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Abstract: In this paper we present an atlas of micromorphological degradation of archaeological
birch bark for the first time. We analysed the morphology of 13 samples extracted from ice-logged,
waterlogged and cave-retrieved objects dated from the Neolithic to the Middle Age by means of light
microscopy (LM) and transmission electron microscopy (TEM). We then compared their morphology
to that of a contemporary sample, both intact and decayed. In all samples, 13 morphological charac-
teristics that can be associated with fungal, bacterial, chemical, mechanical and light degradation are
defined and described, and example LM and TEM images are provided. This novel atlas provides
conservator-restorers a much-needed tool to relate the macroscopic appearance to the microscopic
structure of birch bark objects. The most important macroscopic features allowing estimation of the
state of preservation at the cell level are colour changes, loss of pliability, presence of delamination
and increased brittleness. Colour change and delamination can be connected to microscopic features,
and microscopic analysis can trace whether they were caused by biotic, chemical or physical decay.
However, increased brittleness cannot be connected to a specific microscopic feature.

Keywords: phellem; birch bark; decay; fungi; bacteria; light microscopy; transmission electron
microscopy; archaeology; ice patch; waterlogged

1. Introduction

Birch bark is a waterproof material that has been widely used since Mesolithic times
because it is widely available and easily harvested and processed. In recent decades, some
key archaeological objects made of birch bark have been discovered, among them a bow
case from the Schnidejoch pass in the Swiss alps. Conservation strategies for birch bark
objects often mimic those for wooden objects, but data on birch bark decay pathways are
needed if appropriate conservation methods are to be developed. It is a well-known fact that
archaeological wood suffers mainly from biodeterioration. When it dries in an uncontrolled
way, the biotic decay of the cell walls results in cell shrinkage and collapse, macroscopically
visible as severe volume reduction, warping, cracking and even disintegration. In order
to develop appropriate drying procedures, it is therefore relevant to ask if birch bark
suffers from similar biotic decay. To answer this question, we first review the current
knowledge on the morphology, chemical composition and degradation of birch bark.
Then, we present novel light microscopy and electron transmission microscopy results
describing the macroscopic appearance and micromorphology of ice-logged, waterlogged
and cave-retrieved samples dated from the Neolithic to the Middle Age and compare them
with the morphology of intact, oxygen-exposed, decayed-in-nature contemporary samples.

Although degradation is always object-dependent, our aim is to present an atlas
of possible micromorphological degradation patterns of archaeological objects made of
birch bark in order to help conservator-restorers relate the macroscopic condition to the
microscopic structure. This is a novel and much-needed tool that will help in assessing the
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state of conservation of birch bark objects, the first step in making a decision about active
and passive conservation measures.

1.1. Morphology of Birch Bark

The portion of the bark of the birch tree that is used to manufacture objects is the outer
smooth white layer, called the phellem in botany. The function of the birch phellem is to
prevent transpiration and to provide thermal [1] and parasite [2] protection. It consists
of two cell types produced by the phellogen, arranged in alternating and compact radial
layers, providing the characteristic laminated structure of the bark. One cell type has thin
walls and a broad lumen filled with a white substance, betulin, while the second cell type
has thick walls and a small lumen filled with a red-brown material composed of phenolic
compounds [3-5] (Figure 1). The ratio of thin- to thick-walled cell layers depends on the
Betula species and the specific tree history [3].
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Figure 1. Schematic representation of the morphology and chemical composition of birch bark cells:
1. location of bark in trunk; 2. alternating layers of thick-walled and thin-walled phellem cells; 3.
structure and chemical composition of thin- and thick-walled cells.

The cell walls are composed of a primary, secondary and tertiary layer, and the
individual cells are joined together by the middle lamella, often called the compound
middle lamella, as it can hardly be distinguished from the primary wall [6]. The phellem
cells are arranged in such a way that the radial middle lamella creates a line. The thin-
walled cells are heavily compressed in the outer portion of the bark but start off with a
square shape. The compression and folding of the thin-walled cells can be explained by
the formation of the phellem. To adjust to the growing size of the phellem, the bark cells
are pushed outwards: the cells stretch in a tangential direction, while the thin-walled cells
are compressed [7]. The folding of radial cell walls has also been observed in phellems of
other trees, e.g., Querus suber [8], Pseudotsuga menziesii [9] and Prunus serrula [10].

The secondary walls of both types of cells are composed of suberin, a biopolymer
that makes the cork impermeable. Gas and water exchanges occur through characteristic
openings called lenticels [11,12]. These are formed by fanned-out bands of continuous,
heavily suberized, thick-walled cell layers and interrupted by void spaces filled with
irregular cells. The intercellular spaces between the thick-walled cells visible in the lenticels’
radial sections are absent in the normal phellem [12,13].

The suberization of the cell walls takes place after their generation from the phel-
logen [14]. In this phase, the channels connecting the cells, so-called plasmodesmata,
become closed and the phellem cells die. Plasmodesmata with a diameter of 50 nm have
been found mainly in tangential suberized cell walls of Betula sp. phellem [12]. Dead cells
are less nutritious and have better resistance to microbial decay [15].

1.2. Chemical Composition of Birch Bark

The chemical composition of the outer bark of Betula sp. has been investigated
several times [16-18]. The most recent analyses [19] confirm that it is composed of suberin
(36.2%), lignin (14.3%) and polysaccharides (10.3%) located in the cell walls, and extractives
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(32.2%) located in the cell lumen, specifically betulin in the thin-walled cells and phenolic
compounds in the thick-walled cells [20]. Kiyoto and Sugiyama [21] recently elucidated
the chemical composition of the different layers of the cell wall. The middle lamella and
the primary cell wall are composed of lignin, cellulose and polysaccharides, the secondary
cell wall by suberin, and the tertiary cell wall is subdivided into a middle layer with
the same composition as the primary cell wall and a suberized inner layer (Figure 1).
This composition was found in both cell types, and thin-walled cells have been reported to
be less suberized than thick-walled cells [12]. Electron micrographs of suberized cell walls
reveal a lamellar structure arising from the polyaliphatic and polyphenolic parts of suberin
connected by glycerol via ester bonds. The light areas consist of aliphatic suberin, and the
dark lamellae are rich in polyphenolic substances [22].

1.3. Degradation and Preservation Condition of Archaeological Birch Bark

Degradation of archaeological birch bark artefacts causes macroscopic colour fad-
ing [23], discoloration [24], delamination [25,26], deformation—distortion [27] and increased
water absorption [28], but the connection between the burial conditions of archaeological
bark and the dominant degradation pathways has never been investigated in detail. Dif-
ferent authors have shown that when Mesolithic and Neolithic archaeological birch bark
artefacts are recovered from wetlands [29], caves [30,31] or waterlogged environments [32],
they can be brittle and lose substance. This increased brittleness can have chemical and/or
biological origins. Concerning the chemical origins, gas chromatography/mass spec-
trometry (GC/MS) examinations of waterlogged Neolithic alpine artefacts [25] detected
depolymerization and oxidation, attributed to higher hydrolysis of susceptible groups,
such as epoxy linkages.

Concerning the biological origins, investigations of artefacts recovered from the wet-
land site Star Carr dating from the ninth millennium BC revealed fungal hyphae within
the bark structure, and pyrite and gypsum crystals on the surface [29]. The fragility of the
artefacts was attributed to both the mineral deposits and the microbial attack. Gypsum
crystals within the bark structure were also found in birch bark torches from the Kosacken-
berg caves dated 2300-1800 BC and Iron Age [30], in a quiver from Xinjiang (Northwest
China) dated 618-907 AD [33] and in Bronze Age barks from salt mines [34]. Specific
investigations of the biotic decay of birch bark could not be found in the literature.

Tree phellems that consist of suberized cells, such as birch cork, are understood to
be very resistant to biological decay [35,36] because they are constructed to protect the
plant/tree from infection by pathogen microorganisms [37]. Studies performed in the
1970s on the degradation of contemporary barks under natural burial conditions and in
the laboratory reported that the phellem was the last component affected by fungi [38].
The decay was reported to start after 3 years of exposure, and microorganisms grew within
the thick secondary tangential suberized cell walls. The growth of hyphae mechanically
damages the cells by creating oval cavities, and this might lead to weight loss. Early studies
on conifer barks showed that the weight loss caused by fungi in bark was five times smaller
than that in wood, and that despite a weight loss of up to 10%, the physical properties
may remain unchanged [39]. Several authors have shown that enzymes produced by fungi
can degrade suberin [40-44], but the detailed pathways are still largely unknown, because
suberin is strongly cross-linked and an unchanged extraction was not possible until new
extraction techniques were developed [45,46]. Martins et al. [47] revealed that cutinasen,
lipases and long-chain alcohol-modifying enzymes released by Aspergillus nidulans fungus
depolymerises suberin. The long-chain fatty acids are broken down via peroxisomal
-oxidation. A very recent publication found that auxin-regulated GDSL lipases could
degrade suberin [48]. Studies of enzymes from cold Arctic [49] and Antarctic [50,51]
environments show that enzymes are active at temperatures close to 0 °C. Some enzymes
have limited function, but activity at 0-15 °C is common for many of them [52].

Regarding archaeological wood, it is known that when it is recovered from low-oxygen
sediments or under water, bacteria are the main cause of slow degradation [53-55], and
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when it is exposed to air, fungi lead to a very fast metabolism controlled by temperature
and humidity [56,57]. The absence of water and oxygen and low temperatures inhibit
biotic decomposition, and changes due to chemical and physical processes may become
evident [58]. However, very extreme conditions are required for microbial degradation to
be completely suppressed [59]. Studies of wood biodegradation from Arctic regions have
shown that predominantly soft rot is found [60,61], while brown rot plays a minor role and
white rot could not be unequivocally identified [62]. It is an open question whether similar
patterns of biotic decay are present in archaeological birch bark.

2. Materials and Methods

The morphology of birch bark has been examined visually, with light microscopy
(LM) and transmission electron microscopy (TEM). In order to describe the decay of
archaeological birch bark, the characteristics of contemporary non-degraded mature birch
phellem was first investigated and compared with the characteristics of contemporary
decayed in-nature phellem. The morphology of 13 samples from ice-logged, waterlogged
and in-cave recovered archaeological birch barks was then investigated (Table 1).

2.1. Samples

The reference bark was a mature birch phellem collected from a felled Betula pendula tree
about 30 years old in the district of Vex (Valais, Switzerland) in November 2014 (Figure 2).
The naturally decayed bark was harvested from a fallen tree about 15 years old in Borgne
Valley, Valais (Figure 3). The trunk was weathered in nature, laying on a sandy subsoil with
stones. The fragment was chosen for its pronounced biological degradation, visible macro-
scopically as green, grey and brown-black staining, deposits and cracks. Such degradation was
present especially at the lenticels and the inner bark (Figure 3). The ice-logged samples were
taken from the Neolithic bow case from the Schnidejoch ice patch, Switzerland (Figure 4), and
from three birch bark fragments retrieved from the Lendbreen ice patch, Norway (Figure 5).
The Schnidejoch bow case has been described in a number of publications [63—65]. This object
is dated to around 2800 BC and consists of three parts, a lid and an upper and lower body, that
were found under different circumstances and in different conditions. Each part is made of 2
to 3 layers of superimposed outer birch bark strips sewn together with lime bast. The lid was
subjected to a harmful ethanol treatment that extracted most of the alcohol-soluble compo-
nents from the bark. It is now stored dry at ambient temperature. The upper and lower body
are both untreated and stored damp and frozen at —26 °C. The three Lendbreen birch bark
fragments were found in a retreating ice patch located at the northern slope of Lomseggen
ridge, Oppland (Norway). The ice patch extends from 1690 to 1920 m a.s.l. and the finds
are dated between 300 and 1500 AD, with an accumulation of finds around 1000 AD [66].
The waterlogged sample was extracted from a Neolithic birch bark retrieved in Lake Moossee
in Switzerland (521 m a.s.l) during an excavation in 2011 (Figure 6). The layer from which the
bark was retrieved dates between 4500 and 3800 BC. Since excavation, this bark, which was
originally not harvested but detached naturally from a tree, as the phloem is still attached to
the bark, is stored in distilled water at 4 °C. The last fragment (Figure 7) was recovered from
a cave named Kosackenberg, in the Kyffhduser mountains west of Bad Frankenhausen in
Germany and excavated in the 1950s. It is dated to the Bronze Age (23001800 BC) and, after
unburial, has been preserved untreated in a sealed container.
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Figure 2. Reference sample (left) was extracted from contemporary outer birch bark harvested from
a mature tree with strong and pliable phellem (right). Sample has white powdery surface due to
betulin content and slight delamination is present at the lenticel. Thick- and thin-walled cell bands
are recognizable macroscopically as red and white bands, respectively, along the radial section.

Figure 3. Birch bark fragment harvested from fallen trunk degraded in nature. Outer surface, especially when in contact
with the ground, shows green, grey and brown discoloration and vertical cracks. Lenticels have cracks and overlays and are
areas no longer clearly defined. On the inner side, remains of brittle and brown-black stained phloem are present and black
circular deposits indicate areas of increased degradation. Location of analysed sample 0 is indicated with red rectangle.
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(@) (b)

(©) (d)

Figure 4. (a) Lower and (b) upper part of Schnidejoch bow case body, ground-facing side; (d) upper part, upward facing.
Samples were taken from outer bark strips (1, 6, 7), middle bark strips (2) and inner lining (3, 4, 8). Outer and middle bark
strips of bow case body have outer bark surface oriented towards inside, and inner lining has outer bark surface oriented
towards outside. Sample 4 was extracted from a fragment probably from (c) lid inner lining. Sample 5 was a loose fragment
found close to the lower part (not shown).
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Figure 5. Left: Lendbreen fragments; right: analysed samples. Sample 9 was taken from a weathered fragment; lenticels
were fully eroded but sample was not brittle. Surface and cambium side were grey and faded. Cut surface was dark
brown with a few reddish-brown areas. Sample 10 was taken from a rolled birch bark fragment, stiff but not brittle, with
delaminated areas and large cracks. Cambium side (outer side in image) was compact and with a light, mainly grey-brown
and white colour. Some holes from insect damage were present and normally elevated lenticels were recessed. On cut
surface, outer layers were grey-brown, and only inner layers still exhibited original red-brown colour. Sample 11 was taken
from a long narrow strip rolled on one end. Fragment was very strong, hard to cut and still pliable. Surface was weathered,
coloured matte whitish-grey; red and brown colours were missing. Cut surface revealed unaltered colours in inner layers
and grey outer layers.
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Table 1. Analysed samples and their location, dating and burial conditions.
Sample Object Location Date Burial Conditions
Environment T, RH (0)3
Ref Intact phellem Valais, CH Contemporary tree Ambient
0 Rotten phellem Valais, CH Contemporary In—natltirreeerotten Ambient
B lower ~2800 BC
1 oW case, Schnidejoch  (2905-2622 cal Ice patch 0°C, 100% (*) Low
body
BC)
B 1 . ~2800 BC
2 oW case, lowe Schnidejoch  (2905-2622 cal Ice patch 0°C, 100% Low
body
BC)
B lower ~2800 BC
3 OW €ase, 10 Schnidejoch  (2905-2622 cal Ice patch 0°C, 100% Low
body
BC)
B robabl ~2800 BC
4 owcase, probably Schnidejoch (28812579 cal Ice patch 0°C, 100% Low
from lid
BC)
B ase, lower ~2800 BC
5 oW case, Schnidejoch  (2905-2622 cal Ice patch 0°C, 100% Low
body
BC)
B upper ~2800 BC
6 oW case, upp Schnidejoch  (3011-2668 cal Ice patch 0°C, 100% Low
body
BC)
B . ~2800 BC
7 oW case, uppe Schnidejoch  (3011-2668 cal Ice patch 0°C, 100% Low
body
BC)
Bow . ~2800 BC
8 OW case, uppe Schnidejoch  (3011-2668 cal Ice patch 0°C, 100% Low
body
BC)
~500 AD
9 Fragment Lendbreen (430-540 cal Ice patch -3°C(*) Low
AD)
~900 AD
10 Fragment Lendbreen (891-981 cal Ice patch -3°C Low
AD)
~1450 AD
11 Fragment Lendbreen (1430-1470 cal Ice patch -3°C Low
AD)
12 Fragment Lake Moossee 4500-3800 BC Waterlogged ~4-16 °C (1) Anoxic
13 Fragment Kosackenberg 2300-1800 BC Cave 4-7°C, =95% (1) Ambient

*[67], ** [68], T [69], £ [30].
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Figure 6. Left: birch bark fragments from Lake Moosee (521 m a.s.l) were recovered during an excavation in 2011 from

a waterlogged sediment. Small, waterlogged fragments floating on water retain phloem, indicating that they were not

harvested from the tree but detached naturally. During cutting, many fractures occurred, and small pieces broke off. Right:

sample 12 does not have original white colour apart from a fresh fracture with splintered surface. Inner bark has dark-brown

colour and is very brittle, and lenticels are not well defined and have frayed edges.

Figure 7. Sample 13 was extracted from a birch bark fragment recovered in the Kosackenberg cave.
Inner and outer surfaces have reddish-brown overlay with white blooming. Normally alternating
white and reddish-brown layers are not present, as reddish-brown colouring of thick-walled cells is
completely lost. Lenticels have also lost their normally dark colour and are hardly distinguishable
from normal phellem. Fragment is very light and extremely fragile; handling leads to fragmentation
and loss.

2.2. Description of Embedding and Sectioning

Samples 1-3, 6-8 and 12 were wet, while the others were already air-dried. They were
all documented and cut with a razor blade to a rectangular size of about 7 mm x 3 mm.
The cutting provided information about the brittleness and risk of delamination. First
attempts showed that non-embedded sectioning did not allow for a thorough study of
deterioration due to the separation of the layers during cutting. Further, the lumen content
of the thin-walled cells obscured the cell wall study and had to be removed [25]. After test
staining with safranine aniline blue, toluidine blue, a polychromatic stain commonly
used to highlight fungal structures in plant cells walls [70] or to examine erosion bacteria
degradation in waterlogged wood [71], was used.
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Thin sections were obtained by immersing the samples in 70, 80 and 96% ethanol
(Alcosuisse, Switzerland) and twice in 100% ethanol (Merck, Darmstadt, Germany) for at
least 3 h each at room temperature. The samples were then immersed twice in 100% acetone
(Merck, Darmstadt, Germany) for at least 2.5 h at room temperature and in increasing
concentrations of Epon/acetone solution (1:2, 1:1, 2:1). Finally, they were embedded in
100% Epon (Fluka, Switzerland) and left to harden at 60 °C for 5 days.

Thin sections of 1 pm were produced for LM with a UC6 ultramicrotome (Leica Mi-
crosystems, Vienna, Austria) and put on glass slides with 1 mL of distilled water. The glass
slides were placed on a hot plate with a temperature of 55 °C to stretch the sections. After
evaporating the water, they were stained with an aqueous solution of 0.5% toluidine blue
O (w/v) (Merck, Darmstadt, Germany) for 3 min at 55 °C. They were then washed in water,
dried on the hot plate and mounted with Entellan® (Merck, Darmstadt, Germany).

Ultrathin sections (75 nm) were cut from the same embedded samples for electron
microscopy (TEM). The sections, mounted on 200 mesh copper grids, were stained with
Uranyless (Electron Microscopy Sciences, Hatfield, PA, USA) and lead citrate (Leica Mi-
crosystems, Vienna, Austria) with an ultrastainer (Leica Microsystems, Vienna, Austria).

2.3. LM and TEM

The permanent slides were investigated with an Olympus BH-2 light microscope
using transmitted and polarized light at different magnifications (04x, 10x, 40x, 60x).
Photographs were taken with a Jenoptik ProgRes SpeedXT digital camera. If needed,
Helicon Focus 6 stacking was used to produce a fully focused image.

TEM ultrathin sections were examined with a transmission electron microscope (CM12,
Philips, Eindhoven, the Netherlands) equipped with a digital camera (Morada, Soft Imag-
ing System, Miinster, Germany) and image analysis software (iTEM). Image] was used to
quantify dimensions in the sections.

3. Results

The micromorphology of cell structure and degradation was investigated on trans-
verse and radial sections. To facilitate the comparison among the results, mostly radial
sections are shown in this paper.

We first present a careful description of the micromorphology of the reference ma-
terial and the contemporary bark decayed in nature, followed by an analysis of the 13
archaeological samples. The morphological features were systematically described, and
13 degradation characteristic patterns were identified and named with abbreviations to
facilitate their localisation on the LM and TEM images (Table 2). For each feature, example
LM and TEM images are presented. Macroscopic images of the samples are shown in the
previous section. The occurrence of degradation features in the samples is summarized in
a table.
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Table 2. Occurrence of degradation features in samples. x indicates the feature was present in the analysed sample.
Fractures, unfolding of thin-walled cells and hyphae are also present in the reference material, a piece of contemporary

intact birch bark.
Fra Un No-bi  In-st Swe Ir Det Rem  Re-th Hy Vo Me Acc
Ref X X X
0 X X X x-fu x-fu X X;\flll- x-fu x-fu X x-fu x-fu
1 X X x-fu x-fu x-Cflu— x-fu x-fu x-fu
2 X X X X-0V x-fu x-cflu— x-fu X
X
3 X X X X-OV X X-0OV
(rarely)
) X-0V-
4 X X, X-st XV, X wl, x-fu
x-fu
x-fu-cl
X-0V-
5 X wl, X-OV
x-fu-cl
6 X X X x-fu x-fu X_f‘gl- x-fu x-fu X x-fu x-fu
x-fu-
cl,
7 X X X x-fu x-fu x-fu X X X
x-fu-
wl
8 X X X X-0V X-0V X X-OV X-0V
9 « « X-0V, X
x-fu (rarely)
10 X X X-0V x-fu, =0V, X x-fu
X-0V x-fu
11 X X x-fu x-fu X x-fu
x-fu?-
12 X X X X-0V X-0V wl, x-fu? x x-ba x-ba
x-fu?- (rarely)
cl
13 X X X X-0V x-fu x-fu- x-fu x X
wl (rarely)

The following features may be associated with fungi or bacteria, or overall in the
sample. To distinguish among these cases, the suffix fu (fungi), ba (bacteria) or ov (overall)
is added to the abbreviation:

Fra: Fracture of radial cell walls;
Un: Unfolding of compressed thin-walled cell; if it is in conjunction with stretching of
the thick-walled cells, it is marked as Un-st;
No-bi: Absence of birefringence of secondary wall of thick-walled cell;
In-st: Intense toluidine blue staining;
Swe: Swelling and/or disaggregation of the secondary cell walls;
Ir: Increased irregularity of cell shape and size leading to irregular cell arrangement;
Det: Detachment, either of cells from each other (Det-cl) or secondary cell walls from
the compound middle lamella (Det-wl) or the tertiary wall;
e Rem: Removal of phenolic compounds in the lumen of thick-walled cells or the
compound middle lamella or in the secondary cell walls;
Re-th: Reduced cell wall thickness;
Hy: Hyphea in thin-walled cell lumen;
Vo: Circular/oval voids in the corners of secondary thick-walled cell walls with a
diameter of about 0.6 pm, or smaller voids in the secondary cell walls with diameter
of about 1.2 pm aligned along or in the compound middle lamella; the former are
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caused by mechanical penetration in the wall by hyphae, the latter by the penetration
of bacteria;

Me: Complete dissolution of cell structure;

Acc: Accumulation of foreign substance in the cell lumen of thin-walled cells.

3.1. Reference Material: Contemporary Intact Birch Bark

The bark morphology of the reference sample was examined with light microscopy
(Figure 2). The radial thin sections revealed a compactly arranged and regular cell structure
consisting of an equal number of thin-walled and thick-walled cell bands, with the former
being more hydrophilic than the latter (Figure 8). The thin-walled cells were heavily
compressed in the outer portion of the bark but originally had a square shape, visible in
the centre of the radial thin section. The shape of the lumen varied and was generally
lenticular. The compound middle lamella and tertiary walls had a deeper blue colour
than the secondary walls, an indication of their greater affinity for water [12]. The barely
coloured thick-walled cell walls, on the other hand, showed strong birefringence. Suberin
had a crystalline structure showing birefringence [72].

I
N

l/ .[‘/tﬂ
', ’{' ”/’/

m/ :

Figure 8. Reference sample. LM images of radial thin sections (left, outer surface; right, inner side) reveal thick-walled and
thin-walled cell bands (arrowheads, top left). Tips of arrows indicate boundaries between thin-walled and thick-walled cell
bands. Compressed thin-walled cells are marked with “co” (top right). Water affinity of thin-walled cell walls, compound
middle lamella and tertiary walls can be appreciated from the intensity of blue staining. Thick-walled cell walls are
hydrophobic (light blue) and show strong birefringence (bottom, left and right). Sample shows overall strong birefringence
of thick-walled cells. While thin-walled cells usually have only very weak birefringence, the birefringence of thin-walled
cell layer at boundary with thick-walled cells is just as strong as that of thick-walled cells.

The TEM investigation of the reference sample shows the arrangement of cells and
the layered structure of cell walls (Figure 9). In the thick-walled cell bands, the radial
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compound middle lamella was about 0.24 £ 0.03 um thick with a net-like structure in
the centre and dark rims. The tangential compound middle lamella was 0.08 £ 0.01
pum thick and electron dense, an indication of higher lignification [73,74]. Interruptions
in the tangential compound middle lamella were present. At the transition between
the thick- and thin-walled cell bands, the radial compound middle lamella built a thick
corner with ends susceptible to fracture. The thick-walled cells were filled with electron-
dense compounds with an irregular shape. In the thin-walled cell bands, it was not
possible to distinguish between radial and tangential compound middle lamella, as the
cells were compressed. The compound middle lamella had a homogeneous structure and
was about 0.08 £ 0.02 um thick. The secondary wall is suberized, and therefore had a
lamellar structure with very fine dark lines, arranged around dense globular particles. The
tertiary wall is the boundary layer at the lumen and was very dense. The thin-walled cells
were partly filled with a very dark multiform compound.

thin walled cell

~ thick walled cell

Figure 9. Reference sample. TEM images of thick-walled and thin-walled cells. The compound middle lamella (CML) is
thicker in radial direction (ra) than tangential direction (ta) in thick-walled cell bands (top left). In tangential direction,
interruptions of composite middle lamella are present (in, bottom left). There is a clearly pronounced corner (cor) at the
transition between thick- and thin-walled bands. Details of thin-walled cell (upper right) and thick-walled cell (bottom
right) are presented. SW, secondary wall; TW, tertiary wall; la, lamella of secondary suberized cell wall; fi, filling material.

Close to the lenticel, the reference sample was delaminated (Figure 2, left). LM
images show that separation of the layers occurred at the boundary between thin- and
thick-walled cell bands. Fracture occurred in the radial thin-walled cell walls (Figure
10, left). The consequence was a tangential separation (delamination) of the layers and
the unfolding of thin-walled cells. The dark blue and purple balls and bubbles and the
pinkish cloudy structures visible on the outermost layers of the toluidine-stained radial
thin sections indicate the presence of hyphae. TEM images of the same area show fungal
structures in the lumen of the cells and a hypha penetrating from one cell to another.



Appl. Sci. 2021, 11, 8721 14 of 32

The breakthrough has thin dark coloured edges, an indication that the cell wall was altered
by enzymatic degradation.

Figure 10. Reference sample. LM images (left): delamination due to breaking of boundary radial cell walls (fra) accompanied
by unfolding of compressed thin-walled cells (un). TEM images (right): hyphae within thin-walled cell lumen and
penetrating all wall layers.

Figure 11 shows a lenticel. Lenticels are fanned out layers with a convex shape, more
pronounced towards the phloem. Proceeding tangentially from the normal phloem to the
lenticel, the thick-walled cell bands form a continuous structure. The transition between
normal phloem and lenticel involves about 4-5 cells where the cell lumen of the thick-
walled cells changes from a square to ellipsoid shape, while the walls of the thin-walled
cells become heavily fractured. The radial cohesion of the thick-walled cells has numerous
failures. The remains of the fractured thin-walled cells are strongly stained, an indication
of their highly hydrophilic nature. The thick-walled cells display no birefringence in the
centre of the lenticels, while this increase approaching the transition to the normal phellem.

Figure 11. Reference sample. Lenticel with fanned out thick-walled bands (top left). Detailed image of cell structure (top
right) shows ellipsoid lumen (eli) of thick-walled cells and fractures (fr) of thin-walled cells. Birefringence of thick-walled
cells is low at lenticel centre (lo-bi, bottom left) and rises at the transition to normal phellem (bi), while it is absent in
thin-walled fractured cells (no-bi, bottom right).
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TEM images (Figure 12) show that within the tangential thick-walled cell walls of the
lenticel, plasmodesmata about 25 to 30 nm in diameter are present. They are unbranched
and have a tubular shape, and they connect two cells. They are filled with electron-dense
material, and occasionally a deposit is visible on the inner surface of the cell. In the lenticel,
small intercellular spaces can be found, while they are absent in the normal phellem.

Figure 12. Reference sample. TEM images of thick-walled cell of lenticel with plasmodesmata (pla) in tangential wall and

intercellular spaces (in-sp) in radial cell corners. Tubular plasmodesmata are filled and occasionally have a deposit (de)

towards the cell lumen.

3.2. Sample 0: Contemporary Birch Bark Degraded in Nature

This sample presents all identified degradation features except for decay by bacteria
and the accumulation of foreign substances, which was present only in sample 13, retrieved
from a cave environment.

In the LM pictures, it is possible to identify degraded areas characterized by unfolding
of the thin-walled compressed cells and an irregular arrangement of the cell structure.
Birefringence is strongly present in the well-preserved areas, whereas it is completely
missing in the degraded areas. All layers of thick-walled cells are visible in the well-
preserved areas (Figure 13). The toluidine staining is stronger on the suberized secondary
cell walls and weaker on the compound middle lamella. The phenolic compounds in the
cell lumen are absent.

The penetration of the secondary wall by hyphae caused circular voids located at the
cell corners. Further, swelling and loosening of the wall is visible, leading to complete
secondary wall disintegration. Finally, only a dark blue unstructured substance remains.
Hyphae are visible in the lumen of the cells, leading to decay in parts of the tertiary walls
(Figure 14, bottom left and top right).
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Figure 13. Sample 0. LM overview under transmitted light (left) and polarised light (right). Arrows on the left mark
transitions between differently preserved areas. Degraded areas are characterized by unfolding of thin-walled cells (un),
increased irregularity of cell arrangement (ir) and reduction of cell wall substance, especially suberized secondary wall
of thick-walled cells (re-th) up to complete dissolution of cell structure (me-fu). Fracture of thin radial walls and layer
separation are also visible (fra). In degraded area, thick-walled cells do not show birefringence (no-bi).

Figure 14. Sample 0. LM overview of sample with clear boundary between well-preserved area and fungal degraded area
(arrowheads). Secondary walls of thick-walled cells are penetrated mainly in the corners by hyphae (vo-fu), and hyphae are
present in thin-walled cell lumen (hy). These adhere to the tertiary cell wall and sometimes cause it to detach (det-fu) (top
right). At bottom left, complete dissolution of cell structure is visible (me-fu). At bottom right, fungal structures can be seen
(fu-bo). These cause a decrease in lignin-containing middle lamella (rem-fu) and phenolic lumen filling of thick-walled cells.
At the same time, darker staining (in-st-fu) and swelling of secondary cell wall occur (sw-fu). Fractures due to breaking of
radial thin-walled cells (fra) are also visible.
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The TEM pictures show that the secondary cell walls, which are infested with hyphae
in the corners, causing oval voids, are swollen, their structure is loosening and their shape
is irregular (Figure 15). Advanced degradation is indicated by disintegration of the wall; in
some cases the cell wall seems to be completely digested, while in others an electron-dense
granular residue is left. Similar compounds have been identified in sclereid of beech bark
in the area around the hyphae, and interpreted as remnants of not completely degraded
lignin [75]. Connected to the infestation with hyphae, the phenolic compounds in the
lumen, compound middle lamella and secondary walls were removed (Figure 16). This led
to separation of the cells along the compound middle lamella.
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Figure 15. Sample 0. TEM images illustrating degradation feature called circular voids. At top right, empty cavities not
filled with hyphae are visible (vo-fu). In the same picture, swelling and loosening of secondary cell wall can be seen (sw-fu).
At bottom right, cells with corners penetrated by hyphae (hy) are visible. These have almost completely metabolised the
suberised wall, leaving only a little granular dark residue (re).
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Figure 16. Sample 0. TEM images. Top left: hyphae (hy) in thin-walled cells and partial detachment of tertiary cell wall

layer (det-fu). Top right: fungal body (fu-bo) and hyphae in thick-walled cell bands caused removal of lignin from middle

lamella (rem-fu, CML) (bottom right) and phenolic content from cell lumen (rem-fu) (bottom left). Suberised cell wall

swelled and lost narrow lamellae, an indication of suberisation (sw-fu). Wide light and dark bands appear, and in an

advanced stage of degradation, the thickness of the wall is reduced (re-fu, SW).

3.3. Archaeological Samples
3.3.1. Sample 1

In the archaeological samples, the presence of biotic decay was macroscopically visible
by surface discoloration. Swelling of the cell walls, removal of substance and increased
staining were commonly found microscopic features of biotic decay. One example is
provided by a dark discoloured area on sample 1, extracted from the lower body of the
Schnidejoch bow case on the ground-facing side (Figure 4, top left). The cut section of the
sample had a brown colour with alternating white betulin-filled bands and showed no
delamination or breaking-off pieces due to the cutting process. LM images reveal a very
heterogeneous preservation condition. The area marked 1 in Figure 17 is characterized by
an intact regular cell structure with compressed thin-walled cells and slight birefringence
of the thick-walled cells. The blue coloration of the secondary cell walls is slightly darker
compared to the reference material. The area marked 2 is located at the surface of the
sample and is characterized by the presence of fungi. The effect of fungi can be observed
in both LM and TEM images. They cause swelling and disintegration of the suberized
cell walls (Figure 17), which acquire a dark blue colour upon staining and exhibit no
birefringence. Further, fungi cause degradation of the compound middle lamella, reducing
its thickness (Figure 17). Finally, the cells are detached and the phenolic filling material in
the thick-walled cells are degraded (Figure 17).



Appl. Sci. 2021, 11, 8721 19 of 32

4 DAL R
¢ R

0.

Figure 17. Sample 1. Top left: LM image of thin section. Area 1 has very well-preserved cell structure; area 2 is biodegraded.
Superficial deposits are visible (su). In area 1, thin-walled cells are still compressed (co) and secondary cell wall layer of
thick-walled cells is still birefringent (not shown). In area 2, clear change is noticeable in secondary cell wall layer: dark
blue staining (in-st-fu), swelling (swe-fu) and dissolution of the wall (re-th-fu). Middle lamella (rem-fu) is also degraded
(rem-fu), eventually leading to radial detachment of cells (det-fu-cl) (top right). Cavity in upper area (top right) between
superficial and cell structure can be seen, in which complete cell structure dissolution occurred (me-fu). Changes to cell
walls can be seen in more detail in TEM: thick-walled suberised cell walls are clearly swollen and loosened (swe-fu), after
which they lose thickness (re-th-fu, SW)), leaving unstructured residue (re). Phenolic content of cell lumen is also degraded
(rem-fu) (bottom left). Alterations of compound middle lamella can be seen at bottom left; wall loses thickness and electron
density area is reduced (rem-fu).

3.3.2. Sample 2

Fractures and unfolding of the compressed thin-walled cells are particularly visible
in sample 2. Sample 2 (Figure 18, top left) was extracted from the middle bark strips in
a dark-brown discoloured area. The cut section showed delamination and breaking-off
pieces due to the cutting process. LM images (Figure 18, top right) reveal strong tangential
delamination due to the breaking of radial cell walls. The secondary cell walls of the
thick-walled cells have a dark blue colour, an indication of higher water absorption. No
birefringence of thick- and thin-walled cells was detected, and the thin-walled cells were
no longer compressed (bottom left).
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Figure 18. Sample 2. Top left: location of sample. Right: LM of thin sections. Tangential delamination is visible due to

fracture (fra) of radial thin-walled cells. Increased toluidine staining of thick-walled cells is also appreciable (in-st). Bottom

left: thin-walled cells in normal phellem are overall unfolded (un). Bottom right: birefringence is absent in both thick- and

thin-walled cells.

3.3.3. Sample 3

Increased irregularity of the cell structure and detachments are particularly visible
in sample 3. Sample 3 was extracted from the inner lining and contained a lenticel; no
surface discolouration was present. LM images reveal that all cell wall layers were present,
despite being swollen and irregular (Figure 19). In some areas the thin-walled cells were
still compressed. Many broken radial cell walls at the boundary between thick- and thin-
walled cell layers were present, but no complete delamination was detected. Slight fungal
degradation was present on the left outer layer, which caused a dissolution of cell walls
and a reduction in the middle lamella and phenolic compounds. Thick- and thin-walled
cells displayed no birefringence.
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Figure 19. Sample 3. Left: LM image. Secondary cell walls of thick-walled cells are swollen (swe-ov). Deformation of cells

has also taken place, leading to irregular structure (ir). Parts of tertiary cell wall of thin-walled cells are detached (det).

Right: TEM image. Swelling of secondary cell wall of thick-walled cells is visible, together with detachment of parts of

tertiary cell wall of thin-walled cells. In sample 3, this phenomenon is widespread and not localised.

3.3.4. Sample 4

A further degradation feature is the detachment of the secondary cell wall from the
compound middle lamella and the tertiary wall. This is visible in sample 4. Unfolding of
thin-walled cells and stretching of thick-walled cells is also present. Sample 4 was taken
from the bow case inner lining, but the original position on the object is unknown, possibly
the lid. The birch bark is slightly pliable and retains some strength. The surface is compact
but shows cracks and delamination in the top half (Figure 4c). The bark is somewhat brittle,
especially the lenticel. The outer side of the bark is grey, the inner brown. In the lower area,
a black cloudy discoloration is visible that is also present on the edges. Red-brown colours
are strongly reduced.

Thin section 4a shows a higher degree of decay than 4b. This sample is characterized
by unfolding of thin-walled cells, elongation in the transverse direction of thick-walled
cells and increased staining. Along with this, the structure becomes irregular. While in
sample 4b the cell structure is regular, the walls of the thin-walled cells are still slightly
folded and there is only slight light blue staining of the secondary cell walls, an indication
of low water sorption.

The detachment of the secondary cell wall from the compound middle lamella and the
tertiary wall affected large areas of thin section 4a and only slightly affected thin section
4b (Figure 20). TEM images (Figure 21, bottom right) show that due to this separation,
voids and threadlike structures appear between the wall layers. The very thin, delaminated
tertiary cell wall layer is present as a ring within the lumen. The swelling of the secondary
cell wall causes a wave deformation of the secondary wall layer. The compound middle
lamella is broken, and interruptions are present. The original structure of the suberin
lamella has disappeared and broad light and dark bands with the same orientation as the
former suberin lamella have formed. The degradation of the compound middle lamella
led to a separation of the cells and a degradation of the phenolic content, visible as reduced
cell lumen content.
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Figure 20. Sample 4. Two thin sections, about 4 mm apart, were made from the embedded sample: thin section 4a (left)
and thin section 4b (right). Thin section 4b reveals a much better-preserved cell structure than 4a: it is regular, walls of
thin-walled cells are still slightly folded and there is only slight light blue staining of secondary cell walls, an indication of
low water sorption; thin section 4a shows unfolding of thin-walled cells and stretching of thick-walled cells (un-st).
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Figure 21. Sample 4a. Detachment of secondary cell wall from compound middle lamella is found throughout (de-ov-wl,
top left). Elongation of thick-walled cells (un-st) is present (top right). TEM (bottom left) shows detachments of secondary
wall from compound middle lamella and tertiary wall (de-ov-wl). Very thin, delaminated tertiary cell wall layer is present
as a ring within the lumen. Compound middle lamella is broken and shows large interruptions (in). Swelling caused
wave deformation of secondary wall layer. Separation and threadlike structures appear between secondary and tertiary
wall (bottom right). Original structure of suberin lamella has disappeared and broad light and dark bands with the same

orientation as the former suberin lamella are formed.
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3.3.5. Sample 6

Fungal degradation causes circular/oval voids in the secondary wall of thick-walled
cells, and an advanced state of decay leads to complete dissolution of the structure
(Figure 22). Both are found in sample 6, extracted from the upper part of the bow case
body on the ground-facing side. The area where the sample was taken was fully exposed
to the soil. All exposed surfaces showed discolouration macroscopically. The LM reveals
strong fungal degradation starting from both exposed sides. The strongest degradation is
found at the surface layers, and some of the innermost layers are not affected. The circular
voids are mainly located in the corners and were caused by the penetration of hyphae.
In contrast to the decayed in-nature sample 0, the remains of hyphae in the holes are no
longer present in sample 6. In an advanced stage of decay, swelling of the secondary cell
walls occurred, followed by their disintegration. The skeleton of the middle lamella was
the last to be metabolised. A superficial structure that consists of cell fragments, fungal
structures and cloudy, dark blue parts remains on the sample surface.

Figure 22. Sample 6 shows a superficial structure (su) consisting of cell fragments, fungal structures (fu-bo) and dark blue

cloudy remains (left). Empty circular/oval voids in corners (vo-fu) of suberized cell walls of thick-walled cells caused

swelling and then dissolution of secondary wall (right). At top of sample, complete disintegration of cell structure (me-fu)

is visible. Fungal structures cause a loss of cell wall material (secondary cell wall, cell lumen filling material) and in an

advanced state complete disintegration of all cell wall layers (me-fu).

3.3.6. Sample 10

A further degradation feature is the removal of phenolic cell wall components from
all cell wall layers and cell lumen-filling substances, leaving behind a wall that is bleached
but unchanged in thickness. This phenomenon was only found on the surface, up to
0.06 mm deep. An example is sample 10, extracted from a rolled birch bark recovered in
permafrost in Lendbreen. Both surfaces were white-grey and lost the red-brown colour,
which was retained in the inner layers (Figure 5). The bleaching involved the superficial
five cell layers (Figure 23). The compound middle lamella, the secondary and tertiary
walls and the cell lumen lost components that bind with the toluidine dye and cause
birefringence. The thickness of the walls was unchanged, and no disaggregation of the
structure occurred. After a transition of a few cell layers, in which the secondary cell wall
was slightly swollen and more strongly stained, the deeper layers showed an unchanged
appearance, birefringence was present to a large extent and the thin-walled cells were still
compressed. Thick and thin-walled cells were stained with a similar blue tone, slightly
darker than that of the reference material.
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Figure 23. Sample 10. Left: LM. Loss of phenolic compounds from cell wall layers and lumen is visible in left outer bands

(rem-ov). Deeper layers are unchanged and display birefringence (not shown). Thin-walled cell walls are compressed (co).

In transition zone between bleached and unchanged phellem a slight swelling (swe) and increased blue staining (in-st) of

secondary cell wall is visible. Right: TEM. Overall loss of phenolic components is significant and a change in appearance of

the thin lamella structure of secondary cell wall is visible.

3.3.7. Sample 11

In some cases, fungal infestation can be clearly visible by the presence of hyphae
within the lumen of thin-walled cells, but the cell structure retains regularity, birefringence
and water-repellent properties. An example is sample 11, extracted from a pliable and
considerably strong Lendbreen fragment. The colour of the fragment was grey-whitish
matte with a weathered surface; red and brown colours were missing superficially but
were retained in the inner part of the sample (Figure 5).

LM shows a very regular, compact birefringent structure that reflects a good preser-
vation condition. The walls of thick-walled cells have a pale colour and are therefore still
water-repellent (Figure 24, left). Round cavities in the secondary walls and hyphae are
found within the lumen of thin-walled cells. The hyphae are arranged along the tertiary
wall and appear to metabolise it or parts of it from the lumen (Figure 24, right). At the
contact point between the hyphae and wall, the wall thickness is often reduced. It can
be assumed that hyphae are able to mechanically break through cell walls, as otherwise
they would not have been able to distribute themselves so extensively throughout the cell
structure. However, the secondary cell wall and the composite middle lamella are not
degraded over a wider area by this type of fungus.
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Figure 24. Sample 11. Left: LM. Hypha present in lumen of thin-walled cells distributed over entire thin section. Hyphae
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are aligned along tertiary wall and cause reduced thickness. Right: TEM. Division of hyphae into two cells (septum) is

present. Defects are visible in a corner of the secondary cell wall and the middle lamella, possibly caused by hyphae.

3.3.8. Sample 12

The waterlogged sample found in anoxic sediment showed biotic degradation mainly
by bacteria, and to a much lesser extent by fungi. Bacterial degradation was recognizable as
many small voids in the secondary cell walls and complete metabolism of the cell structure.
Macroscopically, the strength of this Neolithic sample was considerably reduced; many
fractures occurred during cutting. Due to the waterlogged condition, the susceptibility to
layer separation could not be determined. The bark can still be identified as birch bark, but
the surface is brown.

LM thin sections (Figure 25) reveal a regular cell structure with un-folded and overall
swollen thin-walled cells. Fractures in the radial thin cell walls are present in some areas,
but complete delamination did not occur. The secondary walls show increased staining
and no birefringence (not shown). The phenolic content in the thick-walled cells is still
present and very dark in colour, sometimes fractured. The fracture (in a radial direction)
sometimes affects not only the lumen filling substance, but also the wall. Detachments of
cells along the middle lamella and of cell wall layers within individual cells are present
(not shown).
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Figure 25. Sample 12. Top left and right: LM of cross-section. Bottom left and right: LM of radial thin section. Bacteria
created voids (vo-ba) in secondary cell wall and, in advanced stage, metabolised all cell wall layers and phenolic lumen
content of thick-walled cells (me-ba). Cloudy purple material was produced that accumulated in the lumen of thin-walled
cells. Decay is strongest on sample surface, on left outer cell bands, indicating that bacteria penetrated from there. Few
hyphae are found in the sample (hy). Entire sample shows increased staining (in-st), swollen cell walls (swe) and unfolded
thin-walled cells (un). Radial fractures running across phenolic content and cell walls are present (fra).

The TEM examination showed that bacteria were mainly located in the secondary cell
walls and were aligned along the middle lamella (Figure 26, right) and the tertiary wall,
causing voids. Their location indicates that they metabolised carbohydrate-containing
components of the compound middle lamella and the tertiary wall. In the advanced stage
of degradation, the middle lamella and the phenolic components in the cell lumen of the
thick-walled cells are also degraded. Based on the characteristic degradation traces, they
can be identified as tunnelling bacteria [76].
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Figure 26. Sample 12. TEM: swelling and loosening of secondary walls of thick-walled cells (swe) and voids created by

bacteria in secondary cell wall of thick- and thin-walled cells. Bacteria are aligned along compound middle lamella and

tertiary wall, creating tunnels with concentric rings, characteristic of tunnelling bacteria. Based on the appearance, the

presence of erosion bacteria is possible. Bacteria were able to digest all cell wall layers and phenolic lumen content (me-ba).

In addition to the biotic degradation, TEM sections show that the structure of the
secondary cell wall has changed considerably: the wall is swollen, with broad light and dark
stripes, and in some places, it is only preserved as a loose net with many defects. The cohesion
of the cell wall layers is also greatly reduced, resulting in cell detachment (not shown).

3.3.9. Sample 13

The final degradation feature identified microscopically in the archaeological samples
was the accumulation of foreign substances within the cell lumen. This was found in sample
13, recovered from the Kosackenberg cave. Both inner and outer surfaces of the sample had
a reddish-brown overlay, while the internal layers had a light, slightly pink colour and the
normally white and reddish-brown alternating bands were no longer perceptible. White
blooming was present on both surfaces. The reddish-brown colouring of the thick-walled
cells was completely lost. The lenticels lost their normally dark colouring and were hardly
distinguishable from normal phellem. The sample was extremely fragile, and handling
caused the loss of small fragments. The cohesion of layers was very reduced (Figure 7).

LM reveals a regular structure with several fractures of radial cell walls and complete
layer separations (delamination). The thin-walled cells are unfolded, and increased staining
of the thick secondary cell walls is visible; the closer to the surface, the darker the shade of
blue. Over the entire thin section, a thick, dark-coloured, partially birefringent residue is
visible on the surface (Figure 27). Furthermore, purple-blue cloudy material is found in the
lumen of the thin-walled cells. It can be assumed that this is gypsum, as this was identified
in analyses of birch cork from the same site [30]. As gypsum is poorly soluble in water,
it is assumed that the ions were dissolved in water and then precipitated inside the cells
and accumulated in the lumen. The phenolic content of the thick-walled cells is strongly
reduced. In the cell layers near the surface, sporadic hyphae are found. Furthermore, close
to the phloem, the secondary cell walls of thick-walled cells are extremely swollen or absent
(not shown).
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Figure 27. Sample 13. LM shows many fractures of radial thin-walled cells (fra) leading to delamination. Thin-walled

cells are unfolded (un); thick-walled secondary cell walls reveal increased staining, especially close to the surface. Thick

dark-coloured residue (re) covers the surface. An accumulation of a cloudy substance in the lumen of thin-walled cells (acc)

is present; some lumens are completely filled.

4. Discussion

The identification and systematic description of microscopic degradation features and
the macroscopic characteristics such as colour, brittleness and pliability of the 15 birch
bark samples analysed in this study allowed us to establish a correlation between some
macroscopic and microscopic features.

If delamination was macroscopically visible, fractures and detachments of thin-walled
cell walls were found. If the sample surface showed discoloration, decay at a microscopic
level was found. Bacterial decay was only found in the waterlogged sample, while fungal
decay was common. However, if biotic decay is very localised, it might not lead to macro-
scopic colour changes. If the samples were exposed to sunlight, they lost their red-brown
colour and appeared strongly weathered, and removal of the phenolic compounds from the
cell walls and lumen could be found in the very outer layers. However, it was not possible
to establish a correlation between macroscopic brittleness and microscopic degradation
features. For example, the Lendbreen samples are macroscopically strongly weathered
but microscopically intact, except for the outer layers. Similarly, the Kosackenberg sam-
ple is macroscopically extremely brittle, but microscopically all the cell wall layers have
been preserved. Microscopic biotic decay might be present in well-preserved and pliable
samples such as our contemporary reference sample. More importantly, the occurrence
of microscopic degradation features is very local in birch bark and can vary within the
same fragment.

The next step in interpreting the collected microscopic data was to try to establish
any causality for the identified degradation features. Clearly, the presence of hyphae as
well as voids in the cell walls, and the reduction in cell wall thickness and the complete
disintegration of cells are all connected to biotic decay, mostly fungal, except for the
waterlogged sample, in which bacteria were found. Biotically produced enzymes can
also lead to the swelling of cell walls, removal of phenolic compounds, reduction in
wall thickness and detachment of cells from each other or from the compound middle
lamella [77], but in this case, these features were restricted to areas close to the hyphae.
When the loss of phenolic compounds is present overall but confined to the upper layers,
and when macroscopically the surface has lost its brown-red colour, photocatalysis of
the phenolic compounds due to sunlight has probably taken place [23,78]. Irregularity
of the cell structure and, consequently, the cell arrangement, swelling of the cell walls,
increased toluidine blue staining and loss of birefringence can also be found in the absence
of signs of biotic decay, and we suggest that they are due to chemical degradation of the
cell walls. In particular, loss of birefringence can be connected to a loss of crystallinity of
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suberin [72,79]. Toluidine blue staining, though, is not selective for suberin, and a thorough
investigation of suberin degradation should be performed using different methods.

Accumulation of foreign substances, probably gypsum, was only detected in the
fragments recovered from the cave environment and might be due to the deposition of salts
dissolved in the water the samples were exposed to. Finally, fracturing and unfolding of
thin-walled cell walls and elongation of thick-walled cell walls are mechanical degradation
features that might have chemical, biotic or physical causes. In particular, unfolding of
thin-walled cells has been detected in combination with every degradation feature and is
a reliable microscopic degradation marker. Unfolding has been found in other phellems
upon exposure to solvents or heat [9,80]. The age of the samples did not correlate with the
state of preservation, at either the macroscopic or microscopic level.

5. Conclusions

Careful examination of sections of 15 samples of birch bark, two contemporary and 13
archaeological, using light and electron transmission microscopy, allowed us to provide,
for the first time, a comprehensive description of microscopic degradation features of birch
bark and correlate with macroscopic visible features. Further, we could establish causes
for a number of these features. Understanding the correlation between macroscopic and
microscopic features is essential in order to develop passive or active conservation measures.
The most important macroscopic features that allow us to predict the microscopic state of
the samples’ preservation are colour changes, such as surface discolorations and loss of
the red-brown colour, and changes in mechanical properties, such as a loss of pliability,
presence of delamination and increased brittleness. Colour changes and delamination may
be connected to microscopic features, and a microscopic analysis can trace whether they
are caused by biotic, chemical or physical decay. The most relevant microscopic feature
that was detected in association with every degradation form was unfolding of thin-walled
cells. This is therefore a reliable microscopic degradation marker. However, the increased
brittleness could not be connected to a specific microscopic feature and would need to be
assessed macroscopically, for example by quantifying the loss of fragments while handling
or cutting the samples. Future research should concentrate on understanding possible
causes for the increased brittleness of some birch bark archaeological objects, establishing
whether there are correlations with the burial environment, and developing remedial
measures specific to such objects.
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