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Abstract: Any forest management potentially affects the availability and quality of resources for
forest-dwelling wildlife populations, including endangered species. One such species is the Apennine
brown bear, a small and unique population living in the central Apennines of Italy. The conservation
of this relict bear population is hampered by the lack of knowledge of the fine-scale relationships
between productivity of key foods and forest structure, as this prevents the design and implemen-
tation of effective forest management plans. To address this issue, we sampled the main structural
stand attributes within the bear’s range and used multivariate generalized linear mixed models in a
Bayesian framework to relate forest structural attributes to proxies of productivity of key bear foods.
We found that hard mast was positively associated with both forest typology and high forest system,
but negatively related to both the time elapsed since the last forest utilization and the amount of
deadwood. The availability of soft-mast producing species was positively related to past forestry
practices but negatively associated with steep slopes historically managed with high tree densities
and a low silvicultural disturbance. Our findings also suggest that herb cover was negatively affected
by terrain steepness and basal area, while herb productivity was positively affected by northern
and southern exposure. Additionally, richness of forest ants was associated with forests character-
ized by low volume and high density. Our findings confirm that the productivity of natural bear
foods is strongly affected by forest structural and topographical characteristics and are relevant as
preliminary information for forest management practices to support the long-term conservation of
Apennine bears.

Keywords: forest structure; habitat; Ursus arctos marsicanus

1. Introduction

Forestry has historically focused on maximizing the wood production of economi-
cally desirable tree species. Recently, increasing environmental concern and a growing
body of scientific literature has led to a greater awareness of forests as ecological systems
with inherent value that needs careful consideration. Forests provide a wide range of
important ecosystem services, e.g., climate regulation, carbon sequestration and storage,
water regulation, biological control, and nutrient cycling [1]. Indeed, forests also support
biodiversity and provide habitats for wildlife species; the term ‘habitat’ indicates the set of
resources and conditions necessary to support an animal population through space and
time [2]. Therefore, forest management can unconsciously or intentionally alter resources
for forest-dwelling wildlife species by interfering with successional stages and altering com-
position of species, vertical stratification of trees, and age structure [3]. Forestry practices
may additionally alter microscale habitat conditions such as temperature, light, moisture,
soil, and litter status [4]. It follows that any forest management practice, including an
absence of direct interventions (e.g., in protected areas), has potential short- and long-term
effects on the availability, distribution, and quality of habitats resources for forest-dwelling
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wildlife species [5]. Because habitat requirements vary deeply among wildlife species,
and in accordance with the sequence of seral stages, timber harvest can improve habitat
quality for some species while at the same time deteriorating habitat suitability for others.
Accordingly, large-scale logging in mature stands draws back the vegetation community
from late to early successional stages, benefitting wildlife species more adapted to the early
successional stages [6].

Several studies have investigated the effects of forest management on habitat suitabil-
ity of forest-dwelling wildlife (and biodiversity in general), including some meta-analyses.
According to these investigations, the type and extent of the effects of forestry on wildlife
habitat vary deeply depending, above all, on species and taxonomic group [7–9], the forest
management system [9,10], the extent of logging [11], the time since logging [5,12,13], and
the overall landscape matrix [13,14], revealing a mix of complementary and compound
relationships. Silviculture is, therefore, a powerful tool to achieve wildlife management
aims. Creating and manipulating disturbance regimes of forests can enhance the spatial
and temporal arrangement of key forest characteristics used or selected by a given wildlife
species and can therefore improve quality of the species’ habitat [15]. This is especially
true for the small or threatened wildlife populations in greatest need of active manage-
ment interventions, and of which the long-term effective conservation rests on structural
improvements of their habitat at the landscape scale [5].

The Apennine brown bear (Ursus arctos marsicanus) survives in a small and isolated
population consisting of about 50 individuals [16] confined to the Abruzzo, Lazio, and
Molise National Park (PNALM) and its surrounding region in central Italy. This bear
population faces a severe risk of extinction due to small size and reduced genetic variabil-
ity [17,18]. In addition to mitigation of human-caused mortality and disturbance, habitat
management to ensure long-term productivity of the forest ecosystem has been advocated
to facilitate expansion of the species’ range [19–21]. In fact, no significant expansion of the
bear range has been recently observed, despite the availability of suitable habitat at the
landscape scale and a number of protected areas therein [20,22,23]. This is probably due to
high levels of human-caused mortality [23], a relatively low reproductive performance [24],
and the likely contribution of stochasticity [18,25]. Based on projections of habitat suitabil-
ity at the landscape scale, the conditions and connectivity of high-quality habitat patches
in the central Apennines have been deemed adequate to support a viable population of
Apennine bears [20]. However, available estimates of habitat and landscape suitability did
not take into account forest management practices and their effects on forest structure and
productivity. Indeed, a more in-depth knowledge of how forest structure and management
practices relate to habitat suitability and food productivity for Apennine bears is therefore
fundamental to inform forest management [26].

The availability and accessibility of nutritionally adequate food resources are critical
drivers of high-quality bear habitat [27–29]. Similarly, to other south-European bear
populations [30], Apennine bears have a prevalently vegetarian diet and, even though
they consume a wide variety of foods, plant-based items tend to be consumed more
frequently throughout the year [26]. In spring and early summer, herbaceous vegetation
represents 19–31.7% of their digestible energy, complemented by wild ungulates and a
significant contribution of ants, while berries contribute 56.5% in summer, and in fall, the
majority of digestible energy is represented by hard mast (66.9%) followed by fleshy fruits
(26.3%) [26]. The mountain forests of the central Apennines are thought to broadly fulfil
the habitat requirements for Apennine brown bears, such as food and thermal and security
cover [22,23]. However, a lack of detailed data on the relationship between fine-scale forest
structure and composition and food productivity prevents the planning of effective forest
management to assist the conservation of Apennine bears. Nevertheless, forestry practices
are known to play a critical role in affecting the availability of seasonal key foods for bears,
especially during hyperphagy [31]. This is a critical period of the year for bears, as they
need to swiftly accumulate fat for the wintering period. In many bear populations, the
amount of fat accumulated during fall is correlated with reproductive success [32–35], as
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fat storage in reproducing females is an essential source of energy for cub production and
lactation [36]. In particular, the availability of hard mast (i.e., beechnuts, acorns) during
fall, complemented by fleshy fruits, seems to boost reproductive success in Apennine
female bears [37]. Although a substantial body of research has determined how forest
management can affect habitat quality for black (Ursus americanus) (e.g., [38–40]) and
grizzly (Ursus arctos) (e.g., [13,31,41–45]) bears, no such information is currently available
for Apennine brown bears [46]. To fill this knowledge gap, the aim of this study was to
investigate the relationship between fine-scale forest structure metrics, reflecting forest
structure and management practices, and indirect measures of productivity of key foods
for Apennine bears. By collecting forest structural metrics during the fall, we focused
on forest-related key foods consumed by bears during hyperphagia (soft and hard mast),
even though we also made inferences regarding key foods consumed by bears in other
seasons. Since topography is known to affect forest structure and composition [47,48] and,
in turn, habitat conditions for forest-dwelling species [49], we also considered topographical
features as factors potentially affecting productivity of bear key foods. We hypothesized
that food availability for bears varies as a function of the structural and topographical
characteristics of forests. To this end, we predicted that forest structural predictors could
be identified for each food item, implying that these can be manipulated to improve the
habitat productivity of bears.

2. Materials and Methods
2.1. Study Area

The study was conducted in the central Apennines (Figure 1) of the Abruzzo region
(central Italy). In order to assess forest structure and composition in both the core and
the peripheral portions of the bear range [19], we selected three sample areas: Balsorano
(BAL), featuring a forested area of 4490 ha that lies within the core bear range and is
partially included in the Abruzzo Lazio and Molise National Park (PNALM); Rocca di
Mezzo (RdM), featuring a forested area of 5570 ha in the Sirente-Velino Regional Park,
in a zone of the peripheral range where bears are permanently present even though at
lower densities compared to the core range [50]; and Lucoli (LUC), featuring a forested
area of 5790 ha, within the outer portion of the peripheral range and where bear occurrence
is sporadic and mostly limited to erratic bears. All three sample areas have a temperate
oceanic climate, which ranges to semicontinental in the inner valley [51]. Elevation ranges
from 690 to 1850 m a.s.l. and orography is typically mountainous. Locally, beech forests
(Fagus sylvatica) are predominant, representing on average 66% (SD = 17%) of the entire
forest cover. The remaining forests are oak (Quercus spp.) and hop hornbeam (Ostrya
carpinifolia) woods, with tree species composition varying with aspect and altitude [52].
Since the 1950s, forestry operations in these areas have been exclusively associated with a
levy of resident populations and are managed by local administrations to meet firewood
needs. According to forest management plans, the last harvest cut for commercial purposes
was done in the 1970s, when forests were managed according to a shelterwood system (A.
Rositi, unpublished data). More recently, more intensive harvesting systems have almost
disappeared in most of the Apennines [53]. According to official estimates, from 2001 to
2015, forest production in the Abruzzo region was mainly aimed at wood fuel production
(about 96% of the total) and, during the same period, the total area harvested decreased by
about 95% (Istituto Nazionale di Statistica, http://dati.istat.it, accessed on 7 April 2020). As
a consequence, forests in the study area are currently characterized by over-mature coppice
(the ordinary rotation has been passed) or areas in the early stages of natural conversion
to high forest, and high forests managed in previous decades according to a shelterwood
system. Due to an inadequate implementation of the management system in the form of
very heavy initial cuts and no removal cuttings [54], forests in the study area currently
display an irregular structure (Table 1).

http://dati.istat.it
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Figure 1. Location of the study area in central Italy and the distribution of plots in the three macro
areas to test the effect of forest structure and topography on abundance of key foods for Apennine
brown bears. Bear range extracted from [19].

Table 1. Forest parameters estimated (mean and standard deviation (SD)) for each sampled area to
test the effect of forest structure on abundance of key foods for Apennine brown bears.

Forest Parameters
Rocca Di Mezzo Lucoli Balsorano

χ SD χ SD χ SD

Basal area of trees (diameter ≥ 55 cm) (m2) 1.8 3.1 1.4 4.7 3.1 4.9
Basal Area (m2) 33.2 7.6 33.5 8.9 30.9 9.2

Basal area of trees (15 ≤ diameter ≤ 45 cm) (m2) 19.4 9.4 21.3 10.3 19.2 11.2
Tree volume (m3) 258 125.2 249.1 120.7 272.6 145.7

dq (cm) 17.3 7.1 17.4 7.4 21.0 9.7
Number of vertical strata (Latham index) 3.4 1.4 2.9 0.8 2.8 0.9

Number of stems 1922 1353 2203 1649 1421 1094
Number of stumps 285 255.7 325.3 317.1 207.5 339.2

Total volume of dead wood (m3) 4.1 4.7 0.9 1.1 4.0 8.5
Species richness (n) 3.7 3.1 1.8 1.2 2.7 2.2

Trees Shannon index 0.5 0.6 0.1 0.3 0.4 0.5

2.2. Study Design

To sample forest structural metrics, we first calculated the extent of forested areas
within the study area from regional maps of forest types (http://geoportale.regione.
abruzzo.it/Cartanet/viewer; accessed on 7 April 2020), excluding rocky areas, scrub-
land, and artificial plantations (i.e., conifers), as these occurred in negligible proportions.
We then defined two strata based on the prevailing forest system (i.e., coppice vs. high
forest) and applied stratified random sampling by randomly selecting the coordinates of
each plot (20 m radius) within each stratum. Using a total of 90 plots across the entire study
area, we allocated the plots in each sample area proportionally to its size, whereas the
number of plots in each stratum was proportional to the coefficient of variation of the basal
area of trees, the latter being obtained from preliminary sampling in each stratum. To avoid
edge effects on the forest structure, we located plots within forest patches excluding a 50 m
inner buffer. To investigate the effect of topographic factors, we also recorded variables
related to topography (i.e., aspect, altitude, slope, steepness), position of plots within the

http://geoportale.regione.abruzzo.it/Cartanet/viewer
http://geoportale.regione.abruzzo.it/Cartanet/viewer
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landscape (i.e., ridge top, ridge side, and valley bottom), and forest regeneration (species
and type of distribution). Furthermore, we recorded soil type using physiographic classes
(landforms combined with lithology), as the study area consists mainly of limestone [55].
We also registered the coordinates of the center of each plot as a proxy of territorial ad-
ministrative unit. Within each plot, we placed four 20 × 2 m (Figure 2) perpendiculars
transects (North–south, east–west) along which we collected data on stand structure and
proxies of abundance of bear key foods (see below).

Figure 2. Simplified scheme of a sampling plot: a circular area of 40 m diameter with two perpendic-
ular transects.

2.3. Data Collection

To investigate the relationships between forest structure and proxies of key bear
foods, we recorded main structural stand attributes related to tree dimension, species
composition, and deadwood [56]. Specifically, within each plot, we surveyed all living
trees and measured diameters (DBH ≥ 3 cm), total heights, and height of live crown. In
order to define vertical structure and number of strata, we used the Pretzsch diversity
index [57] and the Latham index [58], setting the competition zone of the latter to 60% of
crown [59]. We summarized species composition and diversity using the Shannon index
(SH) [60], Simpson’s dominance (D) [61], Pielou Eveness index (E) [62], and S (number of
tree species). We also considered the deadwood category, comprising standing deadwood,
logs, snags, stumps, and lying woods with diameter ≥ 5 cm, and for each we determined
species, number, size (diameter and height) and volume. We estimated the volume of
standing trees ≥4 m in height and snags using double-entry volume tables [63]; for snags of
<4 m, we used the Huber formula [64]. We then assigned each deadwood component to a
decay class based on a visual assessment of morphological characteristics using a five-class
system [65] customized according to the BIOSOL project [66]. We used the number of decay
classes as an index of forestry operations—i.e., the time since the last intervention [67,68].

In addition to forest structural metrics and composition, we concurrently recorded
proxies of abundance of soft (Cornus mas, Crataegus monogyna, Malus sylvestris, Prunus spp.,
Pyrus piraster, Sorbus aria, S. aucuparia and S. torminalis) and hard-mast (Fagus sylvestris,
Quercus cerris, Q. ilex, Q. pubescens) species, assuming a positive relationship between
basal area and fruit production [69–71]. Within each transect, we also measured canopy
cover (forest variable) using the line intercept method [72] (we used the 2 cm threshold
to calculate the percentage of forest cover gap [73]) and the occurrence of other key foods
consumed by bears in the other seasons. These comprised herbs and forbs (percentage
of plant cover within 1 × 1 m quadrats placed at 5 m intervals along the transects), wild
ungulates (occurrence of roe deer and red deer pellets, and wild boar scats), and ants
(presence/absence of mounds, underground nests, and/or woody debris). For ants, we
also used deadwood amount [74–76] as a proxy of their occurrence (see Tables 2 and 3
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for a complete list of all variables recorded and successively used for data exploration
and modeling).

Table 2. List of continuous variables used to predict proxies of key foods for Apennine brown bears.

Code Description

Food abundance

BAhm Basal area of hard-mast-producing species
BAsm Basal area of soft-mast-producing species
COVherb Cover of herbaceous vegetation
COVhm Cover of hard-mast-producing species
COVshr Shrub cover
COVsm Cover of soft-mast-producing species
DEAD Total volume of dead wood
VOLhm Tree volume of hard-mast-producing species
VOLsm Tree volume of soft-mast-producing species

Forest structure

BA Basal area
BA45 Basal area of trees with a diameter of between 15 and 45 cm
BA55 Basal area of trees with a diameter greater than 55 cm
COV Canopy cover
COVgap Gap (% of cover)
DEAD Total volume of dead wood
DECn Volume of decay class n
DECd Number of decay classes
dq Quadratic mean diameter
LCWPd Volume of lying dead wood pieces
LOGd Volume of logs
R Tree species richness
SDdbh Standard deviation of dbh
SH Tree Shannon index
SNAGd Volume of snags
STAd Volume of standing dead trees
STE Number of stems
STO Number of stumps
STUd Volume of dead stumps
VERLat Number of vertical strata (Latham index)
VERPre Index of vertical profile (Pretzsch)
VOL Tree volume

Topographic variables

ALT Altitude
SLO Slope
X; Y Coordinates of the center of the plot (longitude; latitude)

Table 3. List of categorical variables used to predict proxies of key foods for Apennine brown bears.

Code Description

Proxies of bear key foods

ANTS Presence/absence of ants
WIL Presence/absence of wild ungulates

Forest structure

SYS Forest system
SYS0 High forest
SYS1 Coppice
TYP Forest type
TYP0 Oak and hornbeam forest
TYP1 Beech forest
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Table 3. Cont.

Code Description

Topographic variables

EXP Exposure
SOI Type of soil
SOI1 Limestone substrates and moraine deposits
SOI2 Mainly karst faces. Limestone and residual substrates
SOI3 Faces with incision valleys on calcareous substrate
SOI4 Summit faces with glacial cirques. Limestone substrates
X; Y Coordinates of the center of the plot (latitude; longitude)

2.4. Model Development

To investigate the relationship between forest, topographic, and soil variables, and
proxies of soft- and hard-mast productivity (i.e., basal area of producing species), we fitted
multivariate generalized linear mixed models (MGLMMs) in a Bayesian framework with
standard conjugate prior distribution structure (see [77] for a description of the univariate
case), as this approach allowed us to model dependent variables jointly while account-
ing for their correlation. For model selection, we used a backward stepwise procedure
starting from the saturated model and compared alternative models through the deviance
information criterion (DIC) [78]. The best selected model we obtained is formalized as

Y = α + Xβ + w(soil) + ε (1)

where α is a common intercept (see below), X is the matrix of the independent variables,
with categorical variables converted to dummy variables, except the one used as corner
point; β is a matrix of regression-type fixed-effect coefficients describing the linear relations
of the trophic indicators with the set of independent variables, with a number of rows
equal to number of independent variables and number of columns equal to the dependent
variables (initially 18 × 6); w(soil) is a random factor associating a Gaussian variable
(with zero mean and changing variance) with each soil category and with each dependent
variable; and ε is the error assumed to be normal with a zero mean and covariance matrix
that describes the relationship between the dependent variables.

It must be noted that because we adopted corner point formalization [79] to include
qualitative variables, the intercept α represents a combination of categories; this is the same
for all dependent variables, allowing categories’ contributions to be read as variation from
the given intercept. In particular, α refers to the combination of beech forest type (TYP = 1),
high forests (SYS = 0), and eastern aspect (EXP = E). In addition, we included the random
effect w (soil) following indications obtained by residual analysis (not reported), because its
inclusion corresponded to the best DIC-selected model; moreover, because random effects
may reflect the same features as dependent variables, soil was the grouping variable that
did not mask any other considered variable effect. The same modeling approach described
above was also used to investigate the effects of the covariates on other continuous variables
(i.e., green vegetation).

To analyse binary responses (i.e., occurrence of ants and wild ungulates) we fitted
logistic generalized additive models (GAMs) in a Bayesian framework [80] using the same
covariates as the MGLMMs. We performed model selection using a full Bayesian variable
selection and model choice with a spike-and-slab prior structure [81], expanding the
approach in [82]. The model estimation algorithm returned a relevance measure associated
with each component: the probability of inclusion (see Scheipl (2011) for details).

All statistical analyses were performed using R (R Development Core Team 2015) and
JAGS [83].
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3. Results

The best-performing model (DIC = 1871.154) included twelve independent variables
(Table 4), the coefficients of which estimated the effect of forest structure and topographic
variables, accounting for soil type, on proxies of plant-derived food productivity (Table 5).
Forest type and management had the most relevant effect on proxies of hard mast, with
non-beech forests and coppice system being associated with lower hard-mast abundance.

Table 4. List of independent variables resulting from the best-performing model (DIC = 1871.154) to
study forest and topographic effect on proxies of Apennine brown bear food: code and description.
Reference class: beech forest type (TYP = 1), high forests (SYS = 0).

Code Description

Y Latitude
EXPN Northern exposure
EXPS Southern exposure
EXPW Western exposure
SLO Slope (degree)
ALT Altitude (m)
BA Basal area (m2/ha)
TYP0 Forest type
VERLat Number of vertical strata (Latham index)
STU Number of stumps
SYS Forest system management
DECd Number of decay classes
dq Quadratic mean diameter (cm)

Table 5. Estimates of posterior mean parameter and their 95% credible intervals describing the effect
of structural and topographic variables on abundance of plant-based food for Apennine brown bear
and amount of deadwood (proxy for ant occurrence). Reference class of categorical variables: beech
forest type (TYP = 1), high forests (SYS = 0), eastern aspect (EXP = E). Only parameters for which the
coefficients were significant (i.e., credibility intervals did not contain the zero value) are shown.

Parameter Posterior Mean Lower 95% CI Lower 95% CI

Hard mast

Y 1.26 0.07 2.45
SYS1 −3.05 −5.37 −0.73
TYP −8.59 −11.67 −5.53
STU −0.006 −0.01 −0.001

DECd −0.71 −1.35 −0.08

Soft mast SLO −0.01 −0.02 −0.001

Green vegetation

Y −4.90 −7.37 −2.43
EXPS 11.37 4.07 18.69
EXPN 8.61 1.52 15.69
SLO −0.34 −0.58 −0.11
BA −0.58 −0.84 −0.32

Deadwood DECd 1.68 0.89 2.47

Stands with deadwood material in an early stage of decay and with a low number
of stumps corresponded to greater estimated productivity of hard mast. We detected
a difference in hard-mast productivity across the three sample areas, with an increase
in productivity related to latitude. Latitude also had a significant effect on herb cover,
showing differences among the three sample areas (with higher values in the BAL area).
We failed to reveal an association between forest structural and compositional variables
and proxies of soft-mast productivity, but soft mast showed a negative response to slope
(Table 5).

Herbaceous vegetation was positively associated with southern aspects in particu-
lar but also northern aspects and gentle slopes, and negatively associated with beech
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forests and basal area. Occurrence of ants was positively associated with living wood
volume (probability of inclusion 0.78) and number of stumps (probability of inclusion 0.74;
Figure 3).

Figure 3. Predicted ant occurrence (a) smooth terms describe the relationship with volume of living wood, with their 95%
credible bands; (b) smooth terms describe the relationship with number of stumps, with their 95% credible bands.

We also identified higher decay classes as a key factor directly related to the prob-
ability of accumulation of deadwood (Table 5) and, as expected, to ant abundance. For
wild ungulates, we failed to find any relationship with forest structural parameters, but
occurrence of pellet groups during autumn was the lowest at intermediate elevations (i.e.,
900–1600 m a.s.l.) and highest above this limit, and high where karst morphology and
limestone substrates predominated.

4. Discussion

This study was the first to attempt an assessment of the functional relationship between
characteristics of Apennine forests and the productivity of key foods for Apennine bears.
Since beech and oak forests are predominant in our study area, it is not surprising that
forest typology exerted the most relevant effect on hard-mast availability. We found
negative relationships between basal area of hard-mast-producing species (our proxy of
fruit productivity) and both the number of cut stumps and the deadwood decay stage. This
suggests that density may be a detrimental factor for radial growth, development of crown
area, and fruit production. Deadwood availability is related to high competition in stands
with high tree density [84] and the main force of accumulation was forestry, since in the
recent past, wood and logging slash were regularly removed [85]. Considering the number
of decay classes as an index of forestry operations (i.e., time since the last intervention),
hard-mast availability was lower in stands where deadwood was successfully stored
(i.e., greater time elapsed since the last forestry operation). Traditionally, in central Italy,
deadwood was removed to avoid the risk of forest fires and to limit the potential spread of
pathogens. In addition, rural communities used to collect deadwood to be used as fuel.
Now that the forests are no longer managed and the mountains are depopulating, dead
wood can accumulate, and its degree of decomposition can therefore be an indication of
the time of the last intervention. In the studied latitudes and climatic conditions, the decay
time is not so fast, especially since we considered in our analysis the largest fraction of dead
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wood (snags, logs, and stumps). Our results also showed the negative role of overmature
coppice in hard-mast productivity; this is probably due to patterns of spatial aggregation
of the stems, which are aggregated in stumps. The high density of stems and the vertical
layering of these stands produce a higher level of competition for light, [86] therefore
affecting the development of the crown [87] and influencing fruit production [88,89]. This
trend seems also to be confirmed by local studies of acorns and beechnuts production that
indicated a low hard-mast provision in overmature coppice stands or stands in the early
stage of conversion Our results suggest that a lower tree density in overmature coppices
and irregular high forests could improve hard-mast availability, as also evidenced in an
experimental study of Apennine beech coppices under conversion to high forest [90].

Another critical factor affecting hard-mast availability was the level of interspersion of
producing species at a local (i.e., bear’s home range scale) and landscape scale. Reflecting a
common pattern across the Apennines, we found that the European beech grows in pure
stands with a low occurrence of other hard-mast producers, and that the contact zones
with oaks depends mainly on slope and aspect [91]. Mixed stands of oak and beech (or
distributed in patches) occur on sites where the competitive capacity of beech is reduced and
oak can compete successfully. The presence of beech mixtures can negatively affect the oak
increment of a basal area [92] proportionally more in closed-canopy forests, where a lower
light transmittance creates an unfavorable habitat for heliophilic oaks. We determined
that hard-mast-producing species also occurred sporadically in old hornbeam coppices:
beech and Turkey oak at the higher altitudes and the downy oak at the lower altitudes. The
secondary succession of these stands is only theoretical [93] as there are no studies or data
about their evolution. However, [94] showed a decline in light-demanding oaks and an
increase in nutrient-demanding shady species after the abandonment of coppicing.

A good interspersion of hard-mast producers is an important indicator of bear habitat
quality, as the spatial distribution of food resources strongly affects the size, configuration,
and location of bear home ranges at the landscape scale [95–97]. Moreover, hard-mast
production exhibits large temporal and spatial variation, as this is a pulsed resource that is
subject to marked annual fluctuations and occasional mast failures [98,99]. Silvicultural
practices can enhance the functional diversity of hard-mast species for bears [100] at a
landscape scale, and also ensure supplies of alternate foods in years when the major food
source is scarce. To promote oak diffusion, or alternatively to complement beech, hornbeam
and mixed old coppice stands (Turkey oak dominated) could be managed by thinning to
reduce the tree density removing hornbeam shoots and some old oaks standards around
the best oak shoots and secondary species. The removal of some senescent plants, even
though this would cause an initial decrease in the production of acorns, could be necessary
to initiate new oak stands, contributing to hard-mast production and mitigating future oak
losses driven by oak decline and ecological succession [101].

With respect to soft-mast-producing species, we were able to find a significant re-
lationship with slope. Although no studies on soft-mast-producing trees support our
result, it is known that slope is negatively related to percent cover of soft-mast shrub
and herbaceous species [102], understory plant richness [103], and basal area of trees in
plantation sites [104]. Terrain morphology (slope, altitude, and aspect) influences many
ecological aspects of forests [105], but we believe that slope in our models captured the
effects of more than just a topographic factor. All the soft-mast-producing species that
we considered in our study are heliophilous, even though some species (e.g., service
trees) are shade-tolerant [106] and able to remain under a dense canopy layer [107,108].
Besides ecological traits, the distribution of soft-mast tree species was likely shaped by
past forestry practices designed to eliminate discarded species and enhance production
of commercially valued species [109,110]. The joint effect of ecological requirements and
the legacy of past management has resulted in a scattered distribution of these species,
rarely as an old standard in coppice stands and most frequently in the subcanopies of oak
and beech forests. The presence of these sporadic species therefore could be related to
past forestry practices such as coppicing and to more open forest structures with greater
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light availability [111]. It is also negatively related to forests along steep slopes, which are
traditionally managed through high tree density and a low rate of silvicultural disturbance,
essentially to increase stability and to reduce soil erosion [112]. In such stands, unfavorable
conditions exist for soft-mast-producing species, due to the fact that canopy closure reduces
light infiltration and increases competitive effects [113–115]. As a result, in our study, we
observed a very low frequency and often a lack of soft-mast-producing species (Table 6).
Being light-demanding and poorly competitive species, their promotion runs through
silvicultural practices aimed at reducing competition and enabling an adequate crown
development. For example, group selection [116] and tree-oriented silviculture [117] can
be enforced even in trees that have long been suppressed [118].

Table 6. Number of plants per hectare of tree species in the three sampled areas. Note the low frequency
(except for beech) of key food species for Apennine brown bears (species marked with “*”) [26].

BAL LUC RdM

Acer campestre 4 4 3
Acer opalus 52 5 91

Acer pseudoplatanus 12 1 0
Carpinus betulus 0 0 46

Carpinus orientalis 358 0 0
Corylus avellana * 0 0 1

Crataegus monogyna 0 0 1
Fagus sylvestris * 824 2073 1056
Fraxinus ornus 146 52 191
Ilex aquifolium 0 0 1

Juniperus 4 0 0
Laburnum anagyroides 1 2 4

Malus spp. * 0 0 0
Ostrya carpinifolia 216 45 396
Populus tremula 0 0 4

Pyrus spp. * 0 0 0
Quercus cerris * 15 12 161
Quercus ilex * 65 0 0

Quercus pubescens * 72 3 10
Salix caprea 0 0 1
Sorbus aria * 0 8 1

Sorbus aucuparia * 0 3 1
Sorbus torminalis * 0 0 7

Tilia spp. 0 0 15
Ulmus glabra 0 0 1

Regarding herbaceous vegetation, ants, and wild ungulates, the results of our models
provided only preliminary clues, since the abundance and occurrence of these food items
is predictably largely affected by phenology. Nonetheless, we believe that our findings
will be useful to inform further investigations and more adequate seasonal sampling.
Aspect and slope strongly affected the distribution of herbaceous vegetation. In particular,
south-facing aspects were the richest and north-facing ones showed comparable trends,
possibly because environmental heterogeneity creates a mosaic of microenvironments
shaping different plant communities. Shifts in microclimate across north- and south-facing
plant communities are a well-established pattern [119–121]. South-facing slopes tend to
receive greater insolation, resulting in drier conditions that support thermophile species
(e.g., graminoids). North-facing slopes receive less sunlight, creating cool and moist
conditions favorable for moisture-loving hygrophile plants. Our findings also suggest that
greater slope steepness can negatively influence herb cover, in agreement with similar
studies [103,122–124]. Slope is an environmental factor known to influence soil moisture
(the most important driver for herb cover in forests: [125–128], air humidity, and soil
chemistry [125]). Moreover, we showed that increasing basal area negatively affects herb
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cover regulating light transmittance through the canopy [129–131]. The negative association
we revealed with understory cover indicates that light availability on the ground limits
the forest herbaceous layer, similarly to other studies [103,120,132–134]. We caution that
the relationships between basal area and herb cover should be interpreted according to
plant functional groups—this caveat being relevant for ‘true forest species’ (with habitat
requirements strictly tied to closed canopy forests) for which increased light availability
corresponds to a decrease of their incidence [135,136]. For this reason, and by virtue of the
complex response of the herbaceous vegetation to thinning [136], it would be necessary to
work at the landscape scale and to provide different forest structures with different levels
of light requirements.

Concerning the occurrence of animal foods for Apennine bears, we revealed that en-
hanced occurrence of ants is to be expected in forest stands characterized by low volumes
and high tree density, similarly to other Mediterranean mountain environments [137],
which are characteristics of young forests and aged coppice. Ants are thermophilic
species and their presence in forests is linked to low forest canopy and warmer micro-
climates [138]. Some species of ants fed upon by bears [26,139] are indeed associated
with deadwood [74,76,137,140], which ants use as a substrate or to build nests [141]. In
dense forests, high competition levels produce high quantities of deadwood, but in the
Apennines, the main driver of deadwood availability is past forest management regimes.
As expected, the best predictor of deadwood was the number of decay classes, which is an
index of the management forest history of the stand [67,68].

With regard to wild ungulates, we failed to find a robust relationship with forest
structure. Although our findings indicated an effect of altitude and soil type on wild
ungulate occurrence, the sample size was too low to draw any meaningful conclusion.

In conclusion, the availability of natural food resources is essential to guaranteeing
the long-term conservation of the Apennine brown bear, and our study highlights that key
bear foods are indeed affected by forest structural and topographical characteristics. The
productivity of hard mast was positively associated with both forest typology and high
forest system and negatively related to both the time from the last forest utilization and the
amount of deadwood. Past forest management was also related to availability of soft-mast-
producing species, since forests on steep slopes have been historically managed with high
tree densities and low silvicultural disturbance. Our findings also indicate that herb cover
was negatively affected by terrain steepness and basal area, while herb productivity was
positively affected by northern and southern exposure. Finally, we revealed that forests
characterized by low volume and high density corresponded to a higher richness of forest
ants. Evidence concerning the effect of forest structure in the occurrence of wild ungulates
was less conclusive, but may provide useful hints for further studies.

Our study has some relevant caveats. First, due to logistical constraints, we could
collect data only in a single bear dietary season and with no annual replicates. Although
we chose the most energetically critical season for bears (i.e., hyperphagia), this was
hazardous for assessing the productivity of both hard and soft mast and of herbaceous
vegetation, because seed production is characterized by annual variability and occurrence
of masting. To overcome this problem, we used basal area, since it has less annual and
interannual variability. Second, as we used proxies of key food productivity, our findings
are not based on direct measurements of the variables of interest. In order to obtain greater
robustness, we encourage future studies to obtain direct measures of productivity and to
link resource availability with bear vital rates and population growth [34]. Nevertheless,
our study provides general indications on how management of forest structure could
enhance productivity of key bear foods. As such, it represents an important first step
towards filling the knowledge gap concerning the functional relationship between forest
structure and habitat productivity for Apennine bears, and possibly other forest-dwelling
species.
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