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Parasitic wood fungi are important to forest carbon cycles globally. However, whether or how they affect the
flammability of coarse deadwood is poorly understood. Given the predicted climate-driven increase in wildfires
and associated carbon emissions into the atmosphere, potentially amplifying climate warming, filling this
knowledge gap should have high priority. We thereto investigated coastal plantations of the exotic black pine,
Pinus nigra J.F. Arnold, in the Netherlands, which are widely suffering from Armillaria infection. We hypothesized
that branches from forest stands with a visible Armillaria infection will burn differently compared with branches
from stands without a visible Armillaria infection, due to Armillaria infection having an additional effect on the
branch traits. We tested this hypothesis by burning coarse Pinus nigra branches across a range of densities from
infected and uninfected forest patches under standardized conditions in a fire lab and by measuring Armillaria
biomass (via ddPCR), deadwood traits and key flammability parameters. Armillaria infection did enhance the
flammability of Pinus nigra branches (e.g. more ignitable, longer flame duration and higher percentage mass
loss). This higher flammability originated from both direct Armillaria influences, e.g. via changing wood structure
(before and/or after wood death), and indirect influences, e.g. by facilitating nitrogen fixation in wood, thereby
increasing wood decomposability and consequently reducing wood density. Our findings also have important
implications for understanding the role of pathogens in fire regimes more broadly.

fire. Among these dead materials, the coarse deadwood has a long
residence time due to its lower decomposition rate compared with fine

1. Introduction

Parasitic and saprotrophic wood fungi break down wood of both
living and dead trees, thereby playing an important role in the nutrient
and carbon cycles associated with trees (Harmon et al., 1986; Jakus
1998; Schmidt, 2006; Bradford et al., 2014; Baldrian, 2016). Parasitic
wood fungi obtain their carbon mostly from living trees. Their infesta-
tion could eventually cause mortality of the host tree, especially when it
is subject to stress under extreme climatic conditions (Schmidt, 2006);
this is beneficial for saprophytic decay fungi but could be detrimental for
a forest ecosystem (Rosso and Hansen, 1998; Cherubini et al., 2002).
When the host tree dies, its dead biomass (leaves, fine stems and coarse
deadwood) accumulates at the soil surface, acting as the fuel for surface
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litters (Weedon et al., 2009; Cornelissen et al., 2017). This accumulated
surface deadwood unit plays an important role in facilitating wildfire
spread (Zhao et al., 2018). It can also start a crown fire through fuel
ladders or heating soil through smoldering combustion, thereby inten-
sifying wildfire damage for instance to tree roots (Kauffman and Martin,
1989; Blauw et al., 2017).

Apart from fuel loads, fuel traits (representing its structure and
chemical concentrations) also constitute important factor that strongly
influences the wildfire regime (Cornelissen et al., 2017; Pausas and
Keeley, 2021). These traits of deadwood could also be influenced by
wood parasitic fungi. For example, parasitic fungi can stimulate wood
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break-down directly. Furthermore, by promoting bark beetle and sub-
sequent detritivore attacks (Jakus 1998; Zuo et al., 2016; Kandasamy
et al., 2023), along with saprophytic fungi-induced wood decay, the
internal wood density is also reduced. This in turn creates more internal
ventilation which in its turn increases flammability (Hyde et al., 2011;
Hyde, Smith and Ottmar, 2012; Zhao et al., 2018). Meanwhile, as white
rot fungi, some parasitic fungi are known for targeting lignin in dead-
wood and reducing its concentration. This reduces the heat content (i.e.
fire intensity) during a fire (Demirbas 2001; Schmidt, 2006). While
low-lignin wood may have a low volatilization temperature and a ten-
dency to char, the reduced lignin concentration may increase mass loss
during fire (Cornwell et al., 2009).

The widespread black pine, Pinus nigra J.F. Arnold; native to the
Mediterranean region, is known to suffer from honey fungus (Armillaria
mellea (Vahl.) P. Kumm. complex) infection, probably as a consequence
of recurring soil drought stress. Armillaria is a widespread genus of white
rot fungi known to be one of the most destructive root rot pathogens in
forest ecosystems (Hood, Redfern and Kile, 1991; Schmidt, 2006). By
disrupting the upward movement of water and nutrition through the
xylem, Armillaria infections result in the mortality of cambium, wood
cells and bark, which leads to growth reduction and possible death
(Cherubini et al., 2002; Devkota and Hammerschmidt, 2020). Armillaria
can kill or weaken trees as a primary pathogen (Rosso and Hansen, 1998;
Kubiak et al., 2017) but also as a secondary pathogen where it attacks
trees that are stressed, weakened or wounded by abiotic conditions,
insect activity or diseases (Piercey-Normore and Bérubé 2000; Cherubini
et al., 2002; Sierota, Grodzki and Szczepkowski, 2019). Moreover,
Armillaria can also function as a saprotrophic fungus, generating
mycelial fans on deceased trees. These observations suggest that an
infection with Armillaria could affect forest surface fires by the following
pathways: (1) intensifying surface fire by increasing standing and down
dead wood quantity; (2) at single wood piece scale, altering flamma-
bility by influencing deadwood qualities (structure and chemical
concentrations).

Although Armillaria is known as a root pathogen, their rhizomorphs
and myecelial fans that develop under the bark may actually reach high
up in the trunk. However, we do not know whether these rhizomorphs
and myecelial fans could reach the living branches and then pass on their
effects to the coarse deadwood by changing its density and chemical
quality (especially lignin content); and thereby its flammability. If not,
after the tree dies, we also do not know whether these opportunistic
parasitic fungi will become saprotrophic fungi and subsequently influ-
ence coarse deadwood flammability. These specific influences of
Armillaria may manifest by differences in the chemical quality and
flammability between coarse wood with and without an Armillaria
infection. Given the globally widespread occurrence of parasitic wood
fungi and the predicted climate-driven increase in wildfires and asso-
ciated carbon emissions into the atmosphere, potentially amplifying
climate warming (IPCC, 2021), addressing this question is a high
priority.

Like many other conifer species, Pinus nigra is susceptible to Armil-
laria (Mesanza, Patten and Iturritxa, 2017), especially when it has
already been weakened by recurring local soil drought stress. The
increasing infection rates of trees by Armillaria in the area in recent
years, has raised a debate among the local forest managers regarding the
potential necessity of replacing these exotic pines. This debate has arisen
due to the potential for these pines to pose a greater risk of forest fires in
the future, which has been a significant concern for forest management
in the region. This situation has made these Pinus nigra stands an ideal
host for Armillaria and a suitable model species for our experiments,
while our case study has broader relevance for wildfire in forests
affected by climate-induced pathogens. In this study, we aimed to single
out the effects of Armillaria on the flammability of coarse wood of Pinus
nigra in coastal plantations of the exotic black pine in the Netherlands.
These plantations are particularly fire-prone during drought periods and
several large stands have burnt in recent decades. We hypothesized that
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branches from forest stands with a visible Armillaria infection will burn
differently during a surface fire compared with branches from stands
without a visible Armillaria infection, due to Armillaria infection having
an additional effect on the branch (fuel) traits. The additional effect is
expected because, based on our observations and the literature (e.g.
Cherubini et al., 2002) observations, not the density but also the internal
wood anatomy and chemistry may be affected by pathogens such as
Armillaria. We have tested this hypothesis by collecting coarse (5 cm
diameter) Pinus nigra branches within a range of wood densities from the
soil surface of infected and uninfected coastal forest patches in the
Netherlands, and then burning them under standardized conditions in a
fire lab and measuring Armillaria biomass, wood traits and key param-
eters representing flammability.

2. Materials and methods
2.1. Collection of plant materials

The branches used in this experiment were collected from Pinus nigra
in forest plantations near Castricum in the Netherlands (5233’26 N,
437°20 E) on the 14th of February, 2019. The P. nigra trees in the sample
sites seemed to had reached maturity without any visible symptoms of
fire damage, so we assumed these sites had been fire-free for at least five
decades. This forest area is located in the coastal sand dunes and the
most common tree species are Pinus nigra, Acer pseudoplatanus L. and
Quercus robur L. Pinus nigra is an exotic species which was planted after
the Second World War for dune stabilization and timber production. It
has been widely introduced into other parts of Europe as well. It is
vulnerable to fluctuating water levels including recurring drought,
which weakens the tree. Armillaria is a widespread parasitic fungus that
occurs on all continents except Antarctica. A wide range of plant species,
particularly trees and shrubs in boreal and temperate forests, may be
susceptible to Armillaria infection. Due to abiotic stress weakening the
resistance of trees, Armillaria can infect these weakened trees more
easily. Especially in this study, Pinus nigra trees were planted closely
within stands, which benefits the spread of Armillaria.

There were two types of patches within the same forest area: healthy
Pinus nigra patches and infected Pinus nigra patches; see Fig. S1 for the
visible features of Armillaria infection at the forest patch scale. We
randomly collected dead branches that, together, visually represented
the entire range of decay stages from freshly senesced to strongly
decomposed, both from three Armillaria infected patches and three
nearby uninfected patches. The healthy patches were located 3.5 kilo-
meters north of the infected patches. This made sure that the Pinus nigra
trees in healthy patches were under the minimum effect of Armillaria
spread. The distance between healthy patches varied from 50 to 100 m,
and the distance between infected patches varies from 100 to 600 m. All
patches were 1.5-2.0 kilometers away from the sea. Based on these and
our field observations, all environmental parameters in these patches
appeared the same, except that one patch type showed no sign of an
infection while the other type showed visible, severe Armillaria infection
symptoms. The patches which had irregular shapes, measured around
0.01 km?. Based on previous knowledge, wood density will influence
deadwood flammability as a structural trait. To disentangle the wood
density effect from other trait effects that are potentially altered by
Armillaria infection on deadwood flammability, we needed to check if
and how Armillaria infection influences wood flammability at given
wood density. Whether or not a piece of deadwood will burn may often
depend on subtle differences in flammability around a threshold for
ignition and subsequent combustion. Therefore, even a relatively small
additional contribution of pathogenic fungi to flammability may have a
large impact if it can determine the start of a surface fire that may
subsequently turn into a stand-scale wildfire. In this way we could
compare the flammability of branches with similar wood densities and
soil properties but with different causes of death (pathogen-mediated
senescence vs. branch senescence without pathogens). All branches
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were collected according to the following standards: with diameter of
5 cm, more than 30 cm long and no clear damage on the branch surface.
Any side-branches were removed during collection by a handsaw. In
each patch, at least 15 branches were collected from different downed
deadwood units on the ground. After collection, the branches were
transported to the Vrije Universiteit Amsterdam where they were stored
in a cold room at 7 C to retain their humidity until preparation for the
experimental burns. Before processing, branches from infected and un-
infected patches were each pooled and then sorted by visually estimated
decay stage.

2.2. Armillaria biomass estimation

Since we wanted to specifically investigate the effect of Armillaria on
the flammability of coarse wood of Pinus nigra, we needed to show
whether the fungus was actually physically in the wood and in what
quantities. To address this question we employed a droplet digital PCR
(ddPCR) technique allowing unambiguous quantification of microor-
ganism biomass (Barcelo et al. 2020). To avoid cross-contamination in
the storage room, samples from infected and uninfected patches in each
decay stage were sealed in plastic bags separately. Within a week after
collection, branches were further selected and a subsample of the branch
was cut to measure Armillaria biomass (see Subsample in Fig. S2a). In
total 60 branches with a broad range of wood densities (30 from healthy
and 30 from infected patches) provided subsamples for Armillaria
biomass estimation.

Multiple holes were drilled into the subsample and the collected
sawdust was then pulverized in a ball mill (Retsch MM400, Haan, Ger-
many) to obtain a fine, homogeneous mixture. DNA was extracted from
this mixture with the use of a Dneasy PowerSoil Kit (Qiagen) following
the standard protocols from the manufacturer. The forward ITS3 and
reverse Armi2R primers followed Guglielmo et al. (2007). DNA was
extracted at Vrije Universiteit Amsterdam while the dd-PCR analysis was
performed at Leiden University. For PCR protocol optimization (select-
ing the appropriate annealing temperature) we used the steps as
described in the Bio-Rad Droplet Digital PCR Applications Guide. Each
ddPCR reaction mixture (22 pL) contained 3 pL of DNA template, 1 pL of
each primer (10 pM), 7 pL of Milli-Q and 10 pL of Bio-Rad EvaGreen
Supermix (Bio-Rad, Hercules, CA, USA). Of this 22 pl PCR mixture, 20 pl
was transferred onto a DG8 Bio-Rad cartridge containing 8 wells and
covered with a DG8 rubber gasket, in which it was mixed with Bio-Rad
droplet generator oil and partitioned into 6000-20,000 droplets by
using the Bio-Rad QX-100 droplet generator (Bio-Rad). Additionally,
negative controls were run in every plate containing 3 pl Milli-Q to
check and correct for potential contamination.

The droplet of the individual sample was applied to a 96-well PCR
reaction plate. PCR was performed in the 96-well plate sealed with
pierceable sealing foil by using the PX1 PCR plate sealer (Bio-rad). PCR
conditions were 10 min at 95 °C, 40 cycles of denaturation for 30 s at 95
°C and extension for 60 s at 56 °C with ramp rate of 2 °C s~ ?, followed by
10 min at 90 °C and a hold at 12 °C. After PCR amplification, the plate
was transferred to the Bio-Rad QX-100 droplet reader (Bio-Rad). Bio-
Rad’s QuantaSoft software version 1.3.2.0 was used to quantify the
copies of target DNA in pL~!. The threshold for a positive signal was
determined according to the QuantaSoft instructions: in short, by using
the separation value between the threshold and the centre of the nega-
tive droplet band from the positive control sample, we subsequently
determined threshold values in the test samples. Droplets above the
threshold were counted as positive events. Count estimates for each
sample were compared to the maximum confidence interval (95 %) of
the negative controls to determine if DNA concentrations were statisti-
cally different from zero.

The resulting concentration measurements in molecules/pl were
used for further statistical analyses. Extra samples were added with
known Armillaria biomasses from a fruiting body we collected to
construct a calibration line. These calibration samples contained
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concentrations of Armillaria biomass from 0 % to 100 %, with 10 %
intervals (see Table S1). Because our samples from the experiment all
contained relatively more wood, we adjusted the calibration and
excluded the measurements with low wood and high Armillaria con-
centrations (80-100 %). Armillaria biomass of all the samples was then
calculated with the use of the calibration line per gram dry weight of the
subsample (Fig. S3).

2.3. Wood properties

After DNA extraction, all samples were air-dried for two months in a
greenhouse at room temperature at the Vrije Universiteit Amsterdam to
stop fungal growth until equilibrium mass. This mimicked a dry period
in the field (representing realistic wildfire likelihood) in a standardized
manner. Then, in total 110 samples, including 60 branches providing
subsamples for Armillaria biomass estimation, that were used for the fire
experiment were cut in 20 cm long sections (Fig. S2b). The diameter was
measured with digital calipers in three places, i.e. at both ends and in the
middle of this section. The average branch diameter was used in cal-
culations. The mean average diameter of healthy and infected branches
were 50.29 + 5.37 mm and 48.89 + 5.72 mm (Mean + SD).

Two subsamples (at least 2 cm thick), cut from both ends of the fire
sample (subsample 1 and 2, see Fig. S2b), were measured for wood
density. Wood density was determined with the water replacement
method (Williamson and Wiemann, 2010). First the air-dry mass of the
subsample was measured and then the subsample was saturated in
demineralized water for one week before the volume measurement.
After that, the subsample was dried at 70 C for one week. Wood density
(g/ cm3) was defined as oven-dried mass per volume. The mean value of
wood densities of two subsamples was then calculated as the wood
density of the fire sample. Subsample 3 was cut from the end of sub-
sample 2 (Fig. S2b). Subsample 3 was first weighted and then dried at 70
C for one week. Wood moisture (%) was defined as ((air-dried mass -
oven-dried mass)/air-dried mass) * 100 %. After drying, homogeneous
ground material collected from subsample 3 was used for measurement
of wood chemical traits. Carbon and nitrogen content was measured by
dry combustion on a Flash EA 1112 elemental analyzer (Thermo Sci-
entific, Rondana, Italy). Then the C to N ratio was calculated. Lignin was
determined following Poorter and Villar (1997): in short, after several
extraction steps to ensure that only cellulose and lignin made up the
composition of the residue of the sample, the C and N concentrations of
this residue were used to calculate the lignin concentration, based upon
the known difference in carbon content between cellulose and lignin. In
order to compare the overall chemical profiles of branches from infected
and uninfected forest patches, Fourier Transform Infrared (FTIR) signals
of wood samples were also identified using a FTIR spectrophotometer
(ABB, model MB300, Canada). The spectra were measured in the
absorbance range from 4000 to 600 cm ™! over 32 scans per sample, at a
resolution of 4 cm™!. Each sample was scanned twice and we took the
mean value as the final result. For comparing FTIR signals between
branches from healthy and infected patches, the mean values of spectra
in each groups were then calculated.

2.4. Fire experiment

Experimental burns were conducted in the Fire Laboratory of
Amsterdam for Research in Ecology (FLARE) located at Vrije Uni-
versiteit Amsterdam. The methodology was adjusted from that used in
Zhao et al. (2018). Prior to the flammability experiment, branches (see
fire sample in Fig. S2b) were dried in the oven (35 C) for five days before
they were burned, to reduce the potential influence of air humidity
fluctuations in the greenhouse on the sample moisture content among
different experimental days. Before being transferred to the oven, sam-
ples were weighed and then corrected by the moisture content (via the
subsample; see wood properties section) to give the sample dry mass just
before the burn. The branches were burned in a block order with one
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block a day. In each block 6 or 10 samples, i.e. 3 healthy and 3 infected
samples or 5 healthy and 5 infected samples, each from a wide range of
wood densities, were randomly chosen. Within one block, each sample
was burned in a random order separately. The experimental burns were
carried out over 15 days. All burns where conducted in a fume hood on a
solid fire resistant plate and room temperature was 23 + 4 C. The fume
hood was ventilated at a constant moderate speed (0.4 m/s). To mimic
the natural spread of surface wildfires we built a fuel bed that consisted
of a first layer of thin, highly flammable wood wools and a second layer
of beech chippings, which had been dried in the oven at 35°C and burned
slower than the first layer. The first layer was chosen to spread the fire
around the branch while the second layer was chosen to generate
enough heat and burn sufficiently slowly to ignite the branch. This fuel
bed mimicked a forest surface litter layer composed of dead leaves and
twigs. To standardize the fuel beds in all fires the mass was set at 50 g for
the first layer and 200 g for the second layer. The branch was placed
exactly in the middle and on top of the fuel bed. All fires were ignited
with two cotton disks, which were injected with 1 ml of 70 % ethanol
and placed at the front and back (Fig. 1a). The temperature was
measured each second with four thermocouples (1 mm thick type K
thermocouple, TC Direct, Uxbridge, UK), which could measure tem-
peratures accurately up to 1100 C. The temperature data was recorded
with TC Meas, a program that transforms the thermocouple signal into
temperature, written by the Electronic Engineering Group Beta VU at
Vrije Universiteit Amsterdam in Labview. The four thermocouples were
placed 2 cm above the branch (Fig. 1a). As the experimental burns
would cause a minor increase in air temperature in the fume hood, at the
beginning of each burning day a reference burn was done with only the
litter bed in order to reduce the temperature differences between the
first sample and other samples.

Fuel flammability can be categorized into four components: ignit-
ability (ease of plant ignition), combustibility (the intensity or speed at
which a fire burns), sustainability (how long the fuel burns) and

High
Samples in different densities

Smoldering extinction
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consumability (proportion of biomass combusted; Anderson, 1970;
Martin et al., 1993). Accordingly, several flammability parameters were
measured as follows: (1) Ignitability: Time until ignition was determined
as the time (s) from the fire reaching the branch until the first flames
came out of the branch itself and lasted longer than two seconds
(Fig. 1b). (2) Sustainability: Flame duration was determined as the time
(s) from ignition of the branch until extinction of the fire (Fig. 1c). (3)
Sustainability: Smoldering time (Fig. 1d) was determined as the time in
seconds from the extinction of the fire until the branch temperature was
below 50 ‘C. The branch was removed from the litter bed to smolder
further on its own 20 minutes after the extinction to prevent influences
of the smoldering litter bed and to get better measurements of the
remaining mass after the fire (Fig. 1e). During smoldering, a thermo-
couple was used to measure the branch temperature. For branches with
low density, the thermocouple was inserted into the smoldering part of
the branch. For branches with high density (thermocouple could not be
inserted), the thermocouple was attached to the smoldering surface of
the branch. (4) Combustibility: Mean maximum temperature (Tpax; C)
was measured by the thermocouples 1-4 (Fig. 1a). (5) Consumability:
Percentage mass loss was calculated with the mass (g) of the branch
before and after the fire and was also corrected for moisture content. It
was calculated as ((Mass pefore — Mass after) / Mass pefore) * 100 %. While
these five fire variables represent different aspects of flammability and
fire behavior, it is important to acknowledge that they are likely to
partly covary.

2.5. Data analysis

Due to large differences in density within the branch (Fig. S4), which
would not give representative data, one sample was completely removed
from the data set. One measurement was also excluded from the
Armillaria biomass calculation result because it had a distinctive amount
of Armillaria biomass. Thus, only 58 samples, 30 healthy branches and

£ g
20 cm
D cm CL
= o
@
o
© Thermocouples 1-4: Placed 2 cm
above the wood Ignition
Ye N O Cotton wadding: 1 ml of 70% ethanol

- Flame duration

Smoldering

20 minutes after the flame extinction

Fig. 1. Protocol of experimental burns. (a) Setup for the burning experiment. In each experimental burn one branch sample was burned in the middle of the fuel bed.
(b) Example showing the ignition of a sample. (c) Example of flame duration measurement. (d) Example of sample smoldering. Branch has been removed from fuel
bed 20 minutes after the flame extinction until its temperature drops below 50 C. (e) Example of the remaining part of samples (with different initial wood densities

before fire experimental burns) when smoldering extinction.
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28 infected branches, were used for the Armillaria biomass estimation
and 109 samples, 55 healthy branches and 54 infected branches, for the
wood traits and flammability analysis. All data were processed in R
(v4.0.3; R Core Team, 2020). Healthy and infected patches were not
paired with each other in this study and each branch was collected with
different density and from different downed deadwood units. Therefore,
we decided to treat branches as independent samples from either
infected or healthy patches.

Wilcoxon tests were performed for differences in wood properties
and Armillaria biomass between branches from healthy versus infected
forest patches. ANCOVAs were used to analyse the effect of Armillaria
infection on flammability parameters, with Eq. (1) by the “car” package
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(Fox and Weisberg, 2019):

y ~ Armillaria effect x Wood density + ¢ (@D

where, y represents different flammability parameters. Armillaria effect
is the main effect and Wood density is used as a covariate. € is the random
error term.

Linear regressions were used to check the relations of wood density
with Armillaria biomass, other wood properties and each of the flam-
mability parameters with Eq. (2):

y~b+ax+e @

(b)

1004

W=141.5, P=1.5e-05
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Fig. 2. Wood traits and Armillaria biomass in Pinus nigra branches collected from Armillaria infected patches and healthy patches. (a) Wood density, (b) Biomass of
Armillaria per gram wood, (c) Carbon (C) content, (d) C to N ratio, (e) Lignin content, and (f) Fourier Transform Infrared (FTIR) signals. The box represents the
interquartile range (IQR), with the median value indicated by the horizontal line inside the box. The whiskers extend to 1.5 times the IQR. Wilcoxon tests were
performed to look for differences in wood properties and Armillaria biomass between branches (infected vs uninfected) of the two forest stand types (healthy and

infected). W and P values of the test results are given (see Table S2).
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where, y is the wood flammability parameter or wood property, x is
wood density. The slope of the line is @ and b is the intercept. ¢ is the
random error term.

All data was tested for normality and homogeneity of residual vari-
ance by visual inspection of residual and probability plots. Time until
ignition, flame duration, smoldering time and Tpax Were logo-trans-
formed; and percentage of mass loss was In(x+1)-transformed to best fit
the assumption of ANCOVA. Armillaria biomass and C to N ratio were
also transformed accordingly. A Principal Component Analysis (PCA)
was used to combine all the flammability parameters and the difference
in overall flammability between healthy and infected branches was
compared with the PCA plot.

3. Results
3.1. Dd-PCR and Armillaria biomass

The final calibration line for the estimation of Armillaria biomass had
an R-squared of 0.96 (Fig. S3). Branches from the healthy patches con-
tained significantly less Armillaria biomass per gram wood than
branches from infected patches (P < 0.001, Fig. 2b). Armillaria biomass
per gram wood was not significantly correlated with wood density in
branches from infected patches (P = 0.07) and healthy patches (P =
0.05; Fig. S5a).

3.2. Wood properties

Wood density and C to N ratio of branches from infected patches
were significantly lower than those from healthy patches (P < 0.001;
Fig. 2a, d). The C to N ratio was significant positively correlated with
wood density in both healthy and infected branches (P < 0.001;
Fig. S5b). There were no differences in C and lignin content between
branches from healthy and infected patches (Fig. 2c, e). Also, the mean
FTIR spectra showed no clear difference in patterns between healthy and
infected branches (Fig. 2f).

3.3. Flammability

The results of ANCOVA showed that Armillaria infection had signif-
icant effects on time until ignition, flame duration and percentage mass
loss, but no significant effects on smoldering time and Tpax (Table 1).
Wood density had a significant positive or negative correlation with all
flammability parameters, and there were significant interactive effects
(density x Armillaria infection) on time until ignition and flame duration
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(Table 1, Fig. 3). This means that Armillaria partly had different effects
on the flammability parameters that could not be explained by differ-
ences in wood density. Although there were significant interactive ef-
fects (density x Armillaria infection) on time until ignition and flame
duration, the infected and healthy branches shared the same trends
(both increased or decreased with the density changes). Their trend lines
only crossed at very low or high density (Fig. 3a, b). Based on this, we
suggest that the main effects are still meaningful. The PCA result also
showed that the flammabilities of healthy and infected branches were
potentially different (Fig. 4). Overall, our results showed that branches
from infected patches were more flammable compared with branches
from healthy patches.

4. Discussion

To our knowledge, this is the first experimental study to disentangle
the effects of Armillaria, as the opportunistic parasitic fungus, from the
effects of other saprophytic fungi on the flammability of coarse dead-
wood. The general results from our experimental burns showed that
infection by Armillaria does influence flammability of coarse dead black
pine branches (see Fig. 4). However, wood density is known to be the
most influential determinant of wood flammability (de Souza Costa and
Sandberg, 2004; Hyde et al., 2011; Hyde, Smith and Ottmar, 2012; Zhao
etal., 2014, 2018), and this is confirmed by our results from regressions
of flammability parameters on wood density (Fig. 3). We also found that
Armillaria affected flammability when controlling for wood density
(which was lower on average in infected patches; see above). Indeed,
three out of five flammability parameters (time until ignition, flame
duration and percentage mass loss) were significantly influenced by
Armillaria infection at given wood density (Table 1). Below, we will first
discuss the Armillaria biomass found in the branches, followed by a focus
on the question of mechanism: ‘how does Armillaria infection affect
coarse deadwood flammability?’, and then the limitations of our fire
experimental setup. Finally, we will discuss the implications of our study
for future forest management.

4.1. Armillaria biomass found in the black pine branches

The dd-PCR results showed that branches collected from infected
forest patches indeed contained substantial Armillaria biomass while
branches from apparently uninfected patches had at most very low
biomass (Fig. 2b) significantly less than infected branches. Although we
did not have direct evidence to prove that Armillaria can attack live
branches of Pinus nigra, the significant amount of Armillaria biomass

Table 1
Results of ANCOVAs for the effects of Armillaria infection on flammability parameters. Branch density was taken as a covariate. Fungi represents the Armillaria effects.
Model df F P

Time until ignition (s) Log1o(Time until ignition) ~ Density x Fungi Density 1 16.86 <0.001
Fungi 1 10.71 0.001
Interaction (Density x Fungi) 1 6.70 0.011
Residuals 105

Flame duration (s) Logio(Flame duration) ~ Density x Fungi Density 1 5.07 0.026
Fungi 1 6.20 0.014
Interaction (Density x Fungi) 1 4.09 0.046
Residuals 105

Smoldering time (s) Logio(Smoldering time) ~ Density x Fungi Density 1 37.82 <0.001
Fungi 1 3.20 0.076
Interaction (Density x Fungi) 1 2.94 0.089
Residuals 105

Mean maximum temperature (C) Logio(Mean maximum temperature) ~ Density x Fungi Density 1 32.83 <0.001
Fungi 1 1.16 0.283
Interaction (Density x Fungi) 1 1.53 0.219
Residuals 105

Percentage of mass loss (%) Ln(Percentage of mass loss+1) ~ Density x Fungi Density 1 104.43 <0.001
Fungi 1 4.62 0.034
Interaction (Density x Fungi) 1 0.01 0.915

Residuals 105
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found in the infected dead branches from various stages of decomposi-
tion (Fig. S5a) indicates that Armillaria can indeed attack these branches
at some point either as a pathogen or a saprotroph, or both. Thus, the
substantial presence of Armillaria biomass in the branches from infected
patches suggests that Armillaria, functioning as an opportunistic para-
sitic fungus, are present in the Pinus nigra coarse wood and may
potentially impact the traits of these wood.

4.2. How does Armillaria infection affect coarse deadwood flammability?

Armillaria infection did not affect wood C and lignin content of coarse
branches (Fig. 2c¢, e) in Pinus nigra plantations. The mean FTIR spectra of

branches also showed that branches of infected and uninfected patches
did not have clear differences in chemical composition (Fig. 2f). The
only significant difference was the C to N ratio which was lower in
infected patches (Fig. 2d). C to N ratio is an important trait that reflects
the litter and wood decomposability: lower C to N ratio means faster
litter turn over (Aerts, 1997; Cornwell et al., 2009; Weedon et al., 2009;
Garcia-Palacios et al., 2016; Hu et al., 2017; Liao et al., 2022). Our result
is consistent with this relationship (Fig. S5b), as the lower wood den-
sities on average imply faster decomposition rates in infected patches
(see above).

As the ANCOVA results demonstrated that, at a given wood density,
infected branches burnt better (see above), we deduce that Armillaria
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infection has a direct influence on deadwood quality, which subse-
quently affects wood flammability. There is empirical evidence that
Armillaria spp. have the ability to form tubular air channels in wood
through hyphae that radially penetrate from the cambium into xylem
rays, and with the growth of Armillaria an increasing number of hyphae
will break down wood cells, thereby causing more perforations in the
xylem (Metzler and Hecht, 2004). This suggests that Armillaria growth
may bring more air deep into the wood. As oxygen is a key factor
determining wood flammability, Armillaria growth changing oxygen
availability at the wood cell scale may explain why wood was more
flammable after Armillaria infection.

Indirectly, Armillaria growth may also be the reason that wood N
content increased, as fungi are known to import N into wood to aid them
in breaking down carbon sources (Holub, Spears and Lajtha, 2001;
Stenlid, Penttila and Dahlberg, 2008; Bebber et al., 2011; Philpott et al.,
2014; Rinne et al., 2017). And this growth may subsequently facilitate
activity by the microbial community in the wood. Together, these fac-
tors may increase the decomposability of the wood; and thereby, via
lower wood density, its flammability. However, further study should
reveal whether and how anatomical changes in the wood due to
Armillaria affect wood flammability. Future studies should also test the
role of wood pathogens such as Armillaria in even coarser wood, i.e. tree
trunks, as they represent an important fraction of the aboveground
carbon in forests. Such studies will have to overcome practical chal-
lenges of scaling up experimental burns to larger dimensions while
retaining standardised conditions.

4.3. Limitations of our experimental setup

Wildfires are more likely to happen under drought, thus the branches
were first air-dried in a greenhouse for 2 months, then dried in the oven
(357C) for five days before they were burned to mimic a dry period. Also,
environmental factors like wind may greatly influence wood fire
behaviour (Nelson and Ralph, 2002; Plucinski and Anderson, 2008;
Ellis, 2015; Abouali, Viegas and Raposo, 2021; Finney et al., 2021), and
might therefore mask any ‘Armillaria effect’. Thus, our idea for this
experiment was to first check if the ‘Armillaria effect’ will influence
wood flammability under standardised environmental conditions
(equilibrium air-dry fuel and constant wind speed). However, in the field
condition, fire hazards could be more complex. Thus, future tests should
also focus on the interaction of the ‘Armillaria effect’ with fuel moistures
or with windy weather. The wood density of branches in infected
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patches was significantly lower than that in healthy patches (Fig. 2a).
However, the way we collected branches may have caused a slight bias
in comparing wood density between healthy and infected patches.
Branches were first collected in a range of different densities by esti-
mating the density by eye, and we could not know the actual time period
that each branch had decomposed on the forest floor. This could have
led to differences in the range of densities between the “infected” and
the “uninfected” branches. Still, during our collection, the availability of
branches with low densities was a lot higher in infected patches, which
suggests that our general result of lower densities in infected patches is a
reflection of the real situation in the field, with faster decomposition of
branches in infected patches.

4.4. Implications for the future forest management

The non-native species Pinus nigra that we studied was planted
widely after the Second World War (see Methods). In the West Atlantic
coastal dune areas, it is vulnerable to the climate extremes, such as
prolonged droughts, compared to the native species. In the near future,
with warming climate and more frequent and intense drought periods,
vulnerable species such as this may more easily be affected by tree
pathogens such as Armillaria and insect pests (e.g. bark beetles). Our
study system is not a traditional fire prone system. As far as we know,
most wildfires here start as a small-scale surface fire which are ignited by
human sources (e.g. cigarettes, campfires) during hot and dry periods
(Stoof et al., 2024). They often subsequently develop into stand-level
crown fires. As we demonstrated that pathogens like Armillaria would
make the deadwood more flammable, these weakened exotic plantations
will face more wildfire problems, making the system more fire prone.
That is first by killing more host trees, increasing the amount of fuel
loads on the soil surface, and then at the single wood unit scale making
deadwood more flammable, especially increasing the combustibility, i.e.
percentage of mass loss during fire. Although the relatively fast
decomposition in the infected plantations will consume accumulated
fuel, the overall amount of fuel load is increased given the fact that
Armillaria increases the mortality of trees. As decomposition and wild-
fire are two predominant pathways that return the organic carbon of the
accumulated dead plant biomass to the atmosphere, the fast decompo-
sition and high percentage of mass loss during fire of infected dead-
woods means that more carbon will be released eventually. This will
threaten the forest carbon storing function at the landscape scale.

In conclusion, our study has provided empirical support that at a
given wood density, branches from forest stands with a visible Armillaria
infection will ignite faster and burn with a higher intensity than unin-
fected branches. These changes in flammability likely originated from
both direct influences of Armillaria infection, e.g. via changing wood
structure (before and/or after wood death), and indirect influences, for
instance by driving nitrogen import into in wood, thereby increasing
wood decomposability and consequently reducing wood density. While
we focused on Pinus nigra here, our findings have broader relevance for
wildfire in forests affected by climate-induced pathogens, as such
pathogen attacks are a globally widespread and increasing phenomenon
(La Porta et al., 2008; Jactel et al., 2012; Seidl et al., 2017; McDowell
et al., 2020; Venalainen et al., 2020). Future tests should be applied to
more Armillaria susceptible coniferous species to check whether this
positive effect of Armillaria infection on deadwood flammability is
consistent across species. This will be important for forest management
in an increasingly fire-prone world.
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