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Abstract

Accurate identification of deciduous woody species in winter is challenging, and the
misidentification can lead to ecological and management damage. This study aims to
substantiate a diagnostic system for woody species based on macromorphological bark
characters. First, we reviewed the literature on bark-based species identification to assess
existing approaches and their limitations. Building on this, we identified informative
macromorphological features of bark through both literature analysis and our experiences.
These characters cover all developmental phases, including twigs, young bark, and mature
bark, and are supported by new diagnostic terminology. Using this framework, we com-
piled a character set for 115 Central European woody taxa, providing practical, primarily
qualitative traits that can be applied directly in the field. Finally, we developed and tested
“Single-access Keys” as an alternative to conventional dichotomous keys, demonstrating
their effectiveness in enabling flexible and rapid species recognition, even under atypical
conditions or when only partial observations are possible. Our results highlight the value
of bark macromorphology as a diagnostic tool and emphasize its potential for advancing
thematic identification keys, as well as digital applications in forestry, taxonomy, and
ecological monitoring.

Keywords: bark identification; bark macromorphology; European tree species; periderm;
twig; misidentification; bark trait

1. Introduction

A tree’s bark appearance is shaped by various factors, and it can generally be stated
that species-level adaptation emerges in response to climatic, habitat-related and biotic
pressures. Site conditions [1-3], disturbance regimes [4-6], potential herbivores [7], and
pathogens [8] all play a role. Evolutionary context is also important: bark morphology
reflects which selective pressures dominated during the species’ development [9]. Due
to trade-offs in environmental adaptation, bark fulfills multiple functions [6,10,11]. Some
flexibility is provided by phenotypic plasticity, allowing bark to vary depending on tolerable
site conditions for the species [3]. However, under sudden environmental change (abiotic
stress) or biotic damage, bark types may deviate from their normal appearance [12-14].

Macroscopic bark characterization is essential for deeper analysis. Bark-broadly de-
fined as the outer covering and associated structures of woody plants—can have diagnostic
value, though its characters are less frequently used in species identification. This may
be due to the lack of standardized macromorphological definitions [15,16] and the high
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variability of bark features [17]. We believe that if bark-modifying factors are considered,
the general bark pattern of a species can be described. A common strategy is to combine
bark features with other morphological characters (e.g., buds, habit) for winter tree identi-
fication. Many field surveys focus on deciduous stands during winter (in forests, parks,
gardens, etc.), where species recognition can be challenging. In many cases, individuals can
only be distinguished based on bark characteristics, as the crowns remain positioned within
the canopy layer, beyond close inspection. A study investigating misidentification rates
demonstrated that error levels in woody species can be remarkably high [18]. The most
significant economic implications of such errors arise during tree marking and subsequent
timber harvesting operations. In close-to-nature managed forests trees may occasionally be
misidentified by forest managers or conservationists, leading to unintended felling. Based
on our field experience, this can result in the inadvertent removal of even protected species,
constituting ecological damage. The same issue applies to shrub species: although often
neglected due to their limited commercial value, they include both legally protected and
conservation-priority taxa. Their preservation, however, is conditional upon correct recogni-
tion by forest managers, ecologists and technical staff alike. Reliable winter identification of
woody species can also be highly valuable for scientists, since they sometimes collect field
data that can only be gathered during the winter [19]. Tree species misidentification thus
has consequences that extend beyond economic losses, potentially generating ecological
and conservation risks [20], while also undermining the reliability of scientific research [21]
and forest inventory data [22]. While a few works have addressed bark-only identification,
to our knowledge, no comprehensive compilation of these publications exists.

Traditional field guides often rely on the authors’ subjective selection of the most
prominent characters for distinguishing taxa. These characters, however, may not offer
complete diagnoses, might not be mutually exclusive, and are sometimes only seasonally
observable (e.g., flowers and fruits). Instead of conventional dichotomous keys, it may
be beneficial to use non-dichotomous alternatives. Fitter et al. proposed “Single-access
Keys” as an alternative approach, where identification relies on a list of observable features
rather than a single diagnostic character [23]. Even if some features are missing, reliable
identification can still be achieved based on others. This approach may also be adapted in
printed form for bark identification.

Based on our field experience, certain bark-related morphological characters are suit-
able for distinguishing woody plants. The goal of this study is to substantiate a diagnostic
system for woody species based on a bark macromorphological character set. To achieve
this, we distinguished three objectives. (1) We review the existing literature on approaches
to species identification using bark characters, highlighting their potential and limitations.
Building on this foundation, (2) we identify the most informative macromorphological bark
features through a combination of literature analysis and our own field experience. Finally,
(3) we develop and test a diagnostic framework for woody species found on these characters
and provide Single-access Keys as an alternative to conventional dichotomous keys.

2. Materials and Methods
2.1. Bark Guide Collection

In our literature search, we mainly targeted English and German publications specif-
ically focused on bark identification. We also included a smaller number of non-major
language sources. Works that partially deal with bark (e.g., dendrological books or winter
identification guides) were considered as well. Additionally, we found the image-rich
publications relevant too, even when they lacked detailed descriptions. Searches were
conducted using online search engines and library databases. To locate non-Hungarian,
-English and -German sources, we translated terms such as “bark”, “tree bark”, “woody
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bark”, “identifier”, “guide”, “twig” and “winter key” into various European languages.
We then processed these materials—-when available digitally or upon acquisition-using
translation software, always interpreting results critically.

For books focused exclusively on bark characters, we provided detailed annotations:
whether they include identification keys, distinguish between young and mature bark, show
image scale bars, and the geographic range of the covered species. This characterization
wasn’t meant to critique, but rather to highlight the presence or absence of taxonomically
relevant features.

2.2. Development of Identification Characters

After compiling the available literature, we reviewed the descriptions, methods, and
characters used. These were synthesized, critically revised, and expanded to create a new
set of bark diagnostic characters. As there is no universally accepted bark morphology
nomenclature [24], we followed the terminology and definitions proposed by Junikka [17],
noting whenever alternate concepts were applied. New macromorphological terms were
introduced when needed for clarity and accuracy [15,16]. The final character set includes de-
tails for twigs, young and mature bark. Our approach enables the complete documentation
of bark development throughout a tree’s life.

2.3. Data Collection for Diagnostic Characters

We created a database using examples from 115 woody species native to or cultivated
in Central Europe. This diverse species pool spans Pannonian, Carpathian, Atlantic, Illyrian,
and Mediterranean zones, as well as alien species from North America and Asia-making
it internationally relevant. We focused mainly on the most important woody taxa (trees,
shrubs, and lianas) but included less significant species when necessary to demonstrate
specific characters.

Data collection was supported by an extensive literature review, including rare and
non-major language publications. In addition to primary sources [25-40], we used other
works as supplementary references [41-57]. We paid special attention to intraspecific
variation (subspecies, varieties, forms). The characters were compiled in a structured
table and underwent multilevel validation, including (1) our own specimen collection
of twigs, branches, young and mature bark; (2) a curated image archive with scale and
diameter data; (3) systematic fieldwork in Hungary. Validation was conducted under dry,
shaded conditions, free from epiphytes or pollutants, and on healthy individuals growing
in ecologically suitable habitats—preferably with replicates. Based on these results, we
revised and updated literature-based data, aligning them with our own observations.

2.4. Creating Identification Keys

We adopted the Single-access Keys model [23] for bark identification. In this method,
each diagnostic question offers two alternatives, and only the relevant character is recorded-
for instance, “ligule pointed (A)” or “ligule blunt (a).” If the ligule is pointed, we note “A”;
if not, we skip it. This system produces a character string (e.g., “ACGH”) that identifies a
species or group.

The advantage is that unlike dichotomous keys, this method allows flexible, non-
linear identification using any observable combination of characters. The number of
possible combinations increases exponentially. For example, 10 characters yield 2! = 1024
combinations, which can handle intraspecific variability (e.g., twig hairiness differing by
subspecies). Thus, multiple character strings may lead to the same species, even if some
characters are missing. Including more characters enhances reliability and compensates for
missing features. In many cases, mature bark alone can identify a species, but where this is
too variable, characters from young bark or twigs improve accuracy.
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We developed exemplary keys based on our 115-species character database. In this
paper, we present keys only for woody species with fissured bark. We also outline the
key development process and challenges faced. The keys were generated manually using
stepwise selection from the database and tested for usability by university students.

3. Results
3.1. Bark Identification Bibliography

Some researchers have demonstrated that bark morphology can be classified using
histological [58,59], allometric [60,61], or coefficient-based methods [62]. While these
approaches can be precise, they are less practical for field-based species identification.

Relatively few authors have published field guides that are exclusively based on
bark characteristics and include a broad species pool. Of these, only a small number offer
structured identification keys (Table 1). Most of these works rely on external, macromorpho-
logical descriptions. The surveyed literature rarely includes a scale for its figures, leaving
the presented size proportions unclear and resulting in the loss of much data. Similarly,
distinctions between young and mature bark are rarely made (Table 1). Consequently,
species descriptions are sometimes not informative and far from comprehensive. It is evi-
dent that such information is essential for producing a high-quality publication, including
identification keys. Even those works that provide these data remain insufficiently detailed
and do not consistently or systematically present all diagnostic characters for each species,
which is a key feature of dichotomous key application. A more detailed overview of in
Supplementary File S1.

In addition to books, some articles and field manuals have been published that focus
either on larger geographical regions or broader species sets [63—66], or on local dendroflora
with more limited species pool [67-69], and some of them also include identification keys.

After reviewing the relevant literature, we concluded that the development of a new
system, incorporating a broader set of characters and species, is necessary in Central Europe
for the proper characterization of barks and for reliable species identification.

Table 1. Books focused exclusively on bark identification and their attributes. In cases where multiple
editions exist, only the most recent or most widely accessible (in major languages) version is included
here; all editions are listed in Supplementary File S1. We consider a bark-focused field guide to
be sufficiently detailed if it (1) includes identification keys; (2) differentiates between young and
mature bark; (3) indicates scale on photographs in some manner. x: Not applied; v: Applied; * DBH:
Diameter at Breast Height.

Identification Mature/Juvenile Scale Geographic

Book Keys Bark Distinction Indication Range Note
Baraton A. Le monde des . .
. i, Native and exotic
écorces. Editions du .
Central woody species of
Rouergue: Parc X X X .
; Europe horticultural
Saint-Joseph, France, .
2003 [41]. importance
Godet, J.-D. Baumrinden. »
Eueen Ulmer KG: Infraspecific
& : X Somewhere P Europe diversity of bark
Stuttgart, Germany,
2011 [36]. morphology
Mikolas, M. A Beginner’s
Guide to Recognizing Northeastern
Trees of the Northeast. X X X .
United States

The Countryman Press:
New York, USA, 2017 [40].
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Table 1. Cont.

Book Identification Mature/Juvenile Scale Geographic Note
Keys Bark Distinction Indication Range
Spohn, M.; Spohn, R. Die
Rinden unserer Baume. Central The most
Quelle & Meyer Verlag: v v v Eur comprehensive book
Wiebelsheim, Germany, urope from Europe
2020 [32].
Schwankl, A. Guide to
Bark. Thames and « Somewhere Indirect Central Unique bark
Hudson: London, UK, (DBH *) Europe formations
1956 [70].
Vaucher, H. Baume.
Prisma Verlag: Giitersloh, X X X Europe
Germany, 1987 [71].
Vaucher, H. Baumrinden. Eur nd
Naturbuch-Verlag: wope a
X X X North
Augsburg, Germany, America
1997 [37].
Vaucher, H. Tree Bark.
Timber Press: Portland, X somewhere X Worldwide
Oregon, 2010 [72].
Wojtech, M. Bark.

. . - The most
Brandeis University Press: v v v Northeastern mprehensive book
Waltham, Massachusetts, United States (f:forrFl\?oihSX;e?i(c)a

2020 [73].
3.2. Identification Characters
3.2.1. Bark Types
First, we present the bark types and subtypes we distinguished in our classification sys-
tem. A total of six main bark types were identified, along with several subtypes (Figure 1).
These categories were developed specifically to describe the bark of trees, shrubs, and
lianas in Central Europe.
Ringed”®
= Scrolled = A
. . A Patchy
Diamond-shaped lenticels
Knobby?
Stringy Papery scales
Scales
Smooth Chunky scales
\_ Cracks® Flakes .
Longitudinal fissures
\ Fissures” Tessellated

\ Fibrous®

Figure 1. Bark types and subtypes used in this classification. *: Newly defined types; A: Definitions
that deviate from Junikka’s [17]. The term “diamond-shaped lenticels” was suggested by Bartha in
Hungarian literature [25] but has not been published in English.
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Whether a distinct bark pattern is considered a bark type or simply a character depends
on whether it requires further individual description or combination in later analyses. Each
type is described below in detail and illustrated visually (Figure 2). Additional type-specific

characters are provided in the corresponding diagnostic character tables.

Fagus sylvatica

Pinus sylvestris

2 cm

@8 cm

G

Larix decidua

— D 60 cm

Tilia tomentosa

D 59 cm

Figure 2. Illustrations of bark types used in the classification: Scrolled (A,B)-stringy (A), patchy (B);
Diamond-shaped lenticels (C); Knobby (D); Stringy (E); Smooth (F); Cracks (G-L); Scaly (G,H): thin
papery (G) and thick chunky scales (H); Flakes/plates (I); Fissured/furrowed (J-L): longitudinal
fissures (J), tessellated with square-like patterns (K), and fibrous (L).

One bark type is scrolled bark, where the outer bark layer peels away and often
curls outward. This type has two subtypes: (1) bark peeling off in horizontal or vertical
strips (Figure 2A), and (2) bark detaching in irregular patches, referred to as patchy bark

(Figure 2B).

In the case of diamond-shaped lenticels, the lenticels become larger, deeper, and
more pronounced with age. They typically develop a species-specific diamond shape,
split vertically, and expose brightly colored inner bark (Figure 2C). To be classified within
this category, lenticels must reach at least 1 cm in diameter; smaller, round, or elongated

lenticels are instead categorized under smooth bark.
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Knobby bark develops when the bark surface becomes irregular and bumpy due to
woody protrusions (Figure 2D). Surface irregularities caused by lenticels or resin ducts are
not included here but belong to the smooth bark category.

In stringy bark, the bark can be removed in long, vertical strips that generally do not
curl and remain attached to the trunk (Figure 2E). Contrary to the definition of Junikka [17],
this characteristic is not restricted to coniferous species.

Smooth bark typically does not crack under optimal site conditions and healthy growth
(Figure 2F). The presence of basic lenticels, resin ducts, or shallow growth striations does
not alter this classification.

The cracks category includes bark that splits longitudinally, transversely, or irregularly
into fissures of varying depth (Figure 2G-L). Within this category, several subtypes can be
distinguished. (1) Scales form when shallow cracks divide the bark into segments of diverse
shapes, each not exceeding 7.5 cm in length [17]. This subtype can be further divided into
(1/1) papery scales, consisting of thin, flaky bark layers (Figure 2G), and (1/ii) chunky scales,
characterized by multilayered, thick bark fragments (Figure 2H). (2) Flakes or plates occur
when bark detaches in irregular patches larger than 7.5 cm [17], either building up or continu-
ously detaching (Figure 2I). Finally, (3) fissured or furrowed bark is defined by pronounced
ridges and cracks, which may be longitudinal or cross-directional. This subtype includes (3/1)
longitudinal fissured bark, dominated by vertical cracks along the trunk (Figure 2J); (3/ii)
tessellated bark, where both vertical and horizontal cracks produce a block-like pattern, with
cross-fissures that may be shallow or equally deep as vertical ones (Figure 2K); and (3/iii)
fibrous bark, where layers appear as longitudinally oriented, overlapping, and sometimes
branching bundles that cannot be removed in long strips (Figure 2L).

3.2.2. Bark Characters and Attributes

The following tables summarize the characters and their states for twigs (Table 2),
young bark (Table 3) and mature bark (Table 4). We have collected detailed explanations of
the characters in a glossary (Supplementary File S2), but we need to present some important
clarifications here as well. We have grouped the diverse characters to make them easier to
manage: main color category (black, gray, brown, reddish-brown were classified as dark;
yellow, silver, light brown as light; and green and sun-exposed red shades as green-red—
Tables 2—4) and leaf scar main category (non-distorted: round, oval, triangular; slightly
distorted: heart, semicircle, crescent; highly distorted: horseshoe, ring-Table 2, Figure 3).

Table 2. Characters and possible values applied to twigs. Where the prerequisite column is left blank,
the variable must always be assessed.

Prerequisite Character Character States
Color main category Dark, light, green-red, white (partially)
Color Free description
Phyllotaxis Opposite, alternate, spiral, whorled
Branching Monopodial, sympodial, twisted
Cross-section Round, oval, ribbed, angular
Shiny bark Yes/no
Winged cork Yes/no
Trichomes Glabrous, sparse pilose, dense pilose, tomentose, woolly,
pulverulent, glandular, felted
Trichomes Trichome color Free description
Visible lenticels Yes/no
Lenticel shape Rounded, transversely elongated, longitudinally elongated

Visible lenticels

Lenticel color Free description
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Table 2. Cont.

Prerequisite Character Character States
Visible leaf scar Yes/No
Leaf scar size Small, large
Leaf scar main category Non-distorted, slightly distorted, highly distorted
Circle, semicircle, oval, crescent (“C”), horseshoe (“U”),
Leaf scar shape ;
triangular, heart, annular
Raised leaf cushion Yes/no
Free description, but common forms include 1, 3, 1-3, 3-5,
Bundle scars . )
irregular, many along the margin
Opposite phyllotaxis Touching leaf scars Yes/no
Other characters Free description
By twig, we refer exclusively to first-year shoots during their first winter. All color and
trichome characters should be evaluated with this definition in mind. For trichomes we
based our terminology on Payne’s classification [74], selecting only easily distinguishable
types in practice (Figure 4). In opposite phyllotaxis, some species have leaf scars that
(almost) touch, which is a useful diagnostic character (Figure 5A). Although English
botanical terminology does not differentiate between various forms of alternate phyllotaxis,
in our framework we distinguish between general alternate and spiral arrangements. To
ensure clarity and maintain diagnostic precision, we apply the term spiral specifically to
describe leaves arranged in a helical pattern along the twig.
Table 3. Characters and possible values used to describe young bark. If the prerequisite column is
blank, the variable must be assessed in all cases.
Prerequisite Character Character States

Color main category
Color

Bark development direction

Dark, light, green-red, white
(partially)
Free description
Bark main and subtypes (indicating
transitions)

Non-persistent smooth bark

Transitional bark
Bark development time (years)

Bark development time (diameter)

Yes/no
Free description (accuracy within 5
years)-only literature data
Free description

Winged cork
Shiny bark
Persistent epidermis
Slow periderm formation
Knobby short shoots
Visible lenticels

Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no /No

Visible lenticels

Lenticel shape

Lenticel color

Rounded, transversely elongated,
longitudinally elongated, diamond
Free description

Thorns/spines Yes/no
Prickles, branched thorns, simple
Thorns/spines presence Thorn/spine type thorns, stipular spines, multiple
types
Scaly /needle-leaved species Leaf fall time Free description (years)
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Table 3. Cont.

Prerequisite Character Character States
. Dark, light, green-red, white
Color main category (partially)
Color Free description
Further transition stages Yes/no
Bark development direction Bark main and Su.b.t ypes (indicating
transitions)
Bark development time (diameter) Free description
Shiny bark Yes/no
Transitional bark Visible lenticels Yes/no /No

Visible lenticels Lenticel shape

Lenticel color

Rounded, transversely elongated,
longitudinally elongated, diamond
Free description

Thorns/spines Yes/no
. Prickles, branched thorns, simple
Thorns/spines . . . .
Thorn/spine type thorns, stipular spines, multiple
presence
types
Further transitional Bark development direction Bark main and su.b't ypes (indicating
bark transitions)
ar Bark development time (diameter) Free description

Other characters

Free description

Table 4. Characters and states for mature bark. If the prerequisite column is blank, the character must

always be assessed.

Prerequisite Character Character States
Color main category Dark, light, green-red, white (partially)
Color Free description
Eye-marks Yes/no
Texture Soft/Hard
Lenticels Yes/no
Shiny bark (ridge) Yes/no
Combined bark Yes/no
Bark main tvoe Knobby, cracks, diamond-shape lenticels,
P smooth, stringy, scrolled
Cracked bark Cracked subtypes Scales, flakes, fissures
Fissured subtypes Longitudinal fissures, tessellated, fibrous

Fissure depth and density

Shallow and sparse; shallow and dense; deep

and sparse; deep and dense

Fissured bark Fissure network Longitudinal ridges dominate, reticulate ridges

Fissure color

No difference, free description

Ridgeside color No difference, free description
e S, g
Scales, tessellated bark Separated edges Yes/no
Scales, ﬂal;si)ﬁz sgii’fd’ stringy, Lower layer color Free description
Sealy bark Saleshape. Rectanguila rounded, regular

Scrolled bark Scrolled subtype

Patchy, ringed
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Table 4. Cont.

Prerequisite Character Character States
Smooth bark Pattern None, reticulate, patchy, mixed
Veteran bark Yes/no
Veteran bark Fissured veteran bark Yes/no
Veteran bark at trunk base Yes/no
Other characters Free description

s

l

Platanus * hybrida
| mm G
— —

1 mm

Juglans nigra F Acer negundo H

2 mm

Figure 3. Main types and forms of leaf scars used in twig characterization: Not distorted by bud:
round (A), oval (B), triangular (C); Slightly distorted: semicircle (D), crescent (E), heart (F); Highly
distorted: ring (G), horseshoe (H).

Young bark refers to the period from the second year of growth until the onset of
mature bark formation (Table 3). This duration varies among species. The proposed
characters below primarily describe long shoots; where short shoots are relevant, this is
noted specifically. In some cases, mature bark does not develop directly from smooth
young bark but via intermediate forms, which we call transitional bark. For instance,
Pinus spp., smooth twigs first develop papery scales (transitional bark), which only later
becomes cracked (mature bark). While anatomical and ecological data on transitional bark
are limited [16], collecting thematic characters allows us to document species with such
intermediate phases. Some species may require more than one transitional bark type to be
described (Table 3). In most species, the epidermis tears apart and peeling off during the
first year, while in others the epidermis remains (at least partially) on the twig (persistent
epidermis—Figure 5B). In some species, periderm develops slowly and appears patchy (e.g.,
Acer negundo L.—[75]; Figure 5C).



Forests 2025, 16, 1586

11 of 20
= 5
b o 4
g } )
.2
v 3 @
&f <
E Y
E
Acer negundo Quercus pubescens Populus alba Viburnum lantana
| mm A | mm | mm C | mm

| mm

Robinia viscosa

Sorbus domestica
1 mm

G

Sophora japonica
| mm

Figure 4. Trichome types used for twig characterization: Glabrous (A); Tomentose (B); Woolly (C);
Pulverulent (D); Glandular (E); Sparse pilose (F); Dense pilose (G); Felted (H)

Acer negundo
| mm

Populus alba
1 mm

& ‘ n

Salix caprea

Betula pendula
S cm

Carpinus betulus
2 cm

D25 cm

b

2o @112 cm

Paulownia tomentosa

|3 cm| | | I @ 55 cm

Fagus sylvatica

Il @ 11420
Figure 5. Illustration of selected characters from twigs, young and mature bark. Twig characters:

Touching leaf scars (A). Young bark characters: Persistent epidermis (B); Delayed periderm formation (C).
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Mature bark characters: Combined bark (D,E) fissured with diamond-shaped lenticels and reddish-
brown fissures (D); Ringed and fissured with orange fissures and black ridegesides (E); Smooth bark
with patchy (F) and reticulate (G) patterns; Fissured (H-K) densely, shallowly fissured with shiny
ridges (H); Dense, deep fissures (I); Sparse, shallow reddish-brown fissures (J); Sparse, deep orange
fissures (K); Basal cracking of veteran trees with primarily smooth bark (L).

Mature bark refers to bark found on fully developed, adult trees (Table 4).

In the case of combined bark, a primary surface pattern (e.g., diamond-shaped lenticels,
knobby, scaly) forms first, and later, cracks develop. Remnants of the original bark type
remain visible on the surface for a long time (Figure 5D,E). Subtypes may also combine (e.g.,
Picea abies (L.) H.Karst. has both thick and thin papery scales). Smooth or fissured bark
subtypes are not considered combined. All other combinations are classified as combined.
Trees with dual bark (basal section of the bark differing from the rest of the trunk) are also
considered to have combined bark.

The terms ridge, fissure, ridgeside, and tile-side are associated with deeply fissured or
tessellated barks. Ridges are raised sections, often retaining younger bark characters. The
base of deep fissures may reveal the lighter-colored inner bark, a useful diagnostic character.
Surfaces between fissures and ridges or tiles are referred to as ridgesides and tile-sides
(newly introduced terms). These form the sides of the ridge or tile cross-sections, which
may be square, trapezoidal, or triangular (Figure 6) and may differ in color (Figure 2J,K).

Fissure

Tile

Figure 6. Terminology of tessellated (Crataegus spp.) (left) and deeply longitudinally fissured (Quercus
cerris L.) (right) bark. Tessellated bark is characterized by horizontal cracks, unlike purely vertical
fissured bark.

Fissured bark subtypes are classified into four categories based on crack spacing and
depth: Shallow and dense (Figure 5H); Deep and dense (Figure 5I); Shallow and sparse
(Figure 5]); Deep and sparse (Figure 5K). Defining fissure spacing and depth precisely
is difficult. Junikka suggested relating fissure depth to bark thickness [17], but this is
impractical in fieldwork. Instead, we used simple semi-quantitative rules: If the average
spacing between fissures is more than 2 cm, bark is sparsely fissured; If the ridge height
appears easily measurable (>2 cm), bark is deeply fissured.

Based on crack orientation (fissure network), fissures can be either longitudinally
dominant or reticulate (with no dominant direction). Reticulate fissuring may appear even
within fissured types if cross-fissures do not run fully horizontal (unlike true tessellation).
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These may form rhomboid, diamond, or “X”-shaped patterns. If transverse cracks are very
shallow and sparse, bark is still considered fissured (Figure 6).

Smooth bark with different patterns is not a bark subtype but helpful in distinguishing
characters. Smooth bark may exhibit patchy patterns (Figure 5F) or reticulate striation
(Figure 5G), caused by growth-related tissue expansion. Some species (e.g., Broussonetia
papyrifera (L.) L'Hér. ex Vent.) show both simultaneously.

Veteran bark occurs most often in smooth-barked species, where basal fissuring might
appear with age (Figure 5L). Threshold values are difficult to define due to inconsistent
expression. Such features may reflect senescence, spontaneous periderm rupture, or ex-
ternal factors (e.g., mechanical damage). In some cases, extremely old trees exhibit a final
developmental bark phase (e.g., deeply fissured veteran bark in Picea abies). This requires
high age and large trunk diameter (DBH > 70-80 cm). In such cases, not only the base but
the lower trunk also shows this bark type. Due to limited occurrence and practicality, we
do not classify this as a separate bark phase but note it here. This may occur in several
species, but data is lacking for many. The two veteran bark types are distinguished using
the variable “Veteran bark at trunk base”. Although rare, veteran bark should still be
considered during identification.

3.3. Characterization of Example Species

The characterization of 115 Central European woody taxa based on the characters
outlined in Tables 2—4 is provided in Supplementary File S3. During our investigations, we
observed that-even with extensive literature research-information was lacking for several
characters. For example, the winter identification of coniferous species is generally straight-
forward using other features, so the literature often provides little data on their young bark
and twigs. Similarly, data on shrubs are limited due to their lower forestry relevance.

In describing the species pool examined, we identified some recurring patterns.
Among deciduous trees, new twigs during the vegetation period are often green (red-
dish on the sunny side) and hairy, but these features typically change by winter-the colors
fade, and the hairs may shed. If this transformation does not occur, the species can often
be distinguished more clearly. Lenticels may appear already on one-year-old twigs (or
later), usually initially round, but their shape may distort as the twig grows. In most
species, longitudinal cracking begins along the lenticels (where the periderm starts to split),
eventually forming the fissured mature bark. In some species, such fissuring occurs only
late in life (veteran bark) or not at all.

For gymnosperms, multiple developmental stages can be distinguished. One-year-old
shoots are usually covered in needle- or scale-like leaves (sometimes completely sheathing
the twig). These die off and fall gradually. In some species, the leaf bases remain for several
years, giving the twig a rough texture. As branches thicken, these remnants also fall off,
and a thin, papery, scaly bark begins to form. With further thickening, these scales become
larger and thicker, eventually forming overlapping, multilayered bark plates. As the
plates accumulate, the spaces between them deepen into fissures. In very old individuals,
horizontal cracks may appear between layers, resulting in tessellated bark. Some species
develop only flaking bark even in maturity, while others may develop longitudinal fissures
or tessellation. In our opinion, some authors have mistakenly classified these as distinct
bark types [35].

Among the characters we studied, the coloration, twig trichomes, the shape of leaf
scars and lenticels proved to be the most plastic. Some species exhibit variants where even
their most defining features are missing. In such cases, we included all found variants in
our summary tables.
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3.4. Construction of Identification Keys

The identification keys were constructed on bark types (Figure 2). In the first step, age
classification is not essential-only the bark type of the woody plant needs to be identified.
This can be problematic in the case of fissured and smooth bark, as both frequently appear
as transitional developmental phases. The key for smooth bark covers the full species list;
for fissured bark, all its subtypes (developmental stages) are included.

For fissured bark types, it is useful to create separate keys for each subtype (Supple-
mentary File 54). For example, when identifying a tree with tessellated bark, it’s easier to
begin with the shorter Tessellated bark key. However, if a younger individual of the same
species does not yet exhibit tessellation but shows longitudinal fissures, the Longitudinal
fissured bark key should be used. The resulting diagnostic character strings should be
matched in a fuzzy way with the species-specific descriptions, because the bark of a given
tree may deviate from typical characters due to growing under unusual environmental
conditions. In the character series some values whose appearance is contingent due to the
variability of the species are included in parentheses.

4. Discussion

The description, characterization, and identification of external bark is a highly ne-
glected area within botanical and dendrological sciences. In species descriptions, bark
is often reduced to a few words or merely a color reference, even though it can be de-
fined by many more distinct and measurable characters. To our knowledge, a detailed
macromorphological bark identification system like ours has not been published to date.
A few classical dichotomous identification books for barks have already been developed
(Supplementary File S1). In contrast, we propose a system that partly differs from the
characters applied in those works. Furthermore, we provide all background data for every
species examined within the framework of the present research (Supplementary File S3).
Thematic compilations exist for other fields, such as wood anatomy [76], but not yet for
bark in this form. Such character lists can be used to construct identification keys or develop
searchable databases, depending on the species pool.

4.1. Bark Traits

The aim of our work with the developed character list was to provide practical crite-
ria that can be easily used by anyone in the field to distinguish woody species. For this
reason, quantitative traits were given less emphasis on the list. Nevertheless, such trait
development and quantitative data collection are essential for plant trait databases, as they
have received less attention in the past [77,78]. The TRY database compiles global plant
traits, scientific publications, datasets, and unpublished sources [79]. The strictly macro-
scopic bark morphological traits are represented here with bark persistence (deciduous or
persistent) [80] and bark surface structure [81]. A closer inspection of the sources further
reveals that the data were collected primarily to address a variety of research questions
involving many other variables, rather than specifically for the purpose of studying bark
morphology. Some additional traits that may aid in species identification are also available,
but only sporadically. When filtering for the species included in our study, further avail-
able characters are twig diameter [82], stem color [80,83], and outer bark thickness [84].
The latter provides indirect insight into bark type (with thicker bark being more likely to
develop cracks). The data reveals that in many cases values were derived from a single
measurement, and only rarely from multiple repetitions. Based on these, it becomes evident
that (1) macromorphological bark traits are highly underrepresented and insufficiently
developed, (2) the existing traits are predominantly qualitative, and (3) data concerning the
bark of the species presented in this study were extremely limited.
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Any of the qualitative elements of our list and bark typology can readily be incorpo-
rated into trait databases, and we also developed some quantitative descriptors, such as
the bark development time (cm) or the number of bundle scars. Our work may also serve
as a basis for defining further quantitative traits. Examples include the depth (cm) and
spacing (cm) of fissures, where we applied a threshold of 2 cm; or an index of fissure density
(X-index) for tessellated, fibrous, and reticulate fissured bark types. In this latter case, the
number of intersections within a given diameter class and surface area (e.g., 100 cm?) could
provide valuable information about fissure density. Similarly, the frequency of any other
structure can be quantified, such as the density of lenticels, knobs or scales, either per unit
surface area or standardized by branch or stem length (e.g., on a 10 cm long branch section
with a 10 cm diameter). Collecting quantified data on these traits is currently beyond the
scope of this paper, but it may provide a valuable direction for future research.

4.2. Implementation

Our work can serve as a foundation for developing identification keys in printed,
analogue, or digital formats. For printed keys, we provided examples in this paper (Supple-
mentary File 54). As an example for an analogue approach, Kucharzyk designed perforated
cards for a small species pool [85], which could be sorted by inserting sticks into the holes.
A corresponding digital interpretation of this work is also available [86]. In digital format,
this modern, database-driven approach could be even more powerful. A background
database would contain all recorded character states for each species. Based on the char-
acters selected in the user interface, a progressively narrowing species list would assist
with identification. While this may resemble existing plant trait databases, the explicit
purpose here is to compile characters that specifically support identification. Successful im-
plementation requires precise, broad data collection and processing, which may necessitate
international collaboration. A similar initiative is the Lucidcentral software suite, where
users can build their own identification key matrices and select observed character states
from structured lists [87].

4.3. Limitations

When establishing diagnostic characters of taxa, descriptions should be based on
individuals occurring in their typical habitats and most representative sites. Due to anthro-
pogenic influences and habitat modifications, species with broader ecological tolerance may
also appear in environments where they would not naturally occur. Many such occurrences
represent atypical, even extreme conditions, in which the species is unlikely to be in an
optimal state.

Bark morphology offers an example of how environmental conditions influence in-
traspecific variation. Abiotic factors such as climate and site conditions strongly affect bark
development: individuals growing in colder or drier (micro)climates typically develop
thicker bark compared to those in warmer, more humid environments [88]. On steep slopes
with shallow soils, or under conditions of strong winds and intense solar radiation, even
smooth-barked species may develop cracks [89]. In urbanized areas, where environmental
extremes such as air pollution, water limitation, and anthropogenic nutrient inputs are
more pronounced, these mechanisms may become accentuated [90]. Under such condi-
tions, the development of thicker bark may also enhance bark water storage capacity [91],
potentially conferring an adaptive advantage. The color of bark can also change due to
significant air pollution: a well-known example of this is the industrial melanism [92].
Biotic influences further modify bark characters: pathogens can induce structural changes,
such as the development of cracks of usually smooth-barked species [13].
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Since these abiotic and biotic modifiers alter bark appearance, they must be carefully
considered in bark-based identification. Therefore, reliable taxonomic determination using
this method is possible only on healthy individuals growing under non-extreme conditions,
with minimal colonization by epiphytes.

5. Conclusions

The definitions and values presented for the characterization of bark macroscopic
morphology can be adjusted or expanded as needed, depending on the species involved.
For Central European taxa, the current list appears sufficient for discrimination. However,
other geographic regions may require additional characters. Junikka provides a solid
foundation for identifying potential variables and character states [17]. Incorporating
easily observable features (e.g., leaves, flowers, fruits) could yield complete species profiles
and comprehensive identification tools. Still, bark-based (especially winter) guides are
of particular importance in forestry applications [67,93], especially in temperate regions.
In these areas, tree species must be identified even during leafless seasons, justifying the
practical value and necessity of bark-specific identification systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f16101586/s1, Supplementary File S1 [94-129]: Bibliography
and characteristics of important books on bark; Supplementary File S2 [130-135]: Glossary of new
and other terms which needs explanation; Supplementary File S3: Data of the 115 woody taxa from
Central Europe; Supplementary File S4: Fissured bark identification keys.
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