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Abstract

Freshly harvested outer birch bark is a pliable, leather-like 
material, but within a short period it loses flexibility and 
becomes rigid. Further still, during the removal from the 
tree, it starts to roll back upon itself with the inner side out. 
This is relevant to conservators as objects made of birch 
bark often show this type of deformation and need to be 
re-shaped. In this paper methods used by both craftspeople 
and conservators to avoid the rolling of the outer birch 
bark (phellem) and to provide flexibilization are reviewed. 
Some of these methods, like the use of solvent vapours, 
have some major drawbacks as birch bark contains a high 
amount of substances within the cell lumen that can be 
solubilized during the treatment. In order to optimize 
treatment procedures for birch bark artefacts it is important 

to understand the rolling of birch bark. We provide, for the 
first time, an explanation of the rolling pattern based on 
the microscopical analysis of the phellem cell dimensions 
on both 3 to 6-year-old twigs and mature barks of Betula 
pendula. The number of cells in the outer bark layers is 
smaller than in the inner layers but they are more heavily 
tangentially stretched. Once the bark is removed from the 
stem, the inner tension releases and the outer cells reduce 
their tangential length resulting in the rolling of the bark 
with the inner side out.

Keywords Birch bark; cork; Betula pendula; rolling; 
deformation; plasticization; flexibility; phellem cell 
length; rhytidome.

Introduction

Due to its water-repellent nature birch bark has been 
widely used through history for the production of a 
variety of objects, ranging from vessels, shoes, hats and 
canoes to manuscripts. Freshly removed outer birch bark 
is an extremely pliable and flexible, leather-like material. 
Unfortunately, shortly after the harvesting the bark loses 
this property and becomes rigid. Still during the removal 
from the trunk the bark rolls back upon itself with the 
inner side out (Figure 1). Craftspeople have developed 
methods to minimize the rolling of the bark and to 
plasticize it to shape it at a later time. Archaeological 
objects made of birch bark whose shape is not confined 
in some way often have strips rolled with the inner side 
out (Figure 2). The task of conservators is therefore to 
plasticize the bark and re-shape it. We present a review 
of the methods used by craftspeople and conservators 
to avoid the rolling and to plasticize the bark and an 
explanation of the rolling behaviour supported by exper-
imental results.

 

Figure 1 Rolling of a birch 
bark sheet during the 
removal of the tree

 

Figure 2 Rolling of the 
unconfined end of the inner 
layer of the Neolithic bow 
case © Archäologischer 
Dienst des Kantons Bern
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Theory

Rolling of birch bark: methods to avoid it

While every sample we have harvested shows the rolling 
behaviour, its extent depends on the age of the tree and on 
the season. The bark of younger trees, characterized by a 
smaller trunk diameters, curls more than the bark of older 
trees. In wintertime the bark is stiffer and the rolling is 
reduced (Yarish, 2018b). Craftspeople prevent the curling 
by fixing the bark in a flat position (Yarish, 2009: 28) or by 
rolling the strips in a ball with the outer bark out (Valonen, 
1952: 14; Yarish, 2009: 25; Turner 2014: 380). The rolling 
can also be reduced if the white paper-like outer bark layers 
are peeled off (Yarish, 2018).

Rolling of birch bark: explanation

The rolling pattern of the bark is a sign that in harvested 
barks the outer bark length is shorter than the inner bark 
length. The only explanation found in the literature for this 
difference is given by Gilberg (1986: 179) and cited in later 
works (Dignard et al., 2017). Gilberg attributes it to the 
higher shrinkage of the outer bark cells upon drying. Based 
on this explanation, if freshly harvested bark is prevented 
from drying, the rolling should be avoided. Nevertheless, 
we noticed that enclosing the bark immediately after the 
removal from the trunk in a small and sealed plastic box 
kept at 100% relative humidity with a wet tissue did not 
prevent the rolling. We also noticed that contemporary, 
relatively flat bark samples actually roll if exposed to high 
relative humidity. Intrigued by this surprising observation 
we have been looking for different possible explanations 
for the rolling of birch bark.

The term «bark» describes all tissues that are located outside 
the vascular cambium1 of a plant (Evert et al., 2009: 391). It 
can be divided in inner and outer bark (Figure 3, left). The 
inner bark consists of a living tissue called phloem respon-
sible for the transport of nutrients and able to adapt to the 
growth of the stem through cell division. The outer bark is 
divided in three layers. The central layer is called phellogen 
or cork cambium and it is responsible for the production of 
the outer bark cells. On the inside, the phellogen produces 
the phelloderm, a layer of living parenchyma cells while on 
the outside the phellogen produces the phellem or cork, 
a protective tissue made of cells of the same size as the 

phellogen (Figure 3, right). Phellem cells are suberized and 
therefore impermeable to liquids (Evert et al., 2009: 67). 
This reduces the water and nutrient exchange and causes 
the cells to die. As a consequence, they can adapt to the 
increase of the circumference of the tree only by being 
stretched or by fracturing (Kupferschmid, 2001: 20). In 
birch trees the phellem is composed of bands of thick and 
thin-walled cells (Figure 3, right). It has often been stated 
(Chang, 1954; Bhat, 1982; Evert et al., 2009; Shibiu et al., 
2018) that these bands are associated with seasonal growth. 
In each season a band of thin-walled and a band of thick-
walled cells is formed (Shibiu et al., 2018). Each band is 
composed of different cell layers. The number of bands 
produced in a season can change according to the needs: 

Figure 3 Cross-section of the 5-year old birch twig (LM, 10×) showing the bark, 
the vascular cambium and the xylem on the left and on the right a detail of the 
outer bark (LM, 40×). The outer bark consists from the inner to the outer of: 
phelloderm (pd), phellogen (pg) and phellem (ph). The phellem (cork) consists 
of the thick- and thin walled cells.
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after harvesting the bark a birch tree can build in 3 years up 
to 26 bands (Lindquist, 1946: 106). As the circumference of 
the tree increases the cells in the outer bands are stretched 
and eventually the connection between the thin-walled and 
thick-walled bands fails and the outer bands peel off the 
tree. The number of bands found in the phellem cannot 
therefore be used to date the age of the bark. Objects made 
of birch bark are made only from the phellem layer, as the 
phellem is easily removed from the tree when the bark is 
harvested while the phloem stays attached to the trunk to 
avoid damage to the tree.

The dimension of the phellem cells has been investigated 
by Xu and co-workers (1998). They have shown that in the 
bark of Prunus serrula (birch bark cherry), a species whose 
bark has a similar structure to Betula pendula, the tangential 
length of the phellem cells increases with the circumference 
of the twig. Further, an increase of the tangential length 
of phellogen cells with the age of the internode has been 
recently measured for Betula maximowicziana (Monarch 
birch) (Shibui et al., 2018).

Based on these data and on the knowledge about the nature 
of the phellem we formulate the hypothesis that the rolling 
pattern of the bark is the result of the following steps:

1. During the growth of a stem, as the bands produced by 
the phellogen are pushed outwards, the phellem cells 
stretch tangentially to allow for the increase of the stem 
circumference. The cells can be elongated until the outer 
thin-walled cell band breaks and peels off.

2. The new layers produced by the phellogen contain a 
higher number of larger cells than the older, outer layers 
due to the increased stem circumference.

3. The internal tension, due to the stretching of the external 
phellem cells, is released when the bark is harvested: the 
cells can contract back to their original smaller dimen-
sion.

4. The combination of smaller size and smaller number of 
the external phellem cells in harvested barks leads to a 
shorter external phellem circumference and therefore to 
the rolling of the bark with the outer side in.

To directly test this hypothesis it would be necessary to 
measure the size and number of freshly produced phellem 
cells at the end of the growth season and then measure 
their size after one or more years when they are pushed 

towards the outside. Given that cell size measurements are 
performed microscopically on thin-sections it is clearly 
not possible to perform this experiment on the same 
sample. Nevertheless, a consequence of this hypothesis is 
that phellem cells in the external bands in barks that are 
not allowed to release their internal tension should have a 
larger tangential length, a shorter radial length and be and a 
lower number than the phellem cells of the internal bands.

Plasticization of birch bark: methods currently used by 
craftspeople and by conservators

The rolling of birch bark and the loss of flexibility are two 
phenomena that may occur simultaneously. For example: 
a) immediately after the removal from the tree the bark 
becomes stiffer and rolls inward and b) as flat rigid bark 
stripes are plasticized they tend to roll inward again. 
Nevertheless, these two phenomena are distinct. We ascribe 
the rolling to the release of tension in the outer phellem 
cells while the loss of flexibility is related to a physical or 
chemical change within the bark’s cellular structure. From 
a theoretical point of view plasticization of a polymeric 
structure is generally attributed to one of the two following 
mechanism: a) the increase of the free volume within the 
polymer structure allowing the single polymers to slide 
above each other or b) the chemical modification, through 
an external agent, of the bonds responsible for the cross 
linking among the polymer chains. As a first step towards 
a better understanding of the macroscopic loss of flexibility 
and the related microscopical changes we reviewed the 
methods currently used by craftspeople and conservators 
to plasticize birch bark. These methods were collected by 
reviewing the published literature and by interviewing 
seven craftspeople and one conservator. We could identify 
six different methods used by craftspeople. These can be 
grouped in three categories:

1. no use of plasticization agents but removal of the outer 
bark layers (Mergelsberg, 2018; Elvekrok, 2018; Lefler, 
2018);

2. use of water and

3. use of oils.

Water can be applied by immersing the bark in cold pure 
water (Turner, 2014: 380; Kivimäki, 2012: 77), in salted cold 
water, (Kivimäki, 2012; Toivonen, 2003), in warm pure water 
(Arponen, 1982; Kivimäki, 2012; Byamba, 2018; Yarish, 
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2009; Yarish, 2018) where the higher the temperature the 
faster the softening of the bark or by humidifying the bark 
with hot water vapour (Mergelsberg, 2018; Yarish, 2018). 
Oils can be of vegetable, animal or mineral nature (Yarish, 
2009: 26; Kivimäki, 2012: 77) and are applied on the whole 
surface. Heat is a general plasticizer because the increased 
molecular vibrations increase the free volume within the 
material. The absorption of water leads to both an increase 
of the free volume and to a reduction of the interaction 
between the polymer chains.

For the temporary plasticization of objects that need to be 
re-shaped conservators use solvent vapors (Gilberg, 1986; 
Hoffmann, 1998; Dignard et al., 2012), hot (Böckmann, 
2009; Goedecker-Ciolek, 1996; Vasiljeva, 2018) or cold 
water vapor (Batton, 2001; Fischer, 2006; Vasiljeva, 2018; 
Johnston 2015). A permanent flexibilization is reached by an 
immersion in a 5% w/v PEG 400 solution in water (Agrawal, 
1984) or a 25-30% w/v PEG 400 solution in ethanol (Vasil-
jeva, 2018). Solvents act as plasticizers by reducing the 
interactions among the components of the bark.

While these methods meet the aim of softening the bark, 
they have some disadvantages. The treatment of birch bark 
objects with cold water vapour bears the risk of mould 
growth as it takes several days until a sufficient plasticisa-
tion is reached (Johnston, 2015; Klügl et al., 2021). Further, 
the softening effect is limited (Gilberg, 1986). Different 
drawbacks are related to hot water vapour: it is difficult to 
attain an overall softening of a large object, the softening 
is lost when the object cools down and it may lead to water 
condensation on the surface. The use of ethanol or methanol 
vapours brings the risk of dissolution of betulin, a triterpene 
contained in the cell lumen of thin-walled cells and making 
up to 45% of the birch bark composition. An investigation 
by Suryawanshi (2006: 110) shows that ethanol dissolves 
and extracts about 10 wt% of birch bark constituents. The 
dissolution of betulin can lead to a white blooming and to a 
darkening of the outer surface (Gilberg, 1986: 181). Solvents 
can remain for a long time in the bark (Dignard et al., 2017) 
and be irreversibly chemisorbed (Lequin et al., 2013). As 
long they remain in the bark, the original dimension may 
not be regained and curling can reoccur. Immersion in a 
PEG 400 solution causes long-term softening and therefore 
difficulty in maintaining the desired shape, as well as a 
darkened and waxy appearance.

The plasticization method could be optimized by finding 
alternatives that are neither solvent or water based and 
experimental work is underway in this direction.

Experiment

In order to test the hypothesis that the rolling is due to 
the release of tension in the stretched external phellem 
cells, once they are removed from the trunk we needed 
to test a foundation of this hypothesis, namely that the 
external phellem cells of barks still under tension have a 
larger tangential dimension, a shorter radial dimension 
and are in lower number than the internal phellem cells. 
We therefore measured the tangential and radial cell size 
and the number of internal and external phellem cells in 
young twigs 3 to 6-year-old by embedding the entire twig 
cross section in an epoxy resin to avoid the release of the 
tension. Later the block was cut into thin sections to a size 
fitting the microscope table but retaining the phloem and 
part of the xylem. These results were compared with the 
tangential cell size of contemporary mature bark that had 
been harvested and allowed to roll, and with a Neolithic 
birch bark sample from the Schnidejoch bow case.

Samples

The samples consisted of four branches with 3 to 6 years old 
twigs collected from a birch tree (Betula pendula) in August 
2017 from the Pfyn Forest in Canton Valais (46° 17’ N, 
7° 34’ E, 615 m ASL) (Figure 4), a piece of a mature birch 
tree (Figure 5, left) harvested in June 2017 from the same 
region (46° 12’ N, 7° 24’ E 1050 m ASL), and a detached 
fragment from the lower part of the Neolithic bow case 
from the Schnidejoch (Figure 6, left).

Figure 4 Four Betula pendula branches from 6 to 3-year old (from upper left 

to bottom right).
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Figure 5 Mature birch tree (Betula pendula) after sampling (left) and cross-
section of sample H_5437_09 (right) showing the phellem layer and remains 
of the phellogen and phelloderm (LM, 4.0×).

Figure 6 Sample of the Neolithic bow case (left) and cross-section (LM, 10×) 
of the phellem (right), H_5424_SJ2.

Sample preparation

Dating of the twigs was performed on complete cross 
sections shaved with a razor blade (Figure 7, left) while 
cell size examination on thin sections of one quarter of the 
complete cross section (Figure 7, right). Dry twig pieces and 
the bark samples were immersed sequentially in one bath 
of 70%, 80%, 96% ethanol (Alcosuisse, Switzerland) and 
two baths of 100 % ethanol (Merck, Darmstadt, Germany) 
for at least 3 hours each at room temperature. The samples 
were then immersed in two baths of 100% acetone (Merck, 
Darmstadt, Germany) for at least 2.5 hours at room temper-
ature, followed by immersion in increasing Epon:acetone 
solutions (1:2, 1:1, 2:1) for 20 hours at room temperature. 
Finally, they were embedded in 100% Epon (Fluka, Switzer-
land) and left to harden at 60 °C for five days. Sections of 
1 mm were produced with an ultramicrotome UC6 (Leica 
Microsystems, Vienna, Austria) and brought on to a glass 
slide 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 three minutes at 55 °C. 
They were then washed in water, dried on the hot plate and 
mounted with Entellan® (Merck, Darmstadt, Germany).

Method

The permanent slides were observed with an Olympus 
BH-2 light microscope using both transmitted and polar-
ized light at different magnifications. Photographs were 
taken with a Jenoptik ProgRes SpeedXT Digital Camera. 
If needed Helicon Focus 6 stacking technique was used to 
produce a fully focused image. The software ImageJ and 
pictures of magnification 40x were used for the exami-
nation of the tangential and radial width of the phellem 
cells (Figure 8). The measurement was performed on 
the innermost and outermost band of thick-walled cells 
(Figure 8). It was repeated on every existing and clearly 
distinguishable, unfolded cell. The number of phellem 
cells in a layer was counted on each section and then 
extrapolated to the total number in the twig cross-section 
by measuring the total inner and outer circumference of 
the phellem with ImageJ.

Figure 8 Sketch illustrating the measurements on twigs and thin-sections.

Figure 7 Cross-section of the twig H_5453_09 (LM, 0.57×) used for age 
determination by counting the annual rings and for the measurement of 
circumference and diameter (left), stereomicroscope picture. Cross-section 
(LM, 4.0×) of the same sample showing the complete tangential length of 
phellem of the thin-section.



118 ICOM-CC • WET ORGANIC ARCHAEOLOGICAL MATERIALS, 2019 • PORTSMOUTH, UK 

The counting of annual rings for age determination was 
performed with a Leica Z16 APO stereomicroscope at a 
magnification of 0.57x and 1.0x. Photographs of those 
cross-sections were taken with a Jenoptik ProgRes SpeedXT 
Digital Camera.

Results

Microscopic structure of the phellem

The thin sections of the birch twigs show the known 
structure of inner bark (phloem) and outer bark (phellem) 
(Figure 3, left). The phellems of the 3-year to 6-year old 
twigs are all composed of three bands with the thin-walled 
cell band located towards the center and the thick-walled 
cell bands located towards the outside and next to the 
phellogen1. If in each growing season a thin-walled and a 
thick-walled cell band is produced, the expected numbers 
of bands should be respectively 6, 8, 10 and 12 for the 
3-year to 6-year old twigs. The lack of bands is therefore an 
indication that peeling-off of layers took place. Indeed, in 
the 5-year old twigs remnants of the outmost thin-walled 
cell band are visible (Figure 3, right). The thin-walled 
bands are composed of 1-2 cells layers and the thick-walled 
bands of 4-6 cell layers. The contemporary mature bark 
(H_5437_09) is composed of 23 alternating bands, while 
the sample from the Schnidejoch (H_5424_SJ2) bow case 

has 14 bands. These mature barks are characterized by a 
higher number of layers within the thin-walled cell band: 
the contemporary birch bark samples have 3 to 5 layers and 
the Schnidejoch bow case has 2 to 4 layers. The number of 
layers within the thick-walled cell band is three to five for 
the contemporary bark and two to three for the Neolithic 
sample. All phellem cells have the known hexagonal trans-
versally elongated shape.

Cell size and amount

Table 1 shows the tangential thick-walled cell size and 
number of cells in the inner and outer band of each sample. 
From this table it can be seen that the older twigs with larger 
circumferences have larger tangential cell lengths (Figure 9). 
This confirms the observation that in twigs the phellogen 
produces larger cells as the circumference increases (Shibui 
et al., 2018). In mature trees the tangential length is of the 
order of 40-50 mm (49 mm for the contemporary mature 
bark and 42 mm for the bow case sample).

The tangential cell length in the outer bands is larger than 
in the inner bands in every sample, included the harvested 
barks. For the 6-year old twig the difference is very small, 
probably due to the peeling off of the majority of the older 
bands (three bands present instead of 12). The external 
width of the thin section is slightly smaller than the internal 

Table 1: Description of samples, results of cell length measurements and calculated total amount of cells

Sample description
Cell Size

Cell amount
tangential radial

Sample Nb. Age
Diameter 

(mm)

Phellem 
circumference 

of complete 
twig (μm)

Phellem 
thickness 

(μm)

thick-
walled 

cell band 
location

Nb. of 
measured 

cells

Average 
tangential 
cell length 

(μm)

Standard 
deviation

Nb. of 
measured 

cells

Average 
radial cell 

length 
(μm)

Standard 
deviation

thin-
section 
width 
(μm)

total nb. 
of phellem 

cells in 
section

calculated 
total nb. of 

phellem cells 
in twig

bi
rc

h 
tw

ig
s

H_5453_10 3 6,6
20349

65
Inner 47 24 8 10 4,8 1,3 1214 48 805

20755 outer 32 34 10 11 4,3 0,5 1111 34 635

H_5453_09 4 11,4
33544

75
Inner 38 29 12 9 4,4 1,6 1199 39 1146

36005 outer 18 57 23 9 4,1 0,9 1124 19 609

H_5453_08 5 16,5
50966

93
Inner 33 33 10 10 5 0,8 1330 42 1609

52074 outer 27 44 16 10 3,4 4,5 1303 29 1159

H_5453_07 6 19,7
60526

83
inner 25 39 11 10 4,2 0,6 1018 30 1784

61878 outer 25 40 16 10 3,3 0,7 1016 25 1523

m
at

ur
e 

ba
rk

 
 (h

ar
ve

st
ed

) H_5437_09 <30y ~ 240 1072
Inner 13 49 16 13 4,6 0,7

outer 8 57 14 8 5,8 1,2

Neolithic 
bow case, 

H_5424_SJ2
? ? 669

Inner 15 42 11 10 9,3 1,5

outer 11 71 29 10 9,7 1,4
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width, probably due to the partial contraction of the external 
bands during the section preparation and heating to 55 °C. 
Avoiding this contraction would have resulted in an even 
larger difference between the inner and outer band tangen-
tial cell length.

In the twigs the radial cell length is smaller in the outer 
than in the inner bands while in the harvested barks the 
reverse is true, a further indication of the release of tension 
upon harvesting.

For the twigs the total number of cells extrapolated to the 
whole circumference in two consecutive thick-walled cell 
bands increases by an amount ranging from 17 to 88% and 
is proportional to the stem growth observable in the ring 
structure (Figure 10).

Figure 10: Increase of the extrapolated total number of cells of the 3-year to 
6-year old twigs (from the left to the right) as a function of the circumference 
of the twig.

Discussion and conclusions

The results show that in Betula pendula twigs the number 
of phellem cells produced by the phellogen increases with 
the circumference of the tree. Their tangential size is also 
proportional to the circumference for small twigs and attains 
a maximum size in mature barks of the order of 40-50 mm. 
In all cases, cells in the outer bands have a larger tangen-
tial size than cells in the inner bands. As the cells in the 
outer bands were originally produced with a smaller size 
this observation confirms the hypothesis that the cells are 
stretched as they are pushed outwards due to the growth of 
the stem. This is also supported by the analysis of the radial 
size of the cells, as they are thinner in the outer bands than 
in the inner bands. When the bark is harvested and the 
tension due to the growth of the stem is released the sample 
contracts a few microns. As the cells in the outer bands are 
fewer in number and more highly stretched tangentially 
the outer bands contract more causing an overall shorter 
external length of the sample. The shorter external length 
causes the bark to roll with the inner bark out.

In harvested mature bark the tangential size of the thick-
walled cells is still larger in the outer bands than in the 
inner bands. We interpret this result as a sign of plastic 
deformation of the phellem cells caused by the stretching 
and therefore to their inability to recover their original size.

We can conclude that when working with historical or 
archaeological birch bark artefacts it is important to identify 
the inner and outer side of bark and to be aware of the fact 
that due to the different lengths of the inner and outer side 
the material holds a high inner tension. Anytime the bark is 
plasticized the cells in the outer bands will tend to contract 
to the original shorter length and therefore that flat or 
folded/shaped birch bark artefacts are in a metastable state.
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Notes
1 The vascular cambium is the layer responsible for the produc-

tion of wood cells.
2 This observation is consistent with Shibiu et al (2018: 32) who 

reports that in the middle and late growing season the cork 
cambium produces thick-walled cells while the thin-walled 
cells are produced in spring.
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