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Abstract

The aim of this study was to investigate the influence of tree species characteristics on
the occurrence and diversity of tree-related microhabitats in the mixed beech-silver fir
Dinaric old-growth forest of Ravna Vala, located on Bjelasnica Mountain. We evaluated
microhabitats in living trees of silver fir (Abies alba Mill.), European beech (Fagus sylva-
tica L.), Norway spruce (Picea abies Karst) and sycamore (Acer pseudoplatanus L.) with
diameters at breast height (dbh) exceeding 40 cm. The microhabitats were systemati-
cally recorded using circular concentric plots distributed throughout the forest. Our fin-
dings revealed that deciduous tree species support a higher abundance and diversity
of microhabitats per living tree compared to coniferous species. Sycamore and beech
trees harbored a greater number and variety of microhabitats than silver fir and Norway
spruce, consistently exhibiting higher amounts and diversity of microhabitat types per
tree. In particular, even sycamore trees in the smaller dbh class (40-60 cm) exhibited
microhabitat diversity comparable to larger trees (>80 cm dbh) of other species. The-
se results underscore the significant role of sycamore as an auxiliary species in mixed
beech and silver fir forests, which contributes substantially to the occurrence and di-
versity of microhabitats. Based on these findings, we suggest that forest management
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practices should prioritize the conservation and promotion of deciduous species such
as sycamore and beech to enhance the diversity of the microhabitat. Maintaining a he-
terogeneous forest structure with a mix of species and tree sizes can serve as an effec-
tive strategy for biodiversity conservation, using old-growth forests like Ravna Vala as a
blueprint for sustainable management.

Zusammenfassung

Ziel dieser Studie war es, den Einfluss von Baumartenmerkmalen auf das Vorkommen
und die Vielfalt von baumbezogenen Mikrohabitaten im dinarischen Buchen-Tannen-
Urwald von Ravna Vala auf dem Bjelasnica-Gebirge zu untersuchen. Wir untersuchten
die Mikrohabitate an lebenden Badumen von Weil3tanne (Abies alba Mill.), Rotbuche
(Fagus sylvatica L.), Gemeine Fichte (Picea abies Karst) und Bergahorn (Acer pseudopla-
tanus L.) mit einem Brusthohendurchmesser (dbh) von tiber 40 cm. Die Mikrohabitate
wurden systematisch auf konzentrisches KreiBen erfasst. Unsere Ergebnisse zeigen,
dass Laubbaumarten im Vergleich zu Nadelbaumarten eine gréBere Anzahl und Viel-
falt an Mikrohabitaten pro lebenden Baum aufweisen. Bergahorn und Buche wiesen
eine groBere Anzahl und Vielfalt an Mikrohabitaten auf als Weitanne und Fichte.
Bemerkenswert ist, dass selbst Bergahorne der kleineren Durchmesser-Klasse (40-60
cm dbh) eine vergleichbare Vielfalt an Mikrohabitaten aufwiesen wie gro3ere Baume
(>80 cm dbh) anderer Arten. Diese Ergebnisse unterstreichen die bedeutende Rolle
des Bergahorns fiir die Habitatqualitdt von Buchen-Tannen-Mischwaldern. Unsere Er-
gebnisse weisen daraufhin, dass bei der Waldbewirtschaftung der Erhaltung und For-
derung von Laubbaumarten wie Bergahorn und Buche Vorrang eingerdumt werden
sollte, um die Vielfalt der Mikrohabitate zu erhdhen. Die Erhaltung einer heterogenen
Waldstruktur mit einer Mischung von Arten und Baumgro3en kann eine wirksame
Strategie zur Erhaltung der biologischen Vielfalt sein, wobei Urwédlder wie Ravna Vala
als Vorbild fir eine nachhaltige Bewirtschaftung dienen kénnen.

1 Introduction

Forest ecosystems currently cover approximately 31% of Earth's land area, provide
habitats for two-thirds of terrestrial species and host 80 to 90% of the world's bio-
diversity (FAO, 2020; World Bank, 2008). Habitat trees are highly relevant for forest
biodiversity, as they harbor many endangered and specialized species of flora and
fauna. Habitat trees are defined as living or dead trees standing providing ecological
niches (microhabitats) such as cavities, bark pockets, large dead branches, epiphytes,
cracks, sap runs, or trunk rot (GroBmann et al., 2018; Asbeck et al., 2022; Hamaldinen
etal., 2023).
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A tree-related microhabitat is typically defined as a distinct, well-delineated structure
found on living trees as well as on snags. This structure provides a crucial substrate or
life site for specific species or communities, supporting key aspects of their life cycle,
such as development, feeding, sheltering, or breeding (Larrieu et al., 2018). At least
25% of forest species depend on or benefit from dead wood and habitat trees (Bltler
et al., 2013). Trees provide shelter and food to many vertebrates, including amphibi-
ans, the most endangered class worldwide, even in forest ecosystems (Stuart et al.,
2004; Wells, 2007).

Specific characteristics of living trees, such as species, age and the presence of mic-
rohabitats, determine how species use trees for food, nesting places or as growing
substrates (Hamalainen et al., 2023). The relationship between the occurrence of mic-
rohabitats and tree attributes across different tree species has been studied to some
extent (Winter & Moller, 2008; Vuidot et al., 2011; Larrieu & Cabanettes, 2012; Parisi,
2016; Winter, 2014; Grol3mann et al., 2018). The main factors identified to influence
the frequency of microhabitats are the diameter of the tree at breast height (dbh),
the species of the tree, the thickness of the bark, the vitality and therefore the age of
the tree (Vuidot et al., 2011; Larrieu & Cabanettes, 2012; Butler et al., 2013; GroBmann
etal., 2018). The number of microhabitats per tree increases with increasing dbh (Vui-
dot etal., 2011; Regnery et al., 2013; Winter, 2014; Paillet et al., 2017; GroBmann et al.,
2018; Asbeck et al., 2022).

Stand structure is also essential for biodiversity. In pure, even-aged forests, fewer
forest-dwelling species are encountered, while mixed forests with diverse structu-
res and the presence of large trees are associated with a greater number of forest-
dwelling species (Scherzinger, 1996; Visnji¢ et al., 2017; Himaldinen et al., 2023). Old-
growth structures provide habitats and niches that many forest-dwelling species
require (Winter & Brambach, 2011; Asbeck et al., 2022). Deciduous trees generally
provide more microhabitats than conifers (Vuidot et al., 2011; Winter, 2014; GroB3-
mann et al., 2018). Furthermore, the richness of tree species is essential for the di-
versity of forest-dwelling species, as many are associated with particular tree species.
The specific bark characteristics of tree species are crucial for epiphytes (Ellis, 2012)
and bark-dwelling invertebrates (Nicolai, 1986).

Many species throughout the boreal region, particularly epiphytes and cavity nesting
birds, are associated with aspens, which provide these taxa with more favorable habi-
tats than the more common coniferous trees (Boudreault et al., 2000; Cadieux & Dra-
peau, 2017; Kivinen et al., 2020; Hamaladinen et al., 2023). However, in most previous
studies, the number of microhabitats has been considered in managed forests (Paillet
et al., 2017; Vuidot et al., 2011; Larrieu et al., 2018; GroBmann et al., 2018) and, to a
lesser extent, in old-growth forests in the boreal zone (Martin et al., 2021; Hdmaldinen
et al., 2023) and temperate old-growth forests (Larrieu et al., 2014; Kozak et al., 2018;
Sever & Nagel, 2019; Asbeck et al., 2022).
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This study aims to investigate the occurrence and diversity of microhabitats in living
trees of four key species: beech (Fagus sylvatica L.), silver fir (Abies alba Mill.), Norway
spruce (Picea abies L.) and sycamore (Acer pseudoplatanus L.) within the old-growth
forest reserve Ravna Vala, located on the Bjelanica mountain. This reserve represents
a mixed coniferous and broad-leaved forest typical of the Dinaric region. The forest
exhibits a highly heterogeneous structure, where tree species are mixed individually
and vary significantly in age, size, and dbh distribution. Multiple canopy layers are
present, contributing to the high textural diversity of the forest, along with a signifi-
cant amount of dead wood standing and lying (Visnji¢etal., 2015, 2017; Cilag &\Vidnji¢,
2024). These structural characteristics create a rich environment for microhabitats,
making Ravna Vala an ideal location to study the development of natural microhabi-
tats. Bosnia has a long tradition of implementing the single-tree selection system, a
silvicultural practice that has contributed to the preservation of natural forests (Cilas
etal., 2023). Ravna Vala, with its structure and species composition, closely resembles
these managed forests, making it a valuable baseline for comparative analysis (Cila3
& Visnji¢, 2024). By examining the natural occurrence and diversity of microhabitats
in this unmanaged, old-growth context, we can gain valuable insights into forest ma-
nagement practices that promote biodiversity conservation. Understanding which
tree species favor the development of microhabitats will offer crucial guidelines for
future forest management, particularly in identifying species that should be prioriti-
zed to enhance biodiversity. This knowledge can inform more effective conservation
strategies, particularly in managed forests, ensuring the preservation of vital ecologi-
cal characteristics while maintaining productive forest ecosystems.
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Figure 1: An example of different types of microhabitat, where: a) woodpacker cavities, b) trunk rot holes,
¢) root-buttress cavities, d) dead branches, e)cracks, f) resin and sap flows, g) fungal fruiting bodies, h)
epiphytic lichens, i) bryophytes (examples taken from Larrieu et al. 2018).

Abbildung 1:Ein Beispiel fiir verschiedene Mikrohabitattypen:a) Spechthohlen, b) Stammfaulnislocher,
¢) Wurzelanlaufhéhlen, d) tote Aste, e) Risse, f) Harz- und Saftfluss, g) Pilzfruchtkérper, h) epiphytische
Flechten, i) Moose (Beispiele stammen aus Larrieu et al. 2018).
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2 Materials and methods
2.1 Study area

The study was carried out in the Ravna Vala old growth forest, located approximately
25 km southwest of Sarajevo, Bosnia and Herzegovina (Figure 2). Covering an area of
45 hectares, the forest reserve is anchored by a parent substrate predominantly com-
posed of limestone, dolomite, and moraine deposits. These geological features faci-
litate the development of diverse mosaic soils characterized by rendzinas, calcome-
lanosols, and calcocambisols (Visnji¢ et al., 2015). The regional climate, characterized
as continental with significant mountain influence (Beus & Vojnikovi¢, 2002), exhibits
an average annual temperature of 6 ° C and an annual precipitation sum of 1600 mm.
The elevation of the mountain range where our study is located ranged from 1400
to 1600 m. It is a typical uneven-aged mountain Dinaric mixed forest dominated by
European beech (Fagus sylvatica) and silver fir (Abies alba) with sporadic occurrence
of Norway spruce (Picea abies) and sycamore (Acer pseudoplatanus). It represents a ty-
pical Abieti - Fagetum lllyricum community (Fukarek & Stefanovi¢, 1958). Interestingly,
there is a conspicuous absence of signs for historic management interventions in this
forest. The characteristics of structural and tree species, texture, dead wood, and di-
versity of vascular plants, lichens, and bryophytes in old-growth forest were descri-
bed by many authors (Beus & Vojnikovi¢, 2002; Weckesser & Visnjic, 2005; Vojnikovic¢
etal., 2006; Visnji¢ et al., 2015, 2017, Cilas and Visnji¢, 2024).

Table 1: Stand information based on sample points per hectare, Nha is average number of trees per ha, BA
is basal area, and share in BA is basal area proportion.

Tabelle 1: Bestandsinformationen auf der Grundlage der Stichprobenpunkte pro Hektar, Nha ist die
durchschnittliche Anzahl der Baume pro Hektar, BA ist die Grundflache, and der share in BA is der
Anteil an der Grundflache.

dbh class Total
40-60 60-80 >80
Tree share share share share
species Nis BA in BA N BA in BA N BA in BA BA in BA
(m¥ha) /ha ™ (m%*ha) /ha ™ (m¥ha) /ha (m%¥ha) /ha
(%) (%) (%) (%)

Beech 31 5.94 2177 9 3.32 1217 2 1.56 5.70 10.8 39.7
Fir 32 5.73 2099 9 3.15 1155 4 2.89 10.61 11.8 43.2
Spruce 4 0.71 2.62 3 0.99 3.64 1 0.82 3 2.53 9.27
Sycamore 3 0.69 2.52 2 0.84 3.09 1 0.63 2.3 2.16 7.92
All 71 13.1 479 23 8.3 30.5 9 5.9 21.6 27.29 100
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Figure 2: Map of the study area and sample design layout within the old-growth forest of Ravna Vala,
Bosnia and Herzegovina.

Abbildung 2: Karte des Untersuchungsgebiets und Anordnung der Probenahme im Urwald von
Ravna Vala, Bosnien und Herzegovina.

2.2 Sample Design and Data Collection

The presence of microhabitats was determined on living trees of silver fir, beech, Nor-
way spruce and sycamore, with a diameter at breast height (dbh) greater than 40 cm. A
systematic sampling approach was employed by establishing a 100 x 100 m grid across
the forest, with circular experimental plots placed at grid intersections. For silver fir and
beech trees, microhabitats were assessed using concentric circular plots of varying ra-
dii: trees with a dbh of 40-60 cm were examined within plots of 9 m radius; those with
a dbh of 60.1-80 cm within plots of 15 m radius; and trees with a dbh exceeding 80.1
c¢m within plots of 25 m radius. In contrast, for Norway spruce and sycamore, we used
circular plots with a fixed radius of 25 m to assess microhabitats. In total, 45 plots were
established (Figure 2). This variation in the sampling approach was due to the lower
abundance of Norway spruce and sycamore in the old-growth forest, which required
larger plots to include sufficient numbers of these species. For each tree, we measured
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the dbh and recorded microhabitats using the field guide by Larrieu et al. (2018) for
identification. To mitigate potential observer bias (Paillet et al., 2015), the inventory was
conducted by a single individual during the fall of 2023. This timing was chosen after ve-
getation had subsided, making microhabitats in the crown more visible. For taller trees,
binoculars were used, with an average observation time of approximately 10 minutes
per tree. The microhabitats were grouped into nine types: woodpecker cavities (all si-
zes), trunk rot holes (trunk base rot hole, trunk rot hole, semi-open trunk rot hole, chim-
ney trunk base rot hole, chimney trunk rot hole, hollow brunch), root-buttress cavities
(dendrotelm, root-buttress cavities, trunk bark-lined concavity), dead branches (crown
deadwood), cracks (stem breakage, limb breakage, fork split, lighting scar cracks), re-
sin and sap flows, fungal fruiting bodies, epiphytic lichens, and bryophytes. Microsoils,
nests, and excrescences were not considered in this study. An example of microhabi-
tats is shown in Figure 1. For countable microhabitats (e.g. woodpecker cavities, trunk
rot holes), the number of occurrences was recorded. The presence and distribution of
epiphytic lichens and bryophytes were recorded on a scale of 0 to 4, where 0 indicated
absence, and the numbers 1 to 4 reflected their vertical distribution in the tree:

1 - present at the base;

2 - present up to half of the tree height;

3 - present up to two thirds of the tree height; and
4 - present in the entire tree.

An overview of the sampled trees is given in Table 2.

Table 2: Overview of trees analyzed, where dbh is diameter at breast height, N is the number of trees, the
share in BA represents the percentage share of trees in the basal area, and Nz represents the number of
trees without a microhabitat.

Tabelle 2: Ubersicht (iber die untersuchten Badume, wobei dbh der Brusthéhendurchmesser, N die
Anzahl der Bdume, Anteil an BA der prozentuale Anteil der Bdume an der Grundflache, and Nz die
Anzahl der Baume ohne Mikrohabitat ist.

dbh class
40-60 60-80 >80
TEe share share Share
species
e (dct:l‘) N inBA Nz (‘i?:) N inBA Nz (‘i'r’:) N inBA Nz
(%) (%) (%)
+
Beech 42_ 36 5.93 0 6615 30 9.21 0 90+10 21 11.98 0
. 47
Fir 5 37 572 0 67+5 28 874 0 9616 34 223 0
Spruce 22 33 551 0 6815 24 7.65 0 84+4 13 6.31 0
Sycamore 506 30 5.3 0 6716 21 6.5 0 84+3 10 4.84 0
+ t +
All O 136 225 0 b7 103 321 0 9L 78 52.1 0
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2.3 Data analysis

Following field data collection, all recorded observations were transferred to an Excel
database, where systematic, logical checks were performed to ensure data integrity.
The data set was subsequently organized by tree species (i.e., beech, silver fir, Nor-
way spruce, sycamore maple) and classified according to the corresponding diameter
classes (40 to 60 cm, 60 to 80 cm and over 80 cm). The influence of two independent
variables (tree species and dbh) on the frequency of occurrence of tree-related micro-
habitats and the diversity of the microhabitats was analyzed. Analysis of variance was
used to determine statistically significant differences in the frequency of occurrence
of microhabitats between individual tree species, and the Tukey HSD test was used
to test differences.

Microhabitat diversity for each tree was calculated employing the Shannon diversity
index formula, Eq. 1 (Shannon, C.E. 1948).

H =-% plnp; = -3, % *In (%)] (1)

The numbers were S - the number of different types of microhabitats, pi - the contri-
bution of individual habitats to the total sum of microhabitats, ni - the number of one
type of microhabitat on a single tree, N - the sum of different types of all inventoried
microhabitats on a single tree.

Furthermore, the influence of tree species and dbh on microhabitat diversity was ex-
amined using ANOVA, followed by Tukey HSD test for a comprehensive assessment.
For all tests, significance was considered when the associated critical value (p) was
less than 0.05.

Regression analyzes were used to determine the relationship between the diameters
of the trees of different species, the frequencies of occurrence of microhabitats, and
the diversity of the microhabitat. The calculations and statistical analysis were perfor-
med in R (R Core Team, 2022).

3 Results
3.1 The occurrence of different types of microhabitats

This study indicates that all trees with a dbh greater than 40 cm harbored at least
one type of microhabitat, regardless of species. However, the occurrence and type
of microhabitats varied between tree species (Table 3). Beech trees predominantly
harbored cavities (mean occurrence of 1.97), lichens (2.15), and fungal fruiting bodies
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(0.19). In contrast, sycamore trees exhibited a higher prevalence of bryophyte species
(3.89). Norway spruce trees showed a notable abundance of dead branches (1.73)
and fresh exudates (0.19), while silver fir trees had a significant occurrence of trunk
cracks (0.92).

Table 3: The average number of microhabitat types per tree species. Homogeneous groups within each
microhabitat type are indicated by letters (a, b, ¢, and d) based on Tukey's HSD test results.

Tabelle 3: Die durchschnittliche Anzahl der Mikrohabitattypen nach Baumarten. Homogene Gruppen
innerhalb jedes Mikrohabitattyps sind durch Buchstaben (a, b, ¢, d) auf der Grundlage der Ergebnisse
des Tukey-HSD-Tests gekennzeichnet.

Fungal
Tree species Cavities ;:::T(: br::::es Fruitging Bryophytes Lichens exzt:jres
Body
Beech 1.97° 0.26° 1.31* 0.19° 1.44° 2.15° 0.05°
Fir 1.49° 0.92¢ 1.5° 0.06° 1.92° 2.11° 0.02°
Spruce 0.54° 0.34¢¢ 1.73° 0.06° 0.89¢ 1.27° 0.19°
Sycamore 1.50° 0.68®  1.53= 0.14: 3.89¢ 1.47° ot

Across all species, fungal fruiting bodies were relatively infrequent, whereas bryo-
phytes and lichens were the most common microhabitats in living trees. Analysis of
the frequency of microhabitats across different tree species showed some variations.
Sycamore and beech exhibited the highest average number of different microhabitat
types (4.3), followed by silver fir (4.2) and Norway spruce (3.6). Similar values were
observed when considering the average number of microhabitats per tree, sycamore
showing the highest average (9.2), followed by beech (8.0), silver fir (7.2), and Norway
spruce (5.0).

The results of Tukey's Honest Significant Difference (HSD) test revealed distinct pat-
terns in the distribution of microhabitat types among the studied tree species. There
was no significant difference in the occurrence of different types of microhabitats or
in the total number of microhabitats between beech and sycamore. In contrast, signi-
ficant differences were found between Norway spruce and beech and sycamore. The
microhabitat occurrences and total numbers for silver fir did not significantly differ
from those of either the beech and sycamore group or the Norway spruce group, as
indicated by the homogeneous groups in Tukey's HSD test.
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Figure 3: Number of different types of microhabitat and total microhabitat counts per tree species, with
corresponding homogeneous groups. N represents the number of trees analyzed and red dots the mean value.

Abbildung 3: Anzahl der verschiedenen Mikrohabitattypen und Gesamtzahl der Mikrohabitate pro
Baumart, mit den entsprechenden homogenen Gruppen. N steht fiir die Anzahl der untersuchten
Baume und die roten Punkte fiir den Mittelwert.

3.2 The Influence of tree diameter on number and occurrence of microhabitats

The results revealed a consistent increase in the average number of microhabitats
per tree with increasing dbh in all tree species. A significant correlation was observed
between the dbh classes and the average number of microhabitats per tree and the
average number of different types per tree for all tree species (p < 0.05) (Table 4).
Specifically, for Norway spruce, silver fir, and sycamore, the average number of mic-
rohabitats exhibited a gradual increase from diameter classes of 40-60 cm to 60-80
cm, followed by an increase in trees larger than 80 cm. For all tree species, significant
differences were found between the dbh classes except beech, where no significant
differences were found between the dbh class 60-80 and >80 (Figure 4).

The Tukeys HSD test reveals a clear pattern of the occurrence of different types of
microhabitats when tested on all tree species and dbh classes (Table 5). Trees wit-
hin identical dbh categories were predominantly aggregated into singular homo-
geneous groups based on Tukey's HSD test; however, exceptions were noted; for
example, sycamore and silver fir trees in the >80 cm DBH class did not conform to
this pattern. Additionally, a transitional grouping phenomenon was identified, exem-
plified by Norway spruce trees in the 60-80 cm dbh range exhibiting similarities to
sycamore and beech trees within the 40-60 cm dbh interval.
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Table 4: Summary of different microhabitat types for each tree species, categorized by dbh class, along
with the corresponding homogeneous groups across all tree species and dbh classes. N represents the
number of trees analyzed, mean refers to the average number of different types of microhabitat per tree,

and SD indicates the standard deviation.

Tabelle 4: Zusammenfassung der verschiedenen Mikrohabitattypen fiir jede Baumart, kategorisiert
nach dbh-Klasse, zusammen mit den entsprechenden homogenen Gruppen Uber alle Baumarten
und dbh-Klassen. N steht fiir die Anzahl der untersuchten Baume, der Mittelwert bezieht sich auf die
durchschnittliche Anzahl der verschiedenen Mikrohabitattypen pro Baum, und SD bezeichnet die

Standardabweichung.

Cemal Visnji¢, Besim Bali¢, Mehmed Cila3, Sead Vojnikovi¢

Tree species dbhclass N mean SD Tukeys HSD groups
Sycamore >80 10 59 074 a b
Fir >80 34 574 142 a
Beech >80 21 538 074 a b
Spruce >80 13 5 1 a b ¢
Beech 60-80 30 48 081 b ¢
Sycamore 60-80 21 476 1.09 b ¢
Fir 60-80 28 425 0.93 c d
Spruce 60-80 24 392 121 c d e
Sycamore 40-60 30 3.53 0.82 d e f
Beech 40-60 36 3.28 1.23 e f g
Spruce 40-60 33 291 0.95 f g
Fir 40-60 37 262 0.68 g
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Figure 4: The average number of different types of microhabitat for each dbh class, categorized by tree
species, with corresponding homogeneous groups. N represents the number of trees analyzed and the
mean indicates the average occurrence of different microhabitat types per tree.

Abbildung 4: Durchschnittliche Anzahl der verschiedenen Mikrohabitattypen fiir jede dbh-Klasse,
kategorisiert nach Baumarten, mit entsprechenden homogenen Gruppen. N steht furr die Anzahl der
untersuchten Baume, und der Mittelwert gibt das durchschnittliche Vorkommen der verschiedenen
Mikrohabitattypen pro Baum an.

Assignificant increase in the number of microhabitats for beech was observed from 40 to
80 cm in diameter, followed by gradual saturation beyond 80 cm. In the largest diameter
classes (>80 cm), the mean number of microhabitats per tree was 13.4 for sycamore,
11.8 for beech, 11.0 for silver fir, and 7.6 for Norway spruce. For all tree species, a trend
of increasing numbers was evident in microhabitat types with dbh, although the rate of
increase is slower and follows an almost linear pattern. In particular, beech trees exhibit
a slightly slower increase in microhabitats above 80 cm dbh compared to other tree spe-
cies. The total number of microhabitats differs statistically between the dbh classes for
all tree species (Figure 5). The analysis employing Tukey's HSD test indicates a pattern in
the total number of microhabitats that is similar to that of microhabitat types, but with
notable exceptions. For example, sycamore trees within the 40-60 cm dbh class are ag-
gregated with other tree species within the higher 60-80 cm dbh class. On the contrary,
Norway spruce trees are associated with tree species in lower dbh classes (Table 5).
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Figure 5: Total number of microhabitats per tree across different dbh classes, classified by tree species, with
corresponding homogeneous groups. N represents the number of trees analyzed and the mean indicates
the average occurrence of microhabitats per tree.

Abbildung 5: Gesamtzahl der Mikrohabitate pro Baum in verschiedenen dbh-Klassen, kategorisiert
nach Baumarten, mit entsprechenden homogenen Gruppen. N steht fiir die Anzahl der untersuchten
Baume, und der Mittelwert gibt das durchschnittliche Vorkommen von Mikrohabitaten pro Baum an.
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Table 5: Summary of the total number of microhabitats per tree species, categorized by dbh class, along
with the corresponding homogeneous groups across all tree species and dbh classes. N represents the
total number of trees analyzed, mean refers to the average number of microhabitats per tree, and SD
indicates the standard deviation.

Tabelle 5: Zusammenfassung der Gesamtzahl der Mikrohabitate pro Baumart, kategorisiert nach
dbh-Klasse, zusammen mit den entsprechenden homogenen Gruppen Uber alle Baumarten und
dbh-Klassen. N steht fiir die Gesamtzahl der analysierten Baume, der Mittelwert bezieht sich auf die
durchschnittliche Anzahl der Mikrohabitate pro Baum, und SD bezeichnet die Standardabweichung.

Tree species dbhclass N mean SD Tukeys HSD groups
Sycamore >80 10 134 178 a
Beech >80 21 1181 299 a b
Fir >80 34 1103 397 a b
Sycamore 60-80 21 9.52 1.6 b ¢
Beech 60-80 30 897 253 o
Spruce >80 13 7.62 1.98 c d e
Sycamore 40-60 30 757 194 c d
Fir 60-80 28 6.64 2.06 d e f
Spruce 60-80 24 521 184 e f g
Beech 40-60 36 497 2.83 f g
Fir 40-60 37 449 124 g
Spruce 40-60 33 385 1.39 g

3.3 Microhabitat diversity

The diversity of microhabitats per tree varied between tree species. Beech exhibited
the highest average diversity of microhabitats (1.3), followed by sycamore (1.3), Nor-
way spruce (1.2), and silver fir (1.2). (Figure 6). According to the results of the Tukey
HSD test, no statistically significant differences were observed between all tree spe-
cies across all dbh classes. Different patterns in microhabitat diversity were observed
in different diameter classes for each tree species (Figure 7). For beech, the diversity
index increased from 1.05 (£0.05) in the 60-80 cm dbh class to 1.47 (£0.05) at 80 cm,
with a slower increase afterward to 1.55 (+0.06) for trees above 80 cm. Similarly, silver
fir exhibited an increase from 0.81 (£0.05) in the 40-60 cm dbh class to 1.38 (+0.05) at
60-80 cm, with a slight increase to 1.49 (+£0.05) for trees above 80 cm. Sycamore sho-
wed an increase of 1.08 (+0.05) in the 40-60 cm dbh class to 1.36 (+0.06) at 60-80 cm,
followed by a slower increase of 1.50 (+0.09) for trees greater than 80 cm. In contrast,
Norway spruce exhibited a consistent increase, with diversity indices of 0.99 (+0.49)
in the 40-60 cm dbh class, 1.26 (£0.06) at 60-80 cm, and 1.53 (+0.08) for trees greater
than 80 cm. For beech and silver fir, there were no significant differences between
dbh classes 60- 80 and >80, where for sycamore and Norway spruce, the differences
between all dbh classes were statistically significant.
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Figure 6: Average diversity of microhabitats per tree species, with the corresponding homogeneous
groups. N represents the number of analyzed trees, and mean indicates the mean value of the Shannon
diversity index.

Abbildung 6: Durchschnittliche Vielfalt der Mikrohabitate pro Baumart, mit entsprechenden
homogenen Gruppen. N steht flr die Anzahl der untersuchten Baume, und der Mittelwert gibt den
Mittelwert des Shannon-Diversitdtsindex an.
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Figure 7: Average diversity of microhabitats for each dbh class, categorized by tree species, with
corresponding homogeneous groups. N represents the number of trees analyzed and the mean indicates
the mean value of the Shannon diversity index.

Abbildung 7: Durchschnittliche Vielfalt der Mikrohabitate fiir jede dbh-Klasse, aufgeschliisselt nach
Baumarten, mit entsprechenden homogenen Gruppen. N steht fiir die Anzahl der untersuchten
Baume, und der Mittelwert gibt den Mittelwert des Shannon-Diversitatsindex an.

4 Discussion
4.1 Importance of tree species on the occurrence of microhabitat types

The importance of tree-related microhabitats as crucial elements of forest biodiversi-
ty has led to numerous studies in both primary and managed forests throughout Eu-
rope. Generally, these studies have focused on the influence of two main drivers - tree
species and diameter at breast height (dbh) - on the number and occurrence of mic-
rohabitat types (Vuidot et al., 2011; Larrieu & Cabanettes, 2012; Regnery et al., 2013;
Paillet et al., 2019; GroBmann et al., 2019; Sever & Nagel, 2019; Asbeck et al., 2021,
2022). The results consistently suggest that tree species are determining factors of
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microhabitat abundance and richness. The dbh emerges as a prominent determinant
of the occurrence of tree-related microhabitats in various studies (Butler et al., 2013;
Larrieu et al., 2014; GroBmann et al., 2019; Asbeck, 2021). Larger trees tend to harbor
higher abundance and diversity of microhabitats, regardless of species (Asbeck et al.,
2022; GroBmann et al., 2019; Jahed et al., 2020; Paillet et al., 2019).

Our study observed that the diversity of tree species within the forest significantly
influences the presence and abundance of various microhabitats. Each species sho-
wed a preference for a specific type of microhabitat. Our findings reveal that the most
prevalent types of microhabitats in live trees were epiphytes (lichens and mosses),
cavities (woodpecker cavities and rot holes), and dead branches. On the contrary,
fungal fruiting bodies, trunk cracks, and fresh exudates were observed, but were no-
tably less frequent. Epiphytes, including lichens and mosses, are highly abundant in
mixed Dinaric and Alpine forests and are essential components of their biodiversity.
They are crucial as nesting materials for birds and mammals (Hayward & Rosentreter,
1994; Wesotowski & Wierzcholska, 2018). Furthermore, they offer shelter and nesting
sites for insects, predominantly beetles and moths (Asbeck et al., 2022). Epiphytic
lichens and bryophytes also provide habitats for various invertebrates, including spi-
ders, mites, and tardigrades (Ellis, 2012), and host lichenivorous fungi and epibryo-
phytic lichens (Hamaldinen et al., 2023). Weckesser and Visnji¢ (2005) documented
35 species of lichens, 12 species of liverworts, and 17 species of mosses in the Dinaric
old-growth forest "Ravna Vala," underscoring the importance of epiphytes as cruci-
al biodiversity components within forest ecosystems. The abundance and diversity
of lichens and mosses are influenced by factors such as the variety of tree species
present, the structural complexity of the forest, and the unique habitat conditions
within these forests. The presence of different epiphyte species is related to specific
tree species and their location on the tree (Ellis, 2012; Kuusinen, 1996). Lichens are
more prevalent in coniferous trees and can be found in both the trunk and the crown.
Mosses are found almost exclusively on trunks, more so on deciduous trees than on
conifers (Weckesser & Visnji¢, 2005; Vuidot et al., 2011; Marmor et al., 2013; Tarasova et
al., 2017).These studies reveal a similar trend: mosses are more abundant on sycamo-
re and beech trees, while lichens are more commonly found on silver fir. Furthermore,
the presence of bryophytes increases more rapidly with the diameter of the tree in
beech and silver fir compared to Norway spruce. Interestingly, in sycamore trees, no
significant correlations were found between dbh and the occurrence of epiphytes
per tree. Mosses, often coexisting with lichens, contribute to complex epiphytic com-
munities (Weckesser & Visnji¢, 2005). Studies conclude that in old beech and sycamo-
re trees, epiphytes are part of species-rich communities such as Lobario—Antitrichion,
whereas these communities tend to be less diverse in younger trees with smoother
and thinner bark. Dead branches of living trees serve as vital substrates for various or-
ganisms, including saproxylic insects, fungi, and lichens (Larrieu et al., 2018). In mana-
ged conifer-dominated boreal forests, these dead branches can account for up to half
of the total tree surface area (Svensson et al., 2014). Dead branches were abundant in
all tree species, exhibiting an exceptionally high abundance in Norway spruce (1.73)
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and sycamore (1.53). This can be attributed to structural characteristics similar to tho-
se of uneven-aged managed forests. In such environments, due to competition from
neighboring trees, the branches in the crown, especially in the lower parts, tend to
die off faster in Norway spruce compared to silver fir and beech, which exhibit greater
tolerance to shade than Norway spruce and sycamore. Consequently, a higher inci-
dence of dead branches was observed in thinner Norway spruce trees.

Trunk cracks can occur due to frost, lightning, or mechanical pressure from neig-
hboring trees falling due to age or wind. These cracks serve as nesting and hiding
sites for various invertebrates, including spiders and flat bugs, while larger cracks
can also accommodate birds and bats (Michel & Winter, 2009). In our study, cracks
in the trunk were more frequent in deciduous tree species than in conifers and were
observed more frequently in larger trees than in smaller ones. These findings par-
tially align with those of Vuidot et al. (2011), who found no significant differences
in the probability of crack occurrence among tree species. Cavities are formed by
excavating birds (woodpeckers) or by wood-decaying fungi. In this study, all cavities
(woodpecker cavities and rot holes) were considered a single microhabitat due to
the small number of woodpecker cavities in live trees. The presence of woodpecker
cavities is a reliable indicator of tree vitality, with a significantly higher probability
of occurrence in standing dead trees (snags) compared to live trees (Vuidot et al.,
2011). Woodpecker-excavated cavities tend to be more abundant in large broadleaf
trees, while decay-induced cavities are commonly found in older trees (Andersson et
al., 2018; Parsons et al., 2003; Sever & Nagel, 2019). These cavities serve as habitats
for numerous insects and other invertebrates and as nesting and sheltering sites for
various birds and certain mammals, including bats (Esseen et al., 1997). The highest
average number of cavities was found in silver fir and the lowest in Norway spruce.
The highest concentration of cavities was at the base of old trees. Furthermore, we
found a significantly higher occurrence of cavities in silver fir, sycamore, and beech
compared to Norway spruce. Significant correlations were found between dbh and
the average number of cavities per tree for silver fir, sycamore, beech and Norway
spruce, consistent with the findings of Vuidot et al. (2011). Studies by Sever and Nagel
(2019) and Asbeck et al. (2022) have also highlighted a substantial increase in cavities
within old-growth forests compared to managed forests. This outcome is expected,
given that in old-growth forests, live trees frequently sustain various types of damage
from natural disturbances such as wind, snow, ice, and bark beetles, leading to cavity
formation through decay processes.

Fungal fruiting bodies serve as habitats or food sources for insects, notably beetles
(Jonsell etal., 2001). Their presence is closely related to tree vitality, with a higher pro-
bability of occurrence in standing dead trees (snags) compared to living trees (Vui-
dot, 2011; Grol3mann et al., 2018). In this study, the presence of this microhabitat was
only evaluated in live trees, resulting in a relatively low average number of fungal frui-
ting bodies per tree. Silver fir and sycamore had a higher number of fungal fruiting
bodies compared to beech and Norway spruce. There was no correlation between
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dbh and the average number of fungal fruiting bodies. Furthermore, Larrieu et al.
(2012) identified dbh thresholds associated with the occurrence of fungal fruiting bo-
dies in both beech and silver fir. Fresh exudates, which offer benefits to various insect
species (Hamaldinen et al., 2023) and birds (Biitler et al., 2013), appear predominantly
on injured sections of tree trunks. In our study, Norway spruce demonstrated a hig-
her prevalence of fresh exudates compared to silver fir, beech, and sycamore, where
its occurrence was notably infrequent. There was no correlation between dbh and
the presence of fresh exudates. Despite its ecological importance, this microhabitat
remains relatively understudied, which underscores the need for further research to
delineate its significance for biodiversity.

4.2 Importance of tree species and dbh on the number and diversity of
microhabitats

Our analysis revealed that tree characteristics mainly influence the number, occurren-
ce, and diversity of microhabitat types. Consistent with previous studies conducted
in Central Europe (Winter et al., 2008; Regnery et al., 2013; Vuidot et al., 2011; Paillet et
al., 2019; Asbeck et al., 2021, 2022), we found that tree species are a crucial determin-
ant of tree-related microhabitat abundance and richness. Our investigation observed
that sycamore, beech, and silver fir live trees provide a significantly greater abun-
dance of tree-related microhabitats compared to Norway spruce. These results are
consistent with previous research indicating a higher occurrence of microhabitats in
deciduous tree species compared to coniferous (Larrieu et al., 2012; GroBmann et al.,
2018; Asbeck et al., 2019; Asbeck et al., 2021). Furthermore, our study highlights the
crucial role of sycamore in shaping the occurrence and richness of tree-related micro-
habitats within mixed Dinaric forests, where sycamore is typically found individually
or in small groups alongside beech and silver fir.

Interestingly, sycamore trees with a smaller dbh (40-60 cm) showed a substantial ab-
undance of microhabitats compared to other tree species with larger diameters (60-
80 cm). Therefore, the contribution of sycamore to the biodiversity of these forests is
invaluable.

Our findings underscore the crucial role of well-structured and mixed forests (deci-
duous and coniferous) in supporting forest-dwelling species' biodiversity and overall
forest biodiversity. Each tree species within these communities has specific bioeco-
logical and morphological characteristics that favor the creation and maintenance of
microhabitats. These results are consistent with similar findings reported by Kozak et
al. (2018) and Sever and Nagel (2019).

The microhabitat diversity index was generally higher for beech (1.31), sycamore
(1.26), and silver fir (1.21) than for Norway spruce (1.18); however, no statistically sig-
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nificant differences were found in the average diversity index among the tree species
studied. Our findings align with those of Gromann et al. (2018) on the average mic-
rohabitat diversity index, particularly for beech (1.32). However, for silver fir (1.48) and
sycamore (1.45), their reported values were higher, suggesting a potential correla-
tion between microhabitat diversity and geographical factors, altitude, historical and
contemporary habitat conditions, as well as anthropogenic influences. Consequently,
comparability between regions is limited and evaluations should be carried out local-
ly. Our study also indicates that there are no significant discrepancies in the average
diversity index of microhabitats between the tree species investigated.

Consistent with previous research findings (Vuidot et al., 2011; Larrieu & Cabanettes,
2012; Kozak et al., 2018; Paillet et al., 2019; Sever & Nagel, 2019; Asbeck et al., 2019,
2022), our study indicates a positive correlation between the diameter of the tree at
breast height (dbh) and the presence of microhabitats associated with trees, as well
as the diversity of microhabitats per tree, across all examined tree species (beech,
silver fir, sycamore, and Norway spruce). Generally, larger trees exhibit a higher ab-
undance of microhabitats, a more comprehensive array of microhabitat types, and
increased diversity across the spectrum of tree species (see Table 4, 5, 6). Asbeck et al.
(2021) state that it is not fully understood whether tree species or diameter at breast
height (dbh) is more decisive, but both are usually the two most important drivers of
tree-related microhabitat occurrence. Other authors also indicate the importance of
tree species and tree diameter in the abundance and richness of microhabitats (Sever
& Nagel, 2019; Vuidot, 2011; Larrieu et al., 2014; Asbeck, 2022).

The mean diversity index values per tree were meticulously organized into diameter
classes in all tree species, unequivocally affirming dbh as the primary predictor of
microhabitat diversity (see Table 6). Our findings elucidate that different tree species
exhibit preferences for specific types of microhabitats, underscoring the significance
of tree species diversity in influencing the frequency of microhabitats, particularly in
mixed forests that house both conifers and broadleaves. These observations are clo-
sely related to the findings of Kozlak et al. (2018). Furthermore, our study underscores
that tree species and their dbh in mixed, uneven-aged forests are intricately intertwi-
ned. In particular, thinner suppressed trees, in some cases, harbor more microhabi-
tats than larger ones, suggesting that the importance of these quantitative indicators
is contingent on microsite characteristics and the structural complexity of the forest,
which can exhibit considerable variation within a confined area.
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Table 6: Summary of the diversity of microhabitats for each tree species, categorized by dbh class, along
with the corresponding homogeneous groups across all tree species and dbh classes. Mean represents the
average value of the Shannon diversity index, and SD denotes the standard deviation.

Tabelle 6: Zusammenfassung der Mikrohabitatvielfalt fir jede Baumart, kategorisiert nach dbh-
Klasse, zusammen mit den entsprechenden homogenen Gruppen lber alle Baumarten und dbh-
Klassen. Der Mittelwert stellt den Durchschnittswert des Shannon-Diversitatsindexes dar, und SD
bezeichnet die Standardabweichung.

Tree species g::s N mean SD Tukeys HSD groups
Sycamore >80 10 156 0.28 a
Beech >80 21 155 024 a b
Spruce >80 13 153 023 a b
Fir >80 34 149 0.3 b ¢
Beech 60-80 30 147 0.21 o
Fir 60-80 28 138 0.18 c d e
Sycamore 60-80 21 136 0.19 c d
Spruce 60-80 24 127 0.31 d e f
Sycamore 40-60 30 1.08 0.25 e f g
Beech 40-60 36 106 04 f g
Spruce 40-60 33 099 0.28 g
Fir 40-60 37 082 031 g

Based on our findings, forest management should prioritize the conservation of be-
ech and sycamore trees, as they host the highest number and diversity of microha-
bitats crucial for biodiversity. In particular, sycamore trees in the 40-60 cm dbh class
exhibit microhabitat diversity comparable to larger trees (>80 cm dbh) of other spe-
cies; therefore, preserving these smaller sycamores can significantly enhance habi-
tat availability. Furthermore, retaining large-diameter trees of all species is essential,
since the number and diversity of microhabitats increases with tree size. Promoting a
heterogeneous forest structure - with a mix of species, varying tree sizes, and multip-
le canopy layers - will further support biodiversity conservation.
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