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Characterisation of wood decay and
fungal diversity in cultural heritage cable
car pylons in Svalbard
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This study uses a novel combination of DNA metabarcoding, light microscopy, decay rating, moisture
dynamics, and chemical analysis to investigate wood decay in cultural heritage cable car pylons in
Svalbard. Uniform design but varying ages allowed analysis of time-dependent decay. Light
microscopy revealed the use of both Picea abies and Pinus sylvestris. Decay progressed more rapidly
near ground contact, influencing density, lignin, and holocellulose content, with lignin increasing over
time. DNA metabarcoding and microscopy revealed dominant brown and soft rot fungi, with greater
fungal diversity near ground level. Several new fungal species were identified for Svalbard and the
polar regions. In the context of climate change, this highlights the global importance of monitoring
fungal decay in wooden structures. The study emphasises the need for updated species lists and
continuous monitoring, as new fungi may affect conservation strategies. The interdisciplinary method
offers deeper insight into microbial interactions than single-method approaches.

The United Nations Sustainable Development Goals emphasise the need to
intensify efforts to protect the world’s cultural and natural heritage'. Nor-
wegian wooden cultural heritage in the Arctic Svalbard is situated in vul-
nerable ecosystems heavily impacted by ongoing climate change, as well as
increased human activity and land use changes.

In polar regions, early visitors included whalers, hunters, explorers, and
scientists. Their presence led to the construction of wooden hunting cabins
and houses. The first permanent settlements in Svalbard were established in
the early 20" century with the development of the coal mining industry.
There are more than 2000 historic sites spread across the archipelago™,
many of which contain buildings, almost all of which are made of wood™*. In
Svalbard, “structures and sites dating from before 1946” and “movable his-
torical objects dating from before 1946 or earlier that come to light by chance
or through investigations, excavation or in any other way*, are automatically
protected according to the Svalbard Environmental Protection Act, chapter
V°. Protection includes every remnant of human activity, spanning from
buildings—intact, in ruins, or mere remnants—to graves and all other
constructions and man-made objects. According to Mattsson’ “On Sval-
bard, all traditional buildings have at least some wooden materials in soil
contact’”.

Coal mining was, for a long time, the foundation for the settlements
in Svalbard. Every time a new coal mine was established, a new line of

cable car pylons constructed from untreated timber ensured the shipping
of coal to the harbour. Svalbard lacks trees, necessitating that all wood
materials must be shipped to the island by boat. Historic shipping lists
indicate that the timber used for the cable car pylons originated from
Namsos municipality in Trendelag county, located in the central region
of Norway’s west coast. The shipping lists specify the wood merely as
roundwood or by dimension, without consistently identifying the wood
species, but the Directorate for Cultural Heritage and Svalbard Museum
indicate that Norway spruce (Picea abies L.) was primarily used for the
cable car pylons. The design of the cable car pylons was mainly the same
for all the mines, and with a height of around 15 m, they dominated the
landscape. While the cable car pylons were in operation from the early
1900s until they were decommissioned about 60 years later, there has
been continuous monitoring, repair, and replacement of the pylons®.
However, the methods used to assess their technical condition and to
repair the cable car pylons during the operational years are poorly
documented®’. Of the 212 cable car pylons in Longyearbyen and
Hiorthhamn, it was estimated that 36 have collapsed and around 60 need
repairs (the need is urgent for 30 of these) due to attack by wood decaying
fungi’. The situation is uncertain for 90 cable car pylons, while 12 have
been repaired in the last decade’. Because the cable car pylons have a
similar design, different ages, and provide different microclimates within
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each pylon (ie. aboveground and ground proximity), they serve as
excellent examples for studying fungal decay in polar regions.

Even if the climate in polar regions is regarded as harsh for biodeter-
ioration of wood, the in-situ microclimate can be sufficient to facilitate
fungal colonisation and deterioration". Temperature and moisture are the
primary factors influencing the fungal decay risk of wood''. Temperature
influences the metabolic activities of fungi, with reaction rates increasing as
temperature rises””. Most fungi are mesophilic, growing at temperatures
between 5-35°C, with optimal growth between 25 and 30°C". Some fungi
are psychrotolerant, able to grow near or below 0°C". Fungi need moisture
to access and transport the nutrients and structural components necessary
for their metabolic processes. Wood in service does not have a uniform
moisture state, and there is no well-defined threshold moisture content at
which fungal decay starts. However, the presence of capillary water is often
considered a requirement for fungal degradation. Therefore, keeping
moisture levels well below fibre saturation (typically 30-40%) is key to
preventing fungal decay'’. Hence, a higher mean temperature and longer
periods of temperatures above freezing in combination with more accessible
water will likely lead to better growth conditions for all wood decay fungi
present in Svalbard'>'® as well as a higher risk for the establishment of new
wood-decaying fungi'’. In general, wood exposed in the ground suffers more
severe exposure conditions than aboveground wood. Marais et al.” provided
an updated status on modelling the decay of wood exposed in-ground. The
highest decay risk is at the air-soil boundary since it allows access for both
fungal spore inoculum and colonisation from soil-inhabiting organisms.
This exposure also facilitates bacterial degradation more than the drier
aboveground exposure. Further, wood moisture levels are higher at this
boundary, and oxygen is seldom a limiting factor”. Svalbard’s extreme
Arctic climate significantly limits the presence of insects. There are no
known reports of insect damage to wood in Svalbard, and among the more
than 250 insects recorded, none of them are wood-decaying'®.

The Arctic is undergoing faster warming compared to other areas on
Earth. The northern Barents Sea, including the Svalbard Archipelago, is
witnessing the most rapid temperature rises in the circumpolar Arctic and
the highest rate of sea ice decline”’. This phenomenon is termed Arctic
amplification”* and a nearly four-fold warming ratio has been observed
over 1979-2021%. According to the report ‘Climate in Svalbard 2100 the
average annual temperature at Svalbard Airport between 1971 and 2000 was
—5.9 °C. From 1971 to 2017, the region experienced a warming of
approximately 3 to 4 °C. Under the high-emissions IPCC scenario RCP8.5,
median projections from both regional climate models and statistical
downscaling indicate an increase of nearly 10 °C in average annual tem-
perature between the periods 1971-2000 and 2071-2100. For the inter-
mediate scenario RCP4.5, the projected median increase is 6 to 7 °C, while
for the low-emissions scenario RCP2.6, the estimated rise is around 4 °C. In
Svalbard, the number of thaw days is increasing” while annual air tem-
perature and annual precipitation are expected to rise’**’. Higher tem-
peratures and longer periods above freezing in combination with reduced
permafrost and more accessible water will likely lead to better growth
conditions for all wood decay fungi present in Svalbard, as well as a higher
risk for introduction and spread of new wood-decaying fungi'’. However,
fungal species composition is influenced by several factors, including sub-
strate, local exposure conditions, and stage of decay. Previous studies’ show
that moisture and temperature vary significantly at the microclimatic level,
both in the soil and within the wood itself. These variations make it chal-
lenging to draw precise conclusions about how such changes influence the
risk of microbiological wood degradation. Microbial wood decay involves
complex interactions between fungi and bacteria, and species dynamics,
such as competition and facilitation, may further influence these processes
in ways not yet fully understood. As a result, predicting the impact of climate
change on wood decay remains challenging. Wood degradation progress
and fungal diversity have been poorly monitored in Svalbard and many
other polar regions. While quantifying the isolated effect of future climate
change is challenging, monitoring decay progress is feasible. Cable car

pylons, with their uniform design and varying ages, serve as excellent test
objects for studies of time-dependent decay progression.

Fungal nutritional strategies for depolymerisation of wood sig-
nificantly influence decay rates, chemical properties, mechanical properties,
and the aesthetic appearance of affected wood". Although less frequently
acknowledged, anatomical features and surface details hold significant value
for cultural heritage research (e.g., wood species identification, den-
drochronological dating, climate reconstruction, traces of processing and
tooling). However, this information is gradually lost through
biodeterioration”*, Traditionally, wood-decaying fungi have been divided
into brown rot, white rot, and soft rot, and they often co-exist in nature”.
Brown rot and white rot are caused by basidiomycetes, while soft rot is
caused by ascomycetes and fungi imperfecti”’. Brown rot fungi use a two-
step decay process’, oxidative pretreatment followed by enzymatic
hydrolysis, to selectively degrade carbohydrates in wood, mainly conifers”.
This leads to rapid loss of mechanical strength even in the initial stages with
minimal visible damage, threatening structural integrity. More advanced
stages of decay lead to a reddish-brown colour, cubic fissures, and a structure
that easily powders'>”, threatening cultural heritage information and aes-
thetics. Complete lignin degradation is mainly performed by white rot fungi.
White rot fungi prefer hardwoods, degrade all cell wall components using
enzymes like peroxidases and laccases, erasing wood cell imprints and
causing aesthetic and structural loss™"". Soft rot fungi, though slower and
less aggressive, also degrade cellulose and hemicellulose, preserving lignin
and the wood cell imprint longer. They decay wood via cavity formation
(Type I) or wall erosion (Type II)**”. While basidiomycetes (brown and
white rot) are more destructive’*, soft rot fungi can still compromise load-
bearing structures over time®. In polar regions, slow but cumulative decay
highlights the need for understanding fungal diversity and decay mechan-
isms to protect wooden heritage.

Wood decay type can be targeted by microscopy and partly by che-
mical characterisation®'. However, these techniques will not distinguish the
fungal species responsible for the wood degradation. For a long time, the
identification and quantification of microorganisms were challenging due to
limitations in culturing techniques. Fortunately, by employing non-culture-
based DNA metabarcoding, researchers have overcome these constraints,
allowing them to extensively analyse microbial communities across various
ecosystems™” . However, there is no simple genetic marker to distinguish
fungi by rot types*'. Even if the fungal species is identified, it can be chal-
lenging to find the respective nutrition strategy, e.g., whether it is a wood-
decaying fungus or not. One tool is FUNGuild"*’, an open annotation tool for
parsing fungal community datasets by ecological guild. However, both
FUNGuild and manual annotation are based on literature, and details about
nutrition strategies for many fungi remain unknown, especially for soft
rot fungi.

In the early 2000s, significant wood biodeterioration was identified in
Arctic environments™’~’. Flyen and Thuestad'® reviewed fungal decay in
historic wooden structures across the High Arctic and Antarctica, high-
lighting key gaps: 1) more comprehensive data on decay fungi exist for
Antarctica than for the High Arctic, 2) the selection of methods can impact
findings. The methods employed for identifying fungal species vary between
Antarctica (mainly DNA monoculture sequencing) and the High Arctic
(mainly microscopy), 3) limited data exist on decay rates and their impact
on cultural heritage, and 4) few mitigation strategies are documented. Their
review found soft rot fungi, especially Cadophora species, to be dominant in
both regions. In Svalbard, internal brown rot, particularly in soil-embedded
wooden poles like cable car pylons, is common, with Amylocorticiellum
molle (syn. Leucogyrophana mollis) as a key agent. The intact outer wood
layer often conceals internal decay. To preserve wooden cultural heritage in
achanging climate, it is essential to assess the causes, location, and severity of
deterioration. We hypothesise that integrating interdisciplinary analytical
methods with study objects that allow for time-dependent decay quantifi-
cation will provide a novel approach to characterising fungal decay pro-
cesses and patterns. The methodology will be globally applicable to wooden

npj Heritage Science| (2025)13:463


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-025-02041-x

Article

Fig. 1 | Location of study sites and sampling. Sampling area at Svalbard, Longyearbyen (a). Example of a cable car pylon, ID 87889-111 (b). Aboveground sampling (c) and
ground proximity sampling (d) of pylon ID 87889-79. Photos: Mari S. Austigard, Mycoteam.

cultural heritage, but also to the assessment and monitoring of wooden
constructions in general.

Methods

Field data

Around Longyearbyen 176 cable car pylons (Fig. 1) are still standing’ and 22
of these were selected for the study. The selection criteria were age, location,
and accessibility. The cable car pylons were at the time of the study owned by
the Ministry of Trade, Industry and Fisheries (Neerings- og fisker-
idepartementet, NFD) and managed by Store Norske Spitsbergen Kulk-
ompani (SNSK). Since 2023, they have been managed by the Svalbard
Museum. They are categorised as technical/industrial cultural heritage. The
ID system provided in the Directorate of Cultural Heritage database
(Askeladden) was used in this study. Briefly, the Askeladden database™ gives
the following information about each cable car pylon: general information
(incl. ID, original function, location etc.), description of the object and its
foundation, function, owner information, protection status, registered
fieldwork, other info (incl. dating), condition report, pictures (rarely
included for cable car pylons). However, wood species are not provided. An
overview of the selected cable car pylons is given in Supplement 1 Table S1.
Two of the selected pylons were restored three years before sampling. The
rest had an age span from 51 to 105 years. The cable car pylons in Svalbard
are protected cultural heritage and sampling had to be limited both
regarding sample size and number of replicates.

To quantify surface decay, we applied a pick test with a thin awl using
the rating scale from 0 (no attack) to 4 (failure) based on the European
standard EN 252°". The awl had a diameter of 2 mm, ensuring no long-term
visual signs after sampling. This was done in eight locations on each cable
car pylon: four in ground proximity of each vertical pole, and four above-
ground in the wood beam running horizontally between the load-bearing
poles (Fig. 1). Details on individual sampling locations at each cable car
pylon are given in Alfredsen et al.”.

Relationships between ordinal responses, such as the decay rating, and
a continuous X variable can be modelled by ordinal logistic regression.
Ordinal logistic regression models estimate the cumulative probability of
being at or below each response (Y) variable level by a logistic curve. This
curve is shifted horizontally to produce probabilities for the ordered cate-
gories. In the present study, an ordinal logistic regression model was fitted to

the decay rating (0-4) as the Y variable and the age of the structure at the
time of sampling (years) as the X variable. Each regression line in the model
followed the function given below (Eq. 1).

Cumulative probability (decay rating0 — 4) = 1/(1 + e~ (Po i x48))
0

Separate models were calculated for samples collected in aboveground
conditions and ground proximity based on 87 and 88 observations,
respectively. Due to steep and unstable terrain one observation aboveground
is missing. Details about model statistics is provided in Supplement 2 Tables
S2-S5. The statistical analyses were conducted with JMP Pro 16 (SAS
Institute Inc.).

As a complement to the pick test, we performed resistance drilling
using an IML-RESI PowerDrill PD400 in the same eight locations as the pick
test and before the collection of the wood samples. A thin, needle-like drill
bit with a diameter of 3 mm is driven into the wood at a constant rotational
speed and feed rate. The energy required to keep up the rotation (drilling
resistance) and the energy required for the bit to advance (feed force) are
recorded as a function of the position. The PD Tool software (IML
Instrumenta Mechanik Labor GmbH) was used to transform resistograph
measurements, followed by visual analysis of the resistance profiles. The
drilling resistance has been shown to correlate well with wood decay mass
loss™, and the resistance profiles obtained give valuable information on
decay throughout the wooden pole/beam. However, comparing resistance
profiles or comparing resistance profiles with pick test data, is challenging.
Therefore, the profiles were transformed into categorical data by rating the
drilling profiles from 0 to 4 (Supplement 3).

During fieldwork, characterisation of the local environmental para-
meters around each cable car pylon was performed visually. This included:
(1) vegetation type, (2) ground proximity microclimate (permafrost,
thawing zone, open exposure, water trap) and (3) ground foundation
structure (bare rock, stones or coarse gravel, fine gravel or sand, soil, coal
contaminated soil). However, none of these parameters showed clear sta-
tistical trends vs. decay ratings.
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Laboratory analyses

We collected four wood samples from each pylon, two in the northwest and
two in the southeast corner (Fig. 1), in the same locations in which we
performed the pick tests. In total, 88 samples were collected for analysis from
the 22 cable car pylons. The size of the wood samples was 2 cm across the
fibre direction, 2 cm in depth, and 5 cm in the longitudinal fibre direction.
The wood samples were collected using a chisel, hammer and/or rubber
mallet or a small electric multi-cutter (Bosch GOP 12V-28). To avoid
contamination, we put the samples in sterile RNase-, DNase-, pyrogen- and
BPA-free low-density polyethylene bags with safety locks. The wood sam-
ples were stored at fridge temperature for up to two weeks during the field
campaign and then placed in a freezer at —32 °C until further analyses.

One cylindrical plug with 0.5 mm diameter and 10 mm height was
prepared from each sample and kept in the frozen state at —32 °C until the
measurements. Approximately 24 h before water vapour sorption mea-
surements, the plugs were soaked in deionized water until reaching room
temperature, vacuum-impregnated at 4000 Pa for 20 minutes, and stored in
water within separate test tubes. Excess water on the wood surfaces was
removed immediately before the plugs were placed on the sample carousel
inside the automated sorption balance (Vsorp Enhanced, ProUmid, Ger-
many). One of the 24 sample cups in the carousel was left empty to correct
for balance drift, and the remaining 23 cups were used for the simultaneous
sorption measurements of the wood plugs. The plugs were conditioned at
25 °C and relative humidity (RH) steps of 90, 80, 70, 60, 50, 40, 30, 20, 10, and
0% in desorption from the never-dried, water-saturated state. This was
followed by conditioning in absorption from the dry state by applying the
same RH steps in reverse order. Each RH step was held until the sample
mass change of all samples in the same sorption run was less than 0.01%.
This was calculated based on the slope of a linear regression line within a 60-
minute time window that moved forward with each weighing step, with the
average sample mass within this moving time window being used as the
reference mass. Finally, the samples were conditioned at 40 °C and 0% RH
for 48 h. The average sample mass during the final hour of this step was used
as the reference mass to calculate the moisture content (MC, in %) of
each plug.

The plugs were measured in four separate sorption runs, with dif-
ferent holding times for the RH steps. To ensure that all plugs were equally
close to reaching a stable mass at the end of each RH step, the rate of
sample MC change was calculated in a 3-h regression window as described
by Belt et al.** (2024). The highest rate measured at the end of the RH steps
was [4.9| pg g”' min~', and the rate decreased below |3| pg g™ min™" for
most cases. This indicated that errors in determining the equilibrium MC
due to short holding times, reported by Glass et al.””, were not a major
factor in interpreting the results.

The samples measured in the automated sorption balance were used
for density analyses. Basic density was measured by placing wooden plugs
into 5 ml Eppendorf tubes, then adding 4 ml deionised water and a glass ball
on top to ensure that the wood samples stayed immersed in the water. The
samples were exposed to a 4000 Pa vacuum for 20 min. The water-saturated
volume was determined from the buoyancy force when submerging the
object in water (Archimedes principle). More specifically, a thin metal
needle was inserted into the sample and, holding the needle, submergedin a
beaker of water placed on a tared balance®. Then the dry weight was
measured after drying at 103 °C for 18 h. Basic density (D) was calculated for
each sample expressed as kg m~ (Eq. 2).

D=m,/V,,, (2)
where
m, = dry weigh
V nex = Maximum volume of water-saturated sample

We analysed changes in wood polymers using Simultaneous Thermal
Analysis (STA). Details about the method are given in Amiandamhen
etal.”. In brief, 8 mg aliquots of the material were heated from 40 to 710 °C

at a heating range of 10 °C min™" in the STA (Netzsch STA 449 F1 Jupiter,
Selb, Germany). Volatiles entered the infrared gas cell (Bruker Tensor 27,
Ettingen, Germany) via a heated line. Mass loss stages were:

40-105 °C: moisture

105-260 °C: mainly extractives

260-330 °C: mainly hemicellulose

330-400 °C: mainly cellulose

400-710 °C: mainly lignin

Residual mass indicated ash content. One replicate was analysed for
each sample.

To verify the wood species used in the cable car pylons in this study,
light microscopy was performed. Radial microtome sections with 50 pm
thickness were prepared from the field samples. The radial wood sections
were coloured using an aqueous 0.1% solution of safranine (Griibler-
Farbstoffe, Chem. A. Schmid, Germany) for contrast staining to enhance the
visibility of the anatomical features. To reliably identify softwood wood
species, the anatomical feature of cross-field pitting in radial sections was
examined across all 88 wood samples®”. Additionally, radial sections
enabled the differentiation between uniseriate and multiseriate tracheid
pitting in radial walls™ as a check for potential Larix species.

To verify molecular identification of main degraders (i.e., decay
mechanisms) 24 wood samples from six different cable car pylons (ID
158986-5, 87889-63, 158619-32, 87889-14, 87889-112, 87889-111) were
selected for light microscopy analysis. Smaller subsamples containing both
the exposed surface layer and the inner wood structure of the collected
samples were cut from the original samples and immersed in 10% (w/w)
glycerol in water under vacuum. Thin sections in transversal and radial and
tangential longitudinal directions were cut by hand with a razor blade and
stained with 0.1% (w/w) safranin O in water. Sections were cut both from the
outer surface layer of the wood and the innermost part of the sample and
viewed under a transmission light microscope (Leica DM750P) to deter-
mine degradation patterns™* and extent. Analyses were documented by
recording visible features and image capture (Leica ICC50W).

A sterile drill (3-mm bit diameter) was used to obtain sawdust from the
interior of the frozen samples (the outer 2 mm was removed). The sawdust
samples were chilled with liquid nitrogen and then powdered using a Retsch
300 mill (Retsch GmbH, Haan, Germany) with 100-mg steel beads, at
maximum speed for 1.5min. DNA was extracted from 100 mg of
wood powder per sample using a DNeasy® PowerSoil® Pro Kit
(Qiagen GmbH, Hilden, Germany) according to the manufacturer’s
instructions. Total DNA preparations were stored at —80 °C. The
concentration and quality of the DNA were tested with a Nanodrop
2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). Additionally, the integrity and quantity of total DNA was
assessed by Agilent 2100 Bioanalyzer with Agilent DNA 7500 Kit
(Agilent, Santa Clara, CA, USA # 5067-1506).

Total genomic DNA samples were sequenced at the BGI Genomics
(Hong Kong, China) using the DNBSEQ G-400 (BGI Group, China)
sequencing platform with 300 base pairs (bp) paired-end reads (i.e., two
300 bp reads per DNA fragment). Fungal communities were analysed using
meta rDNA amplicon sequencing targeting the ITS1 region. The ITS1
length in fungi typically ranges from 100 to 450 base pairs, allowing for full
coverage through paired-end sequencing. DNA quality control, library
preparation, and multiplexing were done by BGI.

High-quality reads were generated from raw data, using iTools Fqtools
fqcheck (v0.25), qutadapt (v2.6) and readfq (v1.0), through the following
filtering steps: (1) reads were truncated if the average Phred quality score fell
below 20 within a 25 bp sliding window. Reads shortened to less than 75% of
their original length were discarded, (2) reads containing adapter con-
tamination were removed (default: 15 bases overlapped by reads and adapter,
allowing up to 3 mismatches), (3) reads containing ambiguous bases (N base)
were excluded, (4) low-complexity reads were removed (default: 10 con-
secutive identical bases). To ensure barcode sequences were removed from
pooled libraries, clean reads were assigned to corresponding samples using in-
house scripts that aligned reads to barcode sequences with zero mismatches.
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Fig. 2 | Microscopic wood species identification. (a)
Radial sections of the two occurring softwood spe- I
cies with pits in areas of contact between ray par-
enchyma cells and axial tracheids (cross-field) used
for the identification of the wood material; (a)
fenestriform cross-field pitting in P. sylvestris with
radial dentate ray tracheids (RT) and window-like
ray parenchyma cells (RP), sample 87889-66 (SE,
ground proximity), (b) piceoid cross-field pitting in
P. abies, sample 93041-2 (SE, ground proximity).
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Fig. 3 | Cumulative probability of decay rating. Logistic plots showing the
cumulative probability of decay rating (0-4) based on the pick test against age at the
time of sampling (years) based on samples collected in (a) aboveground conditions
or (b) in ground proximity. Each curve is the predicted cumulative probability up to
and including the corresponding level of the decay rating. Note that each data point
falls at a random vertical position between the curve for its level and the next lower
curve to illustrate the variation in data density.

If paired-end reads overlap, a consensus sequence was generated using
FLASH (Fast Length Adjustment of Short reads, v1.2.11). The merging
criteria were as follows: (1) minimum overlap length: 15 bp, (2) mismatch
ratio in the overlapping region: < 0.1.

Operational Taxonomic Units (OTUs) serve as standardised markers
for analysing taxonomic groups in studies of phylogeny and population
genetics. As bacterial sequences were also included (data not shown), all
sequences were clustered into OTUs at a 97% similarity threshold. Tags were
grouped into OTUs using USEARCH (v7.0.1090) with the following steps:
(1) Tags were grouped into OTUs at a 97% similarity threshold using the
UPARSE algorithm, which also generated representative sequences for each
OUT, (2) Chimeric sequences were identified and removed using UCHIME
(v4.2.40). (3) For ITS sequences, chimeric reads were identified through
reference-based detection using the UNITE database (v20140703). All tags
were mapped to OTU representative sequences using USEARCH GLOBAL.
Representative sequences were then aligned to reference databases for
taxonomic annotation using the RDP Classifier” (v2.2) with a sequence
identity threshold of 0.6. Fungal OTUs were further classified into ecological
guilds using FUNGuild in R (v4.3.3)*, supplemented by manual annotation.

The OTU-read data matrix was used for further analyses. OTUs with
fewer than 10 reads were excluded. This filtering step is intended to reduce
the likelihood of incorrect sample attribution due to index hopping and may
contribute to more reliable abundance estimates.

Results and discussion

Wood identification

It was previously assumed that Picea abies (L.) Karst was used as construction
material for the cable car pylons in Svalbard. In this study, microscopy was used
to verify the wood species of samples from the pylons’ poles and beams.

When examining all 88 wood samples with light microscopy,
22 samples were identified as Scots pine (Pinus sylvestris L.); the remaining
66 samples were P. abies. In 13 of 22 sampled cable car pylons, all members,
i.e., the two beams above ground and two foundation poles in the ground,
were found to be P. abies. In the remaining nine cable car pylons, a com-
bination of P. abies and P. sylvestris was found, and all timbers installed
during a renovation three years ago were P. sylvestris. Details are provided in
Supplement 1 Table S1.

The distinct cross-field pittings of P. sylvestris and P. abies facilitated a
clear differentiation between the two species’™”. Specifically, P. sylvestris
exhibits window-like pits, while P. abies is characterised by piceoid cross-
field pittings (Fig. 2).

Decay rating

Demonstration of time-dependent decay progression in wooden con-
structions in this study is novel, not only for polar regions but for cultural
heritage objects in general. Typically, assessments capture decay at a single
point in time, which then informs potential future monitoring. However,
decay rates in polar regions are slow, and tracking decay progression ret-
rospectively is impossible. Recording changes in decay development will
thus require patience and extended observation. Here we examined decay
ratings in 88 samples (beams and poles) spanning 102 years in age to study
time-depended decay progression.
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Fig. 4 | Transmission light microscopy images of
decay characteristics viewed in thin sections. The
initial stage of brown rot decay in cross-section (a),
example shown with parallel arrow. More severe soft
rot attack is seen by the presence of hyphal tunnel-
ling within the cell walls in cross section (b) and
longitudinal direction (d), example highlighted with
arrow in (d). Examples of hyphae growth in cell
lumen (c) and between tracheids (a, ¢), marked with
arrows. The scale bar is 50 um in all images.

Figure 3 presents ordinal logistic probability plots for the predicted
cumulative probability of decay ratings from pick test as a function of the
structure’s age, based on samples collected from aboveground (Fig. 3a) and
ground proximity exposure (Fig. 3b), illustrating how wood decay pro-
gressed over time.

With the pick test decay ratings, most samples from aboveground
exposure were assigned to decay stage 1, while most samples from ground
proximity were assigned to decay stages 3 and 4 (Fig. 3). The data confirms
the established finding'” that decay rates are slower aboveground compared
to ground proximity, due to higher moisture levels and higher fungal
inoculation potential in ground proximity'’. For wood exposed above-
ground, the wood only had initial decay (rating 0-1) for the first 85 years.
The only exceptions are decay rating 4 in two 85-year-old cable car pylon
beams, NW beam in 158986-17 and SW beam in 158986-13, both located
just outside Longyearbyen (line 2b). However, for wood exposed in ground
proximity, severe decay (rating 3 and 4) was prevalent after about 50 years.
In the 105-year-old cable car pylons from Hiorthhamn decay rating 2 was
found in some of the aboveground beams. For wood exposed in ground
proximity, severe fungal decay (rating 3 and 4) started to occur after about
50 years. Assuming that the cable car pylon would fall if one of the four load-
bearing vertical poles failed, it is of interest to quantify the most severely
decayed pole in ground proximity for each of the cable car pylons. Of the 22
pylons in this study, two had recently been restored in ground proximity,
and the most severe decay ratings were 0 and 1. For the remaining poles, two
had decay stage 1, one decay stage 2, six decay stage 3 and eleven decay
stage 4.

The pick test only evaluates the surface, whereas resistance drilling is a
tool to diagnose internal decay not visible from the surface of the timber.
Resistance drilling data has been shown to correlate with the wood decay
mass loss in laboratory tests™. However, natural variations within the wood
and the relative and continuous nature of the drilling data complicate
quantifying absolute and comparable decay stages. To overcome this, the
resistance profile data were manually evaluated for signs of decay and
categorised on a scale from 0 (no decay) to 4 (severe decay), see Supplement
3. Details of the comparison of the pick test vs. resistance drilling are also
provided in Supplement 3. Briefly summarised, both methods indicate that
about 50% of beams/poles were sound or had initial decay. The deviation
between the pick test and resistance drilling was greater at early decay stages
than atadvanced decay stages. The reason is probably that resistance drilling
does not detect small surface softening changes. Among beams rated 0 or 1

by the pick test, 32% showed more severe decay (decay stage 2-4) in
resistance drilling. The pick test gives indications about surface decay but
should not be used as the only alternative for detailed evaluations of wooden
poles in the management of heritage wooden construction, but rather in
combination with resistance drilling. Further discussions on decay rating in
this study are all based on the pick test since sampling for further testing of
wood properties and fungal identification are all from samples collected
from the surface of the beams/poles to a depth of 20 mm.

Visual wood degradation analyses

Both macroscopic and microscopic examination of the wood samples
confirmed the decay rating with pick test and resistance drilling, that
samples in ground proximity were more decayed than the samples from
aboveground. Samples from aboveground had a grey weathered surface, a
light-coloured inner part, and appeared dry. Samples from ground proxi-
mity often had a darkened colour throughout the whole sample and typi-
cally a wet feel. Transmission light microscopy confirmed the domination of
brown rot and soft rot decay and the presence of fungal hyphae in all
samples (Fig. 4). None of the samples contained severe degradation, but a
variation from initial decay patterns to clear evidence of decay. Until the
cable car pylons reached 85 years in service, no, or minimal decay, was
detected aboveground. No fungal fruit bodies were detected on any of the
cable car pylons examined.

Wood properties

Measuring the moisture content of decayed wood in service is common, yet
it only reflects a temporary state affected by recent weather, such as rainfall
or sunlight. While still not very common, sorption behaviour of samples
from laboratory experiments has been measured in decayed wood from a
dry state””*, while only two studies have measured it from an undried
state’*. This study is the first to measure the sorption behaviour of decayed
wood from undried field samples for wood in service (i.e., providing data on
material properties).

The measured water vapour sorption isotherms showed the typical
sigmoidal shape known for wood (Fig. 5), with hysteresis between the
desorption and absorption curves of the isotherm®. There were differences
in the sorption behaviour that may be related to the location of sampling
(aboveground or ground proximity), and/or their decay state (decay rating
and decay type). Samples collected in ground proximity tended towards
larger equilibrium moisture contents (EMCs) the higher the relative
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Fig. 5 | Water vapour sorption of decayed wood. Results of water vapour sorption measurements on samples collected in ground proximity (n = 35) and aboveground
(n=41): (a) desorption isotherms, (b) absorption isotherms, and (c) absolute hysteresis measured in 10% RH steps from 0-90%.
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Fig. 6 | Material characterisation. For each decay stage (0-4), maximum EMC, basic
density, holocellulose and lignin content is provided for aboveground and ground
proximity.

humidity than samples from above ground when measured in desorption
from the undried state (Fig. 5a). This effect diminished when the samples
were measured in absorption from the dried state (Fig. 5b). Samples from
ground proximity also tended toward larger absolute hysteresis than sam-
ples from above ground and often showed an exponential increase above ca.
60% RH. This may be related to the higher decay rate of wood in ground
proximity. Brown rot decay under sterile laboratory conditions has recently
been shown to increase the wood EMC in the undried state, leading to an
increased hysteresis™. However, climatic and environmental factors
during ageing also influence the wood’s sorption behaviour®. Wood
often remains at high moisture levels in ground proximity but
typically undergoes cyclic changes in moisture content and tem-
perature in above-ground conditions, which may have influenced the
sorption behaviour differently.

This study employs established methods for material characterisation.
However, in studies on wood deterioration, material characterisation and
degree of degradation are rarely documented. Figure 6 gives an overview of
measured basic density, lignin and holocellulose content, and maximum
EMC (measured EMC at RH 90%) of the wood samples in relation to decay
rating by pick test. For the most severely decayed samples, it was not possible
to measure density (# = 13) and water vapour sorption (n = 12). The general
trends were that lignin increased with increasing decay stage while basic
density and holocellulose decreased with increasing decay stage. These
trends in material properties were supported by the species identification,
i.e. domination of brown rot and soft rot which both utilise holocellulose and
leave lignin behind during the decay process. The maximum EMC did not
show an effect of the decay stage, which supports the assumption that
differences in water vapour sorption between samples from aboveground
and ground proximity were primarily influenced by the environmental
conditions during ageing rather than fungal decay. When comparing
aboveground exposure with ground proximity for the different decay stages,
higher maximum EMC was found for ground proximity, while no clear
difference between the two exposure situations was found for basic density,
holocellulose and lignin. However, a comparison of aboveground versus
ground proximity samples should be done with caution since samples from
aboveground are mainly represented in decay stage 1 while samples from
ground proximity are mainly represented in decay stages 3 and 4.

Fungal species identification, frequency and distribution
While DNA metabarcoding is an established method, this study is the first to
use it for identifying fungi in decayed wood within an Arctic environment.
Another novel aspect is the inclusion of time-dependent decay progression.

A total of 2462 fungal OTUs were identified. The allocation to
fungal phyla and classes is detailed in Supplement 4 Table S9. The
majority of species were Ascomycota (55%), followed by Basidiomycota
(22%), with unidentified species accounting for 20%. The remaining 3%
included Chytridiomycota, Monoblepharomycota, Mortierellomycota
and Rozellomycota. In a study of historic wooden structures at Whalers
Bay (Deception Island, Antarctica)® three wood samples were collected
from three wooden buildings and one wooden boat. They identified 177
fungal amplicon sequence variants (ASVs), with Ascomycota dominat-
ing, followed by Basidiomycota, Mortierellomycota, Chytridiomycota,
Monoblepharomycota, Rozellomycota, and Zoopagomycota. Similarly, a
five-year deadwood study in Minnesota’ found that fungal communities
in birch and pine were initially dominated by Basidiomycota, with
Ascomycota becoming more prevalent in later decay stages. These
findings are consistent with the dominance of Ascomycota observed in
the present study.

This study aimed to identify and examine the frequency and dis-
tribution of wood-decaying fungi in the cable car pylons in Svalbard. Hence,
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Table 1 | Ascomycetes and basidiomycetes identified to
species level were categorised by growth mode, both overall
and by exposure type (aboveground and ground proximity)

Growth mode Total Aboveground Ground

proximity
Yeast 66 (33.7%) 49 (37.4%) 54 (34.4%)
Microfungus 42 (21.4%) 29 (22.1%) 32 (20.4%)
Soft rot 19 (9.7%) 11 (8.4%) 18 (11.5%)
Plant pathogen 17 (8.7%) 11 (8.4%) 11 (7.0%)
Lichen 15 (7.7%) 11 (8.4%) 9(5.7%)
Brown rot 8 (4.1%) 7 (5.3%) 8 (5.1%)
Endophyte 7 (3.6%) 4 (3.1%) 5 (3.2%)
Fungal parasite 7 (3.6%) 3(2.3%) 6 (3.8%)
White rot 7 (3.6%) 3(2.3%) 7 (4.5%)
Unknown 3 (1.5%) 1(0.8%) 3(1.9%)
Coprophilous 2 (1.0%) 1(0.8%) 1(0.6%)
Mycorrhiza 2 (1.0%) 1(0.8%) 2(1.3%)
Saprotroph 1(0.5%) 0 1(0.6%)
Total 196 131 157

The number of species and percentage (in parentheses) assigned to each growth mode is reported
relative to the total number of fungi identified to species level. OTUs with fewer than 10 reads were
excluded from the analysis

the first step was to retain only ascomycetes and basidiomycetes. Further,
reads below 10 were excluded, and a total of 196 OTUs were identified at the
species level. All the following analyses use this reduced dataset. Supplement
5 Table S10 lists the number of ascomycete and basidiomycete fungi (total,
aboveground, ground proximity) within different classes and orders. Basi-
diomycetes accounted for 39% of the species, while ascomycetes made up
61%. Following previous studies'””*”" species frequency tended to be higher
in ground proximity compared to aboveground.

Table 1 presents the growth modes for the 196 ascomycetes and
basidiomycetes identified at species level. It is important to note that growth
mode is not directly linked to taxonomy; it is a rough categorisation of
nutrition strategy and growth form. Yeasts dominate, followed by micro-
fungi. Here, microfungi refer to non-cellulolytic soil- and wood-inhabiting
fungi (commonly known as mould or “sugar fungi”), excluding those for
which information on their wood decay ability in natural environments is
currently lacking. Several microfungi are known endophytes, but their wood
decay ability is still unknown. Soft rot, plant pathogen and lichen repre-
sented 9.7%, 8.7% and 7.7% of the species, respectively. In the cable car
pylons in Svalbard soft rot fungi were more frequent than brown rot (4.1%)
and white rot fungi (3.6%). It should be noted that there is considerable
uncertainty regarding the wood depolymerisation capacity of many soft rot
species, and the current number is likely a conservative estimate. Species
abundances of all growth modes were more frequent in ground proximity
than aboveground, except for lichens. Initial brown rot decay involves non-
selective depolymerisation’, releasing more soluble sugars available to other
organisms, including opportunistic species”. This could explain the higher
levels of microfungi in the current study than in white rot-dominated decay
systems”’. Fungal community studies of wood deteriorating fungi tend to
focus on diversity rather than ecological guild”>”*, and few studies deal with
fungal communities in wooden cultural heritage or polar areas. However, in
the study of historic wooden structures at Whalers Bay” guild was assigned
at genus level and dominated, in rank order, by saprophytes, parasites (plant
and animal pathogens), and symbionts. Because the genus level was used,
decay mechanisms (i.e. brown, white or soft rot) were not specified. Among
the fungi identified to species level, four overlapped with those found in the
present study: two brown rot species, one white rot species, and one soft rot
species (Supplement 8 Table S13).

In recent years, a better understanding of the ecological plasticity of
plant-associated fungi has been achieved”. We now understand that
endophytes can act as pathogens, saprotrophs, or even mycorrhiza when
interacting with plants. These interactions are not species-specific, but
strain-dependent, suggesting that the transition from endophytism to other
lifestyles mainly depends on environmental stress factors besides the phy-
siological status of the host plant™. Consequently, the ecological traits of
endophytic fungi do not correlate with their taxonomical classification. This
situation obscures the understanding of the role that many of the fungal
species found in this study play in biodeterioration. Most endophytes
possess genes implicated in cell wall degradation, but few have been tested
for wood decay abilities. As an example, the endophytes Ascocoryne sar-
coides and Trichoderma reesei are capable of degrading cellulose under
laboratory conditions””® and potentially produce soft rot in nature.
Therefore, the number of soft rot species (Table 1) is likely to increase as
more knowledge is gained. It has also been pointed out that there is “a
continuum rather than a dichotomy between the white-rot and brown-rot
modes of wood decay”” and that a rigid classification for fungi within these
categories may be less suitable than previously believed. However, the
categories for fungal wood decay are still used in literature when describing
decay communities or mechanisms.

Supplement 5 Fig. S2a illustrates the number of species per sample
versus the number of beams/poles with the given diversity for non-decay
fungi and for wood decay fungi. For all species, 19% of samples had 1-10
species, 64% had 11-20 species, 10% had 21-30 species, and 6% had more
than 31 species. For wood decay fungi, 2% of samples had none, 11% had
1-2 species, 58% had 3-5 species, and 20% had 6-14 species. Supplement 5
Fig. S2b details the three decay types. For brown rot fungi, 5% of samples had
none, 83% had 1-3 species, and 13% had 4-6 species. For white rot fungi,
66% of samples had none, 32% had 1-3 species, and 2% had 4-6 species. For
soft rot fungi, 27% of samples had none, 59% had 1-3 species, and 14% had
4-6 species. In summary, brown rot fungi were present in most samples,
white rot fungi were less common and soft rot fungi were moderately
present.

The following discussion focuses exclusively on fungi that cause wood
decay. The distribution of wood-decaying fungi across decay stages (0-4)
and exposure (aboveground, ground proximity) is shown in Figs. 7, 8 and
Supplement 6 Table S11. It needs to be noted that species identification
using metabarcoding is subject to limitations and influenced by bioinfor-
matic choices (see discussion under Methodological considerations).

Seven species of brown rot were found aboveground (Fig. 7), with most
samples rated at decay stage 1. Brown rot fungi found in more than one
decay stage were A. molle (n =37, decay stage 0-4), C. luteoalbus (n =20,
decay stage 0-4), D. stillatus (n = 18, decay stage 0-2 and 4) and U. bispora
(n=13, decay stage 1-2 and 4). Only three white rot fungi were found
aboveground: Sistotrema brinkmani was only found in decay stage 1 (n = 1),
P. gigantea in decay stages 1 and 4 (n = 7), and P. pratermissa in decay stage
1-3 (n = 12). Eleven soft rot species were found aboveground. Species only
found in decay stage 1 included Pleurothecium semifecundum (n=3),
Pleurotheciellarivularia (n =5), Mollisia dextrinospora (n=1), and Cado-
phora luteo-olivacea (n =1).

For samples from ground proximity (Fig. 8) the brown rot fungi found
in all decay stages included A. molle (n = 41), C. luteoalbus (n = 30) and D.
stillatus (n=21). F. pinicola (n=1) was only found in decay stage 0, V.
abietina (n = 1) in decay stage 3 and C. lipoferus (n = 3) in decay stage 4. The
two Unilacryma species were found in decay stages 1 and 3-4 (U. unispora,
n = 3) and decay stages 0 and 3-4 (U. bispora, n = 6). All white rot fungi were
found in decay stage 0 except L. edodes (n =1, decay stage 4) and P. citri-
nopileatus (n =3, decay stages 2 and 4). P. gigantea (n=7) and P. prae-
termissa (n = 11) were also found in decay stages 2—4 and 1-4, respectively.
P. citrinopileatus (n = 1) was found in decay stages 2 and 4. A total of 18 soft
rot species were found in the ground proximity. Soft rot species found in all
decay stages included H. hymeniophilus (n = 8) and P. melinii (n = 14). Four
species were only found in decay stages 0 and 1, A. alternata (n =2 decay
stages 0 and 1), A. albida (n =8, decay stage 0), M. dextrinospora (n=2,
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Fig. 7 | Species found aboveground and their relative abundance in percentage (i.e., proportion of samples) for each decay stage of the wood samples. The decay stage is
numbered from 0-4 below each graph, while the species are listed on the left-hand side.

decay stage 1) and P. alpinus (n = 1, decay stage 1). One species, P. submersa
(n=1), was only found in decay stage 2 and two species were only found in
decay stage 3 and 4, P. celtidis (n = 1, decay stage 4) and A. sarcoides (n =2,
decay stage 3). The rest of the soft rot fungi were found in both early and
severe decay stages.

Picea abies was identified as the construction material in 40 beams
aboveground and 30 poles in ground proximity, while Pinus sylvestris was
identified in four beams above ground and 14 poles in ground proximity.
The composition of wood-inhabiting fungal communities is the result of
environmental and biotic filtering’™. Strong host specificity is reported to be
rare among wood decaying fungi, whereas the characteristics of their sub-
strate and surrounding habitat play a critical role"'. More specifically, brown
rot fungi are typically generalists or gymnosperm specialists, while white rot
fungi tend to specialise on angiosperms®. Anatomical and chemical dif-
ferences between P. abies and P. sylvestris affect their durability and water
transport properties. For example, P. abies has bordered pits that limit water
movement”, while P. sylvestris is characterised by its distinct heartwood™.
According to European standard EN 350%, the heartwood of P. abies is
classified as durability class (DC) 4 (slightly durable), whereas P. sylvestris
ranges from DC 3 to DC 4 (moderately to slightly durable). Further, sap-
wood, unless supported by specific test data, is regarded as non-durable®. As
the samples in the present study were taken from the outermost 2 cm, any
contribution from heartwood is expected to be minimal, if present at all.
Wood-decaying species composition, incl. the number of observations,
decay stage range, and age range of the poles for the two wood species in
ground proximity is given in Supplement 7 Table S12. Conclusions cannot
be drawn for species with few observations, but the three most frequent
brown rot fungi, A. molle, C. luteoalbus, D. stillatus, were found in all decay

stages and all age classes for both P. sylvestris and P. abies. A similar
trend was found for the two most frequent white rot fungi, P.
praetermissa and P. gigantea. Two of the three most frequent soft rot
fungi, H. hymeniophilus and A. pullulans, were found in both early
and late decay stages, while one of the three most frequently soft rot
fungi P. melinii was found in decay stages 0-2 for P. sylvestris
samples and decay stages 3-4 for P. abies. Interestingly, the four
collected samples from newly exposed 3-year-old renovated timber of
P. sylvestris (decay stage 0) hosted a higher diversity of wood decay
fungi than the later decay stages and age classes. However, the sample
size was too low in this study to examine if this is due to wood
species, exposure time, or microclimate.

As previously mentioned, originally, no biocidal treatment was used in
the cable car pylons. However, cable car pylon 158619-32 had previously
been restored. During restoration, the original untreated wood had been
replaced with treated wood. More specifically: P. sylvestris treated with
creosote in NW and NE poles, and CCA in SW and SE poles. Hence, two
samples in this study are from treated wood (NW and SE ground proxi-
mity). The brown rot fungus C. luteoalbus was found in both samples, and
the brown rot fungus A. molle was found in the SE pole. In more recent
restoration projects, untreated P. sylvestris has been used (Supplement 1
Table S1).

Species ecology

A fungal species’ inclusion in the Norwegian Red List, along with its cate-
gory, indicates its occurrence in mainland Norway. Species mentioned in
previous papers on fungal decay in polar regions reflect their global dis-
tribution. Both are detailed in Supplement 8 Table S13, allowing the
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numbered from 0-4 below each graph, while the species are listed on the left-hand side.

identified wood decay fungi to be classified into four categories, as shown in
Supplement Table S14.

Since this, to the best of our knowledge, is the first time DNA meta-
barcoding has been used on wood samples from Svalbard or the polar
regions, it was expected to find undocumented species for this habitat.
Supplement 9 Table S14 lists newly identified species for Svalbard: five
brown rot, five white rot, and 18 soft rot species. For polar regions, new
species include four brown rot, five white rot, and 16 soft rot species.
Unsurprisingly, the list is dominated by soft rot fungi and would be longer if
all identified fungal species were included.

None of the identified wood decay fungi in this study are defined as
threatened in Norway*’. Among the species evaluated for the Red List, all are
listed as LC (least concern) except the soft rot species H. hymeniophilus listed
as NE (not evaluated). However, 50% of the brown rot fungi, 29% of white
rot fungi and 89% of the soft rot species are not mentioned, even as not
evaluated (NE) in the Norwegian Red List.

Further, brown rot fungi were found in more samples than white and
soft rot fungi, but the number of identified soft rot fungi species was higher
than for brown and white rot fungi (Supplement 6 Table S11). To focus
more on the individual species, Supplement 8 Table S13 provides a sum-
mary of the known ecology (if any) of the decay fungi. Generally, most of the
brown and white rot species are commonly found in conifer forests, and this
is verified by Dix and Webster" who state that few fungi are exclusive to
polar regions. Ecological information on soft rot species is more fragmented.
Two surprising finds are the food mushrooms P. citrinopileatus (golden
oyster) and L. edodes (shiitake). However, home mushroom cultivation kits
are gaining popularity. In Longyearbyen, where fresh produce is limited,

their use is practical. Several manufacturers recommend disposing of spent
substrate outdoors, which may facilitate the introduction of non-native
fungal species into the local environment®’. Movement of fungal spores in
air currents is frequently reported and could happen within Svalbard (or
even over longer distances)®. This could explain the presence of the two
edible wood decaying fungi found in this study.

The difference in species diversity in wooden cultural heritage between
polar regions can have several reasons in addition to geographical differ-
ences: the type of substrate studied, the method used for identification, and
the sources for the introduction of new species. Living trees are absent at
Svalbard, but three dwarf willows are present: Salix herbacea, S. polaris and
S. reticulata®. Hence, some inoculation potential could theoretically be
provided by fungal degradation of lignocellulolytic plant material, e.g. the
mentioned Salix species. Other sources that could provide fungal coloni-
sation of wood material in Svalbard are potentially introduced via
driftwood™ and via human activity e.g. import of wood. Further, Dix and
Webster"” note that most fungi in polar regions are psychrotolerant strains
of mesophiles adapted to temperatures as low as —5°C, often introduced by
human activity.

These results contribute to the global understanding of fungal biodi-
versity and ecological roles in an extreme environment and showcase the
resilience and adaptability of fungi in polar regions. This study also high-
lights the importance of monitoring and updating conservation status lists
globally, as new species discoveries can influence ecological, maintenance,
and conservation strategies. Identifying indicators of climate change effects
will be increasingly important, and the results from the current study could
serve as a baseline for further studies.
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Impact of fungal decay

In Svalbard, the Arctic amplification effect, combined with the already
severely decayed wooden cultural heritage objects, creates an unfortunate
situation that demands immediate intervention. Wood decay fungi were
present in 86 of the 88 samples collected. The two samples without any decay
fungi were collected from aboveground (ID 87889-11, 87889-112—both
NW exposure). The structural integrity of cable car pylons is crucial for their
longevity, and fungal decay influences the strength properties in different
ways depending on the decay mechanism of the species present. Brown rot
was present in 84 of the samples. A key aspect of brown rot decay is its ability
to degrade wood far ahead of hyphal growth, rapidly breaking down
carbohydrates™. This leads to dramatic changes in timber properties, such as
tension and bending, even with minimal mass loss and little visible
change™”. In this study, the brown rot fungi A. molle was found in 87% of
the samples. Soft rot was found in 64 samples. Even if the decay rate of soft
rot fungi is slower than for basidiomycetes the soft rot fungi often cause
significant, yet localised, impacts on wood properties because soft rot
typically occurs on the exterior of the timber, where the flexural properties
are crucial for products like poles”. Hence, the combination of brown and
soft rot is unfortunate. White rot was found in 30 of the samples. In both
types of white rot, structural losses happen more slowly than in brown rot,
and cell wall degradation is more directly linked to enzymatic depolymer-
isation, leading to declines in properties like tension and bending, which
parallel mass losses from decay”. It is important to keep in mind that in
natural environments, polymicrobial interactions take place among bac-
teria, viruses, protozoa, protists, archaea, and fungi. These microorganisms
do not exist independently but are frequently part of dynamic “consortia,”
comprising various microbial species populations™. This is also illustrated in
this study, where several fungal species could be found in one sample, and
underscores the global importance of understanding fungal decay to pre-
serve structural wooden heritage.

Supplement 2 Table S4 gives an overview of condition assessments in
ground proximity of the cable car pylons used in this study, incl. condition
assessment according to the Askeladden database, together with the highest
decay rating from all four poles within one pylon found by pick test and
resistance drill. If one of the four vertical load-bearing poles of the cable car
pylon fails, the pylon will fall to the ground. 82% of the cable car pylons in
this study had a decay rating of 3 or 4 by the pick test in at least one of the
poles, and 77% had a decay rating of 4 by pick test and/or resistance drilling,
highlighting the urgency for restoration for these specific objects.

Methodological considerations

This study is the first to address the progress of decay (i.e. decay rate) in
wooden constructions in these extreme environments. It is rare to find
cultural heritage study objects that allow this, but the knowledge gained
from such a study is significant as they allow for estimation of the con-
structions’ service life. In this study, severe fungal decay (rating 3 and 4)
started to occur after about 50 years in ground proximity. In practice, this
means that all cable car pylons with unrenovated foundations have reached
a critical stage in terms of renovation needs. The knowledge is transferable to
other constructions in this environment where wood is inserted into the soil
(e.g. foundation of houses in polar areas).

Decay processes in wooden structures in the Arctic and other polar
regions are often slow but can have cumulative impacts on long-term
structural integrity. This study identified a significant presence of brown rot
fungi, particularly Amylocorticiellum molle, which was found in Svalbard
but not in other polar regions. This could suggest geographical differences in
fungal communities, potentially influencing strategies for the preservation
of wooden cultural heritage in such environments. Fungal community
analysis using DNA metabarcoding is anticipated to be frequently used in
future studies, replacing culture-based methods and providing deeper
insights into this topic. Longer growth seasons and improved conditions for
wood decay fungi pose a critical threat to historical wooden structures in
polar regions. This study emphasises the significance of ground proximity

areas in timber structures as reliable indicators for condition monitoring in a
changing climate.

DNA metabarcoding is a powerful tool for characterising fungal
communities, though its interpretation is subject to limitations and influ-
enced by bioinformatic choices. Primer bias may skew community profiles
by preferentially amplifying certain taxa, while barcode regions may lack the
resolution to distinguish closely related species. PCR and sequencing errors
can introduce artefacts such as chimeras and singletons, which bioinfor-
matic pipelines aim to minimise, though some may persist undetected.
Taxonomic assignment is constrained by the completeness of reference
databases, with many fungal species remaining undescribed or unse-
quenced. We adopted a conservative approach, focusing on species-level
identifications with more than 10 reads and targeting fungi known to cause
wood decay. Classifications were supported by FUNGuild and manual
curation, though this likely underrepresents overall diversity, especially
among poorly characterised soft rot fungi. Metabarcoding is not inherently
quantitative due to variation in rDNA copy number and amplification
efficiency; thus, presence/absence data were used. Environmental con-
tamination was minimised through careful sample handling. While DNA
from non-viable fungi may persist, given that some wood samples are over
100 years old, such fungi may have contributed to historical decay processes
and are therefore considered ecologically relevant.

Rather than relying on a single method for condition assessment, the
combination of methods in this study provides a more robust approach for
characterising fungal communities and decay patterns in wood. Decay
rating by pick test and resistance drilling are established methods, but the
novelty in this study is the transformation of resistance drilling profiles to
decay rating and the validation of these field tests by detailed physical and
chemical analyses in the laboratory. For analyses of field samples in polar
regions chemical characterisation has not previously been used to supple-
ment fungal species identification to quantify the main fungal decay
mechanism present. Light microscopy, a long-standing method in mycol-
ogy, remains valuable for accurately identifying the wood species in the
pylons and verifying decay types. Measuring the moisture content of
(decayed) wood in service is common, but this describes a momentary state
highly influenced by recent weather events (rainfall, sunlight). Our mea-
surements characterised, for the first time, the sorption behaviour of field
samples from decayed wood in service, a material property. By comparing
wood from aboveground and ground proximity, we revealed a significant
effect of environmental conditions on the water sorption capability that has
not been reported previously. This methodological advancement is crucial
for global heritage conservation efforts, offering a more precise and com-
prehensive understanding of microbial interactions and decay processes.

Data availability

Field and analytical data are available via https://doi.org/10.18710/AF50L.
The sequencing data are available under NCBI BioProject ID
PRJNA1311312.
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