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Abstract

Tree-related microhabitats act as key links between forest structure and biodiversity, but
these pathways may be altered in urban forests. In Mediterranean urban forests, we
found that deadwood-related processes were weaker than hypothesized, while structural
diversity remained the primary driver of microhabitat richness. We evaluated whether
hierarchical pathways linking structure, diversity, and richness are maintained under urban
conditions. A Structural Equation Model was applied to 180 plots across three Italian
cities (Florence, Rome, Campobasso), assessing relationships among tree and deadwood
volume, diversity, richness, and landscape variables (forest area, patch shape complexity,
canopy cover). A consistent bottom-up hierarchy emerged, in which structural hetero-
geneity was associated with microhabitat richness through diversity-mediated pathways.
However, deadwood-related pathways were positive but less consistent than living-tree-
related pathways. Landscape context acted mainly as a secondary filter, although canopy
cover positively influenced some richness components. Overall, urban forest microhabitat
richness depended more on structural heterogeneity than biomass; patterns are consistent
with the hypothesis that management, including deadwood removal, may constrain habitat
continuity. Maintaining structurally diverse stands, retaining deadwood where compati-
ble with public safety, and integrating microhabitat monitoring into spatial planning are
essential to support biodiversity and ecosystem services in urban forests.

Keywords: diversity; richness; deadwood; urban forest management; forest naturalness;
forest structural complexity; Italian cities; urban forests

1. Introduction

Urban forests have increasingly been considered essential components of cities, given
their ability to provide a wide range of ecosystem services and benefits for human well-
being while supporting biodiversity. Urban forests reduce temperatures [1], filter air [2],
and provide recreational spaces that alleviate stress [3], thereby mitigating the negative
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effects of urbanization and land-use change [3,4] while helping to counteract habitat loss
and fragmentation globally [5]. The quality and quantity of ecosystem services [6] and
the health and resilience of urban forests [7] are strongly influenced by their structure and
composition. The vertical and horizontal structure of urban forests (i.e., canopy density,
stem density, tree size and health, species composition) can strongly influence key ecological
processes and the exchanges of evapotranspiration, carbon and energy between urban
ecosystems and the atmosphere [8] as well as the composition, abundance, density, and
stability of animal communities [9-11]. In this context, an increasing number and diversity
of tree species and key structures, such as deadwood and tree hollows [12], can increase
the structural complexity of urban forests.

Trees are the main natural infrastructure in urban areas [12,13]. Beyond enhancing ur-
ban aesthetics, they regulate environmental processes and support different species [14-16]
by providing habitat and developing Tree-related Microhabitats (TreMs) [17,18]. TreMs are
distinct and well-delineated structures occurring on living or standing dead trees [18-20]
and comprise, for example, cavities, rot holes, crown deadwood, injuries, nests or bracket
fungi. TreMs constitute a particular and essential substrate or life site for species or species
communities during part of their life cycle to develop, feed, shelter, or breed [21,22], car-
rying out specific functions for the urban forest ecosystem. In forests, the presence of
tree hollows is used to indicate the value of trees for biodiversity [18,21,23]. According
to Martin et al. [24], greater richness and diversity of TreMs within forests may result in
greater structural complexity, favoring the availability of different ecological niches and
the maintenance of diverse biological communities [11]. Furthermore, several studies both
in natural and semi-natural forests (e.g., [21,24]) and in urban green spaces (e.g., [25-27])
have shown that TreMs are more likely to be found on larger rather than smaller trees, as
well as on dead trees and certain tree species that promote the formation of unique TreM
groups because these trees provide a greater variety of substrates and are exposed to longer
periods of habitat-forming processes such as decay, injury, and fungal colonization. This
suggests that the presence of deadwood and structurally complex trees, particularly large
and mature individuals rich in TreMs, can support species of high conservation priority [25],
while a heterogeneous forest structure is essential to sustain these benefits over time and
increase the resilience of urban forests [28]. In natural forests, deadwood occurs in different
forms, such as dead standing trees and dead branches still attached to tree crowns and
fallen dead tree trunks, and stages of decomposition [29-31]. Depending on their structural
characteristics and the surrounding environmental context, these forms can play a crucial
role in shaping saproxylic beetle communities and overall biodiversity by increasing habitat
complexity and the diversity of available trophic and nesting resources [20,32-34]. These
structural forms are especially important for taxa closely associated with decaying wood,
such as saproxylic beetles and cavity-nesting birds, including woodpeckers [30,35].

The management of urban green spaces is subject to strict arboriculture policies [26].
Although common urban policies value large, old trees, this does not apply to those that age
and accumulate TreM, such as cavities, deadwood in the canopy, or fungal fruiting bodies.
Furthermore, the presence of deadwood in an urban green space is regarded as aesthetically
disagreeable, due to the possibility of dead tree collapse and potential fires [36,37]. Safety
concerns therefore often necessitate targeted interventions on these habitat trees, including
pruning [38] or even complete removal by felling [25,39]. However, the removal of dead-
wood significantly reduces the occurrence and diversity of TreMs, which can compromise
biodiversity and the ecological functioning of urban green spaces [27]. Therefore, it is
important to develop management strategies that integrate safety, ecological functionality,
and social needs, a crucial challenge for the future of sustainable urban forest planning [40].
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However, systematic quantitative assessments of hierarchical pathways linking trees,
deadwood, and TreMs remain limited in urban forests, especially where strict management,
safety constraints, and limited space may alter these relationships. It remains unclear
whether the ecological linkages among tree diversity, deadwood dynamics, and microhabi-
tat formation—well documented in natural forests—are preserved in urban environments,
where intensive management, safety-driven deadwood removal, and spatial constraints
may disrupt or decouple these processes. To address this knowledge gap, this study aims to
understand how urbanization and management practices influence the structural and func-
tional relationships among tree diversity, deadwood, and TreMs in urban forest ecosystems.
In particular, we investigated 12 urban forests across three Italian cities (Florence, Rome,
and Campobasso) characterized by high variability in terms of compositional, structural
and functional diversity. The specific questions our study answers are as follows:

1. To what extent are the hierarchical relationships linking tree diversity, deadwood
heterogeneity, and microhabitat richness preserved in urban forest ecosystems?

2. Do living-tree and deadwood-related diversity pathways differ in their strength of
association with microhabitat formation?

3.  How do landscape constraints—forest area, patch shape complexity and canopy
cover—modify pathways generating structures for biodiversity in urban forests?

2. Materials and Methods
2.1. Study Area and Field Measurements

The study was conducted in the urban forests of three Italian cities (Florence, Rome,
and Campobasso) (Figure 1). The study area comprised 12 urban parks, with four parks
selected in each city. The selected parks differed in size, morphology, and vegetation charac-
teristics, providing a wide range of structural and ecological conditions. Within each park,
15 circular plots (radius = 13 m defined in the Italian National Forest Inventory by Gasperini
and Tabacchi [41]) were established to survey representative urban forest stands, resulting
in a total of 180 sampling plots (i.e., 15 plots x 4 parks x 3 municipalities). Between 2022
and 2025, the structural attributes and dendrometric parameters were determined in each
stand for all living trees with a diameter > 5 cm. For each tree, the stem diameter at 1.30 m,
total height, tree species and height to the base of the live crown were measured. TreMs
were recorded for each sampled tree and classified according to the official catalogue pro-
posed by Kraus et al. [42], which distinguishes 64 different microhabitat types. Deadwood
components were also surveyed and measured within each plot following standardized
field protocols and classified into the main deadwood categories: coarse woody debris,
standing dead trees, stumps, snags, and dead downed trees. Diversity and inequality met-
rics were derived from relative abundance or frequency distributions within each domain,
using indices tailored to their ecological meaning. Shannon diversity was applied to tree
and deadwood components, reflecting species and decay-stage heterogeneity, whereas
microhabitat compositional inequality was quantified using the Gini coefficient to capture
inequality in the distribution of TreM types at plot level. Richness was defined as the total
number of distinct categories observed per plot for each domain. A detailed description of
the characteristics of living trees, deadwood and TreMs along with maps of forest cover for
each urban forest is provided in Borghi et al. [12].
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Figure 1. Location of the study area and sampling design. The study was conducted in three
Italian municipalities (Florence, Rome, and Campobasso, delimited by red solid lines) located in
three administrative regions (Tuscany, Lazio, Molise, delimited by green solid lines), where four
urban parks were selected per city (12 parks in total in different color dots for each municipality).
Within each park, 15 circular plots (radius = 13 m) were established, for a total of 180 plots. In each
plot, forest structure, dendrometric variables, deadwood components, and tree-related microhabitats
(TreMs) were systematically surveyed.

2.2. Statistical Analysis

We evaluated hypothesized causal relationships among forest structure, deadwood
attributes, and TreMs using piecewise structural equation modelling (pSEM). In ecological
applications, pSEM is particularly useful when causal hypotheses are represented by
a network of linked regressions, like in this case study, rather than by a single covariance-
based model, and when the data include hierarchical structure, non-Gaussian responses, or
both [43-46].

The conceptual backbone retained for interpretation is summarized in Table 1.

The model was designed to test explicit a priori hypotheses: tree volume was expected
to be positively associated with tree diversity; tree diversity with TreM diversity and
richness; deadwood decay stage diversity and richness with TreM diversity and richness;
and landscape variables were expected to regulate richness directly by representing habitat
amount, configuration, and local habitat conditions. Because no non-urban reference system
was included, any attenuation of deadwood-related pathways is interpreted as a hypothesis
consistent with urban management constraints rather than as a direct demonstration of
differences from natural forests.

The SEM was specified a priori as a hierarchical ecological cascade in which structural
attributes influence compositional diversity, which in turn influences richness. Landscape
and configuration variables were treated as exogenous contextual constraints acting directly
on richness responses rather than as part of the mediated structural cascade.
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Table 1. Conceptual backbone of the piecewise SEM.

Interpretation

Theoretical Pathway Retained in the
Conceptual SEM

Domain

Live tree biomass is expected to be associated with
tree compositional diversity; tree Shannon
diversity is then interpreted as positively
associated with tree species richness.

Tree volume — Tree Shannon diversity —
Tree species richness

Tree domain

Tree and deadwood biomasses are expected to be
associated with greater compositional diversity

Tree and deadwood volume — Deadwood Deadwood
across decay elements; deadwood Shannon . ) : .
: o . r Shannon diversity — Deadwood richness domain
diversity is then interpreted as positively
associated with deadwood richness.
Tree diversity is expected to b itivel . . . .
ree cuversity 18 expected to be postivery Tree Shannon diversity — Microhabitat
associated with microhabitat diversity. Deadwood A . . . .
. . . . . Gini inequality, Deadwood richness + Microhabitat
decay stage richness and microhabitat diversity . . o : .
Microhabitat Gini inequality — domain

are expected to be positively associated with
microhabitat richness.

Microhabitat richness

Landscape attributes directly regulate realized
richness across domains, acting as external
constraints or enhancers independent of internal
diversity pathways.

Forest area (habitat (h.) amount), shape
index (h. configuration), canopy cover (h.
conditions) — Richness (tree, deadwood,

microhabitats)

Landscape context

Formally, the pSEM can be expressed as a system of linear equations, where each

component model represents a causal claim of the form:

n

yi = ), (Bxj) +ai + &

j=1

1

where y; is the response variable of the i-th equation, x; are the predictor variables, p; are
the standardized path coefficients describing the magnitude and direction of effects, «; is
the intercept, and ; is the residual error term, including random effects when specified. In
this framework, the path coefficients are analogous to partial regression coefficients and
quantify the direct contribution of each predictor to the response, while indirect effects
emerge through chains of linked equations.

The pSEM operationalizes the hypothesized ecological cascade by linking tree volume
to tree and deadwood attributes, which subsequently influence microhabitat inequality and
richness (Table 2), while landscape variables are included as direct predictors of richness.
Tree volume was used as a proxy for stand-level biomass and structural development,
capturing both tree size and density. The constituent models included in the final pSEM are
listed in Table 2, and the fixed-effect estimates reported from those models are summarized
in Figures 2 and 3.

Continuous predictors were standardized to mean zero and unit variance prior to
modelling, allowing direct comparison of effect sizes across component models. Forest area
was log-transformed before standardization. Missing values in deadwood-related variables
were replaced with zeros because they corresponded to true absences recorded during
field surveys, rather than unmeasured or missing observations. Deadwood presence was
systematically assessed in all plots following a standardized protocol, ensuring that zero
values reflected the actual lack of deadwood rather than incomplete sampling.
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Table 2. Constituent models included in the final piecewise Structural Equation Model. Abbreviations:
LMM = Linear Mixed Model; GLM = Generalized Linear Model;, GLMM = Generalized Linear
Mixed Model.

Random Effect Error Structure Predictor Variables Response Variable Model

Park Gaussian LMM Tree volume Tree diversity M1

Forest area + shape index + canopy

Park Gaussian LMM . . Tree richness M2
cover + tree diversity
Park Gaussian LMM Tree volume Deadwood volume M3
Park Gaussian LMM Tree volume + deadwood volume  Deadwood diversity M4
Poisson GLM (log Tre:e richness + forest area + shape .
None . index + mean canopy cover + Deadwood richness M5
link) . .
deadwood diversity
Park Gaussian LMM Tree diversity + deadwood diversity 1\/.I1croha}?1tat Mé6
inequality
Tree richness + deadwood richness +
Poisson GLMM (log forest area + shape index + mean Microhabitat
Park ) . . . M7
link) canopy cover + microhabitat richness

inequality

Tree_volume

Yy

Deadwood_volume

Tree_Shannon_diversity ﬁ Tree_richness Canopy_cover

vy o 0.22F
: /
v A 4
-Deadwuodishannonid‘wersityﬁ Deadwood_richness Patch_shape_complexity
2

-

0.03

A J A s

»| Microhabitat_Gini_index w’— Microhabitat_richness Forest_area

<

Figure 2. Conceptual structural equation model showing relationships among forest structural
attributes (tree volume, deadwood volume, canopy cover, patch shape complexity, and forest area)
and structural habitat components (diversity/inequality and richness of trees, deadwood, and
microhabitats). Boxes represent observed variables. Arrows indicate hypothesized causal pathways:
blue arrows show positive effects, and grey dashed arrows denote non-significant relationships.
Values next to arrows are unstandardized path coefficients; asterisks denote significance levels
(* p <0.05,** p <0.01, *** p < 0.001; ns = non-significant). Line thickness is proportional to the absolute
magnitude of the displayed unstandardized coefficient. Standardized effects and 95% confidence
intervals are reported in Figure 3.

Component models were fitted using R [47]. Gaussian responses were analyzed using
linear mixed-effects models implemented in Ime4 [48], with park included as a random
intercept to account for the hierarchical structure of the data. Plots were treated as inde-
pendent sampling units, while potential spatial dependence among plots within the same
park was accommodated through this random effect. Degrees of freedom and p-values
shown for linear mixed models were obtained from ImerTest, which extends Ime4 and
provides Satterthwaite-based inference for fixed effects [49]. Count responses were ana-
lyzed using Poisson generalized linear models or generalized linear mixed-effects models
with a log link, depending on whether random effects were retained in the final model
structure. Overdispersion in count models was assessed using the ratio of residual deviance
to residual degrees of freedom.

https:/ /doi.org/10.3390/£17080963


https://doi.org/10.3390/f17080963

Forests 2026, 17, 963

7 of 19

Tree Shannon diversity Tree richness
Tree volume - : : —— :
Deadwood volume - 1 | 1
Tree Shannon diversity = ! ! ! -0~
Deadwood Shannon diversity 5 : : :
Deadwood richness = 1 1 1
Microhabitat Gini index - : : :
Forest area = | I —Or
Patch shape complexity = ! } —0—
Canopy cover 5 : : :—.—
Deadwood volume Deadwood Shannon diversity Deadwood richness
Tree volume - -:—O—- :-—.—- :
Deadwood volume = ] —— 1
Tree Shannon diversity = | —_—— !
Deadwood Shannon diversity 4 : : : ——
Deadwood richness = 1 1 1
Microhabitat Gini index + : : :
Forest area - | | O
Patch shape complexity 4 ! ! —O—
Canopy cover + : : : ——
Microhabitat Gini index Microhabitat richness
Tree volume = : —q— :
Deadwood volume = 1 —O— 1
Tree Shannon diversity < ! I —— 1
Deadwood Shannon diversity 4 i -—:O—- :
Deadwood richness = 1 1 L
Microhabitat Gini index = : : :-.'
Forest area = \ | -TO—
Patch shape complexity = ! ! —O—
Canopy cover = ! |
| T 1 | T ' ' 1
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Figure 3. Standardized coefficients (£95% confidence intervals) from the component models in-
cluded in the final piecewise structural equation model (pSEM), arranged to reflect the hierarchical
organization of diversity pathways. Panels are grouped by domain across rows, with tree-related
responses in the first row, deadwood-related responses in the second row, and microhabitat-related
responses in the third row; empty panels are included to preserve this structure. Within each panel,
points indicate standardized effect sizes of predictors, and horizontal bars represent 95% confidence
intervals. The vertical dashed line denotes zero effect. Positive and negative values indicate the
direction of relationships. Filled circles denote effects whose confidence intervals do not overlap zero
(statistically supported at p < 0.05), whereas open circles indicate non-supported effects (p > 0.05).
Standardization was performed using a refitting approach to allow comparison across models with
different response distributions and scales. Intercepts are not shown, as they are not interpreted
within the causal framework.

The overall pSEM was assembled and evaluated using the piecewise SEM frame-
work [46]. Model fit was assessed using Shipley’s test of direct separation, which evaluates
whether the set of conditional independence claims implied by the model is supported by
the data. This approach tests whether all variables that are not explicitly connected in the
model are conditionally independent, thereby identifying potentially missing pathways.
For each independence claim, a p-value is obtained, and these are combined into a single
test statistic, Fisher’s C (Equation (2)).

k
C=-2) In(p;) ©)
i=1

where p; is the p-value associated with the i-th independence claim in a basis set of size
k. Under the null hypothesis that all conditional independence claims hold, C follows
a chi-squared distribution with 2k degrees of freedom. Thus, a non-significant result
(p > o, typically 0.05) indicates that the hypothesized causal structure is consistent with the
observed data.

Explained variance was quantified for each component model. Marginal (R2,) and
conditional (R?) coefficients of determination were calculated for mixed models, represent-
ing the variance explained by fixed effects alone and by both fixed and random effects,
respectively. The difference between these (AR? = R? — R2) reflects the contribution of
hierarchical structure to model performance. Marginal and conditional R? values for mixed

https:/ /doi.org/10.3390/£17080963


https://doi.org/10.3390/f17080963

Forests 2026, 17, 963

8 of 19

models were interpreted following the framework of Nakagawa & Schielzeth [50] and its
later extension for generalized mixed models [51].

Importantly, the pPSEM developed here was specified a priori based on ecological
theory and existing empirical evidence, rather than derived through an exhaustive search
for a fully saturated causal network. We therefore did not compare this a priori model with
a data-driven full model selected through stepwise procedures, because doing so would
shift the analysis from a confirmatory framework to an exploratory one and could reduce
the ecological interpretability of the hypothesized pathways. Instead, model adequacy was
evaluated using Shipley’s test of directed separation, standardized coefficients, confidence
intervals, and explained variance of the component models. This methodological frame-
work allows testing whether the structural pathways generating habitats for biodiversity
observed in natural forests are retained or altered under urban conditions.

To further explore differences in microhabitat composition among municipalities, we
performed a non-metric multidimensional scaling (NMDS) ordination based on Bray—Curtis
dissimilarities using the abundance of microhabitat categories recorded in each plot. NMDS
was chosen as a robust, non-parametric approach suitable for community composition data
with non-linear relationships. The analysis was conducted using the vegan package in R,
and ordination was performed in two dimensions. Only plots with non-zero microhabitat
observations were included. The resulting ordination scores were visualized to compare
compositional patterns among municipalities, and 95% confidence ellipses were added to
highlight group-level differences. In addition, microhabitat categories were overlaid to
identify the main components driving compositional variation.

3. Results
3.1. Global Structure of Diversity Pathways in the pSEM

The piecewise SEM revealed a structured network of relationships linking forest
attributes, diversity components, and landscape variables (Figures 2 and 3). The pSEM
(Figure 2) highlights strong positive pathways linking diversity (Shannon) or inequality
(Gini) to richness across all domains, while several upstream structural relationships
remain weak or non-significant. The global goodness-of-fit test indicated that the full pPSEM
reproduced the data well based on a comparison of Fisher’s C statistic to a chi-squared
distribution (Fisher’s C = 61.5, df = 52, p = 0.171).

Among all pathways, the effect of tree Shannon diversity on tree richness and of
microhabitat inequality (Gini index) on microhabitat richness were among the strongest
relationships in the model (Figure 3). Within the tree domain, tree volume positively
influenced Shannon tree diversity, which in turn strongly increased tree richness. How-
ever, several hypothesized structural links were not supported by the data, particularly
the relationship between tree volume and deadwood volume (Figure 3). Nevertheless,
deadwood volume positively influenced Shannon deadwood diversity, which was the
primary predictor of deadwood richness. Within the microhabitat domain, microhabitat
inequality (Gini index) increased with tree Shannon diversity and was a significant pre-
dictor of microhabitat richness. Microhabitat richness was also positively associated with
deadwood richness.

Landscape variables exerted direct effects on richness responses across domains.
Canopy cover, an indicator of gap opening in urban parks due to harvesting of groups of
trees for landscaping or for safety reasons, positively affected tree richness and deadwood
richness. In contrast, microhabitat richness showed no significant relationships with forest
area, patch shape complexity, or canopy cover. Overall, forest area had consistently positive
but non-significant effects on richness, whereas patch complexity had consistently negative
but non-significant effects.
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The component models showed moderate to high explanatory power (Table 3). Tree
richness and deadwood richness models exhibited the highest explained variance, whereas
models involving deadwood volume and tree diversity showed comparatively lower
explanatory power, particularly in terms of marginal R?.

Table 3. Explained variance of the component models included in the final piecewise structural
equation model (pSEM). For each response variable, the table reports the type of model fitted and the
proportion of variance explained. Marginal R? values represent the variance explained by fixed effects
only, whereas conditional R? values represent the variance explained by both fixed and random effects
(for mixed models). For generalized linear models (GLM/GLMM), R? values were calculated using
appropriate pseudo-R? metrics (Nagelkerke for GLM and trigamma-based estimates for GLMM).
Conditional R? is not applicable for models without random effects (indicated by “—*).

Conditional R2 Marginal R? R? Type Response Variable
0.63 0.04 LMM Tree diversity
0.87 0.85 LMM Tree richness
0.29 0.01 LMM Deadwood volume
0.54 0.04 LMM Deadwood diversity

— 0.76 Poisson GLM (Nagelkerke) Deadwood richness

0.42 0.10 LMM Microhabitat inequality
0.80 0.05 Poisson GLMM (trigamma) Microhabitat richness

3.2. Inter-Municipality Comparison

Across municipalities, the overall structure of the pSEM was broadly conserved,
with consistent positive association between diversity and richness within each domain,
particularly for trees and deadwood (Figure 4). In all three cities, tree Shannon diversity
was strongly positively associated with tree richness, and deadwood Shannon diversity was
consistently positively associated with deadwood richness, indicating stable within-domain
relationships between related diversity metrics.

Relationships between deadwood and microhabitats were more consistent but still
varied in strength. Deadwood diversity and richness contributed positively to microhabitat
responses in all municipalities, with particularly strong effects of deadwood richness on mi-
crohabitat richness in Rome and Campobasso. However, effects on the microhabitat Gini in-
dex were weaker and less consistent, suggesting that while deadwood availability supports
microhabitat quantity, its influence on structural inequality is more context-dependent.

Landscape effects showed the greatest divergence among municipalities. In Florence,
richness responses were primarily associated with patch shape complexity, with weaker
contributions from forest area. In Rome, landscape variables had more moderate and
less consistent effects across responses. In contrast, Campobasso showed stronger and
more consistent landscape influences, with both forest area and patch shape complexity
positively affecting tree and microhabitat richness. Overall, these patterns indicate that
while core ecological pathways are shared, the strength of tree-deadwood coupling and
the role of landscape structure vary substantially among municipalities.

Complementary patterns emerged from comparing diversity and microhabitat com-
position among municipalities. Boxplots of richness and diversity metrics (Figure 5A)
revealed clear differences in central tendency and variability across cities, particularly for
microhabitat richness and diversity, as well as tree-related metrics. These differences were
further supported by the NMDS ordination, which showed partial separation of plots
according to municipality, indicating shifts in microhabitat composition rather than only
differences in total richness. In particular, tree and microhabitat richness was similarly
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higher in Florence and Campobasso compared to Rome, while deadwood diversity was
higher in Florence and similarly lower in Rome and Campobasso. Tree and deadwood rich-
ness was similarly higher in Florence and Campobasso than in Rome, while microhabitat
inequality was highest in Florence, intermediate in Rome, and lowest in Campobasso.
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Figure 4. Standardized coefficients (95% confidence intervals) from the component models included
in the final piecewise structural equation model (pSEM) for the three municipalities. Within each
panel, points indicate standardized effect sizes of predictors, and horizontal bars represent 95%
confidence intervals. The vertical dashed line denotes zero effect. Positive and negative values
indicate the direction of relationships. Filled circles denote effects whose confidence intervals do not
overlap zero (statistically supported at p < 0.05), whereas open circles indicate non-supported effects
(p > 0.05). Standardization was performed using a refitting approach to allow comparison across
models with different response distributions and scales. Intercepts are not shown, as they are not
interpreted within the causal framework. In contrast, tree-deadwood linkages were more variable
among municipalities. The effect of tree volume on deadwood volume was strongest and clearly
positive in Rome, whereas it was weaker and less consistent in Florence and Campobasso. Similarly,
tree-mediated effects on deadwood diversity were generally modest across all cities, indicating that
deadwood dynamics are only partially coupled with standing tree structure.

The NMDS ordination (Figure 5B) revealed partial separation among municipalities,
indicating differences in microhabitat composition beyond variation in richness and di-
versity. Although some overlap was observed, particularly between Florence and Rome,
Campobasso showed a clearer shift along the main ordination gradient (NMDS1), suggest-
ing a distinct compositional structure.

The distribution of microhabitat vectors highlighted the contribution of specific cate-
gories to these patterns. Cavities (CV), insect-related microhabitats (IN), and bark-related
structures (BA) were primarily associated with the central portion of the ordination space,
contributing to the shared compositional core among municipalities. In contrast, epiphytic
and fungal-related microhabitats (EP), together with nest-related structures (NE), were
more aligned with the negative side of NMDS1, contributing to the differentiation of
Florence. Deadwood-related microhabitats (DE) and some growth-related features (GR)
were more associated with the positive side of the ordination space, contributing to the
separation of Campobasso.
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Figure 5. Differences in structural habitat attributes and TreM composition among municipalities.
(A) Boxplots of tree, deadwood, and TreM richness/diversity or inequality metrics across municipali-
ties. (B) Non-metric multidimensional scaling (NMDS) ordination of TreM composition based on
Bray—Curtis dissimilarities. Points represent plots colored by municipality, and ellipses indicate 95%
confidence regions around municipality groups. Where shown, arrows indicate the direction and
relative contribution of TreM types to the ordination space.

These patterns indicate that differences among municipalities are driven not only by
the overall availability of microhabitats but also by shifts in their relative composition.
In particular, Florence appears to be characterized by a higher contribution of epiphytic
and cavity-related microhabitats, while Campobasso shows a greater association with
deadwood-related and growth-related structures. Rome occupies an intermediate position,
with a more compact distribution of plots and a composition largely overlapping with the
common microhabitat core.

Overall, the NMDS results support the interpretation that urban forest diversity varies
among municipalities in terms of both magnitude and structural composition, reflecting
differences in forest structure, management intensity, and ecological processes influencing
microhabitat formation.

4. Discussion
4.1. Interpreting the pSEM: Parsimony, Fit, and Hierarchical Signal

The pSEM is consistent with the simplified and hypothesis-driven structure of the
urban forest ecosystems. Rather than seeking a statistically saturated model, we adopted
a parsimonious approach aligned with a priori ecological hypotheses, thereby prioritizing
interpretability and mechanistic insight over exhaustive representation of all conditional
dependencies [43,44,46]. Such an approach is particularly appropriate in ecological systems,
where complex multivariate interactions are often better captured by simplified, hypothesis-
driven models than by fully saturated statistical structures. Accordingly, the pPSEM should
be interpreted as a theory-informed framework capturing the dominant relationships
among structural attributes, diversity components, and landscape context.

The distribution of explained variance further supports this interpretation, with higher
explanatory power concentrated in richness responses—particularly tree and deadwood
richness—while upstream structural components and some diversity components show
lower explained variance. This pattern is consistent with a hierarchical propagation of
ecological signal rather than with overfitting across all levels of the model.

At the same time, the model’s parsimony implies that some indirect pathways and
interactions may be underrepresented. For example, landscape configuration could indi-
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rectly affect diversity by influencing tree growth, deadwood accumulation, microclimatic
conditions, or the persistence of habitat-bearing trees. These omitted pathways mean that
some direct effects should be interpreted as summaries of broader ecological processes
rather than as isolated mechanisms.

4.2. Structural Complexity as the Foundation of Urban Forest Diversity

The piecewise SEM supports a hierarchical, bottom-up organization of diversity in
urban forests, indicating that stand structural attributes are primary drivers of ecologi-
cal complexity and influence diversity primarily through indirect pathways. Among the
variables considered, tree volume emerged as a key driver of diversification at all levels in-
fluencing, directly, tree diversity and deadwood heterogeneity and, indirectly, microhabitat
inequality. This finding is consistent with growing evidence that large trees and structurally
complex stands constitute key ecological infrastructure in both natural and urban forests,
as they provide a wide range of resources, substrates, and environmental conditions for
associated organisms [11,18,24]. Forest development is generally accompanied by increases
in biomass accumulation, tree size variability, canopy stratification, and the abundance
of habitat-bearing trees as indicators of biological legacies. As forests mature, structural
heterogeneity increases, creating a wider range of environmental conditions and habitat
opportunities [52]. Our results suggest that diversity is promoted not by biomass accumu-
lation itself, but by the structural complexity generated during stand development. Similar
patterns have been observed across European forests, where structural complexity consis-
tently outperforms traditional stand metrics such as density or productivity in explaining
diversity patterns [52].

In urban environments, where forest patches are frequently constrained by fragmen-
tation and management interventions, structural complexity may become particularly
important. Large trees contribute disproportionately to ecosystem functioning because
they support higher numbers of microhabitats, increase habitat continuity through time,
and provide resources for specialized taxa that are often absent from younger or intensively
managed stands [27,53]. Consequently, maintaining structurally diverse urban forests
appears fundamental not only for sustaining ecosystem services but also for preserving the
ecological processes that support urban biodiversity.

This has direct implications for urban planning. Urban forestry strategies based only
on increasing green cover or tree numbers may overlook the structural attributes that
determine habitat availability. From a nature-based solutions perspective, maintaining
structurally heterogeneous stands, large old trees, trees bearing TreMs, and a diversity
of tree sizes and species is therefore essential for converting urban green spaces into
ecologically functional habitats.

4.3. Diversity-Mediated Pathways and the Central Role of Tree-Related Microhabitats

Tree-related microhabitats (TreMs) emerged as the main integrative component of the
diversity network, linking forest structure and composition to habitat availability. The
PSEM showed that structural attributes did not directly increase richness; rather, their
effects were largely mediated through diversity pathways. Tree and deadwood volume
contributed to richness indirectly by promoting diversity or structural inequality, which in
turn increased richness across domains. This pattern supports the view that biodiversity in
urban forests depends more on the diversification of habitat structures than on biomass
accumulation alone [54]. Within this hierarchical framework, TreMs occupied a central
position by integrating contributions from tree diversity, deadwood-related components,
and stand structure. Their role is consistent with growing evidence that identifies TreMs as
reliable indicators of biodiversity potential, as they reflect multiple ecological processes
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spanning tree development, senescence, injury, fungal colonization, and decay (Figure 6).
TreMs therefore represent a key interface through which forest structural complexity is
translated into habitat resources for a broad range of organisms [24,33]. The positive asso-
ciations between tree diversity, deadwood-related attributes, and microhabitat responses
further suggest that structurally and compositionally heterogeneous forests provide a wider
range of habitat opportunities. However, our results indicate that the ecological value of
urban forests is associated less with the abundance of habitat structures than with their
diversity and heterogeneity [29,55]. Consequently, maintaining a diverse array of trees,
deadwood elements, and microhabitats appears essential for sustaining habitat complexity
and biodiversity potential in urban forests [11,30,56].

Figure 6. Some tree-related microhabitats of trees representative of urban forests: (A): Cavity
entrance; (B): Rot-holes originating from branch breakage; (C): Cup-shaped concavities to trunk base;
(D): Gallery with single large bore hole; (E): Bark loss; (F): Cleft through the bark; (G): Bark shelter;
(H): Bark pocket; (I): Coarse bark; (L): Decaying wood; (M): Cancerous growth; (N): Decayed canker;
(O): Perennial polypores; (P): Epiphytic bryophytes; (Q): Epiphytic foliose and fruticose lichens;
(R): Lianas coverage; (S): Mistletoe; (T): Small vertebrate nest; (U): Sap flow; (V): Bark microsoil.

Because TreMs can be recorded relatively quickly in the field, they also serve as
a practical tool for urban forest managers. Their richness and composition can be used to
monitor potential habitat availability, compare management units, and evaluate whether
conservation-oriented interventions increase structural habitat complexity over time. They
should therefore be interpreted as indicators of biodiversity-supporting potential rather
than direct measures of realized biodiversity.
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4.4. Urban Disruption of Deadwood-Mediated Diversity Pathways

One of the most notable findings of this study is the weak coupling between tree
volume, deadwood accumulation, and microhabitat development. While larger and struc-
turally complex stands generally supported higher levels of tree diversity, the downstream
relationships involving deadwood were partially weaker than those hypothesized for less
disturbed forest ecosystems. In particular, deadwood decay stage richness showed a rela-
tively modest but significant contribution to microhabitat richness, suggesting a possible
weakening of the ecological pathways that connect forest development, biological legacies,
and habitat availability.

In natural forests, tree mortality and senescence generate a continuous supply of
deadwood in various forms and stages of decomposition, including standing dead trees,
snags, fallen logs, and dead branches retained within the canopy [33]. These structures
support essential ecological functions, including nutrient cycling, carbon storage, moisture
retention, and habitat provision for a broad range of organisms [34,57,58]. Deadwood also
plays a crucial role in the development of microhabitats through decomposition processes,
fungal activity, branch mortality, and structural decay [21]. A plausible explanation for
the relatively weak deadwood-mediated pathways observed here is the influence of urban
forest management. However, because direct information on pruning frequency, deadwood
removal policies, and management intensity was not available, this explanation should be
considered an inference rather than a directly tested mechanism. Future studies should
explicitly quantify management intensity, for example, through indicators such as pruning
frequency, deadwood removals per unit area, retention of standing dead trees, and safety-
driven interventions.

If deadwood continuity is reduced, urban forests may retain relatively high levels of
living tree diversity while losing important components of habitat complexity. Such weak-
ening of deadwood-related pathways may disproportionately affect organisms that depend
on decaying wood or specific TreMs, including saproxylic beetles, cavity-nesting birds,
fungi, and other specialized taxa [13,34,59]. Together, these patterns support a simplified
urban pathway in which deadwood retains a positive but reduced and more context-
dependent role in microhabitat formation.

4.5. Landscape Context as a Secondary Diversity Filter

Beyond stand-level characteristics, landscape variables acted mainly as secondary
filters on richness responses. Canopy cover was the only landscape variable showing
significant direct effects, being positively associated with both tree and deadwood richness,
whereas microhabitat richness was not significantly related to forest area, patch shape
complexity, or canopy cover. Although forest area and patch complexity showed only
non-significant effects, their positive and negative directions, respectively, are consistent
with landscape ecology theory, which predicts that habitat amount and spatial config-
uration influence biodiversity through habitat continuity, dispersal opportunities, and
edge dynamics [57,58]. Larger forest patches generally support greater environmental
stability, resource continuity, and structural heterogeneity, thereby increasing the likeli-
hood of maintaining habitat-bearing trees, deadwood resources, and diverse microhabi-
tat assemblages [58,59]. Conversely, irregular and fragmented patches are characterized
by a greater proportion of edge habitats. Increased edge exposure alters microclimatic
conditions, modifies decomposition processes, and may reduce habitat quality for forest-
dependent organisms [58,60]. The absence of significant direct effects on TreM richness
suggests that landscape context affects microhabitat formation mainly indirectly, by shap-
ing the availability of trees and deadwood rather than directly determining TreM richness.
Once suitable trees, deadwood elements, and local structural conditions are present, TreM
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formation may depend more strongly on biological processes such as tree age, injury, de-
cay, fungal colonization, and species-specific traits. Alternatively, the landscape variables
used here—forest area, patch shape complexity, and canopy cover—may not fully capture
other relevant dimensions, such as patch connectivity, surrounding land use, park-use
intensity, or human disturbance. Similar patterns have been reported in studies showing
that biodiversity patterns depend not only on local habitat quality but also on the spa-
tial arrangement and connectivity of habitat patches across the landscape [6,61]. These
findings support integrating stand-level management with broader landscape planning
strategies, while emphasizing that local structural heterogeneity remains central for sus-
taining microhabitat richness.

4.6. Context Dependency Among Municipalities

Although the overall hierarchical organization of habitat-complexity pathways was
consistent across municipalities, the strength of individual relationships varied among
cities, indicating that local environmental conditions, landscape structure, and management
practices may influence the processes generating habitat complexity [62,63]. In all munici-
palities, diversity remained strongly associated with richness within domains, supporting
the generality of the diversity-mediated pathways identified by the pSEM.

However, cross-domain relationships linking trees, deadwood, and microhabitats
were more context-dependent. Rome showed stronger coupling between tree volume,
deadwood accumulation, and microhabitat richness, suggesting ecological dynamics closer
to those hypothesized for less intensively managed forests [21,28]. In contrast, Florence
and Campobasso displayed weaker tree-deadwood linkages and a greater influence of
landscape attributes, indicating that fragmentation [63] and management practices [13,59]
may exert stronger control over habitat formation processes.

Differences among municipalities were also reflected in microhabitat composition,
highlighting that similar richness levels can arise from different combinations of habitat
structures. Florence appeared more associated with epiphytic and cavity-related microhab-
itats, Campobasso with deadwood-related and growth-related features, and Rome with
a more compact composition overlapping the shared microhabitat core. This suggests
that urban forest habitat complexity depends not only on the quantity of available mi-
crohabitats but also on their composition and spatial arrangement [28,37]. Consequently,
pathways linking forest structure, deadwood dynamics, and microhabitats should be
viewed as context-dependent, with their expression shaped by local ecological conditions
and management regimes.

4.7. Limitations

Despite the strong mechanistic insights provided by the piecewise SEM, several limi-
tations should be acknowledged. First, the analysis is based on observational data, and
therefore causal relationships inferred from the SEM should be interpreted cautiously,
as unmeasured variables or alternative pathways may also contribute to the observed
patterns [45,46]. Although the model was specified a priori based on established ecological
theory, the simplified structure necessarily omits potentially relevant interactions, particu-
larly feedbacks among diversity components and finer-scale management variables that
were not explicitly quantified [46].

Second, the use of structural proxies such as tree volume, deadwood volume, and
diversity indices may not fully capture the functional quality of habitats, including specific
microhabitat attributes or decay stages that influence species assemblages [18,20,52,61].

Third, municipality-specific models were fitted separately to explore context depen-
dence, but differences in sample size, environmental heterogeneity, and management
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regimes among cities may influence the comparability of parameter estimates [61,62]. In
addition, the absence of a non-urban or unmanaged reference system limits the ability to
directly assess how far observed pathways deviate from natural forest dynamics [27,64]. As
a result, inter-municipality contrasts and interpretations of pathway modification should
be considered relative rather than absolute.

Finally, TreM richness and diversity were analyzed as aggregated metrics encom-
passing a wide range of microhabitat types with distinct ecological functions. While this
approach provides an integrated measure of forest habitat complexity and facilitates the
identification of general drivers, it may mask differences in the responses of specific micro-
habitat groups (e.g., cavities, epiphytes, fungal structures, or bark-related features) to forest
composition, structure, and management. Future studies could explore functional groups
of TreMs separately to better resolve these potentially contrasting patterns.

5. Conclusions

Urban forest habitat complexity was primarily associated with structural complexity
generated during forest development, but these relationships operated mainly through
diversity-mediated pathways rather than through biomass alone. Across municipalities,
richness responses were consistently associated with diversity or inequality metrics within
each domain. TreMs acted as the key integrative layer linking forest structure, dead-
wood attributes, and habitat availability, supporting their use as practical indicators of
biodiversity-supporting potential in urban forests.

Overall, habitat complexity pathways in urban forests were partially preserved but
modified under urban conditions. Living-tree-related pathways were more consistent
across municipalities, whereas deadwood-related pathways were positive but weaker or
more context-dependent. This pattern is consistent with the hypothesis that safety- and
aesthetics-driven management may reduce deadwood continuity and simplify habitat-
complexity pathways compared with those hypothesized for less disturbed forests. How-
ever, because direct management data and non-urban reference systems were not available,
this interpretation should be considered inferential.

Landscape context acted mainly as a secondary filter. Canopy cover was positively
associated with tree and deadwood richness, whereas TreM richness showed no significant
direct relationships with forest area, patch shape complexity, or canopy cover. These
findings suggest that landscape structure may influence habitat complexity mainly by
shaping the availability of trees and deadwood, while local structural heterogeneity remains
central for sustaining microhabitat richness.

Conservation-oriented urban forestry should therefore move beyond strategies fo-
cused only on increasing tree numbers or canopy cover alone, and should prioritize struc-
turally diverse stands, large, old and habitat-bearing trees, deadwood retention where
compatible with public safety, coherent forest patches, and TreM-based monitoring of
habitat availability.
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