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Abstract

Tree-related microhabitats (TreMs) are distinct structures on living or dead trees that 
provide critical habitats for numerous species and serve as valuable indicators of fo-
rest biodiversity. This study represents the first assessment of TreMs in a national park 
in Türkiye, Yedigöller National Park, with the aim of comparing areas with different 
levels of human impact to evaluate effects on TreMs. Fieldwork was carried out in 
10 study sites (5 conservation, 5 recreation) with one 625 m2 square plot established 
at each site, where tree species, diameter, health status, and TreMs types were re-
corded. In total, 272 trees and 2020 TreMs were documented. Although recreational 
areas hosted a higher overall number of TreMs, conservation areas exhibited grea-



Seite 252	 İrem Tüfekcioğlu, Simay Kırca Flores

ter average abundance and higher ecological value (EcoVal), reflecting the rarity and 
long formation time of many TreMs. Both living and standing dead wood (snags) were 
identified as essential for sustaining TreMs diversity, with dead wood harboring parti-
cularly rich and valuable TreMs assemblages. Habitat trees, regardless of being alive or 
dead, played a central role in supporting diverse and high-value microhabitats. These 
findings from Yedigöller National Park highlight the importance of TreMs for biodi-
versity conservation and underline the need to balance conservation priorities with 
recreational use in protected forests to ensure the long-term ecosystem integrity.

Zusammenfassung

Baummikrohabitate (TreMs) sind charakteristische Strukturen an lebenden oder to-
ten Bäumen, die zahlreichen Arten essenzielle Lebensräume bieten und als wertvol-
le Indikatoren der Waldbiodiversität dienen. Die vorliegende Studie stellt die erste 
Untersuchung von TreMs in einem Nationalpark in der Türkei dar, Nationalpark Yedi-
göller, mit dem Ziel, Schutz- und Erholungsgebiete zu vergleichen, um die Auswir-
kungen menschlicher Aktivitäten auf TreMs zu bewerten. Die Feldarbeiten wurden 
in 10 Quadraten an 10 Untersuchungsflächen (5 Schutzgebiete, 5 Erholungsgebiete) 
mit jeweils einem 625 m2 großen quadratischen Plot durchgeführt, wobei Baumar-
ten, Durchmesser, Gesundheitszustand und TreMs-Typen erfasst wurden. Insgesamt 
wurden 272 Bäume und 2020 TreMs dokumentiert. Obwohl in den Erholungsgebie-
ten eine höhere Gesamtzahl von TreMs festgestellt wurde, wiesen die Schutzgebie-
te eine größere durchschnittliche Häufigkeit und einen höheren ökologischen Wert 
(EcoVal) auf, was auf die Seltenheit und lange Entwicklungszeit vieler TreMs zurück-
zuführen ist. Es zeigte sich, dass sowohl lebendes als auch totes Holz für den Erhalt 
der TreMs-Diversität unerlässlich ist, wobei Totholz besonders artenreiche und wert-
volle TreMs-Gemeinschaften beherbergt. Habitatbäume, unabhängig davon, ob 
lebend oder tot, spielten eine zentrale Rolle bei der Unterstützung vielfältiger und 
ökologisch hochwertiger Mikrohabitate. Diese Ergebnisse aus dem Yedigöller-Natio-
nalpark unterstreichen die Bedeutung von TreMs für den Biodiversitätsschutz und 
heben die Notwendigkeit hervor, Naturschutzprioritäten mit Erholungsnutzung in 
Schutzwäldern in Einklang zu bringen, um die langfristige Integrität der Ökosysteme 
zu gewährleisten.

1 Introduction

Protected forests are essential for biodiversity conservation, yet many face mounting 
pressure from recreational activities and management interventions. National parks, 
which generally contain a considerable amount of forest cover, are keystones of the 
global protected area network (Arcese and Sinclair 1997; Nelson and Serafin 1997). 
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While there is still a need for effective tools to understand and monitor their ecological 
performance (Gaston et al. 2008), conflicts about land-use within and around the na-
tional parks persist more commonly in developing countries (Hough 1988) like Türkiye.

Tree-related microhabitats (TreMs)—including cavities, injuries, bark pockets, and 
fungal bodies—are distinct structures on living or dead trees that provide essential 
habitat for diverse taxonomic groups from invertebrates to vertebrates, fungi, and 
plants, during their life cycles (Grossmann et al. 2018; Larrieu et al., 2018; Bütler et 
al. 2020; Asbeck et al. 2021). Their diversity and abundance have emerged as power-
ful indicators of forest biodiversity (Larrieu and Cabanettes 2012; Michel and Winter 
2009). Research demonstrates that TreMs abundance correlates strongly with tree 
size and vitality status: habitat trees (typically large, old trees) and dead wood harbor 
significantly more microhabitats than smaller, living trees (Paillet et al. 2019; Asbeck 
et al. 2020). The ecological value (EcoVal) of TreMs, based on their rarity and develop-
ment time, provides a standardized metric for assessing habitat quality and conser-
vation effectiveness (Kraus et al. 2018).

TreM-based assessments are increasingly operationalized through standardized field 
methodologies, including the Marteloscope approach, which enables systematic 
tree-level recording of microhabitat types and ecological values across permanent 
forest plots (Bütler et al. 2013; Kraus & Krumm 2013; Kraus et al. 2018). While TreMs 
research has been extensively conducted in temperate and boreal forests in Central 
Europe and North America, as well as in Western and Central Mediterranean  forests 
(Dutta et al. 2025) -particularly Spain, France, and Italy (see Integrate+ Network; Kraus 
et al. 2022), studies in the Eastern Mediterranean, Anatolian, and Middle Eastern regi-
ons remain relatively scarce despite their ecological significance. Recent work in Irani-
an Oriental beech forests has highlighted the importance of tree species identity and 
DBH as key determinants of TreM occurrence (Khanalizadeh et al. 2020), while a broa-
der investigation across Europe and Iran identified stand dynamics and tree aging as 
primary drivers of microhabitat formation rates, underscoring the need for predictive 
models to guide retention forestry decisions (Courbaud et al. 2022). Similarly, studies 
in Mediterranean oak and Italian mountain forests have confirmed that large trees 
and standing dead wood disproportionately support microhabitat diversity (Regnery 
et al. 2013; Marziliano et al. 2021). The Western Black Sea Region of Anatolia, part of 
the Euro-Siberian phytogeographical region and home to transitional forests where 
European temperate and Colchic elements converge, represents a particularly un-
derstudied system in this regard. These forests, dominated by tree taxa such as Fagus 
orientalis, Carpinus betulus, Quercus spp., Abies spp., and Pinus spp., face increasing 
recreational and management pressure that may affect TreM assemblages in ways 
not yet documented.

Yedigöller National Park in Türkiye provides an instructive example of protected areas 
with dual conservation-recreation functions while offering an ideal setting to inves-
tigate TreMs patterns in Black Sea region forests. The park‘s mixed deciduous-conife-
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rous forests experience a stark gradient of human impact: recreational facilities are 
clustered around a few of the park’s seven avalanche-formed lakes, concentrating 
visitor pressure into relatively small zones with measurable ecological impacts (Kırca 
and Altınçekiç 2018). In these areas, forest understory seedlings often fail to establish 
due to intensive trampling, while soil compaction from concentrated use leads to 
widespread exposure of tree roots at the surface (Kırca and Altınçekiç 2018). Accor-
ding to park management, additional interventions, including pruning to minimize 
branch-fall risks to visitors, are regularly applied in picnic and camping areas. Further-
more, dead branches and wood are frequently used in illegally lit fires, resulting in the 
near absence of dead wood in recreational sites. The park‘s rugged topography gene-
rates pronounced spatial heterogeneity in accessibility over short distances, allowing 
high-impact recreational zones to exist in close proximity to areas with minimal dis-
turbance on less accessible terrain. Thus, although Yedigöller is legally designated as 
unmanaged forest within a national park, it remains subject to management inter-
ventions such as pruning for visitor safety as well as direct anthropogenic pressures 
(trampling, soil compaction, vandalism) and indirect impacts (dead wood removal for 
fires) (Kırca 2015; pers. comm. with park management; pers. obs.).

This study examines the TreMs distribution in Yedigöller National Park, comparing 
conservation and recreational areas, to assess anthropogenic impacts on biodiver-
sity indicators. We test the hypothesis that recreational areas exhibit reduced TreMs 
abundance and ecological value compared to conservation areas, and investigate 
whether habitat trees and dead wood remain key determinants of microhabitat oc-
currence under varying human pressure. Additionally, we evaluate how specific an-
thropogenic activities affect different TreMs types, providing insights into the mecha-
nisms of human impact on forest microhabitats. This study contributes to the limited 
knowledge of TreM patterns in Black Sea region forests while informing management 
strategies that balance biodiversity conservation with sustainable recreational use in 
protected forests where multiple functions coexist.

2 Materials and Methods

2.1 Study Area and Sample Sites

Our study was conducted in Yedigöller National Park, located in the Western Black Sea 
Region of Türkiye, within the province of Bolu (31.7333° E – 31.7833° E and 40.9167° 
N – 40.9667° N). Designated in 1965, the park spans 1,631 hectares of mixed deci-
duous and coniferous forests dominated by Fagus orientalis, Carpinus betulus, Pinus 
nigra subsp. pallasiana, Quercus petraea, and Abies nordmanniana subsp. bornmuel-
leriana (Kırca 2015, Tokcan 2015), creating diverse microhabitat conditions suitable 
for our study objectives. These intact ecosystems provide refuge for a variety of plant 
and animal species (Beşkardeş 2012), contributing to the park’s conservation value 
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(Kırca 2015). Forest stands are predominantly uneven-aged (97%), with 74% exhibi-
ting double or multiple canopy layers, creating structurally diverse conditions favora-
ble for TreMs development. The park receives approximately 200,000 visitors annually 
between April and mid-November, with recreational activities concentrated around 
the seven avalanche-formed lakes (Figure 1).

To assess human impact on the national park‘s ecological integrity, we selected 10 
study sites representing a gradient of anthropogenic influence previously characteri-
zed by Kırca (2015) and Kırca and Altınçekiç (2018). Sites were classified into two ca-
tegories based on hemeroby levels from Kırca (2015): conservation areas (n=5; heme-
roby levels 8-9, indicating minimal human modification) and recreation areas (n=5; 
hemeroby levels 4-6, indicating moderate modification from recreational activities). 
Site selection followed a purposive sampling approach based on three criteria: 

(1) clear differentiation in hemeroby levels reflecting distinct human use intensities, 
(2) representation of the park‘s dominant forest types and structural characteristics, 

and 
(3) accessibility for comprehensive field surveys. 

Within each site, a single 625 m2 (25 × 25 m) quadrat was established in locations 
representing modal stand conditions. In conservation areas, quadrats were positio-
ned ≥50 m from roads and recreational infrastructure to minimize edge effects; in 
recreation areas, quadrats were placed within 20 m of trails or facilities to capture 
maximum anthropogenic impact. All quadrats avoided immediate trail edges (>5 m) 
to ensure safety and minimize observer disturbance. Information on management 
practices was obtained through consultation with park management staff and direct 
field observations during site surveys (2023).

Welch‘s t-tests confirmed no significant differences between area types in key topo-
graphic and structural variables (Table 1): elevation (recreation: 815 ± 53 m; conser-
vation: 885 ± 118 m; t=-1.26, p=0.273), tree density (recreation: 460.8 ± 86.5 trees/ha; 
conservation: 409.6 ± 151.2 trees/ha; t=0.64, p=0.554), mean DBH (recreation: 33.65 
± 11.46 cm; conservation: 41.09 ± 22.46 cm; t=-0.68, p=0.527), and basal area (recrea-
tion: 49.34 ± 23.19 m2/ha; conservation: 65.68 ± 45.95 m2/ha; t=-0.71, p=0.490).
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Table 1: Topographic and structural characteristics of study sites in Yedigöller National Park. Sites are 
classified as recreation (Rec) or conservation (Con) based on hemeroby levels from Kırca (2015), which 
reflect the degree of human modification (scale 1-10; higher values indicate less human influence). 
Topographic variables (elevation, slope, aspect) and structural variables (tree density, mean DBH, basal 
area) were measured during field surveys in 2023. Statistical comparisons (Welch‘s t-tests) show no 
significant differences between area types.

Tabelle 1: Topographische und strukturelle Merkmale der Untersuchungsflächen im Yedigöller-
Nationalpark. Die Flächen sind als Erholungsgebiete (Rec) oder Schutzgebiete (Con) klassifiziert, 
basierend auf Hemerobie-Stufen nach Kırca (2015), die den Grad der menschlichen Beeinflussung 
widerspiegeln (Skala 1–10; höhere Werte bedeuten geringere menschliche Beeinflussung). 
Topographische Variablen (Höhenlage, Hangneigung, Exposition) und Bestandesmerkmale 
(Baumdichte, mittlerer BHD, Grundfläche) wurden während der Felderhebungen im Jahr 2023 
gemessen. Statistische Vergleiche (Welch-t-Tests) zeigen keine signifikanten Unterschiede zwischen 
den Gebietstypen.
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Figure 1: Study area in Yedigöller National Park and the distribution of sample plots and recreational facilities.

Abbildung 1: Untersuchungsgebiet im Yedigöller National Park sowie Verteilung der Probeflächen 
und Erholungseinrichtungen.

2.2 Tree Microhabitats, Habitat Trees and Vandalism

2.2.1 Tree inventory and Tree-Related Microhabitats

Within each 25 × 25 m (625 m2) square plot, we recorded data for every tree with DBH 
≥7.5 cm, following Schuck et al. (2015b) and the Marteloscope methodology stan-
dard (Larrieu et al. 2018; Kraus & Krumm 2013). Recorded parameters included spe-
cies identification, DBH, and health status (classified as alive or standing dead: only 
snags were recorded among dead trees). Although shrub species (e.g., Rhododendron 
spp.) were present in the study area, their stem diameters remained below the 7.5 cm 
DBH threshold and were therefore excluded from the analysis.

TreMs were assessed following the standardized catalogue of Kraus et al. (2016), which 
classifies microhabitats from broad categories (Level 1) to specific types (Level 3), and 
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remains actively applied in recent studies on forest management and conservation 
(Fröhlich et al. 2025; Przepióra et al. 2025; Visick et al. 2025). We applied the 2016 cata-
logue to maintain compatibility with the Integrate+ decision support system, which 
automates EcoVal scoring, and to ensure comparability with the broader European 
TreM literature; our fieldwork preceded publication of the revised catalogue (Bütler 
et al. 2024). All TreM types were recorded at Level 3 following best practices (Larrieu 
et al. 2018), but results are presented at Level 2 to facilitate interpretation and ensure 
comparability with forest inventories and conservation frameworks such as Natura 
2000 (Supplementary Table 1). We also documented a site-specific anthropogenic 
impact termed vandalism, characterized by human-caused trunk injuries from scra-
ping and nailing; these records are presented separately to illustrate human impact 
patterns in recreational areas, but were not included in statistical analyses.

2.2.2 Habitat Trees and Vandalism

Habitat trees were defined as individuals with DBH ≥ 40 cm, following the operational 
threshold used in European forest management and TreM assessments. This thres-
hold is widely used as an operational indicator of ecological value in European forest 
management (Niedermann-Meier et al. 2010).

Tree vandalism was frequently observed in recreation areas and consisted mainly of 
carved inscriptions and trunk injuries caused by visitors. Following the TreM frame-
work, vandalism traces were classified into two size classes analogous to bark loss/
exposed sapwood categories (IN1): VA1 (25–600 cm2) and VA2 (>600 cm2). Trees exhi-
biting both types were classified as VA1+VA2 (Figure 2).
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Figure 2: Examples of vandalism classes: VA1 (25–600 cm2), VA2 (>600 cm2), and VA1+VA2 (both types 
present on the same tree).

Abbildung 2: Beispiele für Vandalismusklassen: VA1 (25–600 cm2), VA2 (>600 cm2) und VA1+VA2 
(beide Typen am selben Baum vorhanden).

2.2.3 TreM Categories Used to Assess Forestry Implementations and 
Anthropogenic Pressure

TreM types associated with cavity-related, direct and indirect anthropogenic effects 
were evaluated by comparing their frequencies between area types. We compared 
cavity-related TreMs including woodpecker cavities (CV12: ø 5-6 cm) and branch ho-
les (CV31: ø ≥5 cm; CV32: ø ≥10 cm), which may develop following either branch pru-
ning or natural branch fall (Figure 3-A). Since these structures form over 10-30+ years 
through progressive decay, we cannot determine whether any individual cavity ori-
ginated from historical pruning, natural branch fall, storm damage, or other causes.

To identify direct anthropogenic effects, we examined direct injury-type TreMs that 
are more likely to reflect recent (<10 years) anthropogenic impacts, including fresh 
trunk injuries with limited decay progression. These included trunk and mould ca-
vities with ground contact (CV23, ø ≥ 10 cm; CV24, ø ≥ 30 cm) and without ground 
contact (CV25, ø ≥ 30 cm/semi-open), together with bark loss (IN11, 25–600 cm2, de-
cay stage <3; IN12, >600 cm2, decay stage <3) (Figure 3-B).

For indirect anthropogenic effects, discussions with foresters indicated that visitor ac-
tivities such as walking, picnicking, or camping can cause soil compaction, exposing 
tree roots and eventually leading to the formation of trunk cavities with ground con-
tact. Accordingly, we examined trunk and mould cavities with ground contact (CV21, 
ø ≥ 10 cm; CV22, ø ≥ 30 cm) and root buttress cavities (GR1) (Figure 3-C).
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Figure 3 illustrates only the selected TreM categories used in the assessment of fores-
try implementations and anthropogenic pressure and does not represent the com-
plete TreM typology of Kraus et al. (2016), which comprises 64 TreM types (Supple-
mentary Table 1).

Figure 3: Selected TreM categories used to assess forestry implementations and anthropogenic pressure: 
(A) woodpecker cavities and branch holes, (B) direct anthropogenic injury types, and (C) indirect anthro-
pogenic cavity types (Images from Kraus et al. 2016).

Abbildung 3: Ausgewählte TreM-Kategorien zur Bewertung forstlicher Maßnahmen und 
anthropogener Einflüsse: (A) Spechthöhlen und Astlöcher, (B) direkte anthropogene Verletzungstypen 
and (C) indirekte anthropogene Höhlentypen (Abbildungen nach Kraus et al. 2016).

2.3 Data Analysis

All statistical analyses were conducted in R (R Core Team, 2023). TreM data were analyzed 
at the individual tree level using non-aggregated observations to preserve variability wit-
hin the dataset. Mean (± standard deviation, SD) values were calculated only for descrip-
tive summaries and graphical visualization. Two response variables were considered: 

(i) the number of TreMs per tree and 
(ii) the ecological value of TreMs (EcoVal). 
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EcoVal was calculated following Kraus et al. (2018) by weighting TreMs according to 
their rarity (R), development time (D), and structural size (s), and was log-transformed 
(log10) where necessary to improve normality and reduce heteroscedasticity.

Differences in TreM abundance and EcoVal among area types (conservation vs. re-
creation), tree species, vitality classes (alive vs. standing dead wood), and habitat tree 
categories (DBH ≥ 40 cm vs. DBH < 40 cm) were evaluated using linear models (LM) 
or generalized linear models (GLM), depending on the distribution of the response 
variable. For count data, Poisson models were initially fitted and negative binomial 
models were applied when overdispersion was detected. Pairwise comparisons were 
performed using estimated marginal means (emmeans package).

Because Abies nordmanniana subsp. bornmuelleriana occurred only in conservation 
areas, species-level comparisons were restricted to Fagus orientalis, Carpinus betulus, 
and Quercus petraea, which were present in both area types. To account for potential 
confounding effects of tree size, additional models included DBH as a continuous 
predictor together with habitat tree classification, area type, and tree species. Interac-
tions between DBH and habitat tree category were included in models testing EcoVal 
responses. Relationships between DBH and TreM abundance were further visualized 
using simple linear regression.

Multivariate differences in TreM composition between conservation and recreation 
areas were assessed using Principal Component Analysis (PCA) based on centered 
and scaled variables. TreM types with zero variance were excluded prior to analysis, 
and interpretation focused on the first two principal components (PC1 and PC2).

Vandalism categories (VA1, VA2, and VA1+VA2) and selected TreM types associated 
with cavity-related processes, forestry interventions, and anthropogenic impacts 
were evaluated descriptively by comparing occurrence frequencies between area 
types. These analyses were considered exploratory because the origin and timing of 
many TreMs could not be attributed with certainty to specific historical events.

Graphical outputs combined raw observations with mean ± SD values to visualize 
both variability and central tendency. EcoVal was displayed on a logarithmic (log10) 
scale where appropriate. Statistical significance was assessed at α = 0.05. Analyses 
were conducted using the ggplot2 (Wickham, 2016), emmeans (Lenth, 2024), and 
vegan (Oksanen et al. 2019) packages.
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3 Results

3.1 Effects of Management Context on Tree Microhabitat Abundance, 
Ecological Value and Composition

While the total number of TreMs (conservation area = 983; recreation area = 1,037) 
and their cumulative EcoVal scores (conservation area = 10,177; recreation area = 
10,611) were higher in recreation areas (Supplementary Table 1), mean-based com-
parisons revealed a different pattern. The average number of TreMs per tree (7.7 ± 6.4 
in conservation areas vs. 7.2 ± 4.7 in recreation areas) and mean EcoVal (79.5 ± 90.2 
vs. 73.7 ± 85.8, respectively) were both higher in conservation areas (Figure 4; Supple-
mentary Table 2). This indicates that, on a per-tree basis, trees in conservation areas 
support richer and more valuable microhabitat structures. 

No significant difference was detected in TreM abundance between area types 
(p  =  0.478), whereas EcoVal values were significantly higher in conservation areas 
(p < 0.001) (Figure 4; Supplementary Figure 1). The three most frequently recorded 
TreM types were identical in both area types: GR1 (root buttress cavities), IN1 (bark 
loss/exposed sapwood), and EP3 (epiphytic crypto- and phanerogams) (Figure 5; 
Supplementary Table 1).
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Figure 4: Hybrid visualization of tree-related microhabitats (TreMs) in conservation and recreation areas. 
Points represent individual tree-level observations, while red dots indicate mean values and error bars 
show ± standard deviation (SD). (A) Number of TreMs per tree and (B) EcoVal of TreMs per tree. EcoVal 
values are displayed on a logarithmic (log10) scale to better represent data variability. Different lowercase 
letters indicate statistically significant differences among groups (p < 0.05).

Abbildung 4: Hybriddarstellung der Baum-Mikrohabitate (TreMs) in Schutz- und Erholungsgebieten. 
Punkte stellen Einzelbeobachtungen auf Baumniveau dar, während rote Punkte die Mittelwerte und 
Fehlerbalken ± Standardabweichung (SD) anzeigen. (A) Anzahl der TreMs pro Baum und (B) EcoVal der 
TreMs pro Baum. Die EcoVal-Werte sind logarithmisch (log10) dargestellt, um die Variabilität besser 
abzubilden. Unterschiedliche Kleinbuchstaben kennzeichnen statistisch signifikante Unterschiede 
zwischen Gruppen (p < 0,05).
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Figure 5: Examples of the most frequently recorded TreM types: GR1 (root buttress cavities), IN1 (bark loss/
exposed sapwood) and EP3 (epiphytic crypto- and phanerogams).

Abbildung 5: Beispiele der am häufigsten erfassten TreM-Typen: GR1 (Wurzelanlaufhöhlen), IN1 
(Rindenverlust/freiliegendes Splintholz) und EP3 (epiphytische Kryptogamen und Phanerogamen).

Principal Component Analysis (PCA) revealed significant differences in microhabitat 
composition between conservation and recreation areas for both TreM abundance 
and EcoVal. The first two principal components explained 56.3% of the variation in 
TreM abundance data and 53.9% of the variation in EcoVal data (Figure 6). PC1 ac-
counted for the largest share of variation in both analyses (36.6% and 36.8%, respecti-
vely) and was primarily associated with CV4 (dendrotelms and water-filled holes) and 
GR2 (witches’ brooms), which showed the strongest loadings on this axis (Supple-
mentary Table 3). Pairwise comparisons based on PCA scores confirmed significant 
differences between conservation and recreation areas for both TreM abundance 
(R2 = 0.592, p = 0.021) and EcoVal (R2 = 0.527, p = 0.031).
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Figure 6: Principal component analysis (PCA) of (A) TreM number and (B) EcoVal in conservation and recreation 
areas. TreM codes (e.g., CV, IN, BA, GR, EP, NE, OT) follow the classification described in Supplementary Table 1.

Abbildung 6: Hauptkomponentenanalyse (PCA) von (A) der Anzahl der TreMs und (B) des EcoVal in 
Schutz- und Erholungsgebieten. TreM-Codes (z. B. CV, IN, BA, GR, EP, NE, OT) folgen der Klassifikation 
in Ergänzungstabelle 1.

3.2 Species-Specific Patterns of Tree Microhabitats

A total of eight tree species were recorded across the study area, with marked diffe-
rences in species composition between conservation and recreation areas (Table 2; 
Supplementary Table 4). In general, trees in conservation areas tended to have larger 
diameters and higher TreM abundance and EcoVal values on a per-tree basis, despite 
often occurring at lower densities.
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Table 2: Structural characteristics (mean DBH and height), number of individuals, and total values of tree-
related microhabitats (TreMs) and their ecological value (EcoVal) for each tree species in conservation 
(Con.) and recreation (Rec.) areas.

Tabelle 2: Strukturelle Merkmale (mittlerer BHD und Höhe), Anzahl der Individuen sowie Gesamtwerte 
der Baum-Mikrohabitate (TreMs) und ihres ökologischen Wertes (EcoVal) für jede Baumart in Schutz- 
(Con.) und Erholungsgebieten (Rec.).

To ensure comparability between area types, species-level analyses were restricted to 
Fagus orientalis, Carpinus betulus, and Quercus petraea, which occurred in both con-
servation and recreation areas (Figure 7). For F. orientalis and C. betulus, total TreM 
numbers were generally higher in recreation areas because of greater tree abundan-
ce. However, mean TreM abundance and EcoVal per tree were significantly higher in 
conservation areas (p < 0.01), indicating that individual trees supported richer and 
more valuable microhabitat assemblages. This pattern was particularly pronounced 
for C. betulus.

A similar trend was observed for Q. petraea, for which both TreM abundance and 
EcoVal were higher in conservation areas, although differences were not statistically 
significant (TreM abundance: p = 0.087; Figure 7; Supplementary Table 4). Given the 
low number of Q. petraea individuals in recreation areas (n=2), these results should 
be interpreted with caution.
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Figure 7: Hybrid visualization of tree-related microhabitats (TreMs) for selected tree species in conservation 
and recreation areas. (A) Number of TreMs per tree and (B) EcoVal of TreMs per tree (displayed on a 
logarithmic, log10 scale). Different lowercase letters indicate statistically significant differences among 
groups (p < 0.05). Species codes: Carpinus = Carpinus betulus, Fagus = Fagus orientalis, Quercus = Quercus 
petraea.

Abbildung 7: Hybriddarstellung der Baum-Mikrohabitate (TreMs) für ausgewählte Baumarten in 
Schutz- und Erholungsgebieten. Punkte stellen Einzelbeobachtungen auf Baumniveau dar, während 
rote Punkte die Mittelwerte und Fehlerbalken ± Standardabweichung (SD) anzeigen. (A) Anzahl der 
TreMs pro Baum und (B) EcoVal der TreMs pro Baum (logarithmisch, log10 skaliert). Unterschiedliche 
Kleinbuchstaben kennzeichnen statistisch signifikante Unterschiede zwischen Gruppen (p < 0,05). 
Artkürzel: Carpinus = Carpinus betulus, Fagus = Fagus orientalis, Quercus = Quercus petraea.

The distribution of TreM types also varied among species and area types (Supple-
mentary Table 5; Figure 8). Fagus orientalis and Carpinus betulus supported the hig-
hest diversity and abundance of microhabitats, whereas Quercus petraea exhibited 
lower values. Conservation areas were characterized by higher frequencies of epiphy-
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tic microhabitats (EP1–EP3) and cavity-related structures (CV2–CV5), while recreation 
areas showed a greater occurrence of injury-related microhabitats (IN1–IN3). These 
patterns suggest that both tree species and management context influence the ab-
undance, ecological value, and composition of tree-related microhabitats.

To further assess whether these area-type differences could be explained by tree size 
alone, we conducted analyses including DBH as a continuous predictor alongside 
area type and habitat tree classification (see section 3.4).

Figure 8: Distribution of tree-related microhabitat (TreM) types (Level 2) across selected tree species in 
conservation and recreation areas. Bars represent the mean number of TreMs per tree for each TreM type,  
with blue and orange bars indicating conservation and recreation areas, respectively. Species codes: CBE 
= Carpinus betulus, FOR = Fagus orientalis, QPE = Quercus petraea.

Abbildung 8: Verteilung der Baum-Mikrohabitat-Typen (TreM, Ebene 2) für ausgewählte Baumarten 
in Schutz- und Erholungsgebieten. Balken stellen die mittlere Anzahl der TreMs pro Baum für jeden 
TreM-Typ dar; blaue und orangefarbene Balken kennzeichnen Schutz- bzw. Erholungsgebiete. Die 
Artkürzel: CBE = Carpinus betulus, FOR = Fagus orientalis, QPE = Quercus petraea.
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3.3 Effects of Tree Vitality on Tree Microhabitat Abundance and Ecological 
Value

Out of the 272 sampled trees, 259 were alive and 13 were standing dead wood (snags), 
with dead wood being considerably less frequent in recreation areas (2 individuals) 
than in conservation areas (11 individuals), likely reflecting both safety-related snag 
removal by park management and illegal harvesting for campfires in recreational 
zones. Mean-based comparisons showed that living trees exhibited similar TreM ab-
undance and EcoVal values in conservation and recreation areas, with no significant 
differences between area types (Figure 9; Supplementary Table 6).

In contrast, standing dead wood supported substantially higher TreM abundance 
and EcoVal on a per-tree basis, particularly in conservation areas. Despite represen-
ting only a small proportion of the sampled trees, snags exhibited significantly higher 
TreM abundance and ecological value than living trees. These results highlight the 
disproportionate ecological importance of standing dead wood for the development 
and maintenance of tree-related microhabitats.
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Figure 9: Boxplot visualization of tree-related microhabitats (TreMs) for alive trees and standing dead 
wood (snags) in conservation and recreation areas. (A) Number of TreMs and (B) ecological value of 
TreMs (EcoVal). Boxes represent the interquartile range (IQR), horizontal lines indicate median values, and 
whiskers represent data dispersion. EcoVal values are displayed on a logarithmic (log10) scale to better 
represent variability. Different lowercase letters indicate statistically significant differences among groups 
(p < 0.05).

Abbildung 9: Boxplot-Darstellung der Baum-Mikrohabitate (TreMs) für lebende Bäume und stehendes 
Totholz (Snags) in Schutz- und Erholungsgebieten. (A) Anzahl der TreMs und (B) ökologischer Wert der 
TreMs (EcoVal). Die Boxen stellen den Interquartilsabstand (IQR) dar, die horizontalen Linien zeigen 
die Medianwerte und die Whisker die Datenstreuung. Die EcoVal-Werte sind logarithmisch (log10) 
dargestellt, um die Variabilität besser abzubilden. Unterschiedliche Kleinbuchstaben kennzeichnen 
statistisch signifikante Unterschiede zwischen Gruppen (p < 0,05).
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3.4 Habitat Trees, Tree Diameter and Ecological Value

Of the 272 sampled trees, 79 were classified as habitat trees (DBH ≥ 40 cm), including 
38 individuals in conservation areas and 41 in recreation areas (Figure 10; Supple-
mentary Table 9).

TreM abundance did not differ significantly between habitat trees and trees with DBH 
< 40 cm. In both area types, smaller trees exhibited slightly higher mean TreM num-
bers, although these differences were not consistently significant (Supplementary 
Table 9).

In contrast, habitat trees consistently exhibited higher EcoVal values than smaller 
trees despite having comparable or lower TreM abundance. This difference was parti-
cularly pronounced and statistically significant in conservation areas (p < 0.001; Sup-
plementary Table 11), indicating that habitat trees support microhabitats of greater 
ecological importance even when overall TreM abundance is similar (Figure 10).
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Figure 10: Hybrid visualization of tree-related microhabitats (TreMs) for habitat trees (DBH ≥ 40 cm) and 
trees with DBH < 40 cm in conservation and recreation areas. EcoVal values are displayed on a logarithmic 
(log10) scale to better represent variability. Different lowercase letters indicate statistically significant 
differences among groups (p < 0.05).

Abbildung 10: Hybriddarstellung der Baum-Mikrohabitate (TreMs) für Habitatbäume (BHD ≥ 40 cm) 
und Bäume mit BHD < 40 cm in Schutz- und Erholungsgebieten. Punkte stellen Einzelbeobachtungen 
auf Baumniveau dar, während rote Punkte die Mittelwerte und Fehlerbalken ± Standardabweichung 
(SD) anzeigen. Die EcoVal-Werte sind logarithmisch (log10) dargestellt, um die Variabilität besser 
abzubilden. Unterschiedliche Kleinbuchstaben kennzeichnen statistisch signifikante Unterschiede 
zwischen Gruppen (p < 0,05).
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Regression analyses further showed that DBH was not significantly related to TreM 
abundance (p = 0.103), and neither habitat tree classification, area type, nor species 
identity significantly affected TreM abundance (p > 0.29). Pairwise comparisons like-
wise revealed no significant differences in TreM abundance between habitat trees 
and smaller trees within either area type (p = 0.12) (Figure 11A).

In contrast, EcoVal increased significantly with tree diameter (p < 0.001), following a 
significant positive relationship (Figure 11B; see caption for model parameters) . Alt-
hough habitat tree classification itself was not a significant predictor (p > 0.60), area 
type and species identity remained significant after accounting for DBH (p < 0.01). A 
significant interaction between DBH and habitat tree classification (p < 0.001) further 
indicated that the relationship between tree size and ecological value differed bet-
ween tree categories (Figure 11B).
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Figure 11: Relationship between (A) DBH and mean number of TreMs and (B) DBH and EcoVal across 
conservation and recreation areas. Points represent individual trees and lines show fitted model 
relationships. For panel (A), the relationship was described using a simple linear regression model 
(NT = 8.23 − 0.024 × DBH, R2 = 0.01), indicating a weak and non-significant relationship (p = 0.103). For 
panel (B), the relationship between DBH and EcoVal (log-transformed) was described using a simple 
linear regression model (log(EcoVal + 1) = 2.94 + 0.027 × DBH, R2 = 0.33, p < 0.001), indicating a strong 
positive relationship. Colors denote DBH classification (habitat trees vs. trees with DBH < 40 cm). 
EcoVal is displayed on a logarithmic (log10) scale.

Abbildung 11: Beziehung zwischen (A) dem Brusthöhendurchmesser (DBH) und der mittleren Anzahl von 
Baum-Mikrohabitaten (TreMs) sowie (B) dem DBH und dem EcoVal in Schutz- und Erholungsgebieten. Die 
Punkte stellen einzelne Bäume dar, während die Linien die angepassten Modellbeziehungen zeigen. Für 
Panel (A) wurde die Beziehung mittels eines einfachen linearen Regressionsmodells beschrieben (NT = 8.23 
− 0.024 × DBH, R2 = 0.01), was auf eine schwache und nicht signifikante Beziehung hinweist (p = 0.103). Für 
Panel (B) wurde die Beziehung zwischen DBH und EcoVal (log-transformiert) ebenfalls mit einem einfachen 
linearen Regressionsmodell beschrieben (log(EcoVal + 1) = 2.94 + 0.027 × DBH, R2 = 0.33, p < 0.001), was auf 
eine starke positive Beziehung hinweist. Die Farben kennzeichnen die DBH-Klassifikation (Habitatbäume 
vs. Bäume mit DBH < 40 cm). Der EcoVal wird auf einer logarithmischen (log10) Skala dargestellt.



	 Tree-related Microhabitats as Indicators of Anthropogenic Impact� Seite 275

3.5 Vandalism Patterns in Conservation and Recreation Areas

In the protected areas, we recorded VA1 type on 1 tree and VA2 type on 4 trees. The 
recreational areas showed significantly higher incidence: 52 trees with VA1 damage 
and 58 with VA2 damage. Additionally, 43 trees (1 in the protected areas and 42 in 
the recreational areas) exhibited both VA1 and VA2 types (Figure 12). The concentra-
tion of vandalism in recreation areas, particularly the high prevalence of VA2 damage, 
suggests that large-scale bark injuries may progressively develop into more complex 
cavity structures, potentially altering long-term TreMs composition in these zones.

Figure 12: Number of vandalism-related TreMs (VA1, VA2, and VA1+VA2) recorded in conservation and 
recreation areas. Since each vandalism instance is recorded as one TreM per tree, values also reflect the 
number of affected trees per category.

Abbildung 12: Anzahl vandalismusbedingter TreMs (VA1, VA2 und VA1+VA2) in Schutz- und 
Erholungsgebieten. Da jede Vandalismusinstanz als ein TreM pro Baum erfasst wird, entsprechen die 
Werte zugleich der Anzahl betroffener Bäume je Kategorie.

3.6 Potential Effects of Forestry Implementations and Anthropogenic Pressure 
on Tree Microhabitats

Descriptive comparisons of selected TreM types associated with cavity formation, di-
rect injury, and indirect anthropogenic effects revealed the following patterns. No 
significant differences were found in cavity-related TreMs between conservation and 
recreation areas (Figure 13-A; X-squared = 1.1965, df = 2, p-value = 0.5498; Supple-
mentary Table 12). This result may reflect three possible explanations: 
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(1) pruning does not substantially alter long-term cavity formation rates, 
(2) natural branch fall in conservation areas creates equivalent structures at similar 

frequencies, or 
(3) current cavity distributions reflect historical conditions rather than recent ma-

nagement practices. 

Given these causal ambiguities, we interpret this result cautiously as indicating no 
detectable difference in cavity-type TreM availability rather than as evidence regar-
ding pruning impacts specifically.

Although not statistically significant (Figure 13-B; X-squared = 2.4747, df = 4, p-value 
= 0.6492), notable patterns emerged: CV23, IN11, and IN12 were approximately twice 
as common in recreation areas, while CV24 and CV25 occured at roughly four times 
the frequency (Supplementary Table 13). These patterns are suggestive of higher 
injury rates in recreation areas, though temporal ambiguity — even „fresh“ injuries 
may be 5-10 years old — limits causal interpretation. These structures could reflect 
visitor-caused damage, management interventions, or differential natural processes 
between area types.

Indirect anthropogenic effects showed the strongest and only statistically significant 
differences (Figure 13-C; X-squared = 26.893, df = 2, p-value = 1.446e-06). CV21 was 
significantly more prevalent in recreation areas, consistent with soil compaction from 
visitor pressure.  GR1 was more common in conservation areas (Supplementary Table 
14), a pattern that may reflect earlier-stage root exposure that progressively develops 
into ground-contact cavities (CV21, CV22) under sustained anthropogenic pressure.
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Figure 13: Comparison of (A) woodpecker cavities and branch holes, (B) direct anthropogenic effects and 
(C) indirect anthropogenic effects in conservation and recreation areas.

Abbildung 13: Vergleich von (A) Spechthöhlen und Astlöchern, (B) direkter anthropogener Einflüsse 
and (C) indirekter anthropogener Einflüsse zwischen Schutz- und Erholungsgebieten.
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4 Discussion

4.1 Not All Microhabitats Are Equal: Higher Ecological Value in Conservation 
Areas

Our findings demonstrate that conservation and recreation areas in Yedigöller Na-
tional Park differ not in the overall quantity of TreMs but in their ecological quality, 
with conservation areas supporting significantly higher EcoVal despite comparable 
or slightly lower total TreM counts. This distinction is ecologically meaningful: recrea-
tion areas accumulated higher frequencies of common, low-value microhabitat ty-
pes such as bark loss and epiphytes, while conservation areas harbored structurally 
complex, slow-forming structures that contribute disproportionately to habitat va-
lue. This pattern is consistent with the broader literature showing that management 
disturbance reduces not only TreM abundance but preferentially suppresses rare, 
high-value microhabitat types that require long development times and structural 
complexity to form (Paillet et al. 2018; Asbeck et al. 2021). The mechanism likely in-
volves multiple interacting pathways: safety-related pruning and tree removal redu-
ce the structural substrate for complex cavity development, while soil compaction 
and trampling impair the decay processes that underlie many high-value TreM types. 
Conversely, the reduced disturbance in conservation areas allows trees to age, accu-
mulate structural damage, and develop the morphological complexity that characte-
rizes high-value microhabitat assemblages.

These findings are consistent with studies from Central European and Mediterranean 
forests demonstrating that reduced management intensity promotes the accumula-
tion of structurally complex, high-value TreMs over time (Paillet et al. 2018; Regnery 
et al. 2013)). Importantly, our results extend this pattern to Black Sea region forests, 
where such comparisons have not previously been documented, suggesting that the 
relationship between disturbance regime and microhabitat quality may be broadly 
applicable across temperate forest types. The significant difference in EcoVal despite 
the absence of significant differences in raw TreM counts further underscores that ab-
undance-based metrics alone are insufficient for assessing forest habitat quality—a 
finding with direct implications for biodiversity monitoring frameworks that current-
ly rely on TreM counts rather than weighted ecological value scores.

An important methodological distinction emerges when comparing stand-level ver-
sus tree-level metrics. Although recreation areas contained marginally higher total 
TreM counts and slightly greater TreM density per hectare due to higher tree density, 
conservation areas exhibited higher  per tree TreM abundance and substantially hig-
her EcoVal per tree. This divergence illustrates why raw stand-level TreM counts can 
be misleading as biodiversity indicators: a forest with higher total microhabitat num-
bers may nonetheless support lower habitat quality if those microhabitats are predo-
minantly common, low-value types associated with recent disturbance. For conserva-
tion purposes, tree-level metrics weighted by ecological value are more informative 
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because they capture habitat quality rather than quantity alone—a forest with fewer 
but structurally complex, high-value habitat trees may sustain more specialist spe-
cies than one with many small-diameter trees bearing primarily recent wounds and 
common microhabitat types (Courbaud et al. 2022; Bianco et al. 2024). Our results 
suggest that areas with lower disturbance intensity are associated with the develop-
ment of mature, ecologically valuable microhabitat assemblages (e.g., trunk cavities, 
dendrotelms, and epiphytic lichens and mosses), rather than simply higher microha-
bitat numbers—a pattern with direct implications for how TreM-based assessments 
are designed and interpreted in forest monitoring programmes.

4.2 Species Abundance Does Not Reflect Microhabitat Quality

Species identity influenced TreM abundance and diversity, with Fagus orientalis and 
Carpinus betulus supporting richer microhabitat assemblages than Quercus petraea 
across both area types. This is broadly consistent with species-specific patterns docu-
mented in Hyrcanian Oriental beech forests, where hornbeam showed higher micro-
habitat occurrence probabilities than beech (Khanalizadeh et al. 2020), underlining 
that broadleaved mixtures generally support higher microhabitat density than mo-
nospecific stands (Asbeck et al. 2021; Spînu et al. 2024).

Notably, despite being more abundant in recreation areas, both Fagus orientalis and 
Carpinus betulus exhibited significantly higher per-tree TreM abundance and EcoVal 
in conservation areas. This indicates that the same tree species can support markedly 
different microhabitat assemblages depending on the disturbance regime to which 
they are subjected, and that anthropogenic pressure—rather than differences in tree 
size or stand structural conditions—is the primary driver of microhabitat quality va-
riation in Yedigöller. Species composition alone is therefore an insufficient proxy for 
microhabitat quality, and direct assessment of TreM ecological value is necessary to 
capture management-related differences in habitat provision (Courbaud et al. 2022). 
Broadleaved mixtures may provide the structural substrate for diverse microhabitat 
assemblages, but realizing that potential appears to require conditions of low distur-
bance intensity.

4.3 Dead Wood and Habitat Trees as Ecological Keystones Under Anthropogenic 
Pressure

Standing dead wood emerged as a disproportionately important microhabitat subs-
trate despite its low overall occurrence in the study area. Snags supported substan-
tially higher per-tree TreM abundance and EcoVal than living trees (Figure 9), consis-
tent with the well-established role of dead wood as a driver of microhabitat diversity 
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in temperate forests (Humphrey et al. 2005; Rondeux and Sanchez, 2010; Vuidot et 
al. 2011). This pattern reflects the progressive structural complexity that develops 
through decay: as wood deteriorates, it generates cavity types, fungal fruiting bo-
dies, and saproxylic microhabitats that are largely absent from living trees (Siitonen 
2012). The pronounced scarcity of snags in recreation areas (2 vs. 11 individuals in 
conservation areas) is likely attributable to two compounding anthropogenic factors: 
safety-related removal of potentially hazardous snags by park management near 
trails and facilities, and illegal harvesting of dead wood by visitors for campfires. The 
predominance of snags in conservation areas may partly reflect the presence of Abies 
nordmanniana subsp. bornmuelleriana, which occurred exclusively in those sites. Alt-
hough aged living broadleaved trees generally host more TreMs in temperate forest 
ecosystems, dead conifer snags can contribute substantially to stand-level TreM rich-
ness through distinctive decay-related microhabitat types that differ in composition 
from those found on broadleaved species (Spînu 2023), potentially explaining the 
higher microhabitat values observed in conservation areas where Abies nordmannia-
na subsp. bornmuelleriana snags were present.

Beyond their ecological significance, dead wood structures at different decomposi-
tion stages may serve as tangible educational features that enhance visitor apprecia-
tion of natural forest processes (Rathmann et al. 2020; Sacher et al. 2022). Evidence 
suggests that when visitors are effectively informed about the ecological functions 
of dead wood, acceptance of its retention increases, potentially reducing illegal har-
vesting and supporting broader conservation goals (Gundersen and Frivold 2011). 
Integrating interpretive signage explaining the role of snags and decaying wood 
into visitor management strategies could therefore serve the dual purpose of habitat 
protection and environmental education—particularly relevant in Yedigöller where 
illegal firewood collection represents a direct and documented threat to this critical 
microhabitat substrate.

Habitat trees similarly supported microhabitats of substantially higher ecological va-
lue than smaller trees, with differences particularly pronounced in conservation areas 
(Figure 10). This finding is consistent with the well-documented positive relationship 
between tree diameter and microhabitat ecological value across European tempe-
rate forests, where large, old trees function as ecological keystones by accumulating 
rare, slow-forming structures over decades (Großmann and Pyttel 2019; Kozák et al. 
2023; Spînu et al. 2024). The strong positive DBH-EcoVal relationship observed in our 
regression analysis (Figure 11B) confirms this pattern in Black Sea region forests, ex-
tending it to a system where such relationships had not previously been quantified. 
Critically, area type and species identity remained significant predictors of EcoVal 
even after accounting for DBH, indicating that the conservation-recreation contrast 
reflects genuine differences in microhabitat quality independent of tree size struc-
ture. This suggests that management regime shapes microhabitat quality through 
mechanisms beyond simply determining which tree sizes are present, likely including 
the preservation of structural complexity, decay processes, and long formation-time 



	 Tree-related Microhabitats as Indicators of Anthropogenic Impact� Seite 281

microhabitat types that are disrupted by safety interventions and visitor pressure 
(Martynova et al. 2021). The retention of large trees and promotion of natural aging 
are therefore essential management priorities, particularly given that safety-related 
interventions in recreation areas most commonly target the largest, oldest individu-
als—precisely those with the highest microhabitat value (Ministerium für Landwirt-
schaft, Umweltschutz und Raumordnung 2004; Mölder et al. 2020; Müller et al. 2020).

These findings collectively underscore that dead wood retention and habitat tree 
safeguarding are ecologically essential priorities in protected forests where anthro-
pogenic pressure operates through both direct removal and indirect disturbance pa-
thways. The management implications of these findings are developed further in the 
recommendations section below.

4.4 Management Interventions, Anthropogenic Pressure, and Microhabitat 
Development

Many TreM types develop over decades through complex processes, making it im-
possible to retrospectively attribute current microhabitat presence to specific histori-
cal management actions versus natural processes; the patterns reported here should 
therefore be interpreted as reflecting cumulative long-term effects of divergent ma-
nagement regimes rather than direct causal links.

Our exploratory analyses comparing specific TreM types between area types revea-
led complex patterns that require careful interpretation. While pruning is regularly 
conducted in recreation areas for visitor safety (park management, pers. comm.), no 
significant difference in cavity-type microhabitats was detected between area types. 
This reflects a fundamental methodological challenge in retrospective TreM stu-
dies: cavities develop slowly over 10-30+ years through progressive decay following 
branch loss, making it impossible to determine whether a current cavity originated 
from historical pruning, natural branch fall, storm damage, or other causes (Remm 
and Lõhmus, 2011). Our results therefore neither confirm nor deny pruning impacts 
on cavity formation; rather, they indicate that any such effects are not detectable ab-
ove background variation from natural processes. This could mean: 

(1) pruning and natural branch fall create functionally equivalent structures at similar 
rates, 

(2) pruning intensity is insufficient to create detectable differences, or 
(3) current cavity distributions reflect historical conditions predating recent manage-

ment regimes.

More direct evidence of anthropogenic impacts comes from fresh injury patterns and 
soil compaction effects. Recreation areas showed higher frequencies of recent trunk 
injuries (IN11, IN12)—though not statistically significant—and significantly higher 
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frequencies of ground-contact cavities potentially linked to soil compaction (CV21). 
Combined with the substantially higher vandalism rates documented in section 3.5, 
these patterns suggest ongoing anthropogenic alteration of microhabitat compo-
sition, even when long-term cavity development shows no clear signal. Our study 
can document current TreM composition differences but cannot definitively attribute 
specific slow-forming TreMs to particular historical causes, as a limitation inherent to 
cross-sectional assessments of microhabitat systems with multi-decadal formation 
timescales.

Importantly, these shifts in microhabitat frequency are not necessarily associated 
with higher ecological value. Frequently recorded types in recreation areas, such as 
IN1 and GR1, are characterized by relatively low EcoVal scores, whereas less frequent 
but structurally complex microhabitats such as CV2 contribute disproportionately 
higher ecological value. This indicates that anthropogenic pressures may increase 
the occurrence of certain microhabitats while simultaneously reducing overall habi-
tat quality.

Taken together, these results demonstrate that forestry practices and anthropogenic 
pressures do not simply reduce microhabitat availability but instead modify the pro-
cesses and pathways through which TreMs are formed. Differences between conser-
vation and recreation areas should therefore be interpreted as shifts in microhabitat 
composition and development dynamics rather than irreversible degradation—a 
distinction with important implications for restoration potential.  In Turkish national 
parks, where recreation is generally concentrated in a limited number of highly fre-
quented sites—as in Yedigöller—adaptive management measures targeting the iden-
tified drivers of microhabitat quality loss may be particularly effective in helping re-
creation areas approximate the ecological functions observed in conservation zones. 

4.5 Vandalism: A Visitor-Induced Disturbance 

Our study documented vandalism as a novel anthropogenic TreM type concentrated 
almost exclusively in recreation areas, with 52 trees showing VA1 damage, 58 sho-
wing VA2 damage, and 42 exhibiting both types in recreation areas, compared to 
just 6 affected trees in conservation areas. The scale of this disturbance is ecologically 
significant: large-scale bark injuries of this kind may compromise the long-term mi-
crohabitat potential of affected trees by accelerating uncontrolled decay, facilitating 
pathogen entry, and interfering with the natural development of other TreM types. 
Previous research has highlighted how mechanical injuries caused by humans can 
disrupt tree health and reduce their habitat potential, and degrade the ecosystem 
services they provide (Cole and Marion 1988; Sánchez et al. 2021). Beyond its direct 
ecological effects, the prevalence of vandalism reflects insufficient visitor engage-
ment with forest biodiversity values—a challenge that is not unique to Yedigöller but 
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is particularly acute in national parks where recreational concentration creates sustai-
ned pressure on ecologically sensitive zones. Addressing vandalism therefore requi-
res both regulatory enforcement and proactive visitor education strategies, which we 
discuss further in the management recommendations below.

4.6 Conservation Implications and Management Recommendations

Our findings have direct implications for conservation planning in Yedigöller National 
Park and comparable protected areas where recreation and biodiversity conserva-
tion functions coexist. While recreational activities need not be incompatible with 
conservation goals, our results demonstrate that their concentration in ecologically 
sensitive zones (e.g., areas around lakes) can substantially reduce microhabitat quali-
ty through multiple interacting pathways. Effective management therefore requires 
addressing both the structural drivers of microhabitat loss (dead wood removal, habi-
tat tree loss, soil compaction) and the behavioral drivers (vandalism, illegal firewood 
collection) identified in this study.

Dead wood retention and habitat tree safeguarding should be treated as non-nego-
tiable priorities in recreation area management. Where natural dead wood is scarce, 
supplementary measures such as selective girdling or on-site retention of material 
from necessary safety operations can help restore substrate availability (Çolak et al. 
2011). Safety concerns regarding large or dead trees should be addressed through 
individual risk assessment rather than precautionary removal, as blanket removal di-
sproportionately eliminates the highest-value microhabitat structures. Pruning prac-
tices should similarly be modified to retain cut material on site as habitat substrate 
where visitor safety permits.

Visitor education and engagement represent equally critical components of an ef-
fective management strategy. Evidence suggests that informed visitors show greater 
acceptance of dead wood retention and natural forest processes, reducing pressure 
on these critical substrates (Gundersen and Frivold 2011; Rathmann et al. 2020). More 
broadly, fostering meaningful engagement with forest biodiversity (e.g., interpreti-
ve infrastructure, guided experiences, and citizen science opportunities) has been 
shown to increase conservation awareness and participation among park visitors 
(Cosquer et al. 2012; Loyau and Schmeller 2017; McKinley et al. 2017). In Yedigöller, 
where vandalism and illegal firewood collection represent documented and ongoing 
threats, such engagement strategies could complement regulatory enforcement in 
addressing visitor-induced disturbance.

Periodic TreM monitoring should be integrated into park management planning to 
track microhabitat recovery in response to management interventions and to provide 
an evidence base for adaptive management decisions. Given that TreMs develop over 
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decadal timescales, establishing baseline assessments and regular monitoring cyc-
les is essential for detecting management-related change and informing long-term 
conservation strategies (Winter and Möller 2008). Our study provides such a baseline 
for Yedigöller, and the methodological framework that combines TreM abundance 
with EcoVal assessment offers a transferable approach for protected area monitoring 
across the broader Black Sea region and Eastern Mediterranean.

5 Conclusions

This study provides the first assessment of TreMs in a Turkish national park, demonstra-
ting that conservation and recreation areas differ not in the overall quantity of micro-
habitats but in their ecological quality—a distinction that abundance-based metrics 
alone would fail to detect. Our findings confirm that anthropogenic pressure, opera-
ting through both direct disturbance and indirect management interventions, shapes 
microhabitat quality independently of tree species composition and size structure. 
Standing dead wood and habitat trees emerged as critical ecological keystones whose 
disproportionate contribution to microhabitat value is severely undermined by recrea-
tional pressure and safety-related management in Yedigöller. The novel documenta-
tion of vandalism as an anthropogenic TreM type further indicates the extent of visitor-
induced impacts on forest microhabitat structure in heavily used protected areas.

Beyond their local significance, these findings contribute to the limited knowledge of 
TreM patterns in Black Sea region forests and demonstrate the applicability of EcoVal-
weighted assessment as a sensitive tool for detecting management-related differen-
ces in habitat quality that raw TreM counts obscure. Future research should extend 
TreM assessments to species-level responses to examine whether the microhabitat 
quality differences documented here translate into detectable differences in the ab-
undance and diversity of TreM-dependent species groups, including cavity-nesting 
birds, saproxylic invertebrates, and epiphytic cryptogams (Remacha et al. 2016; As-
beck et al. 2021). Long-term monitoring of TreM dynamics in both area types would 
further enable assessment of recovery trajectories under improved management and 
provide the temporal perspective necessary for understanding microhabitat forma-
tion and loss in these transitional forest ecosystems.
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Supplementary Material
Supplementary Table 1: Total number of tree microhabitat (TreM) types and their ecological values 
(EcoVal) in conservation and recreation areas. 

Ergänzende Tabelle 1: Gesamtzahl der Baum-Mikrohabitat-Typen (TreMs) und deren ökologische 
Werte (EcoVal) in Schutz- und Erholungsgebieten.
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Supplementary Table 2: Mean (±SD) number of TreMs and their EcoVal per tree in conservation and 
recreation areas.

Ergänzende Tabelle 2: Mittelwert (±SD) der Anzahl von TreMs und ihres EcoVal pro Baum in Schutz- 
und Erholungsgebieten.

Supplementary Table 3: Principal component analysis (PCA) loadings (PC1 and PC2) for TreM number and 
EcoVal in conservation and recreation areas. 

Ergänzende Tabelle 3: Ladungen der Hauptkomponentenanalyse (PCA) (PC1 und PC2) für die Anzahl 
der TreMs und deren EcoVal in Schutz- und Erholungsgebieten.
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Supplementary Table 4: Mean (±SD) number of TreMs and their EcoVal per tree for tree species in 
conservation and recreation areas.

Ergänzende Tabelle 4: Mittelwert (±SD) der Anzahl von TreMs und ihres EcoVal pro Baum nach 
Baumarten in Schutz- und Erholungsgebieten.
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Supplementary Table 5: Total number of each tree microhabitat (TreM) type recorded for each tree 
species in conservation (C) and recreation (R) areas, as well as in total (T) (ACA=Acacia sp., ACE=Acer 
sp., ANO=Abies nordmanniana subsp. bornmuelleriana, CBE=Carpinus betulus, FOR=Fagus orientalis, 
PNI=Pinus nigra, QPE=Quercus petraea, ULM=Ulmus sp.).

Ergänzende Tabelle 5: Gesamtzahl der einzelnen TreM-Typen für jede Baumart in Schutzgebieten 
(C) und Erholungsgebieten (R) sowie insgesamt (T) (ACA=Acacia sp., ACE=Acer sp., ANO=Abies 
nordmanniana subsp. bornmuelleriana, CBE=Carpinus betulus, FOR=Fagus orientalis, PNI=Pinus nigra, 
QPE=Quercus petraea, ULM=Ulmus sp.).
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Supplementary Table 6: Mean (±SD) number of TreMs and their EcoVal per tree for alive and dead 
individuals in conservation and recreation areas.

Ergänzende Tabelle 6: Mittelwert (±SD) der Anzahl von TreMs und ihres EcoVal pro Baum für lebende 
und tote Individuen in Schutz- und Erholungsgebieten.

Supplementary Table 7: Number of individuals, total number of TreMs, and total EcoVal for alive and dead 
trees in conservation and recreation areas.

Ergänzende Tabelle 7: Anzahl der Individuen, Gesamtzahl der TreMs sowie Gesamt-EcoVal für lebende 
und tote Bäume in Schutz- und Erholungsgebieten.
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Supplementary Table 8: Pairwise comparisons (p-values) of TreM number and EcoVal between alive and 
dead individuals in conservation and recreation areas.

Ergänzende Tabelle 8: Paarweise Vergleiche (p-Werte) der TreM-Anzahl und des EcoVal zwischen 
lebenden und toten Individuen in Schutz- und Erholungsgebieten.

Supplementary Table 9: Mean (±SD) number of TreMs and their EcoVal per tree for habitat trees (DBH ≥ 40 
cm) and trees with DBH < 40 cm in conservation and recreation areas.

Ergänzende Tabelle 9: Mittelwert (±SD) der Anzahl von TreMs und ihres EcoVal pro Baum für 
Habitatbäume (BHD ≥ 40 cm) und Bäume mit BHD < 40 cm in Schutz- und Erholungsgebieten.
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Supplementary Table 10: Number of individuals, total TreMs, and total EcoVal for habitat trees (DBH ≥40 
cm) and trees with DBH < 40 cm in conservation and recreation areas.  

Ergänzende Tabelle 10: Anzahl der Individuen, Gesamtzahl der TreMs sowie Gesamt-EcoVal für 
Habitatbäume (BHD ≥40 cm) und Bäume mit BHD < 40 cm in Schutz- und Erholungsgebieten.
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Supplementary Table 11: Pairwise comparisons (p-values) of TreM number and EcoVal between habitat 
trees (DBH ≥40 cm) and trees with DBH < 40 cm in conservation and recreation areas.  

Ergänzende Tabelle 11: Paarweise Vergleiche (p-Werte) der TreM-Anzahl und des EcoVal zwischen 
Habitatbäumen (BHD ≥40 cm) und Bäumen mit BHD < 40 cm in Schutz- und Erholungsgebieten.

Supplementary Table 12: Total number of selected TreM types associated with pruning practices in 
conservation and recreation areas (CV12: woodpecker cavities ø=5-6 cm, CV31: branch holes ø>=5 cm, 
CV32: branch holes ø>=10 cm).

Ergänzende Tabelle 12: Gesamtzahl ausgewählter TreM-Typen im Zusammenhang mit 
Schnittmaßnahmen in Schutz- und Erholungsgebieten (CV12: Spechthöhlen ø=5–6 cm, CV31: 
Astlöcher ø≥5 cm, CV32: Astlöcher ø≥10 cm).
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Supplementary Table 13: Total number of selected TreM types associated with direct anthropogenic effects 
in conservation and recreation areas (CV23: trunk and mould cavities ø>=10 cm, CV24: trunk and mould 
cavities ø>=30 cm, CV25: trunk and mould cavities ø>=30 cm/semi-open, IN11: bark loss 25-600 cm² and 
decay stage <3, IN12: bark loss >25-600 cm² and decay stage <3).  

Ergänzende Tabelle 13: Gesamtzahl ausgewählter TreM-Typen im Zusammenhang mit direkten 
anthropogenen Einflüssen in Schutz- und Erholungsgebieten (CV23: Stamm- und Mulmhöhlen ø≥10 
cm, CV24: Stamm- und Mulmhöhlen ø≥30 cm, CV25: Stamm- und Mulmhöhlen ø≥30 cm/halb-offen, 
IN11: Rindenverlust 25–600 cm² und Zersetzungsstadium <3, IN12: Rindenverlust >25–600 cm² und 
Zersetzungsstadium <3).

Supplementary Table 14: Total number of selected TreM types associated with indirect anthropogenic 
effects in conservation and recreation areas (CV21: trunk and mould cavities ø>=10 cm with ground 
contact, CV22: trunk and mould cavities ø>=30 cm with ground contact, GR1: root buttress cavities). 
 
Ergänzende Tabelle 14: Gesamtzahl ausgewählter TreM-Typen im Zusammenhang mit indirekten 
anthropogenen Einflüssen in Schutz- und Erholungsgebieten (CV21: Stamm- und Mulmhöhlen 
ø≥10 cm mit Bodenkontakt, CV22: Stamm- und Mulmhöhlen ø≥30 cm mit Bodenkontakt, GR1: 
Wurzelanlaufhöhlen).
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Supplementary Figure 1: Comparison of the number of tree microhabitats (TreMs) and their ecological 
values (EcoVal) in conservation and recreation areas.

Ergänzende Abbildung 1: Vergleich der Anzahl von Baum-Mikrohabitaten (TreMs) und ihres 
ökologischen Wertes (EcoVal) in Schutz- und Erholungsgebieten.
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Supplementary Figure 2: Comparison dead and alive individuals in terms of TreMs number and their 
EcoVal.

Ergänzende Abbildung 2: Vergleich toter und lebender Individuen hinsichtlich der Anzahl von TreMs 
und ihres EcoVal.
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Supplementary Figure 3: Comparison of habitat trees (DBH ≥ 40 cm) and trees with DBH < 40 cm in 
conservation and recreation areas in terms of TreM number and their EcoVal.

Ergänzende Abbildung 3: Vergleich von Habitatbäumen (BHD ≥ 40 cm) und Bäumen mit BHD < 40 cm 
in Schutz- und Erholungsgebieten hinsichtlich der Anzahl von TreMs und ihres EcoVal.


