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ABSTRACT KEYWORDS

Biological deterioration is a significant threat to wooden cultural Antarctic; High Arctic;
heritage in polar regions. Based on a comprehensive review of  cultural heritage; biological
previous and current research, we provide an overview of current degradation; fungal decay
knowledge of wood-decaying fungi and fungal decay in historic

wooden structures in Antarctica and the High Arctic. Most available

research focuses on degradation mechanisms, providing data on

microbial biodiversity and factors influencing deterioration of the

historic polar heritage. Less is reported on decay rates and conse-

quences for cultural heritage, such as the type and severity of

damage, causes, repair, and conservation methods. The effects of

climate change improve conditions for fungal decay, and thus more

severe damage must be expected. Consequently, further research

and development should concentrate on these challenges to pro-

mote conservation of polar cultural heritage and sustainable heri-

tage management. Greater cooperation between researchers

across disciplines in polar regions may be of key importance to

improve insights and treatments for polar wooden heritage.

Introduction

Polar cultural heritage is largely a wooden heritage as wood has been a primary building
material throughout the Antarctic and High Arctic (see Figures 1, 2, 3, 4, 5, and 6). A long-
held assumption has been that fungal decay in wooden structures in polar regions is
uncommon due to the cold and dry climate (Jennings and Rayner 1984; Rayner and Boddy
1988). Consequently, until the early 2000s, fungal decay was not considered a serious
threat to cultural heritage in the Antarctic and High Arctic.

Despite the cold and dry climate, Mattsson and Flyen (2011) found extensive fungal
decay in wooden structures in the High Arctic Svalbard. The iconic cable car bucks in
Longyearbyen (see Figures 12 and 13), a highly visible remainder of the town's coal
mining history, show how fungal decay can cause severe damage to cultural heritage
(Flyen 2013). Held and Blanchette (2017) and Held, Arenz and Blanchette (2011) found
extensive fungal decay in historic buildings on Deception Island in Antarctica’s South
Shetland Islands. Blanchette et al. (2021), Pedersen et al. (2020), Matthiesen et al. (2014)
and Jurgens, Blanchette, and Filley (2009) showed that wooden heritage in Greenland and
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Figure 1. A trapper’s cabin built in 1904 by Norwegian trappers at Kapp Lee, Edge Island in Svalbard.
The picture was taken prior to restoration of the hut in 2009 by the Governor of Svalbard. Source:
Anne-Cathrine Flyen, reproduced with permission.

Figure 2. An emergency radio shack at Haudegen in Nordaustlandet, Svalbard. This was a manned
German meteorological station built in 1944 during World War Il. Source: Anne-Cathrine Flyen,
reproduced with permission.

the Canadian High Arctic is affected by enhanced microbial degradation due to climate
change. Fungal decay is a proven threat to wooden heritage in the High Arctic and the
Antarctic. It is recognised as a key transformative process underlying both current and
expected future conditions of wooden heritage. Fungal decay is thus a significant chal-
lenge for polar cultural heritage conservation and management.
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Figure 3. Historic sites and monuments listed in the Scientific Committee on Antarctic Research (SCAR)
database (ADD 2021) and historic stations (Headland 2009) in Antarctica. Map by Alma Thuestad,

reproduced with permission.

We provide an overview of current knowledge and understanding of wood-decaying
fungi and fungal decay in historic wooden structures in polar regions. The questions we
seek to answer are as follows: (1) Which wood-decaying fungal species have been
identified in polar wooden heritage? (2) Which methods are used to detect and identify
species of decay fungi? (3) What damage do wood-decaying fungi cause in wooden
heritage? and (4) Which repair methods and precautionary measures are applied? The
review encompasses both the High Arctic and the Antarctic as wooden cultural heritage is



4 A-C. FLYEN AND A. E. THUESTAD

10°0'0"E 20°0'0"E 30°0'0"E
1 1 1

[-s80°0'0"N

80°0'0"N~=

P=79°0'0"N

79°0'0"N =4

[-78°0'0"N

78°0'0"N =

[-77°0'0"N

77°0'0"N~—

j=76°0'0"N

76°0'0"N-=

[-75°0'0"N

75°0'0"N~=

Q |-74°0'0"N

0 50 100 Km

Legend
[ Longyearbyen

@®  Cultural heritage site listed in the heritage database Askeladden

Figure 4. Cultural heritage sites in Svalbard listed in the Norwegian cultural heritage database,
Askeladden. Map by Alma Thuestad, reproduced with permission.

found throughout (see Figures 1, 2, 5, 6, 7, 8, 9, and 10). Challenges linked to environ-
mental conditions, climate change, and other impact factors are also comparable. On this
basis, we will identify some knowledge-gaps and directions for further research efforts.
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Figure 5. Men and dogs on the roof of a cabin at Camp Ridley at Cape Adare photographed by Carsten
Borchgrevink, the leader of the 1898-1900 expedition which was based in this cabin. Source:
Norwegian Polar Institute, reproduced with permission.

Figure 6. The Carsten Borchgrevink cabin at Camp Ridley photographed in 2016-2017. Source: Tom
Edvindsen, Norwegian Broadcasting Corporation (NRK), reproduced with permission.

Wooden Heritage in Polar Regions

The Arctic Council divides Arctic cultural heritage into two main categories: (1) indigenous
heritage and (2) heritage originating in cultures further south, usually individuals or
smaller groups engaged in natural resource exploitation, such as hunting, trapping,
fishing, whaling, and mining, but also exploration, research, and social work
("Assessment of Cultural Heritage Monuments and Sites in the Arctic” 2013). Antarctica’s
cultural heritage is solely derived from exploration, research, and resource exploitation.
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Figure 7. Stranded boat in Grytviken on South Georgia. This Norwegian whaling station was
established in 1904 and in operation until 1966 when the whale stocks became too low to continue
exploitation. Source: Carl Erik Kilander, reproduced with permission.

A comprehensive overview of cultural heritage throughout polar regions is challenging
due to differences in methodology, heritage definition, and access to information (Barr
2019). However, for some areas, such as Svalbard and Antarctica, comprehensive records
are available covering prehistoric sites, historic structures, and buildings still in use as well
as a wide range of ruins and abandoned structures.

Human history in Antarctica is short, but intense. James Cook’s explorations in 1773
can be considered a starting point even though he did not go ashore. The earliest known
sites are sealing sites from the 1820s on the South Shetlands (Pearson and Stehberg 2006).
Between 1897 and 1922, interest in Antarctica and Antarctic research was on the rise, and
scientific expeditions were sent out. This era, known as the Heroic Age of Antarctic
exploration, is recognised as having pre-eminent historical significance (Senatore 2019;
Headland 1989). Heritage sites are mostly reminiscent of scientific exploration, but also
include remnants of whaling. Later research efforts have to a lesser extent left permanent
structures except for national stations which are not considered historic.

Decisions on listing and protecting Antarctic cultural heritage are made according to
a process established in 1972 by the Antarctic Treaty Consultative Meeting (ATCM) ("The
Antarctic Treaty” 1959). Currently, there are 95 heritage sites on the official list of Historic Sites
and Monuments (HSMs) (“Area Protection and Management/Historic Sites and Monuments”
2022; “List of Historic Sites and Monuments approved by the ATCM” 2013). Of these, around
30 sites encompass wooden structures. Buildings and on-site infrastructure are the predomi-
nant physical heritage. This holds true not just for the expeditions and scientific activity, but
also the whaling which went on from the early twentieth century until the 1960s. Remains of
whaling stations and other infrastructure are found in South Georgia, the South Orkney
Islands, and the Antarctic Peninsula (Hacquebord and Avango 2016). Apart from buildings
and structures, other cultural heritage in Antarctica consists of graves and memorials.
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Figure 8. Detail of stranded boat in Grytviken on South Georgia affected by fungal decay. Source: Carl
Erik Kilander, reproduced with permission.

Any trace of human activity predating 1946 is protected as cultural heritage in Svalbard
(“Svalbard Environmental Protection Act”, § 39). The Norwegian National Cultural Heritage
Database lists 2191 mapped sites in the Svalbard Archipelago and 55 on the island Jan Mayen
(“Askeladden” 2020). Predominant heritage structures are buildings and on-site infrastructure
reminiscent of resource exploitation, scientific exploration, and adventure expeditions. The
earliest traces of human activity are associated with extensive whaling activities in the waters
around the archipelago (from around 1600 to about 1750) (Arlov 2003). The 50 whaling
stations and numerous graveyards encompassing around 760 graves are widely known
(Sandodden 2013). Cabins and traps left behind by the Russian (Pomor) (1700-1850) and
Norwegian hunting and trapping (from around 1800 until present day) are common. There
are also a multitude of traces of mineral exploitation ongoing since the early 1900s. Remains
of scientific exploration and adventure expeditions (from around 1760 until the present day)
are found at 113 sites. Some of the best-known are reminiscent of various attempts to reach
the North Pole by air (“Askeladden” 2020).
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Figure 9. The remains of the magistrate’s Villa in Whalers Bay on Deception Island. The Norwegian
whaling station dating to 1906-1931 constitutes some of the most significant whaling remains in
Antarctica. Base B, a British meteorology and geology station (1944-1969) reused this building. The
site is designated as Historic Site No. 71 under the Antarctic Treaty. Source: Ann Kristin Balto,
reproduced with permission.

Figure 10. Detail of the remains of the magistrate’s Villa in Whalers Bay on Deception Island affected
by fungal decay. Source: Ann Kristin Balto, reproduced with permission.

Bibliographic Review - Method and Data

This paper reviews literature on fungal decay affecting wooden historic structures located
in Antarctic and High Arctic regions. The approach is essentially a bibliographic review of
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literature across multiple disciplines (meta-analysis). The review mainly encompasses
scientific literature published in English, but also some so-called ‘grey literature’ of
which literature on Svalbard is mainly in Norwegian. Svalbard is a key area of interest as
the archipelago has a rich concentration of heritage sites.

A targeted search of Google Scholar and Web of Science was used to identify relevant
literature. The ICOMOS Open Archive, the digital and physical archives of the Svalbard
Environmental Fund, and the Norwegian Directorate for Cultural Heritage were searched
according to the same parameters. A set of criteria or 'key words’ (see Table 1) was used to
facilitate the search and secure the selection of thematically relevant literature on decay fungi
in wooden heritage. Several key words and combinations of key words were tested to ensure
that the searches yielded relevant literature and concurrently excluded irrelevant literature.
Google Scholar and Web of Science were searched using both English and Norwegian key
words. The same Norwegian key words were used for searching Norwegian sources.

The results were examined for relevance based on title and abstract. Papers and reports
thought relevant were read in their entirety. Key findings from the selected literature were
extracted, compiled, and compared in order to summarise current knowledge regarding
advances and discoveries of decay fungi and consequences for Antarctic and High Arctic
wooden heritage.

Results and Findings
Literature on Fungal Decay in Antarctic and High Arctic Wooden Heritage

The initial searches using Google Scholar yielded both relevant and irrelevant publications
on fungi in Antarctic and High Arctic wooden heritage. As shown in Table 1, the first
search yielded over 9000 hits.

Google Scholar yielded the highest number of potentially relevant publications. After
closer examination, a total of 62 and 12 publications focused on fungal decay in Antarctic
and High Arctic wooden heritage were found through Google Scholar and Web of

Table 1. Combinations of key words used to search for relevant literature and results.

Combination 1 2 3
Google Scholar
Key words fungal decay heritage buildings rot decay or fungal decay and fungal decay and/or arctic* and/
arctic antarctica antarctic* or arctic* or “polar* or antarctic* and cultural
heritage* and/or wood*
Results 9010 2120 1581
Key words in sopp rate og/eller arktisk * og/
Norwegian eller antarktis * og kulturarv * og/
eller tre *
Results 5
Web of Science
Key words fungal decay and/or arctic* and/  fungal decay and/or arctic*  fungal decay and/or arctic* and/
or antarctic* and cultural and/or antarctic* and or antarctic* and/or wood*
heritage* and/or wood* heritage and/or wood*
Results 1 4 91
Key words in sopp rate og/eller arktisk * og/
Norwegian eller antarktis * og kulturarv * og/
eller tre *

Results 0
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Science, respectively (see Table 2). When looking closer at relevance, 3.9% of the poten-
tially relevant publications from the final search of Google Scholar were actually relevant,
while the corresponding percentage for Web of Science was 13.1%. Eighty percent of the
hits using Norwegian key words when searching Google Scholar resulted in relevant
publications, while the corresponding percentage for Web of Science was zero.

The Google Scholar search encompassed all relevant publications identified through
the Web of Science. In addition, Google Scholar encompassed several Norwegian pub-
lications. The ICOMOS Open Archive mostly holds books, of which few were found
relevant (see Table 3). Twelve of 18 publications were also listed on Google Scholar,
including all the publications found to be relevant. The search at the Svalbard
Environmental Protection Fund revealed several relevant reports (see Table 4).
Publications located at the Norwegian Directorate for Cultural Heritage mainly encompass
guides and instruction books on maintaining sites and buildings (see Table 4). These
reports, guides, and instruction books are, with very few exceptions, in Norwegian and
would be considered grey literature.

Table 2. Relevant publications on fungal decay in polar wooden heritage located through Google
Scholar and Web of Science.
Google Scholar

Key words fungal decay and/or arctic* and/or antarctic* and cultural heritage* and/or wood*
Period Anytime
Results 1581
Examined Title 1580
Abstract 231
Paper 92
Relevant 62
Key words in Norwegian sopp rate og/eller arktisk * og/eller antarktis * og kulturarv * og/eller tre *
Period Anytime
Results 5
Examined Title 5
Abstract 5
Paper 4
Relevant 4
Web of Science
Key words fungal decay and/or arctic* and/or antarctic* and/or wood*
Period Anytime
Results 91
Examined Title 91
Abstract 32
Paper 15
Relevant 12
Key words in Norwegian sopp rate og/eller arktisk * og/eller antarktis * og kulturarv * og/eller tre *
Period Anytime
Results 0

Table 3. Relevant publications on fungal decay in polar wooden heritage located through ICOMOS
open archive.
ICOMOS Open Archive

Key words fungal decay and/or arctic* and/or antarctic* and cultural heritage* and/or wood*
Period Anytime
Results 18
Examined Title 18
Abstract 18
Paper 10

Relevant 3




CONSERVATION AND MANAGEMENT OF ARCHAEOLOGICAL SITES . 1

Table 4. Relevant publications on fungal decay in polar wooden heritage located in the digital
archives of the Svalbard environmental protection fund and the Norwegian directorate for cultural

heritage.
Svalbard Environmental Fund
Key words in Norwegian Sopp rate og/eller arktisk * og/eller antarktis * og kulturarv * og/eller tre *
Period 2007 (funding year) — 2021
Results 90
Examined Title 90
Abstract 51
Paper 39
Relevant 20
Norwegian Directorate for Cultural Heritage
Key words in Norwegian Sopp rate og/eller arktisk * og/eller antarktis * og kulturarv * og/eller tre *
Period Anytime
Results 42
Examined Title 42
Abstract 42
Paper 21
Relevant 10

Research on Biodeterioration of Wooden Heritage

Biodeterioration is defined by Allsopp as ‘any undesirable change in a material brought
about by the vital activities of organisms’ (Allsopp 2011, 151). Bacteria, archaea, fungi,
lichens, and insects are generally a major problem for preservation of cultural heritage
due to their biological degradation potential (Sterflinger and Pinar 2013), but in Antarctica
and the High Arctic wood-decaying insects are not a known issue. Of the over 250 species
of insects recorded in Svalbard (Coulson 2015), none are wood-decaying. Mould is
a known wood-decaying mechanism; however, mould fungi do not cause severe damage
to buildings and other structures (Mattsson et al. 2014).

The number of known fungal species worldwide is uncertain. Current estimates range
from 1.5 to 12 million (Bhunjun, Niskanen, and Suwannarach 2022; Wu et al. 2019;
Hawksworth et al. 2017). Approximately 150,000 species are named and classified
(Bhunjun, Niskanen, and Suwannarach 2022). A wood-decaying fungus is any species of
fungus able to utilise wood as a substrate, gradually depolymerising the wood resulting in
strength loss, i.e. causing it to rot. Wood decay is classified as either white rot, brown rot,
or soft rot (Goodell, Qian, and Jellison 2008), which often co-exist in nature. The decay
mechanisms used for brown, white, and soft rot differ (Blanchette 2000). According to
Otjen et al. (1987), white rot fungi can be divided into simultaneous/non-selective white
rot which cause the removal of cellulose and lignin, and selective white rot which cause
the removal of lignin while leaving quantities of cellulose intact. Selective and non-
selective white rot species both degrade components in cell walls, resulting in soft and
stringy white or yellow looking wood. White rot mostly affects deciduous tree species but
can also be found in coniferous woods. Brown rot also degrades cell walls, but leaves
lignin largely intact, causing wood to shrink, cracking into cubical pieces and showing
brown discolorations as it dries. Brown rot mostly occurs in conifers. Soft rot fungi can be
found in wet environments, but also in areas with reduced amounts of moisture and in
extreme environments. In wet environments, soft rot fungi leave the wood surface soft
and easy to pick off. When dehydrating, the surface layers shrink, splitting the wood into
small square blocks which often look like the effects of brown rot; however, the decay
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process is different and does not weaken the wood significantly until advanced stages of
decay. In general, white and brown rot are classified in the Basidiomycota and soft rot is in
the Ascomycota. Brown rot degradation is normally considered more problematic for
wooden structural elements than white rot because of the way these fungi attack wood
cell walls and promote rapid strength loss (Arantes and Goodell 2014). Brown rot fungi
commonly affect wooden structures in temperate climates (Held, Arenz and Blanchette
2011).

Correct identification of the fungal organism at work is important as not all fungi are
equally destructive (Singh 2000). The type of decay caused by fungi may be differentiated
by microscopy and sequencing of DNA. Riley et al. (2014) and Schilling et al. (2020)
indicate that the prevailing paradigm of classifying fungal decay caused by white or
brown rot does not capture the diversity of fungal decay mechanisms. This review does
not consider these questions, instead focusing on traditional characterisation when
classifying rot fungus (i.e. brown rot, white rot, and soft rot).

Fungal organisms have some minimal requirements for growth, mainly sufficient
moisture, and favourable temperature (Domsch, Gams, and Anderson 1980).
Consequently, the extent of biodeterioration was long expected to decrease in colder
climates. There has thus far been a long-held and widespread belief that biodeterioration
is absent or minimal in Antarctica and the High Arctic. Little was reported on wood-
decaying fungi in extreme cold climates until the early 2000s (Blanchette, Held, and
Jurgens 2008; Frisvad 2008).

Decay Fungi in the Antarctic

Around 30 of the listed Antarctic heritage sites contain wooden buildings, structures, or
objects. Several sites have been subject to thorough investigations focusing on fungi,
particularly the appearance and diversity of wood-decaying fungi in such environments.
A review of early Antarctic microbiological studies undertaken by Fogg (1992) includes
the Deutsche Sudpolar-Expedition (1901-1903), Charcot’s two French expeditions (1904-
1907, 1908-1910), and Nordenskjold’s Swedish Antarctic Expedition (1901-1904). Kerry
(1990) listed fungal species with the potential to degrade wood, concluding that at least
one species, Phialophora fastigiata, now called Cadophora fastigiata, survives on wood.
Despite these findings, there was still a widespread belief that biodeterioration was
absent or minimal in Antarctica (Hughes 2011). Research providing detailed information
on biodeterioration, such as Duncan (2007), include measurements of growth require-
ments and cold tolerances. Evidence of significant deterioration of wooden structures is
provided in Held, Arenz and Blanchette (2011), Arenz and Blanchette (2009), Arenz and
Blanchette (2008), Held et al. (2006), Blanchette et al. (2004) and Farrell et al. (2004). This
research mainly pertains to land-based sites, but Bjordal and Dayton (2020) identified soft
rot fungi and tunnelling bacteria in wood exposed to long-term anthropogenic activity
collected from the seafloor close to McMurdo station. Having demonstrated the presence
of wood-decaying fungi, evidence of adaptation to the extreme cold environment fol-
lowed (Bjordal and Dayton 2020; Duarte et al. 2018; Godinho et al. 2015; Henriquez et al.
2014; Godinho et al. 2013). Blanchette et al. (2004) found strong evidence of seasonal
growth ability in Antarctica. According to Duncan (2007), fungi frozen during parts of
the year go dormant and are viable upon thawing and able to re-establish each summer.
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Reviewing the numerous research publications, it is evident that the research primarily
involves fungal diversity and ecology (Gaiser et al. 2021; Held and Blanchette 2017; Farrell
et al. 2011; Blanchette et al. 2010; Farrell et al. 2008; Duncan et al. 2006; Held et al. 2005) or
soil fungal species (Albores et al. 2018; Arenz, Blanchette, and Farrell 2014; Arenz and
Blanchette 2011; Arenz et al. 2011; Connell et al. 2010; Arenz and Blanchette 2009; Connell
et al. 2008; Arenz et al. 2006). Research on biodeterioration has largely focussed on
microlevel biology, species identification of fungus, and baseline data describing micro-
bial diversity (Gaiser et al. 2021; Albores et al. 2018; Arenz, Blanchette, and Farrell 2014;
Arenz and Blanchette 2011; Arenz et al. 2011; Farrell et al. 2011; Blanchette et al. 2010;
Duncan et al. 2010; Duncan 2007; Arenz et al. 2006; Held et al. 2006; Blanchette et al. 2004,
2004; Blanchette and Charola 2003; Blanchette, Held, and Farrel 2002).

The most common methodology for species detection and identification (and as
a result of the species identification, implicitly also type of decay) has been classic
microbiology aimed at isolating monocultures of viable organisms, culture-independent
DNA analyses, and electron microscopy utilising samples from wooden structures and
artefacts as well as samples of sterile wood and cellulose, with and without nutrients
added, left on-site, and later removed and evaluated for fungal colonisation (Held and
Blanchette 2017; Arenz et al. 2011; Farrell et al. 2011). As early as 2004, molecular biology
techniques were applied to improve the identification of microbial species, resulting in
the identification of several previously unknown species, many unique to Antarctica
(Blanchette et al. 2004).

Biodeterioration of wood in Antarctica is caused by a few species of soft rot fungi (Arenz
and Blanchette 2009; Arenz et al. 2006; Blanchette et al. 2004). The commonly reported
Cadophora species (Gaiser et al. 2021; Rusman et al. 2018; Blanchette et al. 2010; Arenz and
Blanchette 2009) is a proven cause of soft rot decay. Key species of concern are Cadophora
malorum, Cadophora luteo-olivacea, Cadophora fastigata, and some previously undescribed
Cadophora species which are widespread. These have been found to infest soils and
buildings at Ross Island sites (Arenz et al. 2006) and Antarctic Peninsula sites (Arenz and
Blanchette 2009). These fungi are widely found in wood in historic huts and have the
capacity to cause extensive soft rot if conditions conducive to such decay are present.
Soft rot commonly occurs in wood exposed to extreme and adverse environmental condi-
tions that inhibit other types of fungi from being established (Blanchette et al. 2004).

In addition to the major group of wood decaying fungi found throughout Antarctica,
brown rot fungi and filamentous basidiomycetes (Hypochniciellum spp. and Pholiota spp.)
have been identified on Deception Island, an active volcanic island in the South Shetland
Islands off the Antarctic Peninsula (Held and Blanchette 2017). This area has a warmer and
more humid climate than continental Antarctica, thus allowing for soils to support more
abundant and diverse fungal communities (Arenz, Blanchette, and Farrell 2014). Lawley
et al. (2004) report sites with three to four times higher fungal diversity than more
southerly continental sites. Blanchette et al. (2010) and Arenz and Blanchette (2009)
investigated filamentous fungi isolated in samples from coastal areas and historic expedi-
tion huts in the Ross Sea, historic structures on Deception Island, and the Antarctic
Peninsula. They identified the genus Cadophora as one of the most abundant fungal
groups, comprising more than 30% of culturable fungi at some locations.

Blanchette et al. (2004) concluded that the early explorers probably did not bring along
the soft rot fungi found to occur in historic huts. They based this conclusion on the fact



14 A-C.FLYEN AND A. E. THUESTAD

that although the Cadophora species occur in temperate regions, they are uncommon
and rarely found in wood used as building materials. The great diversity of Cadophora
species, including several undescribed species, found in historic wood, and their presence
in soils in remote areas with little human interference, as well as on dead moss and lichen
thalli, strongly suggest that these fungi are endemic to Antarctica (Farrell et al. 2011;
Blanchette et al. 2010; Duncan et al. 2008; Arenz et al. 2006; Blanchette et al. 2004; Farrell
et al. 2004). However, there is evidence of fungal species introduced to Antarctica along
with wood, including driftwood, and other organic artefacts the explorers brought with
them and that later were spread by windblown debris and foot traffic or through infection
from contaminated soil (Held and Blanchette 2017; Held, Arenz and Blanchette 2011;
Arenz et al. 2011; Kerry 1990; Line 1988).

Fungi-Induced Damage to Wooden Heritage in the Antarctic

Fungi are notorious contaminants in areas with human activities such as the historic
sites (Arenz, Blanchette, and Farrell 2014). Studies have shown that significant
deterioration affecting Antarctica’s historic buildings takes place over time, albeit at
a slow rate (Held and Blanchette 2017; Held, Arenz and Blanchette 2011, 2009; Held
et al. 2005; Blanchette et al. 2004). According to Hughes (2011), the most serious
biodeterioration risks are decay of structural elements in direct contact with soil,
under the floor, inside walls where ventilation is reduced, where water leakage
occurs, and where temperatures are higher. Duncan (2007) has shown that once
a fungal attack is visible on the surface, damage within the timber is substantial and
the structure is already weakened.

Moisture content is considered to be the most critical ‘limiting’ factor for fungal decay.
Consequently, many studies have used moisture as an indicator of fungal growth ability
(Brischke and Alfredsen 2020). Duncan (2007), Held et al. (2005), Mason (1999), and Blunt
(1991) measured moisture content at the three Ross Island huts and Cape Denison,
respectively. At all sites, in all buildings, and in many locations within the buildings, the
moisture content was found sufficient (>20%) to support biodeterioration. Significant
damage has also been reported at Antarctic Peninsula sites. Duncan (2007) concludes that
main factors affecting deterioration were related to structural design factors allowing
moisture accumulation. Arenz and Blanchette (2009) highlighted the importance of roof
condition to prevent water ingress.

Held and Blanchette (2017) documented two sites on Deception Island with buildings
from 1955, where most of the wood in contact with soil was affected by fungi, leaving the
buildings severely damaged. They underlined the favourable conditions caused by
geothermal heating which allow the survival of diverse fungal species and consequently
more severe damage to wooden heritage. Comparatively, Blanchette et al. (2004) docu-
mented the presence of different Cadophora species in the Ross Island huts. However,
detecting only limited decay at those sites, Blanchette et al. (2004) conclude that there is
no immediate threat to the huts.
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Decay Fungi in the High Arctic

Looking at the High Arctic in general, the amount of research on fungi, fungal decay, and
wooden heritage is limited. Research efforts have focussed on specific areas, such as
Svalbard, Greenland, and Arctic Canada.

Biodeterioration in Svalbard was initially believed to follow the same pattern as in
Antarctica, namely, a restricted decay caused by soft rot fungi of wood in direct soil
contact (Mattsson and Flyen 2008). Research showed, however, that the decay of
Svalbard’s wooden heritage is dominated by brown rot fungus (Mattsson, Flyen, and
Nunez 2010; Mattsson and Flyen 2008). Leucogyrophana mollis was the dominant brown
rot fungus in the investigated material, but a few other brown rot species were detected,
as was evidence of soft rot decay. In 54 wooden samples, Leucogyrophana mollis were
found in 34, Coniophora puteana in 2, and 1 species in the Corticiaceae family was
identified (Mattsson and Flyen 2008). An earlier investigation of building materials
revealed the occurrence of Antrodia serialis, Columnocystis abietina, Cylindrobasidium
evolens, Dacryobolus sudans, Dacrymyces stillatus, Ditiola radicata, Gloeophyllum sepiarium,
Hyphoderma setigerum, Sistotrema coroniferum, and Sterum sanguinolentum (Gulden and
Torkelsen 1996), which include both brown and white rot fungi. Gulden and Torkelsen
(1996) focused on species identification. Research also encompasses materials from non-
manmade structures. Kosonen and Huhtinen (2008) found 24 species of wood-decaying
basidiomycetes in 115 wooden samples from driftwood, of which the 5 most abundant
species were brown rot fungi. At Jan Mayen, which has a somewhat similar nature and
climate as Svalbard, Ryvarden and Hgiland (2009) found three species of Corticiaceae in
driftwood. Driftwood can contribute to spread fungal spores and introduce new species.

Microbial degradation processes have been documented in Greenland (Hollesen,
Matthiesen, and Elberling 2017; Hollesen et al. 2016, 2015; Matthiesen et al. 2014).
Pedersen et al. (2020) found extensive soft rot decay caused by Ascomycota fungi on
wooden artefacts from archaeological sites in western Greenland. Although
Basidiomycota fungi were found throughout many sites, regardless of climate and local
environment, the actual decay at some sites was inhibited due to unfavourable growth
conditions. In western Greenland, Pedersen et al. (2020) used DNA sequencing which
revealed a diverse group of Ascomycota as the dominant fungal type. Soft rot was found
at archaeological sites in both buried and exposed wood. Cadophora species were the
most common. Other Ascomycota fungi known to cause soft rot were also found, includ-
ing Chaetomium, Cladosporium, Lecythophora, Leptodontidium, and Phialophora. Pedersen
et al. (2020) found a limited number of filamentous Basidiomycota causing white or
brown rot, of which most were found only once, including Tremellales, Hohenbuehelig,
Lentinellus, Dacrymyces, and an unknown Basidiomycota species. In a study of driftwood in
Iceland, Greenland, and Siberia, Blanchette et al. (2016) found Cadophora species to be
the most frequent Ascomycota with soft rot as the most prevalent form of decay. Few
Basidiomycota were found.

Blanchette, Held, and Jurgens (2008) and Blanchette et al. (2021) found no brown rot
when investigating biodeterioration of wooden huts in the Canadian High Arctic, but soft
rot fungi were prevalent. They also identified environmental factors and approaches to
reduce future damage. However, Jurgens, Blanchette, and Filley (2009) and Blanchette,
Held, and Jurgens (2008) reported finding Cadophora malorum, C. luteo-olivacea,
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C. fastigata and some previously undescribed Cadophora species. Blanchette et al. (2021)
reported finding species belonging to the genera Coniochaeta, Phoma, Cadophora,
Graphium, and Penicillium and many other Ascomycota causing soft rot in wood in the
Peary Huts located at Fort Conger in the Canadian High Arctic.

Fungi-Induced Damage to Wooden Heritage in the High Arctic

Flyen, Flyen, and Mattsson (2020) consider biodeterioration caused by fungal decay as the
most important factor causing deterioration of wooden heritage in Svalbard. Research
shows that most historic wooden structures are affected and, furthermore, that many are
heavily decayed (Mattsson et al. 2014; Mattsson and Flyen 2014, 2012, 2011, 2008; Flyen
and Mattsson 2010; Mattsson, Flyen, and Nunez 2010). The main research focus has been
on how fungal species appear and behave in wooden material and the types of damage
affecting wooden heritage.

Wooden structures are often in direct contact with soil and exposed to constant
moisture exposure when temperatures are above 0° Celsius. Mattsson and Flyen (2011)
describe areas vulnerable to biodeterioration, defining five main zones of risk based on
the microclimate in structures. As ecological conditions favourable for fungal growth vary
within a wooden structure, the microclimate is important for determining whether wood-
decaying fungi will survive and their growth rate (Grobakken, Mattsson, and Alfredsen
2014; Flyen and Mattsson 2010). As shown in Figure 11, in buildings and partially
collapsed buildings, panel and load-bearing elements situated in microclimatic zone 2
are often heavily decayed, as are the floors which are often constructed directly on the
ground (microclimatic zone 2), and the roof, especially where parts are open or collapsed
(microclimatic zone 5) (Mattsson and Flyen 2011). Foundations are often composed of
wooden poles penetrating the permafrost. These poles exhibit a specific pattern of fungal
decay, starting in the core, spreading out in an area 20-30 centimetres below and above
ground. Heavily degraded poles only hold a thin surface of unaffected wood. At Svalbard,
these damages occur in building foundations and cable car poles (see Figures 12 and 13).
In quite a few cases the damage is not outwardly obvious as heavily decayed wood is
found under the surface of what appears to be unharmed wood (Mattsson and Flyen
2014; Stokland 2012) (see Figure 13). Each construction has an individual decay pattern,
but common to all is that most damages are developed over years and that the most
severe damages are situated in contact with and close to the soil. In Alaska, Mills (2011)
describes heavily decayed wood located in the soil-covered lower parts of timber build-
ings. The lowermost rafters were replaced with new timber which was treated with
preservatives to prevent future fungal decay and insect infestation.

Barr (1995) provided brief descriptions of deterioration at sites in Russia, such as the Nansen
shelter at Franz Josef Land, where the walrus hide roof is rotting and wooden elements are
scattered around. Research by Kravchenko, who found the remains of Barents’ ship in Novaya
Zemlya, is discussed in Braat (1984). Barents’ hut has been reported to be in poor condition
(Hacquebord 1991) due to a lack of maintenance. It was not possible to find research on fungi
in Russian wooden heritage published in English.

A range of factors working together contribute to degradation of wooden heritage.
Indirect degrading parameters favour conditions for biological degradation, especially
those related to increasing temperatures and the number of days above 0° Celsius. These
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Figure 11. Microclimatic zones exemplified in-situ in a heritage trapper’s cabin in Kobbefjorden, Danes
Island, Spitsbergen in Svalbard: (1) Permafrost area; freezing temperatures, no free water; (2) Thawing
zone; low temperature, high water content; (3) Soil contact, relative humidity (RH); moderate
temperature, high water content; (4) RH, precipitation; high temperature, high water content; and
(5) RH, leakages; moderate temperature, high water content. Source: Anne-Cathrine Flyen, reproduced
with permission.

Figure 12. The iconic cable car bucks in Longyearbyen, Svalbard were originally used to transport coal
from the mines to the harbour. Longyearbyen, Svalbard’s largest settlement, was dominated by coal
mining from around 1900 until the late 1990s. Source: Anne-Cathrine Flyen, reproduced with
permission.
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Figure 13. Detail showing rot in the wooden pole of a cable car buck in Longyearbyen, Svalbard.
Source: Anne-Cathrine Flyen, reproduced with permission.

conditions increase the amount of liquid water, thawing permafrost and an increased
active layer, which is the upper part of the permafrost that thaws during the summer. An
increase in active soil layer depths is significant because it exposes previously frozen soil
layers to increased microbial activity (Flyen, Flyen, and Mattsson 2020; Hollesen et al.
2018; Hollesen, Matthiesen, and Elberling 2017; Mattsson 2017; Mattsson, Flyen, and
Nunez 2010), thus influencing rates of decay (Mattsson and Flyen 2008). Wooden struc-
tures that penetrate the active layer hold the most serious damage within the structural
elements embedded in the active layer (Flyen, Flyen, and Mattsson 2020; Flyen and
Mattsson 2017; Mattsson, Flyen, and Nunez 2010). Permafrost preserves wood as cold
temperatures and high saturation levels slow the decay of organic materials (Flyen, Flyen,
and Mattsson 2020; Hollesen et al. 2018; Hollesen, Matthiesen, and Elberling 2017;
Mattsson 2017; Mattsson, Flyen, and Nunez 2010) (see Figures 14 and 15). Model predic-
tions and on-site research show that a warmer climate will affect both the spatial extent of
the permafrost and the depth of the active layer (Farquharson et al. 2019; Boike et al. 2018;
Hollesen et al. 2015; Slater and Lawrence 2013; Etzemuller et al. 2011; Zhang, Chen, and
Riseborough 2008).
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Figure 14. A grave at Likneset, Spitsbergen in Svalbard. The graveyard, which was in use by whalers
from the mid-1600s until the end of the 1700s, is the largest graveyard in Svalbard. The wooden coffin
visible in the image has been pushed to the surface by active thawing processes. Source: Anne-
Cathrine Flyen, reproduced with permission.

Management of Polar Wooden Heritage

Cultural heritage laws and regulations vary throughout polar regions, as do management
regimes and conservation practices. Antarctica’s cultural heritage is managed in accor-
dance with the environmental protocol under the Antarctic Treaty ("The Protocol on
Environmental Protection to the Antarctic Treaty” 1991) that sets the framework for
management of a continent in which seven countries have active territorial claims,
suspended under the Treaty. Fifty-four countries have acceded to the Treaty. Some
countries, such as New Zealand and the United Kingdom, have a designated Antarctic
Heritage Trust. At Australian Antarctic historic sites, heritage work is done by the National
Antarctic Science Institution and the Mawson’s Hut Foundation (“Australian Antarctic
Program” 2021). All conservation work is undertaken under the direction of the
Australian Antarctic Division (AAD), a part of the Australian Government’s Department
of Climate Change, Energy, the Environment, and Water. AAD leads the Australian
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Figure 15. A whaler’s grave damaged by rot and active thawing processes at Likneset, Spitsbergen in
Svalbard. The remains of crosses on other graves are visible in the background. Source: Stine
Barlindhaug, reproduced with permission.

Antarctic Program and administers all research and expedition activities within the
Australian Antarctic Territory, including the sub-Antarctic islands.

The High Arctic is the domain of Russia, Denmark/Greenland, Canada, the USA and
Norway, countries with distinctive legislation, policies, and managerial systems regarding
cultural heritage. In Russia, the public authorities for cultural heritage are the Ministry of
Culture of Russia and its regional offices ("Ministry of Culture of the Russian Federation”
2022). The legal framework for heritage protection, conservation, use, and promotion is
based on Federation Law strengthened by federal regulations, state standards, and
regional laws. In Greenland, all immovable monuments from before 1900 are automati-
cally protected by law ("Inatsisartutlov nr. 11 af 19. maj 2010 om fredning og anden
kulturarvsbeskyttelse af kulturminder” 2010). The Greenland National Museum and
Archives, which is an independent cultural institution under the Ministry of Education,
Culture, Church, and Foreign Affairs, Government of Greenland ("Nunatta Katersugaasivia
Allagaateqarfialu” 2022), is responsible for cultural heritage management. In Canada,
legislative heritage protection is split between federal and provincial-territorial govern-
ments (Pokotylo and Mason 2014). Each provincial government has its own distinct
approach to heritage conservation. They may delegate authority to preserve historic
buildings to municipalities and have a provincial heritage register. In the USA, heritage
protection and management depend on the location and the ownership, including
government, local, and indigenous stakeholders interacting within a federal political
system with a strong tradition for private involvement (MacManamon 2000). Svalbard is
a sovereign Norwegian territory and heritage management is the purview of the Ministry
of the Environment, the Directorate for Cultural Heritage and the Governor of Svalbard.
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The archipelago’s physical cultural heritage is mostly state-owned and managed by the
Governor in accordance with the Svalbard Environmental Protection Act ("Svalbard
Environmental Protection Act” 2001). Management and conservation principles are
further described in cultural development plans (Sandodden, Yri, and Solli 2013; Dahle,
Bjerck, and Prestvold 2000) and local area plans for Svalbard’s settlements.

In keeping with Norwegian heritage laws, the cultural heritage in Svalbard encom-
passes ‘all traces of human activity in the physical environment, including localities
associated with historical events’ ("Svalbard Environmental Protection Act”, § 3). Any
moveable object, structure and site predating 1946 is automatically protected
("Svalbard Environmental Protection Act”, § 39). However, historic structures and build-
ings do not require statutory protection per se. As stated in the Burra Charter (“The Burra
Charter” 2013), historic buildings can possess general heritage values that, with respect to
past and future generations, should be maintained.

The publications cited above demonstrate that wood-decaying fungi and fungal decay
are a proven threat to wooden heritage in both polar regions and at most sites. Decay-
induced damage is thus a challenge that management and conservation strategies must
account for insofar as conserving polar cultural heritage is an acknowledged manage-
ment aim. The arising challenge is how to develop effective strategies.

There has been a debate in Australia and New Zealand on how to preserve historic
buildings. In the 1980s, biocides were recommended to treat fungi-infected wooden
artefacts in the main hut of the Australasian Antarctic Expedition (Blunt 1985). Different
methods were considered for long-term preservation of the building, such as dismantling
and shipping to a museum, re-cladding with new timber, insertion of vapour barriers
inside walls to prevent ice ingress, covering buildings with a dome, as well as minimal
intervention strategies. Despite being done in Antarctic historic buildings since the 1960s,
Hughes (2011, 2004) points to the removal of ice inside cabins as a controversial method
due to uncertainty as to whether the accumulation of ice causes damage or contributes to
protecting the structures. Discussing different methods for preservation is important, but
Hughes (2000) made it clear that understanding the causes of deterioration is key to
proper treatment. While there are few publications concerning the treatment of affected
materials in-situ, biodeterioration risk assessments have been carried out by several
research groups. Hughes (2011) underlines the need for a holistic approach when analys-
ing a site’s status to assess the extent of existing decay, identify species, and measure
growth rates and temperature to establish a baseline for long-term evaluation of biode-
terioration risks. Practical methods are then needed to reduce moisture content, maintain
low temperatures, and control nutrients to limit biodeterioration risks. A holistic approach
is applicable to all polar heritage sites to support sustainable heritage management. It is
difficult to predict the rate of degradation in a changing climate, but extended knowledge
of fungal species, degradation rates, and types of damage will be beneficial. In 2004,
Hughes concluded that close communication between heritage professionals in polar
regions would benefit the cultural heritage protection and help improve conservation
practices in both polar regions.

New Zealand’s Antarctic Heritage Trust has been working towards implementation of
major conservation programmes since the mid-1990s. Since 2002, the Trust has managed
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the Ross Sea Heritage Restoration Project, which is an international heritage cold-climate
conservation project to secure the five historic bases of Scott, Shackleton, Borchgrevink,
and Hillary (Antarctic Heritage "Ross Sea Heritage Restoration Project” 2022).
Conservation and implementation plans are completed for all the Ross Island and Cape
Adare huts (Ritchie 2006).

In Svalbard, it is a stated policy that it is not possible to preserve all cultural heritage
(Sandodden, Yri, and Solli 2013; Dahle, Bjerck, and Prestvold 2000). A selection of espe-
cially valuable sites and monuments are therefore prioritised (Sandodden 2013). The
remainder are mostly left to fall into decay and ruin at their own pace. The main
considerations underlying this management strategy is heritage value, practical issues,
and cost. Lack of infrastructure, remoteness and expensive logistics, and the sheer
number of sites, combined with the fact that most monuments are already heavily
degraded and out of use, require solutions that preserve remaining heritage values.
Available grey literature on damage, categories of damage, and methods for repair
constitute an important knowledge base supporting management strategies in
Svalbard (Flyen 2020, 2016; Flyen and Mattsson 2018, 2017, 2010; Flyen 2013; Hagen
et al. 2014; Mattsson et al. 2014; Sandodden, Yri, and Solli 2013; Sandodden 2013; Hagen
et al. 2012; Knudsen and Yri 2010; Hoem and Paulsen 2008; Dahle, Bjerck, and Prestvold
2000).

Discussion and Knowledge Gaps: Decay Fungi in Polar Wooden Heritage

This review finds that most available research on decay fungi in Antarctica and the High
Arctic is focused on establishing the fact that wood decay occurs in all polar environ-
ments. There is an almost unilateral focus on fungal diversity, i.e. on the identification of
fungal species causing decay and on factors influencing biodeterioration of polar heri-
tage. While there are many publications that cover particular aspects of fungi found in
historic sites in both polar regions, relatively few papers compare between the two
regions to test assumptions about treatments in severe and unfamiliar conditions.
Looking back at the research questions posed in the introduction, this review shows
that (1) current knowledge of decay fungi and typologies in Antarctica is detailed, but less
extensive in the High Arctic; (2) there are uncertainties concerning methodological
approaches as choice of methods may influence findings, and methods for detecting
and identifying fungal species used in Antarctica and the High Arctic differ in some
regions. In Svalbard, microscopy has been the prevalent approach to identify fungal
species while sequencing DNA is dominant in Antarctica and other parts of the High
Arctic. As for the next questions posed in the introduction: (3) with a few exceptions, less
is reported on the decay rate and potential consequences for cultural heritage including
the type and severity of damage; and (4) even less information is available on how to
repair this damage and prevent decay fungi-induced damage from occurring. This is
especially apparent for Antarctica’s historic buildings where little has been reported on
repair methods and precautionary measures. The situation is somewhat better for some
High Arctic sites where findings on which repair methods are used and recommendations
on possible methodological approaches are available. However, this is for the most part
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based on research in Svalbard and consists of grey literature published in Norwegian
(Flyen and Boro 2021; Flyen and Mattsson 2018, 2017, 2010; Mattsson and Flyen 2014,
2012, 2011, 2008; Mattsson et al. 2014; Flyen 2013). Knowledge of decay fungi typology is
inadequate in Svalbard.

Research efforts have resulted in a high number of published papers on microbiologi-
cal growth and biodeterioration. The research on historical structures in Antarctica is
thorough and detailed, focused on identifying species of fungi. Worth noting is that the
number of sites and monuments in Antarctica is considerably lower than in the High
Arctic. In Svalbard alone, more than 2000 sites are listed, which means it is unrealistic to
expect the same level of detail as on the around 95 Antarctic sites. In the High Arctic, and
especially Svalbard, published research on fungal decay in historic structures also dis-
cusses the type and extent of damage, the location of damages in structures, and, to some
extent, measures and methods of repair.

Species identification is an important focus throughout polar regions (see Table 5).
Key species of concern in Antarctica are those causing soft rot: Cadophora malorum,
Cadophora luteo-olivacea and Cadophora fastigata (Arenz and Blanchette 2009; Arenz
et al. 2006). They have also been found at Canadian High Arctic sites (Jurgens,
Blanchette, and Filley 2009; Blanchette, Held, and Jurgens 2008). The key species of
concern in Svalbard is Leucogyrofana mollis (Flyen, Flyen, and Mattsson 2020;
Mattsson 2017; Mattsson and Flyen 2014; Mattsson, Flyen, and Nunez 2010) which
in Svalbard mainly cause brown rot. As for the High Arctic, there is not enough
available research to provide a comprehensive overview of key species of decay
fungi for the region as a whole.

The differing finds regarding key species of concern, mainly brown rot in Svalbard
versus soft rot in other polar regions, may be influenced by the fact that heavily decom-
posed wood has predominantly been the subject of investigation in Svalbard. Thus, it is
unclear whether species other than Leucogyrofana mollis had a significant role in the
initial decay processes. It is not clear from the literature whether this is also the case in
Antarctica. However, findings from Deception Island show brown rot fungi surviving and
causing extensive decay. Different methods of typology may also have contributed to the
differences in findings. To meet this knowledge gap, newly established decay fungi and
developing damages should be investigated to establish an overview of which types of
decay fungi are established first and second. This will make it easier to understand
damage development and appropriate measures early in the decay process. Another
potential challenge in Svalbard is linked to repair and conservation measures executed
prior to current knowledge of fungi-induced damage, as little is known about the status of
this wooden heritage.

A similarity between Antarctica and the High Arctic is that a few researchers are
responsible for most research. Consequently, research on fungal decay in polar historic
wooden structures is a narrow field, and the involved researchers strongly influence what
is considered interesting and relevant. Another difference, particularly apparent in
research on Svalbard, is that unlike Antarctica, the number of internationally published
peer-reviewed articles is low. Research publications are generally grey literature, in
Norwegian and, when digitally available, only through Norwegian websites.
Consequently, the data are not readily available to the international research community.
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Table 5. Overview of fungi causing decay mentioned in the reviewed papers. The fungi are listed
according to region and the type of rot they cause.

Fungal species

Ascomycota Basidiomycota
Region Soft rot White rot Brown rot
Antarctica
Antarctic except ® (Cadophora
Deception ® Cadophora malorum,
Island ® (. luteo-olivaceaand,
® (. fastigata
® Cadophora spp. (previously
undescribed)
Deception Island ® (Cadophora ® Hypochniciellum spp.
® Pholiota spp.
High Arctic
Svalbard Some soft rot (unspecified) Cause white and brown rot: ® |eucogyrophana mollis,
® Antrodia serialis, ® (Coniophora puteana,
® Columnocystis  abie- ® One species in the genera
tina, Cylindrobasidium Corticiaceae
evolens, ® 24 species of unspecified
® Dacryobolus sudans, basidiomycetes (in
® Dacrymyces stillatus, driftwood)
® Ditiola radicata,
® Gloeophyllum
sepiarium,
® Hyphoderma
setigerum,
® Sistotrema
coroniferum,
® Sterum
sanguinolentum
Jan Mayen ® (orticiaceae (driftwood)
Greenland ® (Cadophora (in driftwood) ® Basidiomycota (unspeci-
® Ascomycota (unspecified) fied, sites and driftwood)
® Cadophora sp. ® Tremellales
® Chaetomium, ® Hohenbuehelia
® (ladosporium, ® |entinellus
® |ecythophora, ® Dacrymyces
® |eptodontidium, ® an unknown
® Phialophora. Basidiomycota species
Canadian High ® (Cadophora,
Arctic ® Cadophora malorum,
® (. luteo-olivaceaand,
® (. fastigata
® (Cadophora spp. (previously
undescribed)
® Species in the genera
Coniochaeta,
® Phoma,
® Graphium,
® Penicillium
® Other Ascomycota
(unspecified)
Iceland ® (Cadophora (driftwood)
Siberia, Russia ® (adophora (driftwood)

Concluding Remarks

As stated initially, polar cultural heritage is largely a wooden heritage. Comprehensive
knowledge and understanding concerning biological deterioration is thus an important
challenge for management authorities and other stakeholders. Research cited in this
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meta-analysis shows the presence of wood-decaying fungi at all documented sites and,
where documented, varying degrees of fungi-induced damage in both Antarctica and the
High Arctic. The long-held assumption that fungal decay is uncommon in polar regions
due to a cold and dry climate has been proven false. This is reflected both in scientific and
grey literature.

Biodeterioration processes in wooden heritage cannot realistically be stopped. A better
understanding of the conditions that cause fungal growth may allow for better manage-
ment to reduce the rate of deterioration. Knowledge of degradation processes, decom-
position rates, and the genuine technical condition of the historic structures is thus a basic
premise. If Antarctic and High Arctic historic sites are to be conserved retaining their
original historic context as much as possible, it is essential to further develop a repertoire
of measures and methodologies that address causes as well as symptoms.

A consideration that is not readily apparent in the reviewed literature, and conse-
quently not discussed in this paper, is the heritage itself. Polar heritage holds challenges
when it comes to a comprehensive overview of sites and their conservation status. Due to
remoteness and difficult access, it is not easy to document the condition of polar heritage
and to investigate the temperature and moisture conditions that are key factors affecting
fungal deterioration rates. Using Svalbard as an example, although a high number of sites
are listed in the heritage database, condition reporting is generally lacking.

Further surveys and research are an obvious answer to improve knowledge and
understanding of status and develop suitable management and conservation measures.
Following this, it might be fruitful to delve deeper into the biology and ecology of polar
fungi. In Antarctica, soft rot, which apparently are indigenous, are commonly found. The
introduced brown and white rot fungi appear to only survive in areas with more moderate
environments such as Deception Island. In Svalbard, brown rot appears to be predomi-
nant in wooden heritage. The major brown rot fungi in Svalbard are Leucogyrofana mollis
which can be found in northern European countries and may have been introduced into
Svalbard. Studies of decaying wood in the Canadian High Arctic and in Greenland did not
reveal this taxon. In Greenland, soft rot has been found to dominate at a number of
archaeological sites. Can different environmental conditions and the introduction of fungi
from Northern Europe explain differing finds in Svalbard? Can different methodologies
explain different species identification? Can Leucogyrofana mollis also be found in wood
imported from northern Europe to Sub-Antarctica and Antarctica? Would sequencing of
DNA identify different or new fungal species in Svalbard? Knowing the species and their
decay mechanisms is important as different fungi cause different types of damage which
again demand different measures.

Climate change is an ongoing challenge. The fact is that as the climate and microcli-
matic conditions become more favourable for fungal decay, more severe damage must be
expected. Understanding the effects of changing abiotic conditions and decay fungi
adaption to these conditions is important. Heritage sites throughout polar regions hold
many similarities. Although not the focus of this review, the reviewed literature indicates
that climate and climatic impact on sites are comparable, although impact varies. It is
difficult to predict future climate and effects on biodegraders and cultural heritage
because every site will have its own specific challenges linked to on-site microclimatic
conditions. As the effects of climate change are cross-boundary, greater cooperation
between researchers across disciplines in both polar regions may be of key importance
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to improve insights and treatments for these important historic sites. Stronger coordina-
tion and further development of common forums may facilitate cooperation aimed at
improving approaches to and solutions for conservation and management of wooden
polar heritage. This review summarises a large body of research and documents the range
of information available in English and Norwegian and provides a comparison between
High Arctic and Antarctic regions. Hopefully, this review will be useful not only for the
scientific community but also for conservators and site managers faced with the problem
of determining how best to preserve polar wooden heritage.
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