTs (Nybakken et al. 2018). The residue from chemical extraction was
analyzed to determine amounts of MeOH-insoluble CTs. For more detailed information on

the analysis and equipment used see Nybakken et al. (2018) and Hagerman (2002).
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2.7 Statistics
All statistical analyses were conducted in R. Version 1.1.456 for mac OSX (R Core Team

2018).

2.7.1 Analyses of fungal community composition

Ordination was used to analyze composition of the fungal community in terms of abundance
(number of sequences) of operational taxonomic units (OTUs). OTUs were identical to those
analyzed in Jacobsen et al. (2018), wherein further details on DNA analysis and
bioinformatics can be found. Fungal community data from season 2 was used in the
ordination analysis and linked to initial wood and bark chemistry. In this analysis we
investigated the effect of the experimental treatments in combination with the initial
nutrient content and phenolic compounds on fungal community composition in season 2.
This was done with redundancy analysis (RDA) of Hellinger-transformed abundance data
(Borcard et al. 2018), using the vegan package v 2.5-4, to test the significance of the RDA

models and axes we used the “anova.cca”-function with 999 permutations (nperm=999).

Two ordination analyses were conducted, due to different types of wood and bark chemistry
data; linked values and average values (appendix 1). For linked values, the value of the wood
samples taken between logs per individual tree, were linked to the nearest logs on the same
tree (figure al, appendix 1). For example, the experimental logs 6, 8 and 9 from tree A (Tree
ID) have been assigned the same value as the nearest fresh wood sample (sample 7). For
average values, the values of the three or four wood samples taken per tree between the
logs were used to calculate an average value for the tree, meaning that all logs from the
same tree ID got the same value (figure a2, appendix 1). Because one bark sample was
taken per tree, we only had average values for bark chemistry per tree and could not include

bark in the linked-values data. For more details on linked and average values see appendix 1.

In the ordination analysis for average values the constraining variables were; treatment,
wood and bark chemistry, diameter and log section (mid or end). Tree placement, site and
landscape were included as conditional variables. It was not possible to include tree ID as a
conditional variable, due to identical values (average) for all logs from the same tree. In the

ordination analysis for linked values the constraining variables were; treatment, wood
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chemistry, diameter and log section (mid or end). Tree ID, tree placement, site and

landscape were included as conditional variables.

2.7.2 Analysis of wood density

Linear mixed models fit by restricted maximum likelihood (REML) were used to investigate if
the observed initial effects of treatments persisted in season 5. We tested whether the
density of wood samples differed between experimental treatments (n=480) in season 5,
with treatment, wood flavonoids, bark C/N and bark phenolic acids as fixed effects. Tree
placement nested under tree ID, site nested under landscape, tree ID and landscape were
included as random effects. The residuals were tested in a Shapiro test to check if they were

normally distributed.

2.7.3 Analyses of polypore fruit bodies

Linear mixed models fit by restricted maximum likelihood (REML) were used to investigate
the relationship between wood density and the number of polypore fruit bodies in season 5.
We tested whether the density of the wood samples (n=480) were affected by the number
of fruit bodies, with fruit bodies as fixed effects. Tree placement nested under tree ID, site
nested under landscape, tree ID and landscape are included as random effects. The residuals

were tested in a Shapiro test to check if they were normally distributed.
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3. Results

3.1 Variation in nutrients and phenolic compounds between individual trees

Although nitrogen (N) was undetectable in wood, there was a noticeable variation in bark N
concentration between all 17 trees that the logs in the experimental study originated from
(figure 6). Five of the trees (B, G, H, K, P) especially stood out, as they all had N
concentrations over 1.5%. Four trees (C, D, J, L) had N concentrations quite below the

average of 1.11%, with all of them containing concentrations lower than 0.5% nitrogen

(figure 6).
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Figure 6: Bark nitrogen concentration prior to the experiment, immediately after the trees were felled. The

bars represent each tree (TREE ID: A-Q) + standard error of the mean.

The total concentration of phenolic compounds in bark varied between different trees
(figure 7). The trees that contained the highest percentage of nitrogen in the bark (P, G and
B), also had the highest amount of bark phenolic compounds. Three of the four trees (C, D
and J) containing the lowest concentrations of bark N, also had the lowest concentrations of
bark phenolic compounds (figure 6 & 7). For one of the trees (C), the concentrations of
MeOH-soluble condensed tannins and MeOH-insoluble condensed tannins were especially
low. All trees had higher concentrations of bark phenolic acid and salicylates than the other

groups of phenolic compounds (figure 7).
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Figure 7: Total concentration of bark phenolic compounds prior to the experiment, immediately after the trees
were felled. The bars represent each tree (TREE ID: A-Q) and are divided by phenolic compounds; MeOH-
soluble condensed tannins (dark blue), MeOH-insoluble condensed tannins (red), salicylates (yellow),
flavonoids (light blue) and pheno

lic acid (green).

The concentration of phenolic compounds in the wood was quite low compared to bark
(figure 8). While bark concentrations ranged between 50-425 mg g* DW (figure 7), the
concentrations for wood were between 1-18 mg g* DW (figure 8). Despite this, the
concentration of phenolic compounds in wood varied between the trees. One of the trees
(0) had a concentration that was more than four times higher than the average of 4 mg g*

DW (figure 8). In general, the wood contained more flavonoids and salicylates than phenolic

acid.
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Figure 8: Total concentration of wood phenolic compounds prior to the experiment, immediately after the
trees were felled. The bars represent each tree (TREE ID: A-Q) and are divided by phenolic compounds;

phenolic acid (green), salicylates (yellow) and flavonoids (light blue).

3.2 Explaining fungal community composition two seasons after tree death

Fungal community composition (abundance of fungal OTUs) in the logs two seasons after
tree death was significantly affected by the experimental treatments, log diameter, section
of the log (mid or end) and several wood and bark chemistry variables (table 1).

The experimental treatments formed a gradient of fungal community composition spanning
from caged logs to ethanol-baited logs (EtOH), with control and cage control in intermediate
positions (figure 9 & 10). The ordination axes RDA1 and RDA 2 were significant in explaining

gradients of variation in the fungal community composition (appendix 2).

Table 1: ANOVA analysis (for average values) testing the significance of the explanatory variables (treatment,
section, diameter log and wood/bark chemistry) in explaining the variance in OTU composition of the wood
samples from experimental treatments. Significance is tested by 999 permutations (n=999) of redundancy

analyses. Site, landscape and tree placement are included as conditional variables.
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Explanatory variables Df Variance F Pr(>F)
Treatment 3 0.008 1.662 0.025
Section 1 0.006 3.527 0.004
Diameter log 1 0.010 6.202 0.001
Wood salicylates 1 0.007 4.236 0.001
Wood flavonoids 1 0.018 10.681 0.001
Wood phenolic acid 1 0.003 1.767 0.071
Wood C 1 0.014 8.347 0.001
Bark CN content 1 0.013 7.524 0.001
Bark HPLC tannin 1 0.003 2.072 0.038
Bark phenolic acid 1 0.006 3.705 0.003
Bark flavonoids 1 0.007 4.622 0.002
Bark salicylates 1 0.011 6.833 0.001
Residuals 210 0.350 - -
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Figure 9: Ordination plots (with average values) for treatment samples showing vectors and centroids of
constraining variables (log section, wood/bark chemistry, log diameter and experimental treatments) in

redundancy analysis of Hellinger transformed abundance of fungal OTUs. Site, landscape and tree placement
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are included as conditional variables. Wood and bark are abbreviated to “W” and “B” in the plot (e.g. W.

salicylates = wood salicylates, B. salicylates = bark salicylates). The fungal species and/or genus with the highest

and lowest species scores for each axis are visualized along the ordination axis (table a2 & a3, appendix 3).
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Figure 10: Ordination plots (with average values) for treatment samples showing the distribution of samples
(colored according to treatment: Cage, cage control, control and EtOH) and centroids/vectors of constraining
variables (log section, wood/bark chemistry, log diameter and experimental treatments) in redundancy analysis
of Hellinger transformed abundance of fungal OTUs. Site, landscape and tree placement are included as
conditional variables. Wood and bark are abbreviated to “W” and “B” in the plot (W. salicylates = wood

salicylates, B. salicylates = bark salicylates).

Trametes ochracea and Bjerkandera adusta were most abundant in ethanol-baited logs,
while Chondrostereum purpureum and Cadophora spp. were most abundant in caged logs
(figure 9) (table a2 & a3, appendix 3). The fungal communities in control and cage control
logs were similar along the second gradient of variation (RDA2, figure 9), thus C. purpureum

was the most abundant in both.
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The RDA analysis also showed that bark and wood chemistry significantly explained a
substantial proportion of the variation in fungal community composition (table 1). While the
exclusion treatment could only explain 1.75% of the variation in fungal community
composition, wood and bark chemistry as a whole explained 18% of the variation (table 1).
This is also represented in figure 10 showing samples along the ordination axes, where
treatments and section (mid or end) are clustered in the center, indicating short gradients of
variation. Bark and wood phenolic compounds and nutrients are represented by long
vectors, indicating long gradients of variation. Still, 76.75% of the variance in fungal
community composition could not be explained by the variables included in our analysis

(residuals, table 1).

The samples with higher levels of flavonoids in wood and bark significantly affected the
fungal community composition along RDA 1 and RDA 2 (figure 9), thus higher concentrations
of these compounds seemed to be correlated with a higher abundance of B. adusta and
Cadophora spp. (table a2 & a3, appendix 3). Wood salicylates along with MeOH-soluble
condensed tannins seemed to correlate with the abundance of B. adusta (figure 9) (table a2
& a3, appendix 3). Samples with higher concentrations of wood carbon significantly
explained the abundance of T. ochracea (figure 9) (table a2 & a3, appendix 3). In general,
most of the bark and wood phenolic compounds and nutrients significantly explained the
second ordination axis (RDA 2, figure 9 & 10).

When using linked values (tree-ID included) in the analysis, the experimental treatments
were still significant in explaining the variance in fungal community composition (table 2).
Wood flavonoids, wood carbon and the diameter of the logs also significantly explained
some of the variation, while wood salicylates were near significant. Both ordination axes
(RDA1 & RDA2) were significant in explaining gradients of variation in the fungal community
composition (table a4, appendix 4). Samples with higher concentrations of wood flavonoids
seemed to influence the abundance of Cadophora spp. (figure a3, appendix 5) (table a5 &
a6, appendix 6). In addition, wood carbon and diameter seemed to influence the abundance

of B. adusta (table a5 & a6, appendix 6).
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In general, both treatment and wood and bark chemistry explained a small, but significant
proportion of the variance in fungal community composition. Still, 90.41% of the variance

could not be explained by the variables in the ordination analysis (residuals, table 2).

Table 2: ANOVA analysis (with linked values) testing the significance of the explanatory variables (treatment,
section, diameter log and selected wood/bark chemistry) in explaining the variance in OTU composition of the
wood samples from experimental treatments. Significance is tested by 999 permutations (n=999) of

redundancy analyses. Site, landscape, tree placement and tree-ID are included as conditional variables.

Explanatory variables Df Variance F Pr(>F)
Treatment 3 0.011 2.536 0.001
Section 1 0.006 3.997 0.001
Diameter 1 0.004 2.423 0.011
Salicylates wood 1 0.003 1.698 0.058
Flavonoids wood 1 0.004 2.803 0.003
Carbon wood 1 0.004 2.359 0.011
Residuals 200 0.302 - -

3.3 Explaining wood decay five seasons after three death

In season 5 (three seasons after the experimental treatments had ceased) the wood density
of P. tremula was not significantly affected by the initial invertebrate exclusion (table 3).
Even though the observed initial effect on wood decay after invertebrate exclusion was not
maintained in season 5, a similar trend in wood density of treatments was observed, with
highest average density for caged logs (figure 11). The differences in average wood density
between treatments were higher in season 5, despite not being significant (figure 11). In
season 5, the total average wood density for all treatments were 2.5% lower than for season
2. However, the bark samples taken after tree felling showed a significant positive
correlation between C/N-ratio, phenolic acid and wood density, meaning that the samples
with higher C/N-ratio and phenolic acid concentrations had a significantly higher wood
density. Although not significant, wood flavonoids seemed to be negatively correlated with

wood density (table 3).
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Table 3: Linear mixed model fit by REML explaining wood density in season 5 by experimental treatment (cage

as intercept) and wood flavonoids (linked value), bark C/N-ratio (average value) and bark phenolic acids

(average value) as fixed effects. Tree placement nested under tree-ID, site nested under landscape, tree-ID and

landscape are included as random effects.

Random effects Variance Std. Deviation

Tree placement:Tree-ID <0.001 0.028
Site:Landscape <0.001 0.013

Tree-ID <0.001 0.013

Landscape <0.001 0.018

Residual <0.001 0.022

Fixed effects Estimate Std. Error T-value P-value
Intercept 0.222 0.0423 5.189 <0.001
Cage control -0.007 0.008 0.856 0.391
Control -0.009 0.008 -1.064 0.288
EtOH <0.001 0.008 0.037 0.970
Wood flavonoids -0.004 0.003 -1.532 0.126
Bark CN content 0.016 0.006 2.796 0.005
Bark phenolic acid 0.002 0.001 3.865 <0.001

REML criterion at convergence: -897.4
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Figure 11: Average wood density for the different experimental treatments in season 2 and season 5. The bars
represent the average wood density for the various treatments (caged, cage control, control and ethanol-

baited positive control) + standard error of the mean (SEM).

3.4 The relationship between polypore fruit bodies and wood decay

Few species of fungi were recorded five seasons after tree death, with only fruit bodies from
T. ochracea and Corticium roseum present on most logs. T. ochracea was the dominating
fungus species, with a presence on 72% of the logs.

The presence of many polypore fruit bodies significantly (negatively) correlated with the
density of the logs (table 4), meaning that the logs with many fruit bodies had a significantly
lower wood density than the logs with none (figure 12). However, we found no correlation
between the presence of few fruit bodies and the wood density of the logs in our study

(table 4).
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Figure 12: Average wood density and amount of fruit bodies on the logs. The bars represent the average wood

density for logs with none, few and many fruit bodies * standard error of the mean (SEM).
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Table 4: Linear mixed model fit by REML explaining wood density of wood samples by the number of fruit

bodies as fixed effects. Tree placement nested under tree-ID, site nested under landscape, tree-ID and

landscape are included as random effects.

Random effects Variance Std. Deviation

Tree placement:Tree-ID  <0.001 0.025

Site:Landscape <0.001 0.013

Tree-ID <0.001 0.020

Landscape <0.001 0.012

Residual <0.001 0.022

Fixed effects Estimate Std. Error T-value P-value
Intercept 0.367 0.012 30.622 0.000
Few fruit bodies 0.009 0.009 1.089 0.276
Many fruit bodies -0.018 0.008 -2.210 0.027

REML criterion at convergence: -920.2
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4. Discussion

Our results showed that initial wood and bark chemistry significantly explained almost 20%
of the variation in the fungal community composition two years after tree death, confirming
our hypothesis. Furthermore, the exclusion of invertebrates larger than 1 mm was still
significant in explaining the fungal community composition when initial wood and bark
chemistry was accounted for. The initial effect on wood decomposition rates observed two
seasons after invertebrate exclusion, was not significant three years later (in season 5).
Despite this, we found a similar trend. Lastly, the logs with many polypore fruit bodies had a

significantly lower wood density than the logs with none or few.

4.1 Wood and bark chemistry vary between individual trees of P. tremula

Nitrogen concentrations in bark varied noticeably between individual trees in our

study. Bark has been shown to store more nitrogen than wood, due to its role in protein
storage (Romashkin et al. 2018; Wetzel & Greenwood 1989), possibly explaining why we
only found detectable amounts of N in bark. Although no other study has looked at variation
of bark nitrogen between individual P. tremula trees, a variation of N concentrations has
been found in leaves within this species (Hemming & Lindroth 1995). As this variation has
also been found in bark N concentrations among hybrid poplar clones (Black et al. 2001), the
variation found in leaves of P. tremula might be applicable to other plant parts (i.e. bark) in

this species.

Trees containing higher N concentrations in bark also showed higher levels of bark phenolic
compounds. This is inconsistent with several studies showing that increased nitrogen
concentrations decrease the production and utilization of phenolic compounds in plants
(Bryant et al. 1983; Hakulinen et al. 1995; Herms & Mattson 1992). In contrast, one study
found that fertilization with N increased the concentration of phenolic compounds in carrots
(Smolen & Sady 2009). These contrasting findings could be connected to carbon versus
nitrogen limited growth and production of phenolics in different plant species (Keski-Saari et
al. 2008; Mooney 1972), along with divergent characteristics among herbaceous, deciduous
and coniferous species in storing and utilizing nutrients (Chapin 1980; Mooney 1972;

Tomlinson et al. 2013). Still, Ushio et al. (2009) found that the production of phenolics can
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increase plant nitrogen uptake, by inhibiting microbial activity and relaxing competition
between plants and microbes. This can potentially give an explanation to the relation we

found between higher concentrations of N and phenolic compounds in bark.

Similar to nitrogen, the concentrations of phenolic compounds in wood and bark varied
between individual trees in our study. According to Zabel & Morrel (2012), the durability of
trees is characterized by wide variability between and within species, thus reflecting the
genetic potential of a tree, as well as the environmental conditions under which the tree is
grown. Environmental and genetic factors have been found to possibly influence
intraspecific variation in concentrations of chemical compounds in leaves of P. tremula (Hall
et al. 2007; Hemming & Lindroth 1995; Hemming & Lindroth 1999). Additionally, the closely
related Salix myrsinifolia is known for its genotypic variability, with varying phenolic
compound concentrations in leaf, stems and twigs (Nissinen et al. 2018; Nybakken &
Julkunen-Tiitto 2013). Genetic factors can therefore offer an explanation to the observed
variation of phenolic compounds in wood and bark in our study. Despite all trees being from
the same stand, environmental conditions like light accessibility and soil nutrients may vary
within short distances (Craine & Dybzinski 2013), and might therefore have influenced the
chemical composition of the 17 P. tremula trees. As genetic diversity within plant
populations have been shown to impact consumer communities (Donaldson & Lindroth
2007; Winkel-Shirley 2001), it is reasonable to assume that there might be an effect on other

communities (e.g. decomposers), but further studies are needed to confirm this.

4.2 Explaining fungal community composition

4.2.1 Bark and wood chemistry

Initial nutrients in wood and bark significantly explained variation in fungal community
composition in our study. Similarly, Baldrian et al. (2016) found nitrogen content to influence
both fungal biomass and community composition. A strong correspondence between carbon
and C/N concentration in logs and fungal community structure has also been observed in
previous studies (Purahong et al. 2018; Rajala et al. 2012). Correspondingly, we found that
carbon and C/N-ratio alone explained a substantial proportion of the fungal community
composition. Purahong et al. 2016 discussed if changes in the wood inhabiting fungal

community alter physiochemical wood properties (e.g. nutrients) or whether these
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properties alter the fungal community. Although our study suggests that nutrients alter the
wood inhabiting fungal communities, studies have found fungal communities to influence
physicochemical properties through translocating nutrients to wood from other substrates
(e.g. litter or soil) as decomposition proceeds (Wells et al. 1998). Because wood and bark
samples for chemical analyses were only taken at the onset of the initial experiment, our
knowledge about the effect of the fungal communities on nutrients in our study is lacking.
However, studies indicate that the influence of physicochemical properties on fungal
communities and vice versa are co-dependent during decomposition (Hoppe et al. 2016;
Kahl et al. 2017; Makipaa et al. 2017), thus further sampling is required to determine if this is

the case in our study.

While wood and bark phenolic compounds in relation to fungal communities has hardly
been studied, we found that various phenolic compounds in wood and bark (e.g. phenolic
acid, flavonoids and tannins) significantly influenced fungal community composition. Studies
have found that some phenolics work as inhibitors for fungi growth and wood decay, while
some act as fungi growth accelerators (Schultz & Nicholas 2000; Zarzynski 2009). Although
we saw an effect of these compounds on fungal community composition two seasons after
tree death, we have no knowledge about how they influenced (negatively or positively) early
fungal colonizers. However, we do know that bark acts as a physical barrier or filter for
fungal establishment (Dossa et al. 2018; Paine et al. 2010), while secondary metabolites in
bark forms a chemical defense against pathogens (e.g. fungi) (Franceschi et al. 2005;
Wainhouse et al. 1997). It is therefore possible that phenolic compounds in bark influenced
early fungal establishment by acting as a chemical barrier to decomposer fungi. If so, this
could explain the influence on fungal community composition two seasons after tree death,
as individual species have been shown to drive assembly history (Hiscox et al. 2015). The
species that first colonize and their abundance have been found to affect the colonization
success of later invaders and thereby has a major influence on decomposer community
structure (Dickie et al. 2012; Fukami et al. 2010; Ottosson et al. 2014). The effect of
phenolics on fungal community composition two seasons after tree death in our study might
therefore be related to the impact these compounds had on the ability of different fungi to

establish.
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It is possible that wood and bark chemistry could have affected the fungal community
composition already before the trees were felled. It is well known that saprotrophic fungi
can be latently present in living trees as endophytes before the trees die (Crozier et al. 2006;
Griffith & Boddy 1991; Parfitt et al. 2010; Sieber 2007; Song et al. 2017). This corresponds
with Jacobsen et al. (2018), who found that OTU richness was surprisingly high in the fresh
wood samples before the experiment started. Wood decaying fungi latently present in wood
have been found to have the ability to shift strategies from an endophytic to a saprotrophic
mode as the defensive system of the tree breaks down (Chapela & Boddy 1988; Parfitt et al.
2010). Thus, bark and wood chemistry might have affected the composition of wood
decaying fungi present in the wood before the trees were felled, and not just the early
fungal colonizers arriving shortly after tree death. It is not possible to determine if the initial
wood and bark chemistry mainly influence latent fungi or primary colonizers arriving shortly
after tree death. It may be a combination of both, but further studies are needed to clarify

this.

Our ordination analysis with average values explained more variance than the ordination
analysis with linked values (tree identity included). We also found that wood and bark
chemistry varied noticeably between all 17 trees felled for this experiment, showing that
content of nutrients and phenolic compounds is important in distinguishing individual trees
of the same species. Different trees of the same species may therefore affect fungal
communities variously due to dissimilarities in individual wood and bark chemistry, as
indicated by the ordination analyses of fungal community composition in our study.
Differences between individual trees should therefore be taken into account in studies

attempting to explain variation in community composition of fungi in deadwood.

4.2.1 Exclusion of invertebrates

Jacobsen et al. 2018 found that experimental exclusion of invertebrates larger than 1 mm
from logs, during the first two seasons after tree death, significantly affected the community
composition of wood decaying fungi. Presence or absence of invertebrates at logs after tree
death might influence the establishment of the fungal community by direct effects such as
grazing or propagule dispersal, or by indirect effects through their effect on the substrate

and its microclimatic conditions (Jacobsen et al. 2018). In the present study, we showed that
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the exclusion of invertebrates was still significant in explaining the fungal community
composition even when accounting for initial wood and bark chemistry. Considering the
short time frame (2 years) for the experiment, our results indicate that invertebrates play a
pivotal role in influencing establishment of fungal communities, and thus support the

findings of Jacobsen et al. 2018.

4.3 Explaining variation in wood decay

4.3.1 Bark and wood chemistry

Logs with higher initial bark C/N-ratio and phenolic compound concentrations in our study
had a significantly higher wood density five seasons after tree death. Although the effect of
secondary metabolites and nutrients has hardly been studied in relation to wood
decomposition, they have been found to play a major and overlooked role in litter
decomposition (reviewed in Chomel et al. 2016). Loranger et al. (2002) found that secondary
metabolites were closely related to litter mass loss in the decomposition process. This
influence on decomposition might be caused by the inhibitory effect of secondary
metabolites on extracellular enzyme activity, reducing the ability of microorganisms to
degrade substrates (Joanisse et al. 2007; Schimel et al. 1998). Microbial activity (e.g. fungal
activity) is also generally limited by nutrients (Henriksen & Breland 1999; Vance & Chapin
2001), suggesting that nutrients might have an influence on their ability to degrade organic
matter. For example, Asplund et al. (2018) found that increased C/N-ratio decreased
decomposition rates in spruce and beech litter. Because secondary metabolites and
nutrients play a pivotal role in decomposition of litter, with both effects on nutrient cycling
and wider ecosystem functions, it is likely that the role of these compounds is relevant in
decomposition of deadwood as well. Thus, we are in need of studies including secondary

metabolites and nutrients as potential factors influencing decomposition rates in deadwood.

4.3.2 Exclusion of invertebrates

Initial invertebrate exclusion did not significantly affect wood decay of P. tremula in season 5
(i.e. three seasons after the experimental treatments ceased), but a similar trend with higher
density for caged logs was noticeable in both seasons. The average difference in wood
density between cage and control logs was 0.6% greater in season 5 compared to the

average difference in season 2. Decomposition of wood may take decades or centuries
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(Harmon et al. 1986; Russell et al. 2014), and both two and five seasons is therefore a
relatively short time period compared to the duration of wood decomposition. Previous
studies have observed a lag phase in decomposition, where it can take two to five years
before decay rate starts to increase rapidly (Harmon et al. 1995; Harmon et al. 2000; Laiho &
Prescott 1999; Naesset 1999). The observed differences in wood decay between treatments
might therefore become more significant in later decay stages. Conversely, the differences
could become less pronounced, as the treatments ceased after season 2. Hence, resampling
of the of the logs in later decay stages is crucial to understand the long-term effect of the

initial invertebrate exclusion.

The observed similar trend in wood density could be related to priority effects, as the
identity and abundance of early colonizers (e.g. invertebrates and fungi) in deadwood and
their interactions have been seen to influence the colonization success of later invaders
(Dickie et al. 2012; Fukami et al. 2010; Hiscox et al. 2015; Ottosson et al. 2014; Weslien et al.
2011). The effect of early colonizers may be inhibitory or facilitative (Connell & Slatyer 1977),
implying that such priority effects explain much of the variation found in fungal community
composition in deadwood (Chase 2010). Since fungal community composition is known to
significantly influence the rate of wood decay (Blanchette 1995; Boddy & Watkinson 1995),
excluding early invertebrate colonizers may indirectly affect decomposition.
Correspondingly, studies show that invertebrates indirectly affect wood decay through their
effect on the fungal community composition (A'Bear et al. 2014; Jacobsen et al. 2018). The
initial exclusion of invertebrates might therefore have affected early colonization of
invertebrates and fungi, which in turn could have affected the successional pathways of later

arriving species, with diverging effects on decomposition through time.

Practical challenges in the sampling process in season 5 might have influenced our results.
To avoid disturbances from previous drilling holes, samples were taken 20 and 45 cm from
the end, instead of 25 and 50 cm as in season 2 (Jacobsen et al. 2018). The location of
sampling can be important when measuring wood decay due to heterogeneity in
decomposition within logs (Boddy 2001; Graham & Cromack 1982). Considering that we
followed the same procedure as for season 2, where four samples were taken per log and an

average density was calculated, the influence of small-scale heterogeneity on our results
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should be limited. However, we were not able to sample 10 cm of wood for each core
sample, and generally we were limited to the outer 5 cm of wood, which was more intact
than the inner 5 cm. Thus, our results for wood density only concern the less decomposed
outer wood, and potential differences in density of the inner wood was not tested. In
Jacobsen et al. (2018), both outer and inner wood was included in the analysis of wood
density, and outer wood was found to be significantly less decomposed. Potentially, the
differences between treatments might have been more pronounced in the more
decomposed inner wood in season 5.

Furthermore, previous sampling could have affected our results by forming entrance holes
for insects and fungi. Open tunnels created by various insects have been found to accelerate
the decay process by permitting entry and offering ideal conditions for wood rotting fungi
(Graham 1925; Leach et al. 1937; Rayner 1988; Ulyshen 2016). Colonization of fungi in
sampling holes from season 2 could therefore have led to increased heterogeneity in
decomposition within logs or increased variation in decomposition rates between logs,

resulting in a non-significant effect in season 5.

4.4 Counting polypore fruit bodies as an indirect method of estimating wood decay

T. ochracea was the dominating fungus species in this study, with fruit bodies present on
72% of the logs. It is a lignin-degrading white rot basidiomycete that is commonly found on
dead hardwood (Collins & Dobson 1997; Vares & Hatakka 1997). Although fruit bodies do
not represent the entire fungal community inside logs, they reflect the most abundant
species that dominate the substrate (Ovaskainen et al. 2013), indicating a high abundance of
T. ochracea within the logs. As no DNA samples were taken in season 5, further sampling of
the fungal community is necessary to confirm this. Still, the DNA analysis of the fungal
community in season 2 showed that T. ochracea was one of the dominating fungal species

and may therefore partially explain the high abundance of fruit bodies in season 5.

Wood decay of P. tremula was significantly related to the presence of many fruit bodies, as
the logs with many fruit bodies had a significantly lower wood density than the logs with
none or few. According to Pouska (2011) the number or frequency of fruit bodies on
individual logs is considered to be a rough proxy for fungal species importance in the wood

decay process. Renvall 1995 also found that the number of polypore fruit bodies on trunks
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increased with the degree of decomposition until the latest stage of decay. This can explain
the negative correlation we found between many polypore fruit bodies and wood density,
and further indicate that many fruit bodies may reflect a greater density loss at the early and
intermediate stages of decay. However, few polypore fruit bodies did not show a significant
correlation to wood density in our study. Thus, counting the number of polypore fruit bodies
was not a sufficient enough method to accurately estimate the degree of decomposition in

our study, although it can provide a rough indication.
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5. Conclusion

We have shown that initial nutrient content and phenolic compounds in wood and bark
significantly influences the composition of fungal communities in deadwood. Our results
suggest that secondary metabolites and nutrients in individual trees can lead to differences
in establishment of early fungal communities, which is likely to influence subsequent
successional pathways and ecosystem functions of wood-inhabiting species. To our
knowledge, this is the first study to address this issue.

Although exclusion of invertebrates from newly dead trees might decrease decomposition
rates, our study show that this might not be persistent through time. Still, we observed a
trend in wood density similar to that of the previous study. This suggests that invertebrates
may indirectly influence the decomposition process through their effect on fungal
communities, and that our results might be of long-term ecological importance despite not
being significant. Still, more studies are required to confirm our results.

The logs with many polypore fruit bodies had a significantly lower density than logs with
none but counting the number of fruit bodies was not a sufficient enough method of
estimating wood decay in our study. However, it may provide a rough indication of the

degree of decomposition.

Our results, along with the previous study of Jacobsen et.al 2018, strongly suggests that
invertebrate exclusion along with initial wood and bark chemistry in P. tremula indirectly
affects decomposition of deadwood through directly affecting establishment of fungal
decomposer communities. This highlights the importance of deadwood as a habitat for
various species and their pivotal role in forest ecosystems. We are therefore in need of long-
term field studies in forest ecosystems including both insect and fungi interactions.
Furthermore, we need to raise awareness to the role of the various chemical properties of

individual trees in relation to these interactions and decomposition rates.
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Appendix

Appendix 1: How the data is linked and organized

How the data is linked and organized

3 or 4 fresh wood samples were taken just after tree felling. The trees were divided into 1m
long logs and the fresh wood samples were taken between the logs in three or four places.

The number of samples depended of the size of the tree.

Type of data and position

SES = Season
POS 1 = Experimental logs, POS 2 = Between the experimental logs and POS 3 = Other logs

RMJ = Rannveig Margrethe Jacobsen and M&M= Mina-Johanne and Martine.

Data 1: SES 2, POS 1) wood density from season 2 in field and diameter of the logs from the
experimental logs.

Data 2: SES 5, POS1) wood density from season 5 in field and amount of fruit bodies from
the experimental logs.

Data 3: SES 2, POS1) Fungi community from season 2 in field from the experimental logs.
Data 4: SES 0, POS 2) Fungi community from season 0 taken just after tree felling, between
the experimental logs.

Data 5: SES 0, POS 2) C/N content and phenolic compounds from fresh wood samples taken
in season 0 just after tree felling, between the logs.

Data 6: SES 0, POS 3) C/N content and phenolic compounds in bark from season 0 taken just
after tree felling. Not taken from the experimental logs, but logs from each of the 17 trees

which were later used for insect collection.

Tree placement

Tree placement refers to the position of the log along the tree. The position to fresh wood
samples taken between the logs are marked in green; bottom, mid, top and over top. The

experimental logs constitute the rest of the logs.

1-2-3(bottom)-4-5-6-7(mid)-8-9-10-11 (top)-12-13-14-15 (overtop)-16-17-18



The samples are connected as follows according to location:
Bottom (3):1,2,4and 5

Mid (7): 6, 8 and 9

Top (11): 10,12 and 13

Over top (15): 14, 16, 17 and 18

Linking the data

Data 1, 2 and 3 were directedly linked together since they shared the same position, as well
as data 4 and 5. But in order to link data with different positions, we have had to convert
some values. This has resulted in two different groups of sample values used in the

redundancy analysis; linked values and average values.

Linked values

To be able to link data 1, 2 and 3 to data 5 have we used a system where the experimental
logs are connected to the nearest fresh wood sample (3, 5, 8 or 11) within each individual
tree (tree ID). Data 5 consisted of fresh wood samples between the logs (3-4 per tree),
which led to that it was only possible to make linked values for wood values.

For example: The experimental logs 6, 8 and 9 from tree A have been assigned the same

value as the nearest fresh wood sample from tree A - the value for sample 7.

LINKED VALUES EXAMPLE

Value of sample 7 Value of sample 15
= Value 7 = Value 15
Value of sample 3 Value of sample 11
= Value 3 -—\r‘aiue 11
15 !/

G 8
b

13"14 16 17 18
L

3
TREE Al |§
1 2 4 5

Log 1-5 linked to Lug B-3 linked to  Log 10-13 linked to  Log 14-18 linked to
value 3 value 11 value 15




Figure al: An illustration of a felled tree divided into logs for the experimental treatment. The figure shows the
location of fresh wood samples taken between the logs (green), classification of tree identity and tree section,

as well as how the values of samples taken between the logs (green) are linked to a selection of logs.

Average values

To be able to link data 1, 2, 3 and 4 to data 6 we have used a system where data 6 are
converted to average values for each group of phenolic compounds per individual tree. Data
6 consisted of bark samples from each tree, which made it possible to make average values
for both bark and wood values.

For example: All the values for each group of phenolic compounds per log for tree A were

converted into average values for each group of phenolic compounds per tree A.

AVERAGE VALUES EXAMPLE

Average of sample 3, 7, 11 and 15

= AVERAGE VALUE

TREE A

1 2 4 5 6 & 9 1 12 13 14 16 117 18

v

The AVERAGE VALUE was assigned
to each log on, for example, TREE A.

Figure a2: An illustration of a felled tree divided into logs for the experimental treatment. The figure shows the
location of fresh wood samples taken between the logs (green), classification of tree identity and tree section,

as well as how the average value per individual tree are linked to all logs.



Appendix 2: Axes in RDA-analysis with average values

Table al: ANOVA analysis with average values testing the significance of the axis in explaining the variance in
OUT composition of the wood samples from experimental treatments. Significance is tested by 999

permutations (n=999) of rendundancy analysis.

Axis Df Variance F Pr(>F)
RDA1 1 0.066 39.538 0.001
RDA2 1 0.135 8.095 0.001
RDA3 1 0.007 4.344 0.166
RDA4 1 0.005 3.2593 0.492
RDA5S 1 0.004 2.400 0.824
RDA6 1 0.003 1.976 0.939
RDA7 1 0.002 1.182 1.000
RDA8 1 0.002 1.006 1.000
RDA9S 1 0.001 0.717 1.000
RDA10 1 0.001 0.645 1.000
RDA11 1 0.001 0.412 1.000
RDA12 1 0.001 0.340 1.000
RDA13 1 0.001 0.325 1.000
RDA14 1 >0.001 0.269 1.000

Residual 210 0.350
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Appendix 4: Axes in RDA-analysis with linked values

Table a4: ANOVA analysis with linked values testing the significance of the axis in explaining the variance in

OUT composition of the wood samples from experimental treatments. Significance is tested by 999

permutations (n=999) of rendundancy analysis

Axis Df Variance F Pr(>F)
RDA1 1 0.013 8.707 0.001
RDA2 1 0.007 4.603 0.013
RDA3 1 0.006 3.792 0.039
RDA4 1 0.003 2.308 0.379
RDA5S 1 0.002 1.267 0.950
RDA6 1 0.002 1.134 0.945
RDA7 1 0.001 0.971 0.946
RDA8 1 0.001 0.629 0.990
RDA9 1 0.001 0.502 0.973
Residual 199 0.298

X



Appendix 5: Species plot for linked values
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Figure a3: Ordination plots for treatment samples showing vectors and centroids of constraining variables (log

section, wood/bark chemistry, log diameter and experimental treatments) in redundancy analysis of Hellinger

transformed abundance of fungal OTUs. Site, landscape, tree identity and tree placement are included as

conditional variables. Wood is abbreviated to “W” in the plot (W. salicylates = wood salicylates). The fungal

species and/or genus with the highest and lowest species scores for each axis are visualized along the

ordination axis (table a5 & a6, appendix 6).
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