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Abstract Non-permineralized or mummiWed ancient
wood found within proglacial soil near the ad Astra Ice Cap
(81°N, 76°W), Ellesmere Island, Canada was investigated
to ascertain the identiWcation of the trees, current
morphological and chemical characteristics of the woods
and the fungi within them. These woods, identiWed as
Betula, Larix, Picea and Pinus, were found with varying
states of physical and chemical degradation. Modern
microbial decomposition caused by soft rot fungi was
evident and rDNA sequencing of fungi obtained from the
samples revealed several species including Cadophora sp.,
Exophiala sp., Phialocephala sp., as well as others. Analyt-
ical 13C-labeled tetramethylammonium hydroxide thermo-
chemolysis showed the lignin from the ancient wood was in
a high degree of preservation with minor side chain
alteration and little to no demethylation or ring hydroxyl-
ation. The exposure of these ancient woods to the young
soils, where woody debris is not usually prevalent, provides
carbon and nutrients into the polar environment that are
captured and utilized by unique decay fungi at this Arctic
site.

Keywords Non-permineralized wood · Ellesmere Island · 
Fungi · Wood decay · Biodeterioration · Lignin chemistry

Introduction

The Canadian High Arctic contains several deposits of
non-permineralized, ancient woody materials in various
states of preservation (Francis 1988; Basinger et al. 1988;
Wheeler and Arnette 1994). Perhaps the most well studied
of these deposits is located on Axel Heiberg Island near the
Geodetic Hills. These woods have been primarily dated to
the Eocene period (34–55 million years ago) based on geo-
morphology and vertebrate fossils found in the same strata
layers. However, other sites such as the region near the ad
Astra Ice Cap, Ellesmere Island, Nunavut Province, Canada
(Fig. 1) also have mummiWed woods that have not been
adequately studied. Unlike the woods of Axel Heiberg that
have been dated using features in the surrounding sedimen-
tary strata layers, the woods near the ad Astra Ice Cap have
been displaced from their original location to proglacial
soils (Fig. 2) and their age cannot be determined with accu-
racy making dating diYcult. However, they are likely to be
of a similar age ranging from the Paleocene–Eocene transi-
tion period of »55 million years ago when dramatic global
warming occurred (Zachos et al. 2001) and the Eocene–
Oligocene boundary »33 million years ago when a pro-
nounced cooling initiated (Zanazzi et al. 2007), as this
period of time provided temperatures adequate to support
Xora of this type in the Arctic. This age is further supported
by the proximity to the dated material on Axel Heiberg and
species composition similarities between the two sites
(Jahren 2007). The current environment, based on data col-
lected by the Meteorological Service of Canada from 1971
to 2000 at the nearest weather station to the collection site
(Eureka, Nunavut, Canada, latitude 79°58.800�N; longitude
85°55.800�W), has an average annual temperature of
¡19.7°C, with the highest average monthly temperature of
5.7°C occurring in July and the lowest of ¡38.4°C in
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February. The average annual precipitation over the 30-year
period was 75.5 mm, with the greatest amount falling in
August (14.9 mm) and the least in February (2.6 mm).
Investigations of these woods provide an excellent opportu-
nity to gain a better understanding of the past landscape of
this region, as well as an opportunity to study the micro-
organisms that utilize this labile food source, relative to glacial
soils with sparse organic matter, in this harsh environment.

Much of the mummiWed wood that has been investigated
in the Canadian High Arctic has been from the class gym-
nospermea, belonging primarily to Metasequoia (Visscher
and Jangels 2003) or Larix (Jagels et al. 2001) genera.
Additional evidence of members from Cupressaceae, Pina-
ceae and Taxodiaceae in the form of cones, leaves, needles,
palynomorphs, twigs and wood have been identiWed and a

review of these studies has been presented by Basinger
(1991) and Jahren (2007). Although, similar Wndings of
fruit, leaves, nuts and palynomorphs of dicot angiosperms
have been found in these same assemblages with the
gymnosperms, limited evidence of wood from the angio-
sperm group persist. Only one example was found in the
Geodetic Hills of Axel Heiberg Island as an in situ stump
and tentatively identiWed by Jagels et al. (2005) as
belonging to either, the Lauraceae, Euphorbiaceae or
Flacourtiaceae families.

Previous micromorphological and chemical investiga-
tions of mummiWed woods from diVerent regions of the
Canadian Arctic have shown that extensive alterations
within these woods had taken place. In these studies, the
residual wood had high but variable lignin content, thought
to be controlled by the degree of vitriWcation (Kaelin et al.
2006) with the lignin from some samples being methoxyl
group deWcient, sidechain degraded and of a more
condensed lignin state as compared to lignin in modern
wood (Blanchette et al. 1991; Obst et al. 1991). Many of
the woods from these investigations also had extensive
carbohydrate degradation with complete loss of hemicellu-
lose and very little crystalline cellulose remaining. Others,
however, have been able to extract hemicellulose and cellu-
lose from wood samples collected in this region (Jahren and
Sternberg 2003; Jagels and Day 2004) indicating that some
polysaccharides can survive in the residual cell wall layers.
Ultrastructural studies of mummiWed wood samples
removed from sedimentary layers at Axel Heiberg and
other locations in the Arctic have shown no evidence of
microbial degradation, paleo or modern (Blanchette et al.
1991). Although free of attack from fungi and bacteria,
advanced stages of degradation were evident and deteriora-
tion appeared to be driven by nonbiological chemical
hydrolysis mechanisms (Kaelin et al. 2006). The reasons
for the lack of paleo biological degradation are uncertain
but most likely involve a unique burial condition or condi-
tions that limited microbial activity quickly. These condi-
tions included rapid and deep burial (some reaching depths
of 300 m) that restricted oxygen and possibly preserved an
abundance of tannin-like compounds in some of the plant
materials that may have helped to suppress microbial
decomposition at early stages of burial (Schoenhut et al.
2004). Although microbial attack was inhibited, the wood
appeared to be aVected by a gradual hydrolysis and chemi-
cal attack (Obst et al. 1991). The loss of carbohydrates and
conversion of lignin by abiotic processes, as well as the
ultrastructural changes that were observed corresponded to
the changes taking place during the formation of coaliWed
wood (Blanchette et al. 1991).

This study was done to identify the type of ancient
woods found at this high Arctic site and to ascertain their
current morphological and chemical characteristics, as

Fig. 1 Map of the Canadian High Arctic Region indicating mummi-
Wed wood collection location near the ad Astra Ice Cap on Ellesmere
Island

Fig. 2 Valley at the base of the retreating ad Astra Ice Cap on Elles-
mere Island, Nunavut, Canada where mummiWed wood was found
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well as to determine the fungal diversity within the woods
after release from the glacier and exposure to the polar
environment.

Materials and methods

MummiWed wood samples were initially found in the west
valley below the retreating ad Astra Ice cap, Ellesmere
Island, Nunavut, Canada (81°N, 76°W) by Parks Canada
personnel from the Quttinirpaaq National Park (Figs. 2, 3).
In cooperation with Parks Canada and under Park Permit #
QQ-01-01 and Nunavut Research Institute Research
License # 0100501 N-M, several sites near the ad Astra Ice
Cap were visited and small sections of wood in contact with
the ground were collected, placed in sterile bags and kept
cool during transport to the University of Minnesota where
they were investigated. Wood segments from the samples
were cultured for microorganisms using three types of
growth medium: 1.5% Difco malt extract agar (MEA),
MEA with 2 ml of lactic acid added after autoclaving and a
semi-selective media for Basidiomycetes that included 15 g
of malt extract, 15 g of agar, 2 g of yeast, 0.06 g of benlate
with 0.01 g of streptomycin sulfate and 2 ml of lactic acid
added after autoclaving. All ingredients for each media type
were added to 1 l of deionized water. Incubation was at
20–22°C since previous studies have shown fungi from
Polar Regions are primarily psychrotrophs and grow well
above 20°C (Robinson 2001). Plates were checked daily for
fungal growth and pure cultures were transferred to individ-
ual plates. Fungi from pure cultures were identiWed using
analysis of rDNA internal transcribed spacer sequences as
previously described by Held et al. (2005).

Other segments from the same wood samples were used
for micromorphologial observations and chemical analyses.
Samples of wood were prepared for scanning electron

microscopy (SEM) using previously described techniques
(Blanchette and Simpson 1992) and images taken using a
Hitachi S3500 N SEM. Hand sections of samples were also
made and viewed under a Nikon Eclipse E600 with images
captured using ACT1 software connected to a Nikon DXM
1200F digital camera.

Lignin chemistry of the wood was assessed using
13C-labeled tetramethyl ammonium hydroxide (TMAH)
thermal chemolysis according to methods outlined in Filley
(2003) and Filley et al. (2006). This procedure decomposes
lignin into methylated monomers for gas chromatographic
analysis and permits the assessment of the number of free
hydroxyls on the lignin structure, thereby assessing micro-
bial or chemical demethylation and the contribution of tan-
nin and phenol components to the lignin monomers (Filley
et al. 2006). BrieXy, 100–300 �g of dried and powdered
sample were added to a platinum cup along with 3 �l of a
25% w/v solution of 13C-TMAH in water. The sample was
then placed into an isothermally heated (350°C) Shimadzu
Pyr4A pyrolyzer, interfaced to a GC17A gas chromato-
graph containing a Restek Rtx-5MS capillary column with
helium Xow. QuantiWcation of fragmentation and structure
was by mass spectrometry using a Shimadzu QP5050A
mass spectrometer. Sixteen methylated phenols commonly
released in the TMAH chemolysis/pyrolysis of natural
organic matter comprising guaiacyl (G), syringyl (S) and
cinnamyl (C) monomers (Table 1) were analyzed for their
original aromatic methoxyl/hydroxyl content by determining

Fig. 3 MummiWed wood found near the ad Astra Ice Cap, Ellesmere
Island, Nunavut, Canada. The wood was separating along the annual
rings and the surface in contact with the ground was soft and decayed

Table 1 Methylated lignin phenols analyzed using TMAH thermo-
chemolysis

TMAH thermochemolysis products

G4 3,4-Dimethoxybenzaldehyde

G5 3�,4�-Dimethoxyacetophenone

G6 3,4-Dimethoxybenzoic acid, methyl ester

S4 3,4,5-Trimethoxybenzaldehyde

G7 cis-2-(3,4-Dimethoxyphenyl)-1-methoxyethylene

G8 trans-1-Methoxy-2-(3,4-dimethoxyphenyl) ethylene

S5 3�,4�,5�-Trimethoxyacetophenone

P18 trans-4-(4-Methoxyphenyl) acrylic acid, methyl ester

S6 3,4,5-Trimethoxybenzoic acid, methyl ester

G14 1-(3,4-Dimethoxyphenyl)-1,2,3-trimethoxypropane 
(erythro or threo)

S7 cis-2-(3,4,5-Trimethoxyphenyl)-1-methoxyethylene

G15 1-(3,4-Dimethoxyphenyl)-1,2,3-trimethoxypropane 
(erythro or threo)

S8 trans-1-Methoxy-2-(3,4,5-dimethoxyphenyl) ethylene

G18 trans-4-(3,4-Dimethoxyphenyl) acrylic acid, methyl ester

S14 1-(3,4,5-Trimethoxyphenyl)-1,2,3-trimethoxypropane 
(threo or erythro)

S15 1-(3,4,5-Trimethoxyphenyl)-1,2,3-trimethoxypropane 
(erythro or threo)
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the number of 13C-labeled methyl groups added during the
procedure using mass spectral methods modiWed from
Filley et al. (2006). Commercially available standards and
unlabeled TMAH thermochemolysis of the samples investi-
gated herein were used to obtain the appropriate baseline
ion fragment ratios to permit accurate calculation of the
13C-labeled methyl groups added. Carbon elemental analy-
sis was performed using a Carlo Erba 1108 C/H/N ana-
lyzer. In addition to the Arctic wood samples, modern
samples of birch, pine and spruce were assessed and used
for comparison.

Results

Wood examined on the ground or partially buried in soil at
the ad Astra Ice Cap had obvious weathering and a
bleached appearance. Some wood surfaces had deWbrated
zones and a delamination that was evident at the early-
wood/latewood transition within the annual rings (Fig. 3).
In addition to surface weathering and delamination at the
edges of exposed wood pieces, some wood in contact with
the ground appeared soft and decayed. Light microscope
and SEM observations of anatomical characteristics

allowed identiWcation and readily displayed the exceptional
preservation of these woods (Fig. 4a, b). The woods were
identiWed as Pinus (subgenus Strobus) representing nearly
39% of the collection, Picea at just over 33%, Betula with
nearly 14% and Larix consisting of 11% (Table 2). Several
micromorphological characteristics were utilized to iden-
tify the wood samples to the generic level (Hoadley 1995;
Schweingruber 1990). The gymnosperm samples were sep-
arated on the bases of the regular presence (Pinus) or
absence (Picea and Larix) of resin canals, pitting in the rays
and the type of walls and pitting in the ray tracheids. Ray or
cross-Weld pitting separated the Pinus samples having win-
dow pits, from the Larix and Picea samples which had
piceoid pitting. Further separation was based on features in
the ray tracheids which included smooth walls in the Pinus
subgenus Strobus, while Picea type I bordered pitting was
present in the Picea samples and Larix-type in the Larix
samples. The Betula samples were identiWed based on their
diVuse-porous vessel arrangement and grouping, very
small, alternate intervessel and ray-vessel pitting, as well as
the presence of scalariform perforation plates.

To evaluate the modern biological degradation taking
place in the various collections of wood, sections were
examined with light and scanning electron microscopy.

Fig. 4 Scanning electron micrographs of mummiWed wood collected
near the ad Astra Ice Cap, Ellesmere Island, Nunavut, Canada. a Sec-
tion of birch (Betula sp.) wood from the inner part of a sample showing
an excellent state of preservation with all cell wall layers intact and free
of degradation (Bar 100 �m), b section of pine (Pinus subgenus
Strobes.) (Bar 150 �m) wood from the inner region of a sample show-
ing cell walls with no defect or alterations. c Soft rot attack in birch

(Betula sp.) from the outer region of a wood sample. The degradation
patterns of soft rot consist of cavities formed in the S2 layer of the cell
wall (arrows). Some cell walls are so extensively degraded that the
entire secondary wall has been removed by the fungal attack (Bar
10 �m), and d soft rot attack from the surface of a pine (Pinus subgenus
Strobes.) sample. Cavities in the S2 layer of the cell wall (arrows) can
be seen and fungal hyphae is present within the wood cells (Bar 25 �m)
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Many wood sections had cells that appeared sound, primar-
ily from the interior portion of the sample, and no evidence
of biological attack was observed. However, some samples
had fungal hyphae present and displayed distinct wood
decay characteristics of attack by soft rot fungi. Cell walls
contained chains of cavities typical of type 1 soft rot activity.
These cavities formed in the S2 layer of the secondary wall
in cells of the angiosperm and gymnosperm woods. Scan-
ning electron micrographs of transverse sections of the
decayed regions in both wood types displayed extensive
cavities (Fig. 4c, d) characteristic of recent decay and simi-
lar to soft rot decay described by Blanchette et al. (2004)
and Eriksson et al. (1990) present in modern woods. No
other forms of fungal or bacterial degradation were found.

Culturing of wood segments on the various growth
media yielded several fungal cultures, however, no growth
was obtained on the semi-selective media used to preferen-
tially isolate Basidiomycetes but a Basidiomycete was iso-
lated from malt extract agar. Fungi that were isolated in
pure culture were identiWed by sequencing the ITS region
of the rDNA. Blast search results of these sequences with
GenBank accessions with a greater than 97% similarity
revealed several fungi based on best Blast matches including

Acephala sp., Exophiala sp., Phialocephala sp., Fungal sp.
AB10 (Cadophora sp.), Fungal sp. AB29—isolated from
Antarctic soil, cf. Pyrenopeziza revincta and Uncultured
fungus clone N3—DNA from Alaskan soil (Table 3). A
Basidiomycete with only an 88% match to an uncultured
fungus was also isolated.

All wood samples showed excellent preservation of lig-
nin with only minor modiWcations apparent with respect to
the modern analogs analyzed for comparison (Table 4). Our
results were consistent with previous chemical studies on
mummiWed, non vitriWed, wood from this region using
TMAH thermochemolysis in that proxies for lignin side
chain oxidation and presence of intact lignin monomers
showed the wood to be remarkably “fresh” (Kaelin et al.
2006). For example, the G6/G4 ratios, which are frequently
used as a proxy for the degree of side chain oxidation and
increases with increasing microbial decay, are only mildly
higher than the fresh counterparts with the exception of
sample FW 2. The modern samples range from 0.31 to 0.61
and the mummiWed woods range from 0.45 to 0.67, while
FW 2 had a value of 1.02 indicating a greater degree of bio-
logical degradation than the other samples. Additionally,
the S6/S4, a proxy for syringyl based lignin decay, values
for the angiosperm woods shows only minor elevation
when compared to the control. An additional proxy for the
lignin side chain alteration, �(S,G), which is deWned as [G6/
(G14 + G15)], showed that there is loss of extractable
monomers with the intact glycerol side chain as this value
for both the guaiacyl and syringyl analogs is substantially
higher in the mummiWed than fresh woods (Table 3). It is
thought that the increase in this ratio can be promoted by
chemical condensation processes or loss of side chain
hydroxyl groups.

Table 2 Non-mineralized, 
Eocene aged wood identiWcation 
from the ad Astra Ice Cap 
region, Ellesmere Island, 
Nunavut Province, Canada

Sample 
identiWcation

Number 
of samples

Betula sp. 6

Larix sp. 4

Picea sp. 12

Pinus subgenus 
Strobus

14

Table 3 Fungi cultured from 
mummiWed wood collected near 
the ad Astra Ice Cap, Ellesmere 
Island, Nunavut, Canada and 
identiWed based on BLASTn 
search of the ITS region of 
rDNA

Sample Best BLAST match
(accession #)

Match (%) Overlapa Accession #

FW 1 Exophiala sp. (DQ317336) 100 468/468 FJ457766

FW 2 Phialocephala sp. (EF485233.1) 98 428/433 FJ457767

FW 3 Acephala sp. (EU434829) 99 436/437 FJ457768

FW 4 Uncultured fungus (AM999656)
(unknown Basidiomycete)

88 466/529 FJ457769

FW 5 Acephala sp.
(EU434829)

99 403/404 FJ457770

FW 13 Fungal sp. AB10 (FJ235943)
(Cadophora sp.)b

99 439/440 FJ457771

FW 14 Fungal sp. AB29 (FJ235962)
(isolated from Antarctic soil)c

99 421/423 FJ457772

FW 16 Uncultured fungus clone N3 (EF434036)
(DNA from Alaskan soil)c

97 494/509 FJ457773

FW 17 cf. Pyrenopeziza revincta (AJ430226) 99 456/458 FJ457774

FW 18 Uncultured fungus clone N3 (EF434036)
(DNA from Alaskan soil)c

97 496/510 FJ457775

a Overlap of ITS alignment of 
best BLAST match in base pairs
b Based on authors unpublished 
phylogenetic neighbor joining 
analysis
c Provenance of fungal isolate 
or DNA
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As both the abiotic hydrolysis reaction chemistry, the
generally accepted slow process which transformed the
mummiWed Arctic woods, and soft rot fungal decay may
cause lignin demethylation, we investigated the degree of
aromatic hydroxyl content on the thermochemolysis prod-
ucts. The data (Table 4) indicate that biotic or abiotic
demethylation in the remaining lignin in the mummiWed
woods was limited. The compounds indicative of the full
lignin structure (G14, G15, S14, S15) have methoxyl con-
tents indistinguishable from the modern analogs (Table 4).
The lower molecular weight monomers (G4, G6, G7, G8,
S4, S6, S7, S8) which are a combination of analytical
breakdown products and environmental decay products
show greater demethylation (or hydroxyl content) in the
modern woods than the mummiWed counterparts. No rela-
tionship was evident between demethylation extent and the
proxies for side chain oxidation.

Discussion

In contrast to past research completed in the Arctic on
mummiWed woods that found Metasequoia to be the domi-
nant genera (Jahren 2007), our study revealed an absence of
this type of wood at the site based on morphological char-
acteristics of the samples collected. This, however, may
simply be related to the limited number of samples collected
(36) or perhaps gives some suggestion of the topography of
the site when the burial event occurred. This assemblage of
species including Betula, Larix, Picea and Pinus and the
lack of Metasequoia, which is considered more of a swamp

or Xoodplain species, indicate that the collection site was
most likely a foothill of montane region (Richter and
LePage 2005; Williams et al. 2003). As the original context
of these samples has been disturbed by both glaciations and
water movement it is also possible that the wood has been
washed down from these higher elevation sites. The pres-
ence of Betula wood is very unique in this region as angio-
sperm wood appears to be exceedingly rare with only one
published example and its identity was not determined but
was tentatively suggested to belong to one of three families
(Jagels et al. 2005).

Although Wheeler and Arnette (1994) noticed fungal
hyphae in mummiWed Picea sp. wood collected in Alaska,
this article is the Wrst report of modern biological degrada-
tion and identiWcation of the decay fungi associated with
ancient mummiWed woods after their release into the Arctic
environment. Many of the fungi isolated from the mummi-
Wed woods that exhibited soft rot decay when examined
microscopically have previously been shown to cause this
same type of degradation in laboratory studies. Phialoph-
ora Wnlandia, recently renamed Cadophora Wnlandia based
on a molecular taxonomic study (Harrington and McNew
2003) and Phialocephala fortinii have shown the ability
to degrade various polysaccharides including cellulose,
laminarin, starch and xylan (Caldwell et al. 2000). Also,
Blanchette et al. (2004) and Held et al. (2006) conducted
laboratory decay studies on Betula wood using Cadophora
species isolated from Antarctica which revealed extensive
type 1 soft rot after 16 weeks. In other laboratory studies,
Worrall et al. (1997) found that isolates of Phialocephala
sp. and Phialophora (Cadophora) sp. were capable of

Table 4 Tetramethylammoniu
m hydroxide lignin 
concentration proxies from 
mummiWed wood collected near 
the ad Astra Ice Cap, Ellesmere 
Island, Nunavut, Canada

Sample 
and wood 
identiWcation

Guaiacyl 
Ac/Al 
(G6/G4)

Syringyl 
Ac/Al 
(S6/S4)

Gamma-G Gamma-S Demethylationa 
(monomers of full 
lignin side chain)

Demethylationb 
(low molecular 
weight monomer)

FW 1 (Picea) 0.67 1.05 0.96 0.92

FW 2 (Larix) 1.02 0.34 0.97 0.93

FW 3 (Pinusc) 0.52 0.60 0.99 0.92

FW 4 (Pinusc) 0.45 0.65 0.99 0.94

FW 5 (Pinusc) 0.47 0.54 0.99 0.93

FW 13 (Picea) 0.57 0.57 0.98 0.92

FW 14 (Pinusc) 0.54 0.50 0.99 0.94

FW 15 (Betula) 0.57 0.74 0.46 1.91 0.95 0.93

FW 16 (Pinusc) 0.67 0.94 0.98 0.95

FW 17 (Pinusc) 0.60 0.65 0.99 0.94

FW 18 (Pinusc) 0.49 0.53 1.00 0.94

AF 1 (Betula) 0.43 0.65 0.23 0.66 0.97 0.92

AF 2 (Picea) 0.60 0.70 1.00 0.94

Betulab 0.61 0.56 0.11 0.18 0.98 0.88

Picead 0.31 0.13 0.99 0.91

Pinusd 0.33 0.14 0.99 0.91

a Full lignin structure monomers 
(G14, G15, S14, S15)
b Lower molecular weight 
monomers (G4, G6, G7, G8, S4, 
S6, S7, S8)
c Subgenus Strobus
d Modern wood samples used 
for comparison
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causing seven to thirty times greater weight loss in birch
(Betula) wood as compared to pine (Pinus) after 12 weeks.
Since birch is very susceptible to soft rot attack it is not sur-
prising that this mummiWed wood was aVected more
severely during the relatively short time of exposure. Fungi
that cause soft rot appear to be the predominant decay fungi
in Polar Regions. In other studies done in the Antarctic, as
well as the Arctic, soft rot were the only type of decay fungi
observed (Arenz et al. 2006; Blanchette et al. 2004;
Blanchette et al. 2008). These fungi appear endemic to the
area and well established in soils. They will colonize car-
bon and nutrient resources introduced into the environment
and the ancient mummiWed woods, with their chemical sig-
natures resembling modern woods, are readily attacked and
degraded by these fungi.

There are few direct chemical studies on the nature of
soft rot decay on lignin chemistry. Studies of both labora-
tory inoculations (Shary et al. 2007) and Weld sampled
woods (Nelson et al. 1995; del Rio et al. 1998) indicate that
some soft rot fungi are capable of lignin side chain oxida-
tion to produce low molecular weight aromatic acids. Their
chemistry is thought to most resemble the chemical action
of white rot decay (Shary et al. 2007) and there is no direct
evidence for extensive demethylation chemistry such as
would be evident after brown rot decay.

Comparing the state of lignin chemistry of the mummi-
Wed Arctic woods with the modern analogs demonstrates
that the wood preservation mechanisms at this Arctic site
did not result in any observable demethylation of the
remaining lignin. In fact, the mummiWed woods exhibited
slightly higher methoxyl contents for the low molecular
weight lignin products than the modern analogs. The source
of the higher phenol containing monomers in modern lignin
can be attributed to non-core lignin associated with carbo-
hydrates that are lost upon decay or in this case possibly
hydrolysis (Filley et al. 2006). The lack of measurable
demethylation in the mummiWed woods also suggests that
there are no hydrolysable tannin decomposition products
(Yang et al. 2005) and that the hydrolysis chemistry
thought to be responsible for sugar decomposition, as well
as changes to lignin chemistry (Kaelin et al. 2006) was
incapable of methoxyl carbon removal. Alternatively,
demethylated lignin fragments may have further reacted to
produce material not released by this chemolytic procedure.

Both measures of side chain oxidation (Ac/Al and
Gamma for both G and S monomers) in the mummiWed
woods demonstrate a wide range of values, consistent with
the Wndings of Kaelin et al. (2006) but show only mild oxi-
dation as compared to the modern samples. Although birch
samples FW 15 and AF 1 had only slightly higher levels of
the syringyl lignin compared to the control, the dominant
expression of soft rot was exhibited by the gamma-S values
which were 3.5–10 times greater than the control sample

(Table 3). The mummiWed gymnosperm samples with soft
rot displayed a similar expression of these chemical proxies
with most having signiWcantly higher gamma-G values
compared to the controls with slightly higher Guaiacyl
levels. As the soft rot decay in the samples were observed
to be primarily a surface phenomenon, it is possible that the
chemical signature of this relatively limited decay was
diluted with nondegraded interior lignin when the wood
samples were ground.

This paper addresses the Wrst documented occurrence of
modern colonization and utilization of this ancient substrate
by microorganisms. The eVect of fungi on mummiWed
woods exposed to the environment at other locations has
not been investigated but results from this study suggest
that degradation, although slow under Arctic environmental
conditions may be occurring more widely than previously
suspected. With the addition of this ‘fresh’, relatively easily
metabolizable plant material, rates of stabilized soil organic
matter should dramatically increase (Fontaine et al. 2007),
and this Eocene wood may contribute to the creation of
microbial and nutrient hot spots. The role of these fungi in
the Arctic has received little attention and most isolates
that were found with poor sequence similarity to Genbank
accessions or isolates that match unclassiWed and
unknown species may be new taxa and warrant additional
investigation.
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