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Abstract

Key message The collapse of some cell types and the

simultaneous growth or expansion of others hinder the

estimation of the contribution of individual tissues to

the variation of bark dimension over time.

Abstract Information on the spatio-temporal pattern of

secondary changes occurring in older bark, as well as the

activity of phellogen and the development of periderm is

still relatively scarce. Anatomical and histometrical

investigations were carried out on the bark of mature

Quercus petraea growing in Ljubljana, Slovenia. The bark

of the oaks was on average 19 mm thick, with the inner

bark and the rhytidome accounting for 39 and 61 %,

respectively. A high correlation was found between the

widths of the rhytidome and of the entire bark, but a fairly

weak one between inner bark and entire bark. The youngest

phloem increment on average represented around 5 % of

the inner bark and around 2.1 % of the entire bark. Growth-

ring boundaries were not distinguishable in the collapsed

phloem; however, counting the phloem increments was

possible due to the presence of phloem fibres at the tran-

sition from early to late phloem. We also followed the

spatial–temporal secondary changes in collapsed phloem

tissue. Phloem increment development in Q. petraea

showed that patterns of phloem formation at one location

remained practically unchanged in different years. The

relationship between processes occurring in different bark

tissues is not linear. In addition to the high variability in

bark, the collapse of some cell types and the simultaneous

growth or expansion of others hinder the estimation of the

contribution of individual tissues to the variation of bark

dimension over time.

Keywords Cambium � Light microscopy � Inner bark �
Periderm � Phellogen � Rhytidome � Secondary phloem �
Sessile oak

Introduction

In trees of temperate climatic regions, annual growth

increments in the phloem are formed similarly as in the

xylem (Holdheide 1951). Usually radial growth of trees is

simplistically considered resulting from the activity of the

vascular cambium, a bi-facial meristem that produces two

complex tissues: secondary xylem (wood) in centripetal

and secondary phloem (bast) in centrifugal direction

(Larson 1994). However, the annual radial growth of trees

includes also the activity of phellogen and numerous sec-

ondary changes in older bark tissue.

In Slovenia, oaks (Quercus robur L. and Q. sessiliflora

Salisb.) are economically and ecologically very important

tree species, representing 7 % of the entire wood stock

(Gozdnogospodarski 2006). Oak is considered as one of the

most important wood in European dendrochronology and

oak tree-ring chronologies are amongst the longest in the

world (Friedrichs et al. 2009). Furthermore, investigating

wood formation at the intra-annual level has already been

demonstrated to be a promising approach in tree biology

and climate change research, because the period in which

cells are developing is the time window in which envi-

ronmental signals are perceived and encoded (e.g. Fonti

and Garcı́a-González 2004). For monitoring radial growth
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or wood formation dynamics, dendrometers have been

widely used (e.g. Deslauriers et al. 2003; Zweifel et al.

2006, 2010). Amongst other factors, which need to be

taken into account when processing the data, swelling and

shrinking of the dead bark lead to changes in tree diameter.

To minimise these effects, sensors are usually placed on

the bark surface after the dead outermost layer of the bark

was removed (Zweifel et al. 2011). However, in trees with

thick bark, such as oaks, other secondary changes are

occurring in older living bark, i.e. collapse of sieve ele-

ments, inflation of parenchyma cells, formation of dilata-

tion tissue and of sclereids and the activity of a cork

cambium, are likely to significantly contribute to stem

diameter radius changes. Little is known about the contri-

bution of each of these processes in the bark on the annual

increase in tree girth although it would improve data

accuracy and the interpretation of the results.

The structure of bark and its development are still fairly

unknown, especially in comparison to wood. It is subject to

substantial changes with time (age), which limits its use-

fulness for histometrical, dendrochronological or dendro-

ecological analyses. With regards to the anatomy of bark of

Quercus spp., it was investigated in stems and roots of

Q. robur by Trockenbrodt (1991, 1994, 1995a, b). Fur-

thermore, Pereira and her co-workers have published many

papers on the structure of bark, cork and rhytidome in

various Quercus species: Q. suber, Q. cerris var. cerris,

Q. faginea and Q. variabilis (Pereira 1988; Graça and

Pereira 2004; Sen et al. 2010, 2011a, b; Miranda et al.

2013; Quilhó et al. 2013). Due to its economic importance,

Q. suber bark, with very thick cork layer, is particularly

well studied and provides a model for cork in barks

(Pereira 2013).

The main objective of our study was to investigate

seasonal changes and age-related trends in bark tissues in

mature Quercus petraea trees. Anatomical and histomet-

rical investigations were carried out. The specific goals

were (1) to determine main milestones of phloem forma-

tion (onset and end of phloem formation, transition from

early to late phloem) in 2009, (2) to check whether it is

possible to follow phellogen activity with repetitive sam-

pling of trees during the growing season, and (3) to analyse

the width and structure of bark tissues.

Materials and methods

Study site characteristics and sample collection

and preparation

Sampling was performed in a forest site, Roznik, in

Ljubljana (46�030N, 14�280E, 323 m a.s.l.), which belongs

to the Blechno fagetum forest association. The predominant

tree species are Fagus sylvatica and Quercus petraea. This

privately owned forest is devoted to its natural develop-

ment. Its predominant function is recreational and social,

so only basic forest management, such as sanitary felling,

is performed.

The climate is humid continental. According to the

climate record from the nearby meteorological station of

Ljubljana for the period 1900–2009, the mean annual

temperature is 9.8 �C, with January being the coolest (-

1.0 �C) and July the warmest month (20.0 �C). The annual
sum of precipitation is 1,409 mm, of which 47 % is falling

from May to September.

We selected 20 dominant, healthy sessile oaks (Quercus

petraea (Matt.) Liebl.) at the beginning of the 2009 vege-

tation period. All trees were about 150 years old with

diameters at breast height of approximately 60–80 cm and

heights of 25–30 m. They are growing on the southern

slope of Roznik (about 20�), on deep, slightly acidic, brown
soils on sandstone. For bark-anatomical analysis, these 20

trees were sampled in autumn of 2009, whilst for moni-

toring the seasonal dynamics of changes in bark tissues,

four trees were sampled at 10-day intervals during the

growing season of 2009; i.e. from the end of March until

the end of September. In all cases, we carried out sampling

of blocks of intact tissue (10 9 10 9 30 mm3) containing

the entire bark, cambium and outer xylem from living trees,

1.1–1.7 m above the ground. The distance between

neighbouring samples was at least 10 cm in a horizontal

direction to avoid the influence of wounding on tissues of

the next sampling locations (Gričar 2007). These blocks of

tissue were immediately fixed in FAA (formaldehyde–

ethanol–acetic acid solution), after 1 week dehydrated in a

graded series of ethanol (30, 50 and 70 %), and finally

embedded in paraffin (for details see Rossi et al. 2006). For

light microscopy, permanent cross-sections of 10 lm
thickness were prepared on a Leica RM 2245 rotary

microtome (Leica Microsystems, Wetzlar, Germany),

using Leica 819 disposable blades. The sections were

transferred to object glasses and stained with a water

mixture of safranin (Merck, Darmstadt, Germany) (0.04 %)

and astra blue (Sigma-Aldrich, Steinheim, Germany)

(0.15 %) (van der Werf et al. 2007) and embedded in

Euparal (Waldeck, Münster, Germany). An Olympus BX51

light microscope (Tokyo, Japan) and a Nikon NIS-Ele-

ments Basic Research v.2.3 image analysis system (Tokyo,

Japan) were used for histometrical observations and

measurements.

Anatomical and histometrical observations of cambium

and phloem and xylem increments

We analysed the structure of bark along three radial files in

each histological section by measuring including the
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widths of the (1) entire bark, (2) rhytidome, (3) inner bark,

(4) individual periderms, (5) dead secondary phloem tissue

between two successive periderms, (6) youngest phloem

increments (i.e. phloem cells that were produced in the

growing season of 2009), (7) early phloem in the youngest

phloem increments, (8) late phloem in the youngest phloem

increments, and (9) tangential diameter of early and late

phloem sieve tube lumina in the youngest phloem

increments.

The terminology for bark anatomy follows Trockenb-

rodt (1990), who defines bark as all tissue outside the

vascular cambium (in brief, cambium), regardless of its

specific structure. The term secondary phloem is applied

to all bark tissues derived from the cambium. Living

secondary phloem, also called the inner bark, is the part

from the cambium up to the latest-formed, or innermost,

periderm. Rhytidome includes all tissues outside the latest

periderm. The periderm consists of a meristematic layer

called phellogen and of phellem and phelloderm. The

cells outward and inward from the phellogen form the

phellem and the phelloderm, respectively (Trockenbrodt

1990).

The sieve tubes of the phloem were defined by thin,

unlignified, blue-stained cell walls and a round to irreg-

ular shape (Fig. 1). The axial parenchyma is located

between tangential bands of fibres and interspersed with

sieve elements. Companion cells were difficult to recog-

nise in transverse sections. Just as in xylem, the rays in

phloem are of two sizes, uniseriate and multiseriate (more

than 10 cells wide). At the end of the increment, a narrow

layer of axial parenchyma is formed (Holdheide 1951).

Phloem fibres have thick lignified cell walls that stain red

and are part of the late phloem. The fibre walls exhibit

birefringence in polarised light (Gričar 2010). Morpho-

logical characteristics and ontogenetic considerations were

taken into account to distinguish between sclereids and

phloem fibres. Sclereids are predominantly derived from

enlarged axial and ray parenchyma cells in the collapsed

phloem. Phloem fibres, in contrast, are long slender cells

that develop from fusiform cells near the cambium and

reach maturity in the non-collapsed phloem (Trockenbrodt

1990).

Mean values for all bark parameters were first calculated

for each tree. We used simple linear regression analysis to

describe the relation between the widths of the different

parts of the bark. A simple Pearson’s correlation was

applied for the relations between pairs of variables. Box–

Cox transformation was used when necessary to linearise

these relationships.

Results

Widths of bark tissues

Bark tissue in oak consists of non-collapsed and collapsed

inner bark and of rhytidome (Fig. 2). The entire bark was

18.3 ± 4.8 mm wide, of which about 39 % (6.7 ±

1.1 mm) was inner bark and 61 % (11.7 ± 4.6 mm) rhyt-

idome. The widths of the bark were highly variable,

ranging from 10.5 to 29.1 mm, mainly on account of the

width of the rhytidome (from 3.7 to 23.3 mm).

Inner bark constituted more than half of the entire bark

width only in oaks with bark narrower than 12 mm,

whereas rhytidome part predominated in wider barks

(Fig. 3). Nevertheless, the entire bark was narrower than

12 mm in only three oaks (15 % of the trees). The widths

of the rhytidome and of the entire bark correlated highly

significantly to one another (r = 0.975, p\ 0.000,

F = 459.17), whereas the correlation between the widths

of the inner bark and the entire bark was rather weak

though statistically significant (r = 0.339, p\ 0.10,

F = 3.00). No correlation was found between the widths of

inner bark and the rhytidome (r = 0.088, p = 0.678,

F = 0.18). The youngest phloem increment on average

represented around 5 % of the inner bark and around 2.1 %

of the entire bark. However, there was no significant cor-

relation between the widths of the youngest phloem

increment and the inner bark (r = -0.018, p = 0.943,

F = 0.01) or between the widths of the youngest phloem

increment and the entire bark (r = -0.033, p = 0.896,

F = 0.02).

Fig. 1 Transverse section of inner bark with non-collapsed and

collapsed parts. The non-collapsed phloem consists of the most

recently formed phloem increment (black line) and of a part of the

previously formed increment. Cells of the unicellular rays are

conspicuously wider in the collapsed than in the non-collapsed

phloem, an aspect of dilatation growth. CC cambium, PR youngest

phloem increment, EP early phloem, LP late phloem, EpSt early

phloem sieve tube, LpSt late phloem sieve tube, PhF fibres, AxP axial

parenchyma, R uniseriate ray. Sampling date: 4 September 2009.

Scale bar 200 lm
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Spatio-temporal changes in structure of inner bark

The annual phloem increment in oak is composed of sieve

tubes, companion cells and phloem fibres, as well as axial

and ray parenchyma cells (Fig. 1). The development of

early phloem cells occurred during April and May

(Fig. 4a). Transition from early to late phloem was iden-

tified in the second half of May, when phloem fibres started

to form (Fig. 4b). The fibres were arranged in small groups

as discontinuous tangential bands, usually 2–6 cell layers

wide and interrupted by uniseriate rays. Development of

the phloem fibres continued in June and July. Fibres were

thick walled, lignified and accompanied by chambered

crystalliferous cells (Fig. 4b). Production of new cells in

the cambium was completed by mid-August. Adjacent to

the cambium, 1–3 layers of parenchyma cells were

observed. Early phloem sieve tubes collapsed only a few

weeks after the cessation of cambium cell production

(Fig. 4c).

The average width of phloem increment in oaks was

322.7 ± 61.1 lm, of early phloem 206.2 ± 41.5 lm and

of late phloem 116.2 ± 47.7 lm. The sieve tubes of early

phloem were characterised by larger lumina

(49.7 ± 7.1 lm) than those of late phloem, which were by

about one-third smaller (32.4 ± 4.9 lm). Early phloem

was generally wider than late phloem and constituted on

average more than half of the entire increment

(64.1 ± 9.7 %). However, the early phloem proportion

was mostly lower in wider increments (Fig. 5). There was

practically no relation between the widths of early and late

phloem (r = 0.061, p = 0.805, F = 0.06).

The collapse of sieve tubes and companion cells marked

the onset of secondary changes in the bark (Fig. 1).

Enlargement and sclerification of parenchyma cells fol-

lowed and were associated with dilatation growth (Fig. 6).

Due to all these changes, recognition of growth-ring

boundaries was difficult if not impossible in the collapsed

phloem. However, we were able to count the phloem

increments by the presence of phloem fibres that separate

early and late phloem, to determine the year in which

sclereid formation and expansion of tissue started (Fig. 8b).

Sclereids started to form in multiseriate rays in some

trees even in the current year’s phloem increment (Fig. 6).

Sporadic groups of sclereids were detected in 4- or 5-year-

old phloem increments, whereas more abundant groups of

sclereids were detected in 10-year-old increments. The

frequency of sclereid groups increased especially in the

Fig. 2 Transverse section of entire bark consisting of rhytidome and

inner bark. The rhytidome is composed of alternating layers of

periderm and dead phloem tissue in-between. Scale bar 1 mm

Fig. 3 Proportion of inner bark and rhytidome width versus entire

bark width
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vicinity of multiseriate rays and between tangential bands

of phloem fibres. Sclerified multiseriate rays and groups of

sclereids bordering them form radially aligned groups of

sclereids, which Şen et al. (2011a) described as rays with a

‘‘palm’’ formation (Fig. 6). Solitary sclereids were also

common. Due to dilatation and other secondary changes of

phloem cells, uniseriate rays became indistinguishable and

the structure disorganised in the older parts of the inner

bark tissues (Fig. 3), as already mentioned by Trockenb-

rodt (1991). Solitary crystals were located in sclereids and

parenchyma cells (Figs. 7, 10d). Druses were also present

in other axial parenchyma cells (Fig. 7a).

Spatio-temporal changes in structure of rhytidome

The rhytidome in the bark of mature Q. petraea consists of

alternating layers of periderm and dead phloem tissue

(Fig. 8). Periderms are formed as layers more or less parallel

to the cambium and sequential layers may anastomose

(Fig. 8a). We observed high variability in the number of

periderms, amongst trees and also within individuals (3–11

periderms). Since we sampled trees aged around 150 years,

the first periderm was not preserved; only younger, sequen-

tial ones. The innermost periderm appeared in phloem

increments of various age; on average 28 years old (the

earliest 8-year-old and the latest 37-year-old increment).

Quercus petraea does not produce extensive phellem, or

cork, and the phelloderm is poorly developed. Because of

the presence of the tangential bands of fibres, we were able

to count phloem increments between two neighbouring

periderms, at least in younger parts of the rhytidome in

which the tissue was not too decayed (Fig. 8b). On aver-

age, there were 6–15 layers of phloem increment between

periderms and the width of dead phloem tissue decreased

outwards (Fig. 9a). The youngest dead phloem layer was

thus about 2.5 mm wide; the width of the intermediate

bands of dead phloem layers then decreased rapidly below

1.5 mm in the sixth layer and below 1.0 mm after the tenth

layer. In contrast, the thickness of the periderms gradually

increased in the centrifugal direction; from 56.5 lm in the

youngest periderm to 80–100 lm in the 10th–15th suc-

cessive periderms (Fig. 9b).

In cross-section, the phellogen cells were difficult to

distinguish in the periderm (Figs. 8c, 10). A narrow phel-

loderm formed by 2–4 cell layers of rectangular to round

cells develops, which often cannot be distinguished from

the neighbouring parenchyma cells except by their radial

alignment (Fig. 8c). Each phellem layer comprised 4–10

layers of isodiametric or sometimes radially flattened cells

arranged into a more or less distinct radial pattern (Figs. 8,

10). Different cell types can be present in phellem: thin

walled and wide lumened or thick walled and narrow

Fig. 4 Transverse sections of developing phloem increment in 2009.

a Newly formed early phloem sieve tubes (red arrow) at the

beginning of April; b development of phloem fibres (yellow arrow)

accompanied by chambered crystalliferous cells (red arrow) in mid-

May under polarised light; c collapse of the early phloem sieve tubes

and companion cells (red arrow) after the cessation of cambial cell

production. Sampling date: 14 September. Scale bars 100 lm (a),
200 lm (b) and 500 lm (c)

Fig. 5 Proportion of early and late phloem width versus phloem

increment width
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lumened (Fig. 10b, d). The phellem may contain sclerified

cells arranged in tangential bands alternating with tan-

gential bands of non-sclerified cells (Fig. 8a). The phello-

derm was composed of 2–3 thin-walled cells in radial rows

and morphologically resembling the adjacent parenchyma

cells, except for their radial alignment. Dark-stained

material was observed in the cells of phellem and phello-

derm, especially in older periderms.

During the formation of a new periderm, the outer parts of

the inner bark were isolated from the inner tissue. In samples

Fig. 6 Transverse sections.

Two contrasting examples of

bark samples containing low

(a) and high (b) proportions of
sclereids. Sclerified parts of

multiseriate rays (yellow

arrows) and accompanying

groups of sclereids (black

arrows) form a ‘‘palm’’. Scale

bars 1,000 lm

Fig. 7 a Transverse section of collapsed phloem with three tangential

bands of fibres (F) with accompanying crystalliferous cells (yellow

arrows), and a group of crystal-containing sclereids (S). Some axial

parenchyma cells contain druses (blue arrows). b Radial section

through non-collapsed phloem with most recently formed phloem on

the right and part of the previous year’s phloem increment on the left,

crystalliferous cells associated with a fibre band of previous year’s

phloem increment (yellow arrow). Ep early phloem, Lp late phloem,

R ray. Sampling date: 4 September. Scale bars 100 lm
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taken in April, the formation of new phellem cells with thin

walls (Fig. 8c) was detected and thick-walled cells appeared

later in June (Fig. 10c). However, it was difficult to set any

milestones (onset, dynamic, end) in phellogen activity/inac-

tivity or new cell formation because some innermost peri-

derms seemed inactive at the time of sampling; others looked

variously old according to their thickness. Development of

the newly formed cells was also not possible to follow. In

addition, it was not possible to estimate whether the devel-

opment of the periderm cells continued in the next growing

season(s). We did not observe the formation of new phello-

gen in any of the samples.

Discussion

Widths of bark tissues

We found high variability in the widths of the entire bark,

mainly on account of rhytidome. Bark thickness is known

Fig. 8 Transverse sections. Structure of rhytidome: sequential layers

of periderms (black arrows) with dead secondary phloem between

them (black lines). a Innermost periderm (blue arrow) separating

living (below) and dead (above) phloem tissue. Successive periderms

may anastomose (white arrows). Sampling date: 8 August;

b conspicuous tangential bands of phloem fibres (white arrows)

enable counting the number of phloem increments. Sampling date: 4

September; c new phellem cells (black arrow) with thin walls.

Sampling date: 10 May 2009. Scale bars 1,000 lm (a), 500 lm
(b) and 100 lm (c)

Fig. 9 a Widths of successive dead phloem layers. b Widths of successive periderms
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to vary greatly in different species; with oaks, periderms

are formed quickly one after another (Holdheide 1951).

Trockenbrodt (1994) observed that, in addition to a general

age-related increase in bark thickness, there are also dif-

ferences in its thickness between trees of the same age, and

even around the stem circumference of one individual.

However, little is known about its cause; it may be related

to site conditions, tree vitality or even to the bark exposi-

tion (south or north) (Trockenbrodt 1994).

A high correlation was found only between the widths of

the rhytidome and the entire bark, but a rather weak

between the widths of the inner bark and the entire bark.

Lack of association between the widths of other tissues in

the bark (i.e. the inner bark and the rhytidome, the

youngest phloem increment and the inner bark or the

youngest phloem increment and the entire bark) may be

partly explained by the continuous secondary changes

occurring in the older phloem tissue, as well as by the

formation and activity of numerous phellogens in the

rhytidome. Finally, older tissues of bark are usually cru-

shed and the external, distorted and collapsed phloem tis-

sues eventually exfoliate (Whitmore 1963).

Phloem increment

Due to differences in the characteristics of early and late

phloem cells, it was possible to recognise growth-ring

boundaries in oak. Since phloem cells collapse within a

Fig. 10 a–c Transverse

sections; d radial section.

Detailed structure of rhytidome:

successive layers of periderm

with dead secondary phloem

between them. a Sclerified

portion of multiseriate ray (blue

arrow) interrupted by periderm

at site of anastomosis between

two periderms. b, c Different

cell types in phellem: thin

walled and wide lumened (white

arrows) or thick walled and

narrow lumened (black arrows).

d Tangential bands of phloem

fibres (green arrow) interrupted

by periderm with accompanying

crystalliferous cells (yellow

arrows). Scale bars 100 lm
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few years after their formation, cellular structure can only

be studied in a narrow zone close to the cambium (Esau

1939; Alfieri and Evert 1968; Prislan et al. 2012).

Comparison of the seasonal formation of the phloem

growth ring in Q. petraea at the same location in 2007 and

2009 showed that the timing and dynamics of its formation

were similar in the two vegetation periods (Gričar 2010).

This is in line with observations in F. sylvatica, in which

patterns of phloem formation at a single location remained

practically unchanged in different years (Prislan et al.

2013). The formation and structure of the phloem incre-

ment are known to be relatively consistent if trees of a

similar age, position in stand, vigour, vitality and growing

in similar environments are observed (e.g. Larson 1994).

Early phloem sieve tubes collapsed only a few weeks

after the cessation of cambium cell production, indicating

that they function for only a single growing season (Alfieri

and Evert 1968). The detailed structure of the youngest

phloem increment, also in relation to the xylem, was

investigated in depth in our recent study in Q. robur (Gričar

et al. 2014). According to Holdheide (1951), there are no

differences between the two species in the phloem ana-

tomical structure. Comparing the widths of phloem incre-

ment of Q. petraea and Q. robur in the two studies, it is

evident that average values are similar in the two oaks.

We noted that Q. petraea has a substantially higher pro-

portion of early phloem than Q. robur (Gričar et al. 2014).

However, based on only these, relatively limited data, it is

difficult to speculate whether the proportions of early and

late phloem are characteristics that are species specific or

site specific, or maybe both.

Secondary changes in inner bark

Age-related structural changes in older bark tissues in oak

have already been described in detail in previous papers

(e.g. Holdheide 1951; Whitmore 1963; Evert 2006). Our

observations were consistent with their findings. In Q.

petraea, sclereids started to form in multiseriate rays in

some trees even in the current year’s phloem increment,

which is in line with the observations of Şen et al. (2011a)

in Q. cerris var. cerris and Quilhó et al. (2013) in Q.

faginea. A large variation in the share and distribution of

sclereids was observed amongst the sampled trees.

Sclereids increased in abundance in older parts of the bark,

similar as in Q. robur (Trockenbrodt 1991).

Solitary crystals in sclereids and parenchyma cells were

also observed by others (Howard 1977; Trockenbrodt

1995a, b; Sen et al. 2011a, b; Quilhó et al. 2013). In Q.

petraea, the overall quantity of crystals varied considerably

in different parts of the bark, with no regular trends in their

distribution. Calcium oxalate crystals are generally more

common in bark than in wood (Trockenbrodt 1995a). As in

xylem, their presence, type and location in bark could serve

as a reliable feature for diagnostic description. In contrast,

their dimensions and quantity are highly variable and are

inappropriate for such purposes (Trockenbrodt 1995a).

Rhytidome

We observed high variability in the number of periderms,

amongst trees and also within individuals, which is in line

with the observations of Holdheide (1951). The innermost

periderm appeared in phloem increments of various age; on

average 28 years old. In most oak species, phellogen has a

short lifespan of a few years and is periodically renewed in

internal regions of the phloem (Whitmore 1963; Şen et al.

2010). Şen et al. (2011a) estimated a phellogen lifespan in

Q. cerris var. cerris of about 25 years, which is in accor-

dance with rhytidome formation at 25–35 years reported

for oaks (Trockenbrodt 1994).

Despite the relatively constant number of phloem

increment layers between two periderms, the width of dead

phloem tissue decreased outwards, indicating continuous

changes in the tissue. Conversely, the thickness of the

periderms gradually increased in the centrifugal direction

suggesting that the extent of the contribution of each of the

processes affecting the annual increase in tree girth is not

easy to estimate.

In contrast to studies on the seasonal dynamics of

cambial activity, only a few references are available on the

development of the periderm and the seasonal dynamics of

phellogen activity (e.g. Srivastava 1964; Lev-Yadun and

Liphschitz 1989; Graça and Pereira 2004). Due to huge

variations in rhytidome structure, the number and spatial

distribution of periderms and seasonal phellogen activity

within an individual, it is not possible to monitor the sea-

sonal dynamics of phellogen activity, in which only a few

cells are produced, by adopting the methodology for

cambial activity observations. A different sampling

approach is needed. The extraction of more samples around

the stem circumference might be more appropriate. In

addition, proper fixation of samples with preservation of

the living content of phellogen and newly formed cells, in

combination with observation of cells at different resolu-

tion is necessary. Nevertheless, we observed that the for-

mation of new phellem cells with thin walls started already

in April, whereas thick-walled cells appeared later in June.

However, it was difficult to set any milestones (onset,

dynamic, end) in phellogen activity or new cell formation.

We did not observe the formation of new phellogen in any

of the samples.

In Quercus ithaburensis and Q. infectoria similar sea-

sons of activity were recorded for the vascular cambium

and phellogen (Arzee et al. 1978). Srivastava

(1964) commented that phellem cells produced in the early
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part of the growing season have thinner walls and wider

lumina than those produced later in the season. The activity

of phellogen in trees of the temperate regions is considered

to start sometime in June and to continue through July. In

Aesculus hippocastanum, it is reported to start in May,

whereas in Tilia not until the end of July (Srivastava 1964).

However, observations of phellogen activity have focused

mainly on the first periderm (Lev-Yadun and Liphschitz

1989; Graça and Pereira 2004) and the pattern of devel-

opment of sequential periderms is assumed to be similar

(Srivastava 1964).

Conclusions

Because of limited knowledge of the anatomy, chemistry,

and physiology of bark, its more efficient use remains a

challenge for future studies. Phloem increment develop-

ment in Q. petraea showed that patterns of phloem for-

mation at one location remained practically unchanged in

different years. Due to huge variations in rhytidome

structure, the number and spatial distribution of periderms

and seasonal phellogen activity within an individual, it is

not possible to monitor the seasonal dynamics of phellogen

activity by adopting the methodology for cambial activity

observations.

In terms of the annual radial growth of trees, which

includes in addition to cambial activity on the xylem and

phloem sides also phellogen activity and numerous sec-

ondary changes in older bark tissue, the extent of the

contribution of each of the processes affecting the annual

increase in tree girth is not easy to estimate. Awareness that

the relationship between all these processes is not linear

could be particularly useful for improving data accuracy

and interpretation for studies in which monitoring of wood

production is performed using dendrometers, especially in

trees with thick bark and numerous periderms.
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Fonti P, Garcı́a-González I (2004) Suitability of chestnut earlywood

vessel chronologies for ecological studies. New Phytol 163:77–86

Friedrichs DA, Neuwirth B, Winiger M, Löffler J (2009) Methodo-
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Graça J, Pereira H (2004) The periderm development in Quercus

suber. IAWA J 25(3):325–335
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Şen A, Miranda I, Santos S, Graça J, Pereira H (2010) The chemical

composition of cork and phloem in the rhytidome of Quercus

cerris bark. Ind Crop Prod 31:417–422

Şen A, Quilhó T, Pereira H (2011a) Bark anatomy of Quercus cerris

L. var. cerris from Turkey. Turk J Bot 35:45–55. doi:10.3906/

bot-1002-33
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