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Abstract

Urban trees and green spaces provide a wide range of ecosystem services. Among urban
green infrastructures, monumental trees represent key elements in these environments.
Despite the growing recognition of their value, monumental trees in urban areas face
multiple challenges, underscoring the need for targeted research to inform conservation
and management strategies. This study investigates the ecological role of 124 urban
monumental trees in the Veneto region (Italy) using tree-related microhabitats (TreMs) as a
proxy for potential biodiversity support. Our analysis demonstrated that dendrometric
characteristics (namely, diameter at breast height) and monumental tree configuration
(namely, individual trees vs. those in groups) strongly affect the richness, abundance and
composition of TreMs, highlighting that both native and non-native species contribute
substantially to urban ecosystem functioning. Furthermore, complex relationships between
monumentality criteria and TreMs were observed. These results are intended to support
the management of urban green spaces, helping to enhance the biodiversity potential of
monumental trees while preserving their multifaceted values.

Keywords: monumental tree; veteran tree; heritage tree; ancient tree; tree-related
microhabitat; urban biodiversity

1. Introduction
Urban trees and green spaces play a crucial role in providing a wide range of ecosystem

services, including climate regulation, air purification, and human well-being [1–3], while
also contributing to the ecological integrity and livability of cities [4]. Among urban green
infrastructures, monumental trees, including veteran, ancient, or remarkable trees [5],
represent key elements in their respective environments, distinguished by their important
ecological, historical, cultural, and landscape values [6].

In recent years, the scientific community has shown growing interest in urban mon-
umental trees, investigating their potential role in supporting urban biodiversity and
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ecosystem functionality [7–9]. Trees can support biodiversity through the presence of
tree-related microhabitats (hereafter, TreMs). TreMs are distinct morphological structures
(e.g., cavities, injuries and exposed wood, and fresh exudates) on trees, providing habitat
for a diverse set of species during at least a part of their life cycle [10,11]. Due to their
large size and advanced age, as well as other factors linked to the urban context, mon-
umental trees can serve as habitat trees, enhancing structural complexity and biological
heterogeneity in urban landscapes. For instance, large and old trees provide a wide range
of TreMs both in urban and forested areas [12,13]. However, cavities and other TreMs may
negatively affect the mechanical stability of trees, constituting a potential threat to urban
inhabitants [14].

Despite the growing recognition of their value, monumental trees in urban areas
face multiple threats, ranging from climate and land-use change to pollution, improper
management, and insufficient legal protection [15]. Therefore, the risk of losing these living
monuments is increasing, highlighting an urgent need for integrative approaches that
recognize and safeguard both their cultural and ecological importance [16]. Monumental
trees, thanks to their various morphological features can support a wide range of organisms.
Therefore, integrating the conservation of monumental trees into urban planning will both
protect historical and cultural landmarks and serve to conserve biodiversity hotspots within
urban green spaces. While several countries have inventoried these trees, and developed
conservation strategies for them [5,17,18], a proper investigation of their ecological func-
tioning in the urban environment remains limited. Little is known about how different
attributes of monumentality (i.e., the criteria defining a monumental tree) may relate to the
ecological functions of these specimens. TreMs can be used to assess these trees’ potential
biodiversity [5,19]. For example, monumental trees with TreMs are considered crucial
for the conservation of saproxylic biodiversity [20]. Moreover, monumental trees host
many species thanks to these structures [21]. However, factors influencing the presence
of TreMs on urban trees have received little attention to date. Therefore, further research
is needed to better understand the role of monumental trees in urban areas in supporting
biodiversity conservation.

Few studies have been carried out on TreMs in urban settings. Specifically, tree size
(i.e., diameter at breast height) influences TreMs in urban trees [22–26]. Nevertheless, it
remains unclear whether this relationship also applies within the specific population of
monumental trees, which generally have larger DBHs than the average urban tree. Another
important factor shaping the presence of TreMs may be tree management. The occurrence
of specific TreMs was shown to be linked with spatial variation in accident hazards [24].
Management intensity has been connected to higher TreMs richness in urban forests [22];
however, this relationship should be further investigated as TreMs were negatively related
to pruning intensity [23]. Furthermore, cavity availability has been shown to change with
urban context and time [27]. Hence, different reasons for the identification of a monumental
tree could influence TreMs presence. For example, differences in TreMs could be related to
species origin (i.e., native vs. non-native) and monumental tree configuration (i.e., single
vs. grouped), which may influence competition and management intensity. Furthermore,
even the reasons for being selected as a monumental tree (i.e., the monumentality criterion)
could influence the availability of TreMs. Indeed, little is known about the extent to
which urban monumental trees function as providers of TreMs and, consequently, support
urban biodiversity.

Based on these premises, we hypothesized that urban monumental trees play a key role
in supporting biodiversity, with size and spatial configuration influencing such function.
Therefore, in this study we aimed to fill these gaps by investigating the ecological role of
urban monumental trees in the Veneto region (Italy), adopting TreMs as a proxy for potential
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biodiversity support. Our objectives were to investigate (1) the influence of species origin,
monumental tree configuration, and size of trees on potential biodiversity support; and
(2) the relationship between monumentality criteria (i.e., age, architectural value, species
rarity, circumference, crown size, ecological value, height, historical relevance, landscape
value, and shape) and the presence and abundance of TreMs. This study advances our
understanding of the ecological significance of monumental trees in urban environments,
aiming to inform future conservation and planning strategies that incorporate ecological
considerations within their management.

2. Materials and Methods
2.1. Data Selection and Survey

Monumental trees were identified based on the List of Monumental Trees of Italy [28],
specifically the version updated at the time of the field survey, approved by executive
decree n. 330,598 on 26 July 2022. According to the interministerial decree of 23 October
2014, monumental entities can be identified based on one or more of the following ten
criteria: (1) age, (2) architectural value, (3) botanical rarity, (4) circumference, (5) crown size,
(6) ecological value, (7) height, (8) historical relevance, (9) landscape values, and (10) tree
shape. We standardized the nomenclature of species using the Plants of the World Online
database [29] to ensure taxonomic consistency. From the 2022 List of Monumental Trees of
Italy, 114 monumental entities, located in urban areas of the Veneto region, were selected
(see Figure 1 for some examples). The classification into “urban” and “non-urban” was
based on the 2018 CORINE Land Cover data [30]. “Urban” contexts were defined as cases
where “artificial surfaces” covered more than 50% of a 500 m radius buffer around the
location of each monumental entity. All other conditions were categorized as “non-urban”.
The biogeographic origin (i.e., native or non-native) of each species was assigned through
the Portal of the Flora of Italy [31] and recorded at the regional level.

Monumental entities can be formed by single trees or a group of trees identified
as monumental. In the summer of 2023, we surveyed 93 of the 114 urban monumental
entities due to accessibility issues, for a total of 223 monumental trees (Figure 1). We
recorded the diameter at breast height (DBH) and TreMs presence, including type and
relative abundance, for each individual tree within the monumental entity. We adapted
the TreMs classification consisting of 47 TreM types proposed by Larrieu et al. [11] and
Bütler et al. [32] by adding artificial (i.e., derived from active human intervention such
as pruning) stem breakage (IN21A) and artificial limb breakage (IN22A) to distinguish
them from stem breakage (IN21B) and limb breakage (IN22B) of natural origin, respectively.
TreMs were evaluated over three sections of the tree (i.e., base, trunk and branches). TreMs
characterized by percentage threshold values (i.e., EP31, EP32, EP33) were converted into
a 0–3 range based on their presence (cover above 10%) in the three sections of the tree.
Crown, bark, and inter-bark microsoil were assessed on a presence/absence basis for both
TreMs richness and abundance estimations. Our classification allowed for the creation of
discrete classes and allowed us to include such TreMs in the estimation of abundance. The
DBH of multistem trees was standardized as the unified DBH (DBHms) according to the
formula proposed by Bernhardt and Swiecki [33]:

DBHms =
√

ΣDBHi2

where DBHi is the DBH of the i-th stem.
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Figure 1. Examples of urban monumental trees. (a) Taxodium distichum (L.) Rich. in the historical park
of Villa Revedin Bolasco, Castelfranco Veneto, Veneto (IT) (photo N. Menon). (b) Carpinus betulus L.
in the historical park of Villa Pisani, in Stra, Veneto (IT) (photo N. Menon). (c) Cedrus libani A. Rich. in
Castello di Roncade, Roncade, Veneto (IT) (photo M. Bedin). (d) Quercus x hispanica Lam. shading a
war memorial, in Cerro Veronese, Veneto (IT) (photo N. Menon). (e) Celtis australis L. in Treves public
park, Padova, Veneto (IT) (photo N. Menon).
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To avoid oversampling trees from monumental entities represented by groups of trees
located at the same place, we randomly selected three individuals (i.e., the median number
of monumental individuals within grouped monumental entities) out of the 101 monu-
mental trees included in the monumental tree line group in Castelfranco Veneto (Treviso).
Moreover, we excluded the monumental Chamaerops humilis L. subsp. humilis in Padua
(Palm of Goethe), as it is isolated from the surrounding environment in a special octag-
onal greenhouse and because of its main life form. Therefore, the analysis of TreMs in
relation to species origin, monumental tree configuration, and size, as well as criteria of
monumentality, was conducted on a subset of 124 monumental trees.

2.2. Statistical Analysis

All statistical analyses were performed with the R Statistical software 4.4.1 [34]. To
investigate the influence of species origin (native vs. non-native), tree grouping type (single
tree vs. group of trees), and size (DBH) on biodiversity potential (tree-level richness and
abundance of TreMs), we applied generalized linear mixed models (hereafter, GLMMs;
“glmmTMB” function of the “glmmTMB” R package; [35]). Richness and abundance of
TreMs were modelled as count response variables in two distinct GLMMs with Poisson
error distribution, after testing for residual dispersion (“testDispersion” function of the
“DHARMa” R package [36]). Plant genus, rather than plant species given the low repli-
cation at the species level, and the group to which grouped individuals belonged (i.e.,
accounting for spatial clustering of grouped individuals while assigning single trees to
unique independent levels) were included as random intercept factors in the models. The
small-sample corrected Akaike Information Criteria (hereafter, AICc) selection method was
applied to identify the best combination of predictors and their interaction effects (“dredge”
function of the “MuMIn” R package [37]). Collinearity (the “check_collinearity” function
of the “performance” R package [38]) of the final models was tested. Adequacy of the
final GLMMs was assessed through residual diagnostics, including tests for dispersion,
zero-inflation, uniformity, and outliers (“simulateResiduals”, “testDispersion”, “testZeroIn-
flation”, “testUniformity”, and “testOutliers” functions of the “DHARMa” R package [36]).
Although DHARMa diagnostics indicated minor quantile deviations, sensitivity anal-
yses using non-linear formulations (i.e., generalized additive models and polynomial
regressions for continuous predictors) did not improve model fit (i.e., AICc). Given the
robustness of the linear GLMM formulation, it was retained for final inference. Singu-
larity (“check_singularity” function of the “performance” R package [38]) of the model
was tested. Model explanatory power was quantified using conditional and marginal R2

(“model_performance” function of the “performance” R package [38]).
To represent and estimate the compositional difference in TreMs between tree grouping

types, we performed a non-metric multidimensional scaling (hereafter, NMDS; “metaN-
MDS” function of the “vegan” R package [39]). We applied Sørensen dissimilarity as the
distance metric, based on the presence/absence of TreMs, and set the dimensionality to
two axes (k = 2). To ensure a stable solution, we allowed up to 100 random starts. After
producing a dissimilarity matrix (“vegdist” function of the “vegan” R package; Oksanen
et al., 2024), we conducted a PERMANOVA test (“adonis2” function of the “vegan” R pack-
age [39]) to test whether there were differences between grouping types and tree species
origin in TreMs composition. We tested for the homogeneity of multivariate dispersions
to test for within-group variability of TreMs composition (“betadisper” function of the
“vegan” R package [39]).

Similarity Percentages (SIMPER) analysis was conducted to identify TreMs that con-
tribute most to the dissimilarity between groups (“simper” function of the “vegan” R
package [39]). To identify TreMs that are frequent and restricted to specific groups (i.e.,
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fidelity and specificity), Indicator Species Analysis (ISA) was performed using the IndVal.g
method (999 permutations; “multipatt” function of the “indicspecies” R package [40]) as it
accounts for unequal group sizes.

To test whether certain criteria were associated with high potential biodiversity, we
performed GLMMs investigating the relationship between the richness and abundance
of TreMs (as count response variables) and the application of the ten criteria of monu-
mentality (as binary explanatory variables). The crown size criterion was excluded from
this analysis due to its limited representation in the dataset (one record). After testing for
overdispersion, we applied Poisson error distribution to the GLMMs. The group to which
grouped individuals belonged was added as random intercept factors. Given the limited
literature on the potential relationships between TreMs and criteria of monumentality,
we initially included all nine monumentality criteria in the GLMMs. Subsequently, we
applied the AICc-selection method to identify the most informative predictors within the
GLMMs for the abundance and richness of TreMs. Collinearity and model metrics (i.e.,
conditional and marginal R2, mean absolute error, root mean squared error, and Pearson’s
correlation of predicted values) were estimated. The same ISA approach used to assess
differences between different origins and configurations was applied to identify TreMs
(presence/absence) that were frequent and specific to each monumentality criterion.

3. Results
3.1. Biodiversity Potential Across Species Origin, Tree Grouping Type and Size of Monumental Trees

We did not observe significant effects of species origin (i.e., native vs. non-native
species) on the richness or abundance of TreMs, nor did we observe any significant interac-
tion effects (Table 1). Moreover, the interaction effect between DBH and tree grouping type
was not significantly associated with the richness of TreMs and was therefore excluded
from the GLMM. The scaled DBH had a positive influence on both TreM richness (p < 0.001)
and abundance (p = 0.007) (Figure 2). For individual monumental trees, TreM richness
and abundance increased by 4.38% and 4.68%, respectively, for every 10 cm increment in
DBH. In contrast, monumental trees located in groups exhibited lower values of richness
(−30.08%) and abundance (−20.39%) of TreMs, with only the former being statistically
significant (p < 0.001). However, we detected a significant interaction effect of DBH and
tree grouping type on the abundance of TreMs (p < 0.001). The positive effect of DBH on
the abundance of TreMs was amplified in grouped trees compared to single trees.

Table 1. Results of the GLMMs using Poisson error distribution, after the AICc-selection method, of
the influence of scaled DBH and tree grouping type (monumental group vs. individual monumental
trees) on the richness (AICc = 613.3) and abundance (AICc = 822.7) of TreMs of 124 urban monumental
trees of the Veneto region. Estimated metrics of the GLMMs can be found in Table S1.

Parameter Estimate Std. Error z Value p-Value

TreMs
richness

Intercept 2.19 0.069 31.58 <0.001
scaledDBH 0.18 0.049 3.658 <0.001

Tree grouping type: Monumental −0.358 0.099 −3.602 <0.001

TreMs
abundance

Intercept 2.788 0.082 33.86 <0.001
scaledDBH 0.192 0.072 2.69 0.007

Tree grouping type: Monumental −0.228 0.143 −1.59 0.111
scaled(DBH) x Monumental group 0.428 0.121 3.55 <0.001
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Figure 2. Representation of the GLMMs with a Poisson error distribution of the richness (a) and
abundance (b) of TreMs across DBH values, for 124 urban monumental trees of the Veneto region.
Regression curves are distinguished between individual monumental trees (blue) and monumental
groups (orange). Points represent the observed values.

3.2. Compositional Differences in Tree-Related Microhabitats Based on Origin and Monumental
Tree Configuration

Native and non-native monumental trees showed significant differences in TreMs
composition (Figure 3, PERMANOVA: R2 = 0.022, p = 0.005). No difference was recorded
for within-group variability of TreM composition between the two groups (p = 0.233).
Hence, the observed difference was due to changes in species composition; however,
origin explained a relatively small fraction of the composition variability. Individual
monumental trees and monumental tree groups displayed significant differences in the
average composition of TreMs; however, monumental tree configuration explained a
relatively small fraction of composition variability (PERMANOVA: R2 = 0.050, p < 0.001).
Dispersal analysis revealed a significant difference in within-group heterogeneity (p < 0.001)
with the monumental tree group being more dispersed.

Certain TreM types contributed most to differences in TreM composition according to
tree origin and monumental tree configuration (Figure 4, Tables S2–S5). SIMPER analyses
identified seven significant TreMs based on origin—all related to native trees (Table S2)—
and six based on monumental tree configuration, of which five were related to individual
monumental trees and one to monumental groups (Table S3). The Indicator Value analyses
(IndVal.g) identified four indicator TreMs based on origin (three for native and one for
non-native trees; Table S4) and five based on monumental tree configuration, all associated
with individual monumental trees (Table S5).

Considering both analyses, only bark microsoil, dendrotelm (a small, water-filled tree
concavity), and insect galleries and bore holes were consistently associated with native
monumental trees. Burr was an indicator of non-native trees, while epicormic shoot type
was an indicator of native trees. Vertebrate nest, crack, buttress-root concavity, trunk-base
rot-hole, and bark microsoil were indicators of individual monumental trees. According to
SIMPER, large woodpecker foraging excavation, pulpy agaric, bark-lined trunk concavity
and sap run were the top contributors to the dissimilarity between native and non-native
trees. Natural limb breakage, artificial limb breakage, bark loss, bryophytes and crown
microsoil were the top contributors to the dissimilarity of individual monumental trees
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relative to monumental groups, whereas epicormic shoot type was a top contributor
characterizing monumental groups.

Figure 3. NMDS based on Sørensen dissimilarity of TreMs (stress = 0.243). Circles refer to individual
monumental trees, triangles refer to trees in monumental groups, green symbols refer to native
trees, and yellow symbols refer to non-native trees. Ellipses represent the 95% confidence regions
around the centroid of each group. Coloured ellipses refer to tree origin, while the solid line refers to
individual monumental trees and the dotted line to monumental groups.

Figure 4. Key TreMs across tree origin (native vs. non-native) and monumental tree configuration
(individual monumental tree vs. monumental group). The x-axis represents the directional contribution
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of each TreM to total dissimilarity (SIMPER average): positive values indicate association with the
first group of each comparison (non-native or individual monumental tree), while negative values
indicate association with the second group (native or monumental group). Crosses (×) indicate
TreMs significant in both SIMPER and IndVal.g tests (p < 0.05); triangles (∆) indicate significance only
in IndVal.g; open circles (o) indicate significance only in SIMPER.

3.3. Criteria of Monumentality and Their Relationship with Biodiversity Potential

Overall, age (no. = 109 records) and tree circumference (no. = 91) were the most frequently
assigned criteria for monumentality within the surveyed monumental tree community.

Landscape value exhibited a significantly negative association with both TreMs rich-
ness (p < 0.001) and abundance (p < 0.001) (Table S6). In contrast, historical value was signifi-
cantly positively associated with the richness of TreMs (p = 0.001) and marginally positively
associated with the abundance of TreMs (p = 0.072). Age was negatively associated with
both the richness (p = 0.02) and abundance (p = 0.003) of TreMs. Circumference revealed a
significantly positive association with richness (p = 0.014) and was marginally positively as-
sociated with the abundance of TreMs (p = 0.062). Botanical rarity was marginally positively
associated with the abundance of TreMs (p = 0.095). The remaining criteria (i.e., height,
ecological value, shape, and architectural value) did not display significant associations
with biodiversity potential values (Figures 5 and 6).

Figure 5. Barplots displaying the richness of TreMs across the four criteria of monumentality included
in the GLMM model (see Table S7). Differences in richness values are highlighted between cases
where a specific criterion was applied (1, red) or not applied (0, blue). * Refers to significant or
marginally significant criteria included in the GLMM (see Table S6).

The Indicator Species Analysis showed relationships between monumentality criteria
and specific TreMs (Figure 7; Table S8). Not all criteria had a TreM indicator. A limited num-
ber of TreMs were indicators (no. = 8) of a subset of criteria (no. = 5). Dendrotelm, perennial
polypore, and artificial stem breakage were indicators of ecological value. Heavy resinosis
was an indicator of circumference. Bryophytes, small woodpecker breeding cavities and
bark shelters (open at the bottom) were indicators of botanical rarity. Bark microsoil and
artificial stem breakage were indicators of shape and historical value, respectively.
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Figure 6. Barplots displaying the abundance of TreMs across the five criteria of monumentality
included in the GLMM model (see Table S7). Differences in abundance values are highlighted
between cases where a specific criterion was applied (1, red) or not applied (0, blue). * Refers to
significant or marginally significant criteria included in the GLMM (see Table S6).

Figure 7. Heatmap of significant indicator values (IndVal.g) for tree-related microhabitats (TreMs)
associated with the presence of the assessed criteria (p ≤ 0.05). Cell colour intensity and the numeric
labels correspond to the IndVal.g value, with higher values indicating stronger indicator relationships.
Only significant TreM–criterion combinations are shown.
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4. Discussion
We investigated the influence of species origin, tree size, and tree grouping type on the

biodiversity potential of urban monumental trees in the Veneto region of Italy. Biodiversity
potential was evaluated based on the richness and abundance of TreMs, serving as proxies
of ecological support for various taxa.

4.1. Large Individual and Grouped Monumental Trees Are Crucial for Urban Biodiversity Support

Contrary to other studies [23,25,26], species origin (i.e., native vs. non-native) did
not significantly influence the richness and abundance of TreMs on monumental trees in
Veneto. These findings underscore that dendrometric parameters (e.g., DBH) are more
relevant in determining biodiversity potential than species origin of monumental trees
in our study. From a conservation and management perspective, these findings indicate
that both non-native and native monumental trees contribute to urban biodiversity by
providing essential habitat features [41].

Our analysis confirmed the pivotal role of tree size (i.e., DBH) in influencing both
the richness and abundance of TreMs. The strong positive relationship between biodi-
versity potential and DBH is consistent with the existing literature, as larger trees typ-
ically exhibit higher structural complexity, hosting a greater diversity and density of
TreMs [7,12,13,42,43]. Large trees are usually older individuals, favouring the accumu-
lation of age-related TreMs (e.g., cavities, deadwood, injuries, and exposed wood) that
develop over time and provide key resources for a broad range of organisms [44]. Interest-
ingly, our study shows that trees in monumental groups do not reach high DBH values as
compared to single monumental trees.

The richness of TreMs was significantly higher in isolated trees compared to individu-
als growing in groups. Isolated trees may be more likely to have a variety of TreMs as these
trees are exposed more to biotic and abiotic factors. This pattern may be attributed to greater
light availability around isolated trees, facilitating the lateral expansion of the crown and
the development of larger branches [45,46]. Nevertheless, the influence of DBH on TreM
abundance was more pronounced in grouped trees. This may indicate that, despite spatial
constraints, large trees in within-group configurations represent critical biodiversity reser-
voirs in urban environments. Specific dynamics within tree groups, such as self-pruning or
competition-induced decay, may contribute to this increase in TreM abundance.

4.2. TreM Composition: Monumental Ecological and Configuration Characteristics Matter

Interestingly, TreM composition was influenced by ecological and spatial characteris-
tics of monumental trees. Native and non-native trees were compositionally different in
terms of their TreM assemblages. Monumental tree configuration also revealed different
TreM communities; however, this differentiation may be linked to the varying levels of
dispersion observed between individual and grouped trees.

Native monumental trees had a higher number of associated types of TreMs compared
to non-native monumental trees. Burr, the only TreM associated with non-native species, is
somehow linked to stress, indicating possible responses of trees to unsuitable conditions.
The wider range of TreMs associated with native species—including cavities, epixylic struc-
tures, fungal fruiting bodies, and exudates—indicates their important role in representing
important ecological structures. Interestingly, some of these are considered quite infrequent
and have a slow replacement rate, such as bark-lined trunk concavities and bark microsoils.
This reinforces the role of native monumental trees for biodiversity.

Individual monumental trees had a higher number of associated TreMs compared
to groups of trees. Only epicormic shoots were associated with groups of monumental
trees, indicating a possible effect of shading and self-pruning driven by the vicinity of other
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trees. Individual monumental trees show a wide variety of associated TreMs (cavities, tree
injuries, epiphytic structures, and exudates). Interestingly, artificial limb breakage was
associated with individual monumental trees, which can be linked to tree management,
and may indicate the role of intervention frequency and intensity. Furthermore, many
associated TreMs are within the tree injury TreM category. Finally, many TreMs, such as
bryophytes, may be considered relatively frequent.

4.3. Criteria of Monumentality Provide Little Insight on the Richness and Abundance of TreMs

The dominance of age and circumference criteria in the urban monumental tree
community of the Veneto region likely reflects the ease with which these criteria can be
measured and evaluated. The high frequency of the age criterion could also be related to
the prevalence of old trees. This pattern could be related to trees planted in historically
relevant areas, public parks, and private gardens, which are locations often spared from
urbanization and land reclamation [47].

Our findings showed mixed results regarding the association of monumentality criteria
with the richness and abundance of TreMs. While old trees are expected to host a greater
variety and abundance of TreMs [44], we found a negative association with tree age. This
could be related to the high degree of protection and sanitation (e.g., deadwooding) of old
trees in urban settings. Moreover, being environmentally isolated could limit the formation
and accumulation of certain TreMs.

In contrast, monumental trees recognized for their historical value were positively
associated with the richness and abundance of TreMs. This emphasizes how historically
significant individuals can simultaneously provide cultural and ecological services in urban
ecosystems [48]. Such trees often undergo less intensive structural “cleaning” over decades,
allowing for natural decay processes to occur.

The positive association between the circumference criterion and TreMs richness and
abundance strengthens the argument that larger trees offer a wider variety of morpho-
logical structures functioning as TreMs [13,44]. Interestingly, monumentality criteria such
as architectural value, botanical rarity, ecological value, and height did not reveal any
significant association with biodiversity metrics. While this may be due to the ecological
irrelevance of some criteria to TreM formation, it also points to a potential knowledge gap
in the application and evaluation of these criteria in relation to ecological functions. The
lack of certain relationships may also be attributed to the absence of standardized protocols
for criteria selection, rendering the identification of certain criteria subjective. For instance,
the absence of a relationship between ecological value and TreMs metrics might suggest
that further studies on how trees manifest their ecological relevance are required. The
standardized assignment of ecological value could represent an effective tool for identifying
and conserving functionally valuable trees in urban landscapes. Therefore, specific training
on TreMs for personnel involved in identifying and surveying monumental trees would
help in assigning appropriate ecological values to trees.

Only a limited number of TreMs were linked to specific monumental tree criteria.
These associations likely reflect both the intrinsic characteristics of the TreMs and the
rationale underlying the assignment of each criterion.

TreMs associated with the ecological value criterion are particularly relevant from
a biodiversity perspective. Dendrotelms, i.e., water-filled tree cavities, represent small
aquatic habitats embedded within terrestrial ecosystems and support many species; their
occurrence is therefore consistent with high biodiversity potential [49,50]. In addition, man-
agement practices, which are often required to preserve monumental trees, may influence
this TreM formation [22,51]. Polypores, another TreM associated with the ecological value
criterion, frequently co-occur with other TreMs [52], suggesting that they may act as proxies
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for broader habitat complexity. Artificial stem breakages, which reflect past management
interventions, could also be associated with a wide range of taxa.

Specific TreMs were also associated with the botanical rarity criterion. This pattern
may be related to species-specific traits, such as bark structure and dynamics, as well as
to microclimatic conditions. For example, bryophytes are generally favoured by humid
microsites and by the accumulation of organic matter, conditions that may occur more
frequently in some tree species included under this criterion. Likewise, bark heterogeneity
may reflect species-specific bark properties, while the presence of breeding cavities used by
small woodpeckers may be linked to wood-density characteristics.

Heavy resinosis was associated with circumference probably due to the high number
of conifers identified based on such a criterion. The shape criterion is used to identify
monumental trees with distinctive architecture, including crown form. Bark microsoils
may be associated with thick, well-developed bark showing deep furrows and fissures;
such features are more likely to occur in trees with unusual or highly developed stem and
crown architecture. By contrast, artificial stem breakage associated with the historical value
criterion may reflect management requirements, especially in trees exposed to high visitor
pressure and managed according to a risk-averse approach.

4.4. Limitations of the Study

This research provides valuable information on factors influencing the biodiversity
potential of monumental trees in urban areas of the Veneto region. Nevertheless, some
limitations should be acknowledged.

First, the analysis was based on a relatively small sample size (124 monumental
trees) and scale (Veneto region), which may not capture the full variability of TreMs.
Although most monumental entities (93 out of 114) in urban areas of the region were
sampled, the low representation of some criteria, such as crown size, may have limited
the comprehensiveness of relationships between monumentality criteria and biodiversity
potential. Lastly, this study did not include other environmental or management-related
variables (e.g., soil conditions, pollution levels, pruning intensity, and surrounding habitat
quality). These factors may influence the development of urban trees and, consequently,
associated TreMs. Further studies are required to address these limitations, including
monumental trees from different locations and different environmental conditions, as well
as incorporating comparative analysis with non-monumental trees sharing similar traits
(e.g., species identity and DBH), thereby improving our understanding of the ecological
role of urban monumental trees and providing actionable information for conservation
strategies in urban forestry.

5. Conclusions
This study provides new evidence on the ecological role of urban monumental trees,

using TreM richness and abundance as proxies for potential biodiversity support. DBH
and tree configuration were more strongly associated with TreM richness and abundance
than species origin, indicating that both tree size and spatial configuration are impor-
tant predictors of microhabitat provision. These results demonstrate that morphological
characteristics and monumental tree configuration strongly affect their biodiversity po-
tential, and that both native and non-native species can contribute substantially to urban
ecosystem functioning. Consequently, targeted management aiming at preserving large
individual and grouped monumental trees is essential to promote TreMs diversity within
urban environments.

Our analysis revealed limited and occasionally contrasting relationships between
monumentality criteria and TreMs. Specific monumentality criteria, such as historical
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value and tree circumference, showed positive associations with TreM abundance and
richness. In contrast, other criteria, such as tree age and ecological value, demonstrated
unexpected negative or non-significant relationships. Furthermore, few TreMs were specific
to monumentality criteria. Future studies should integrate these results by comparing
monumental trees with other types of urban trees (e.g., different protection levels).

Our results support evidence-based management of urban green spaces by elucidating
the significance of monumental trees as hosts for TreMs, thereby offering habitat for a wide
range of species and preserving their multifaceted values. Although focused on the Veneto
region, this work provides valuable insights for decision-making in the planning and man-
agement of monumental trees in urban spaces. Maintaining a community of monumental
trees with variable characteristics (i.e., origin, monumental tree configuration, criterion) will
help support a large variety of TreM types, including relatively rare ones. These insights
can be integrated into municipal management plans for the retention of highly valuable
trees to enhance urban biodiversity networks. Future investigations should aim to further
clarify the ecological role of urban monumental trees relative to non-monumental urban
trees and support integrated conservation strategies in urban forestry.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/f17101160/s1, Table S1: Model metrics estimated for the GLMMs,
presented in Table 1, testing the richness (formula: Richness of TreMs ~ D_scaled + Tree grouping type
+ (1|id_group) + (1|genus)) and abundance (formula: Abundance of TreMs ~ D_scaled + Tree grouping
type + D_scaled: Tree grouping type + (1|id_group) + (1|genus)) of TreMs across DBH and monumental
tree configuration (single vs. grouped monumental tree), Table S2: Results of the SIMPER analysis
showing the TreMs that significantly contributed to the Sørensen dissimilarity between native and
non-native monumental trees. Average contribution represents the mean contribution of each TreM
to the overall dissimilarity. Non-native and Native represent the mean abundance of each TreM
in the origin type. Only significant TreMs (p-value < 0.05) are reported, Table S3: Results of the
Indicator Species Analysis (IndVal.g) identifying TreMs significantly associated with native and
non-native monumental trees. Origin indicates the monumental tree type with which each TreM is
significantly associated. Only TreMs with significant indicator values (p < 0.05) are reported, Table S4:
Results of the SIMPER analysis showing the TreMs that significantly contributed to the Sørensen
dissimilarity between individual and monumental group trees. Average contribution represents
the mean contribution of each TreM to the overall dissimilarity. Individual monumental tree and
monumental group represent the mean abundance of each TreM in the monumental tree configuration.
Only significant TreMs (p-value < 0.05) are reported, Table S5: Results of the Indicator Species
Analysis (IndVal.g) identifying TreMs significantly associated with individual and monumental group
trees. Tree configuration indicates the monumental tree type with which each TreM is significantly
associated. Only TreMs with significant indicator values (p < 0.05) are reported, Table S6: Results of the
final GLMMs with Poisson error distribution, using the AICc-selection method, of the relationships
between criteria of monumentality and the richness (AICc = 618.6) and abundance (AICc = 858.5)
of tree-related microhabitats (TreMs) for 124 urban monumental trees of the Veneto region, Table
S7: Metrics for the GLMMs testing the richness (formula: Richness of TreMs ~ Age + Circumference
+ Landscape value + Historical value +(1|id_group)) and abundance (formula: Abundance of TreMs ~
Age + Circumference + Landscape value + Historical value + Botanical rarity + (1|id_group)) of TreMs
across 10 criteria of monumentality. The metrics refer to the final model, including the criteria of
monumentality as predictors based on AICc-selection methods, Table S8: Results of the Indicator
Species Analysis (IndVal.g) identifying TreMs significantly associated with each criterion. Only TreMs
with significant indicator values (p < 0.05) are reported, Table S9: Structure of the GLMMs describing
associated model types, error distributions, and formulas implemented in this study.
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