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In the managed beech forests of Central Italy (Molise), the diversity of saprox-
ylic species is potentially under threat by intensive management. To evaluate
the impact of forestry on the biodiversity of these ecosystems, we analyzed
the relationship between abundance of saproxylic beetles and (i) forest stand
exposure and elevation, (ii) deadwood availability (coarse woody debris - CWD
- and stumps), (iii) abundance of microhabitats. Four sampling sectors with
different altitudes and exposure were identified in a 400-ha study area in the
Appenine mountains. Fifteen circular plots (13 m radius) were established in
each sector where deadwood and microhabitats were surveyed and saproxylic
beetles sampled. We fitted joint species distribution models to quantify the
relationship between forest attributes and saproxylic species’ abundance, in-
cluding the interactions with their family and trophic category. Overall, 2334
specimens belonging to 64 species of saproxylic beetles were collected. Both
abundance and species richness were higher in the sectors with high elevation
(respectively, 55% and 44%) and South exposure (respectively, 28% and 44%).
Average deadwood volumes were low (stumps: 7.6 m® ha'; CWD: 0.3 m? ha™;
snags: 0.4 m*® ha'), and insect galleries were the most abundant microhabitat
(380 records over a total of 434). The most important variables affecting abun-
dance were stump characteristics (model deviance = 81.2), elevation (de-
viance = 64.7), and CWD characteristics (deviance = 58.0). Our results show
that topographical variables and forest structure jointly affect the abundance
patterns of saproxylic beetle communities in managed beech forests. These
ecological interactions imply that management has different impacts on the
saproxylic communities in different topographic conditions. To acknowledge
this complexity we advocate for a landscape-level forest management support-
ing the local beetle diversity maintaining a mosaic of semi-natural forest char-
acteristics in different topographic contexts. The ecological value of the forest
landscape will be further enhanced by the application of closer-to-nature man-
agement interventions based on deadwood retention, microhabitat creation
and tree retention, in line with the guidelines of the new EU Forest Strategy
for 2030.

Keywords: Deadwood, Forest Heterogeneity, Fourth-corner Problem, Italy,
Joint Species Distribution Models, Microhabitats, Trophic Categories

Introduction sity (Gao et al. 2015). In particular saprox-
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Forests provide multiple ecosystem ser-
vices and are important for biodiversity
conservation (Nocentini et al. 2022, Tognet-
ti et al. 2022). To preserve forest goods and
services, their management should com-
bine sustainable forest production with re-
tention of high value habitats for biodiver-
sity conservation. The fast pace at which
pristine forests are vanishing, along with
their associated species, has moved the at-
tention of the forest science community to
revert this loss by improving the status of
biodiversity even in managed forests (Boll-
mann & Braunisch 2013).

In forest ecosystems, saproxylic species
(i.e., related to deadwood and microhabi-
tats) are an important component of biodi-
versity, which is negatively affected by
changes induced by intensive manage-
ment. This is because such ecological
group is an indicator of forest naturalness,
in terms of deadwood amount and diver-

155

ylic beetles, both as larvae and adults, play
a fundamental role in the forest, being in-
volved in decomposition processes and nu-
trient cycling (Parisi et al. 2018). However,
as saproxylic beetle species are associated
with deadwood, which is scarce in man-
aged forests, 25% of them is threatened in
Italy, i.e., a total of 2049 beetle species be-
longing to 65 families assessed by the Red
List of Italian Saproxylic Coleoptera (Car-
paneto et al. 2015). The positive relation-
ships of saproxylic species with deadwood
characteristics and habitat trees in old-
growth forests are well known (Parisi et al.
2018, Thorn et al. 2020a). However, the re-
lationships between saproxylic species and
attributes of managed forests have been
analyzed only in recent times (Butler et al.
2013). Interest in the relationships between
saproxylic beetles and forest management
type has increased significantly when re-
lated to deadwood and microhabitats’
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abundance (Parisi et al. 2021, Zumr et al.
2021, Basile et al. 2023). According to Pa-
letto et al. (2014), forest managers have of-
ten perceived deadwood as a negative
component and considered it as a potential
source of pests and diseases (Marage &
Lemperiere 2005), a cause of risk for fires
(Thomas 2002), and an obstacle to silvicul-
tural practices (Travaglini et al. 2007). For
this reason, coarse woody debris and
standing or dead downed trees have usu-
ally been removed in many forests, de-
creasing the availability of suitable habitats
for saproxylic communities, including birds,
small mammals, and reptiles (Miiller &
Bitler 2010).

Retaining deadwood in managed forests
is a conservation measure that should be
considered to find a trade-off between eco-
nomic benefits from timber harvesting and
biodiversity conservation (Zumr et al. 2021,
Mazziotta et al. 2023). Indeed, the availabil-
ity of a low quantity of habitat trees or
dead trees, harboring many tree-related
microhabitats, represents a serious threat
to saproxylic communities (Maller & Biitler
2010). However, biodiversity loss in forests
is not only related to deadwood removal
(Seibold et al. 2015). In many forest areas,
ecosystem simplification and large-scale
homogenization of tree cover have often
reduced the availability of particular micro-
climatic conditions for saproxylic species,
only available for local combinations of to-
pographic conditions. For example, when
intensive forestry has interested South-ex-
posed localities, this has induced the disap-
pearance of sun-exposed dead trees,
which host an important portion of the
saproxylic community (Thorn et al. 2018).
On the other hand, old trees exposed to
North are more likely to support special mi-
crohabitats like dendrotelms - small tem-
porary rain-fed water bodies on trees - and
saproxylic fungi which host highly special-
ized beetle species. Both these microhabi-
tats occur in deadwood and old trees,
which are scarce in managed forests, and
are available under specific topographic
conditions (Thorn et al. 20203, 2020b).

To achieve suitable environmental condi-
tions for maintaining saproxylic insect di-
versity in managed forests, knowledge
about the microclimatic characteristics of
their substrate is crucial. Insects are ec-
totherms, and their activity, survival, and
development are highly dependent on en-
vironmental temperature. It has been sug-
gested that temperature variations in dif-
ferent parts of the trunk of standing or
dead downed trees can significantly affect
the occurrence of saproxylic beetles (Lind-
man et al. 2022). Indeed, many threatened
and endangered saproxylic species have
shown a positive association with sun-ex-
posed microhabitats and logs (Seibold et
al. 2015, Lindman et al. 2022). Accordingly,
many studies have suggested that sun-ex-
posed substrates can support higher
species richness compared with shaded
substrates (Brunet & lIsacsson 2009, Sei-

156

bold et al. 2016).

Despite the importance of exposure in
sustaining saproxylic beetle diversity is
clear, the microenvironmental preferences
of these organisms are still poorly under-
stood across climatic regions, as most of
the available studies have been conducted
in boreal and temperate forests in Europe
(Wu et al. 2015). For instance, in northern
Sweden, Johansson et al. (2017) found that
topographical variables (altitude, solar ra-
diation, and soil humidity) affected beetle
assemblages, with differences between
clear cuts and mature forest stands which
locally affect canopy closure. Indeed, the
effects of topographical variables on spe-
cies abundance and richness are mediated
by forestry practices that affect forest
structural characteristics. In Germany, Edel-
mann et al. (2022) found that decreasing
deadwood volume and increasing canopy
cover negatively affect species abundance
and richness of saproxylic beetles. In con-
trast, Leidinger et al. (2020) found a higher
saproxylic beetle richness in managed for-
ests characterized by a lower canopy cover
than in unmanaged forests.

However, the effects of topographical
variables on species abundance may also
differ among saproxylic trophic groups.
The likely reason is that the trophic charac-
teristics of each saproxylic beetle species
result from complex combinations of traits
related with resource exploitation, which
link the species mechanistically to its po-
tential habitat (Drag et al. 2022). For exam-
ple, although subcortical beetles do not
show a clear preference for sun-exposed
conditions (Wermelinger et al. 2007) they
could be associated to this microhabitat
because they exploit resources available
under bark. Therefore, the functional com-
position of communities of saproxylic or-
ganisms may vary significantly along a gra-
dient of sunlight exposure (Brunet & Isacs-
son 2009).

We may also expect that the different re-
sponses to topographic variables from spe-
cies belonging to similar trophic categories
align with the responses of closely-related
families. This expectation derives from the
concept of phylogenetic niche conser-
vatism, which postulates that species tend
to retain their ancestral traits (Harvey &
Pagel 1991). Consequently, the species re-
sponse to the environment will be similar
not only if they share similar trophic cate-
gories, but also if they belong to related
families which presumably have similar
trophic habits. To test this hypothesis, we
evaluated the relationship between envi-
ronmental factors and beetles’ families.

In order to achieve a better comprehen-
sion of the interplay between topographic
variables, forest management and insects’
community composition, it is necessary to
investigate saproxylic beetles in forest
stands with different topographical condi-
tions (in terms of combinations of expo-
sure and elevation), in forests encompass-
ing a gradient of management intensities.

To acknowledge the role of the interaction
between topography and management in
shaping the composition of saproxylic
communities, our aims were two-fold: (i) to
investigate the relative effects of variables
related with topography (exposure and el-
evation) and forest structure (microhabi-
tats’ abundance, coarse woody debris -
CWD - and stump characteristics) on the
abundance of saproxylic beetles; (ii) to an-
alyse the link between variables related
with topography /| forest structure and
species characteristics (family and trophic
level).

Material and methods

Study area

The study was conducted in the Rocca-
madolfi (Molise, Italy) beech forest in the
Central Apennines (Fig. 1), within the Site
of Community Importance (SCl, http://natu
ra2000.eea.europa.eu) “La Gallinola - Mon-
te Miletto - Monti del Matese” (Cod. IT
7222287). This forest is mainly character-
ized by mountainous and sub-mountainous
beech forest types (Parisi et al. 2022a). The
forest is regularly managed for timber pro-
duction, and is mostly characterized by
even-aged stands of gamic and agamic ori-
gin. About 70% of the total area is covered
by forests, which belong to nine different
forest types (European Environment Agen-
cy 2006), the most common being beech
forest (8000 ha), composed of coppices re-
sulting from past forest management (Pa-
risi et al. 2022a). The experimental area
covers about 400 ha, its altitude ranges
from 1180 to 1737 m a.s.l,, and its climate is
warm-summer Mediterranean, according
to the Koppen-Geiger classification (Parisi
etal. 2022a).

Sampling scheme

The ground survey sampling scheme fol-
lowed Parisi et al. (2022a) and was settled
within the context of the project LIFE
“AForClimate” (LIFE15418 CCA/IT/000089).
Four sectors were selected, according to
the north and south facing slopes, and to
the altitude, high (1400 - 1700 m a.s.l.) and
low (1200 - 1300 m a.s.L.): LS, low altitude
and southern exposure; LN, low altitude
and northern exposure; HN, high altitude
and northern exposure; and HS, high alti-
tude and southern exposure (Fig. 1). Fif-
teen circular sample plots (radius 13 m) lo-
cated at a regular distance of 70 m to each
other, were established in each sector fol-
lowing a systematic aligned grid (Parisi et
al. 2022a). UTM-WGS84 coordinates (Zone
32T) and elevation were recorded through
a Juno SB Global Positioning System (Trim-
ble, Sunnyvale, CA, USA).

Deadwood and microhabitats survey

The survey protocol followed Lombardi
et al. (2015). Dead standing trees, dead
downed trees, CWD, and stumps were
sampled, measuring their length and
height, minimum (> 5 cm) and maximum di-
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ameter, and recording the tree species,
when possible. The volume of snags, CWD,
and stumps, dead standing trees and dead
downed trees was calculated through the
cone trunk formula (Lombardi et al. 2012,
Parisi et al. 2022b).

Tree-related microhabitats on deadwood
were identified following the protocol de-
veloped by Kraus et al. (2016). Microhabi-
tat types were separated into two main
categories, namely saproxylic and epixylic
microhabitats, and were censused carefully
observing each deadwood element occur-
ring in the sampling plot. The microhabi-
tats censused for the presence of saprox-
ylic beetles in our samples were grouped
into the following groups: woodpecker
breeding cavities (abbreviation: Wood-
cavi), rot holes (Rothole), concavities (Con-
cavts), insect galleries and bore holes (In-
sehole), exposed sapwood only (Expo-
only), exposed sapwood and heartwood
(Expohear), crown deadwood (Crowdead),
twig tangles (Twigtang), burrs and cankers
(Burrcank), perennial fungal fruiting bodies
(life span > 1 year, Perety), ephemeral fun-
gal fruiting bodies and slime moulds
(Ephemoul), epiphytic or parasitic crypto-
and phanerogams (Epipphan), nests
(Nests), fresh exudates (Fresexud) and mi-
crosoils (Microsls).

Saproxylic beetles

Adult saproxylic beetles were sampled in
the 60 plots using window flight traps
(Bouget et al. 2008, Campanaro & Parisi
2021), positioned at the center of each
plot. Traps were checked every 30 days for
five surveys in 2018 (from 6% May to 4" Oc-
tober). All the monitoring systems were
then removed after the end of the sam-
pling period.

Systematics and nomenclature followed
Bouchard et al. (2011). Species were group-
ed according to their family and trophic
categories and IUCN risk categories, de-
fined by Carpaneto et al. (2015). In particu-
lar, species were grouped into five trophic
categories of organisms: (i) xylophagous
(XY), feeding exclusively or mainly on
wood; (ii) saproxylophagous (SX), feeding
exclusively or largely on fungus-infected
wood; (iii) mycophagous (MY), feeding ex-
clusively or mainly on fungj; (iv) myceto-
biontic (MB), feeding on carpophores of
large Polyporales and other fungi living on
old trees and stumps; and (v) predator
(PR), organisms that primarily obtain food
by killing and consuming other organisms.
Finally, species were grouped into four
IUCN risk categories: (i) Data Deficient
(DD), species with inadequate information
to make a direct or indirect assessment of
their risk of extinction; (ii) Least Concern
(LC), species not facing an imminent
threat; (i) Near Threatened (NT), species
close or likely to qualify for one of the
Threatened categories in the near future;
and (iv) Vulnerable (VU), species that are
expected to go extinct within a medium
time interval.

iForest 16: 155-164
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Fig. 1 - Study sites and distribution of sampling plots in the four sectors. Distribution
of the four sectors and sampling plots in Roccamadolfi (Molise, Italy) beech forest
within the Site of Community Importance “La Gallinola - MonteMiletto - Monti del
Matese” (Cod. IT 7222287). (c). (LS): low altitude and southern exposure (a); (LN):
low altitude and northern exposure (b); (HN): high altitude and northern exposure
(d); (HS): high altitude and southern exposure (e).

Statistical analyses

We fitted joint species distribution mod-
els (JSDMs - Ovaskainen & Abrego 2020)
to quantify the relationship between forest
attributes and the abundance of saproxylic
species, explicitly evaluating the interac-
tions with their family and trophic cate-
gories, solving the fourth-corner problem
(solved fitting GLMs with a LASSO penalty
parameter). Specifically, we fitted JSDMs
via GLMs based on maximum-likelihood,
testing separately for the effect of the two

topographic variables (elevation and expo-
sure), and the variables related with forest
structure: the microhabitats with the great-
est abundance (Insect galleries and bore
holes - Insehole; and Perennial fungal fruit-
ing bodies, life span > 1 year — Perety) and
CWD and STUMP variables (see Tab. S2 in
Supplementary material). As we dealt with
over-dispersed count data, we fitted the
GLMs with the negative binomial family
with a log link function. Moreover, we ac-
counted for potential non-independence of
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Tab. 1 - Mean volume values * standard deviation (m3ha") of the deadwood type sam-
pled in each sector. (HS): high altitude, southern exposure; (HN): high altitude, north-
ern exposure; (LS): low altitude, southern exposure; (LN): low altitude, northern

exposure.
Deadwood types HS HN LS LN
Stumps 1.0% + 8.4° 9.7°+1.4* 6.8"+1.3% 7.53+7.92
CWD 4.1°+£ 4.6 2.9°+£5.4° 2.1+ 3.0" 7.2"£3.8°
Snags 1.5%+5.6° 9.5"+1.9° 1.6%+2.8*
Standing dead trees 2.2+1.8 12.8 £+ 26.8
Dead downed trees 43+7.5 5.2+£8.5

Tab. 2 - Types of microhabitats sampled in deadwood per sector. (HS): high altitude,
southern exposure; (HN): high altitude, northern exposure; (LS): low altitude, south-
ern exposure; (LN): low altitude, northern exposure.

Microhabitat HS HN LS LN Total
Woodpecker breeding cavities 3 2 - - 5
Rot holes 2 1 5
Concavities 3 - 3
Insect galleries and bore holes 95 83 77 125 380
Exposed sapwood only 2 - 2
Exposed sapwood and heartwood 1 1
Perennial fungal fruiting bodies (life span > 1yr) 14 8 8 8 38

sampling sites by including the sector (i.e.,
the combination of elevation and expo-
sure) as a random effect (i.e., random
“site” effect — Hui & Poisot 2016). JSDMs
were fitted using the function “manyglm”
and the fourth corner problem was solved
using the function “traitglm”, both within
the “mvabund” R package (Wang et al.
2012).

We fitted the JSDMs for the most abun-
dant 17 species, i.e., 27% of the initial 64
species. We excluded species present in
five or fewer sampling sites because they
were too rare to reliably estimate their
niches (Ovaskainen & Abrego 2020). For
each of the 17 most abundant species, it
was also possible to calculate the relation-
ship between their abundance and the vari-
ables related with topography and forest
structure (see Figs. S1-S6 in Supplementary
material). We also excluded from the analy-
sis those variables sampled only in a few
number of sampling plots, like snags and
standing and downed dead trees.

The five CWD characteristics (minimum
diameter, maximum diameter, length, de-
cay state, volume) and the five stump char-
acteristics (base diameter, top diameter,
height, decay state, volume) were aggre-
gated with a Principal Component Analysis,
and the first Principal Component (PC1)
was used in the models to predict species
abundance.

Results
Deadwood and microhabitats

Deadwood amounts varied both among
the four sectors and deadwood types.
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Across the four sectors, the median vol-
umes (5t and 95t percentiles in parenthe-
ses) for stump was 4.9 - 105 (3.7 - 10°%, 3.2 -
10*') m3 ha", for CWD was 9.3 - 102 (9.3 - 10,
6.4 - 10") m3 ha", for snags was 8.2 - 10*
(1.1+10%, 1.6) m3 ha", for standing dead trees
was 1.35 (0.16, 40.88) m3 ha' and for
downed dead trees was 1.17 (0.02, 16.75)
m3 ha (Tab. 1). The CWD and STUMP PC1
were positively correlated with all the five
CWD and stump characteristics (Pearson
correlation ranging between 0.25 and 0.52
- Tab. S2 in Supplementary material).

Moreover, 434 microhabitats were cen-
sused only on deadwood and not on living
trees. The most abundant microhabitat
types were saproxylic (e.g., insect galleries
and bore holes, woodpecker breeding cavi-
ties, and rot holes), censused 396 times. In
contrast, epixylic microhabitats, i.e., peren-
nial fungal fruiting bodies, were less abun-
dant (censused 38 times — Tab. 2).

Saproxylic beetle survey

Overall, 2334 specimens were collected
belonging to 64 species referring to 27
families of saproxylic Coleoptera (see Tab.
S1 in Supplementary material). The most
abundant species were Ernoporicus fagi
(Curculionidae) with 1232 specimens and
Hemicoelus costatus (Ptinidae) with 214
specimens, representing 62% of the total
sampled beetles. Indeed, the most abun-
dant families were Cerambycidae (12.5%, 8
species) and Curculionidae (12.5%, 8 spe-
cies), followed by Ptinidae (7.8%, 5 species)
and Zopheridae (6.3%, 4 species — Tab. 3).

Concerning the different exposure and el-
evation of the sampling plots, the highest

Tab. 3 - Number of species and their
abundance for each beetle family.

Family No. Abun-
Species  dance
Biphyllidae 1 1
Cerambycidae 8 138
Cerylonidae 1 1
Ciidae 1 1
Clerideae 2 5
Cryptophagidae 1 7
Curculionidae 8 1470
Elateridae 2 106
Endomychidae 1 3
Erotylidae 3 14
Eucnemideae 1 17
Latriididae 2 6
Lucanidae 2 17
Lycidae 1 1
Melandryidae 2 2
Melyridae 3 181
Monotomidae 1 12
Mycetophagidae 3 13
Nitidulidae 1 1
Oedemeridae 1 1
Ptinidae 5 229
Salpingidae 3 85
Scarabaeidae 2 6
Scraptiidae 1 1
Staphylinidae 1 1
Tenebrionidae 2 2
Trogossitidae 1 6
Zopheridae 4 7
Total 64 2334

abundance and species richness of the
specimens were found in the HS sector,
with 1084 individuals (46% of the total
abundance) and 24 species (38% of the to-
tal species), with the most abundant fami-
lies being Curculionidae and Melyridae. The
second sector in terms of abundance and
richness was LN, with 810 individuals (35%
of the total) and 21 species (33% of the total
species), with the most abundant families
being Curculionidae and Ptinidae. A lower
abundance and richness were found in the
other two sectors, respectively: in the HN
we found 194 individuals (8% of the total
abundance) and 8 species (22% of the total
richness) and in the LS sectors, 246 individ-
uals (11% of the total) and 12 species (19% of
the total richness).

Regarding the trophic categories, Xylo-
phagous represented 28% of the total sam-
pled beetles, followed by Saproxylopha-
gous (25%), Mycophagous (21.8%), Preda-
tors (11%), and Mycetobiontic (6.2%).

As for the IUCN risk categories, the sam-
pled saproxylic beetles were classified as
follows: Vulnerable (VU, 2 species), Near
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Threatened (NT, 8 species), Data Deficient
(DD, 1 species), and Least Concern (LC, 53
species).

Relative importance of environmental
drivers for species abundance

Variables related with topography and
forest structure had different importance
in explaining the patterns of abundance of
saproxylic beetles. The most important fac-
tors affecting the abundance of single
species of saproxylic beetles were: (i)
stump-related variables, with deviance for
the model related with the first Principal
Component (PC1) of the STUMP variables =
81.2 (Tab. S2 in Supplementary material)
and 5 species significantly associated with
the STUMP PC1 (see below for details and
Fig. S6); (ii) the topographic variable eleva-
tion, with model deviance = 64.7 (Tab. S2)
and 5 species significantly associated with
elevation (Fig. S1); and (iii) the CWD-related
variables, with deviance for the model re-
lated with the first Principal Component of
the CWD variables = 58.0 (Tab. S2) and 6
species significantly associated with the
CWD PC1 (Fig. S5 in Supplementary mate-
rial). Lower importance had the exposure
(deviance = 43.6 — Tab. S2) and only two
species significantly associated with eleva-
tion (Fig. S2), followed by the abundance
of the two most important microhabitats:
(i) perennial fungal fruiting bodies, with de-
viance = 34.1 (Tab. S2) and two species sig-
nificantly associated (Fig. S4); and (ii) in-
sect galleries and bore holes, with deviance
= 23.2 (Tab. S2) and two species signifi-
cantly associated (Fig. S3 in Supplementary
material).

Among the most abundant species in the

Fig. 2 - Interactions of (a)  (a)
elevation and (b) expo-
sure of the sampling
plots with saproxylic bee-
tles’ families according
to the Fourth-corner
modeling results. Stan-
dardized coefficients for
all environment-trait
interaction terms are
presented from a gener-
alized linear model
(GLM). Brighter squares
show stronger associa-
tions than paler ones,
positive associations are
showed in red and nega-
tive associations are in
blue.

Family

P S
@ Cerambycidae - =
" il i3

W@ Trogossitidae

1
1.0
4  Sapingidae | -

& Monotomidae -

4 Melyridae

Abundance of saproxylic beetles predicted in managed beech forests

saproxylic assemblage, only a few of them
showed a clear significant association with
low (Melanotus villosus, Elateridae; Hemi-
coelus costatus, Ptinidae) and high eleva-
tion (Salpingus planirostris, Salpingidae;
Trypodendron domesticum, Curculionidae;
and Dasytes plumbeus, Melyridae). Rhag-
ium mordax was the only species positively
associated with southern exposure and M.
villosus was the sole associated with north-
ern exposure (Figs. $1-S2 in Supplementary
material). Most of the other species
showed either a less clear preference for
low or high elevation and S/N exposure or
no preference at all. Regarding microhabi-
tats, only Melasis buprestoides (Eucnemi-
dae) and H. costatus (Ptinidae) were posi-
tively associated with a high abundance of
insect galleries and bore holes. At the same
time, most of the other species tended to
be positively but less strongly associated
(Fig. S3 in Supplementary material). R. mor-
dax (Cerambycidae) and D. plumbeus (Me-
lyridae) were positively associated with a
high abundance of perennial fungal fruiting
bodies, while most of the other species did
not show a clear preference for this micro-
habitat (Fig. S4 in Supplementary mate-
rial). Four species (M. villosus, Elateridae;
Scolytus intricatus, Curculionidae; Stenurel-
la sennii, Cerambycidae; H. costatus, Ptini-
dae) were positively associated with CWD-
related variables, while other two species
(T. Domesticum, Curculionidae and D. plum-
beus, Melyridae) showed a negative associ-
ation, but other species showed either a
less strong positive or negative relation-
ship with CWD, or were indifferent to CWD
characteristics (Fig. S5 in Supplementary
material). Finally, five species were nega-

(b)

- Wi Trogossitidae -

@ Salpingidae Tl

tively associated with stump-related vari-
ables: E. fagi, Anisandrus dispar, T. domes-
ticum (Curculionidae), D. plumbeus (Melyri-
dae), and S. planirostris (Salpingidae), while
most of the other species showed a nega-
tive but less clear association (Fig. S6 in
Supplementary material).

Interactions of topographic and
structural variables with trophic
categories and families

The interactions between topographical
characteristics of the sample sites (eleva-
tion and exposure) with saproxylic beetles’
families and trophic categories were inves-
tigated. In particular, Cerambycidae, Elate-
ridae and Ptinidae families were positively
associated with low elevation, while Cur-
culionidae, Melyridae, Monotomidae and
Salpingidae with high elevation (Fig. 2a).
Regarding plot exposure, Elateridae was
the sole family positively associated with
Northern exposure (Fig. 2b). On the other
hand, the trophic categories were not as-
sociated either with elevation or exposure.

For what concerns the interactions be-
tween microhabitats and saproxylic bee-
tles’ families, a high frequency of insect
galleries and bore holes were positively as-
sociated with the families Cerambycidae,
Curculionidae, Eucnemidae, Melyridae, and
especially Ptinidae, and negatively associ-
ated with Salpingidae (Fig. 3a). A high fre-
quency of perennial fungal fruiting bodies
was positively associated with the families
Cerambycidae and Melyridae (Fig. 3b). As
for the trophic categories, a high frequency
of insect galleries and bore holes was posi-
tively associated with mycophagous, pred-
ator and xylophagous species (Fig. 3¢). In-
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stead, a high frequency of perennial fungal
fruiting bodies was positively associated
with predator and xylophagous species
and negatively associated with myco-
phagous species (Fig. 3d).

A high score of the CWD PC1 was posi-
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tively associated with Cerambycidae, Ela-
teridae and Ptinidae families, and negative-
ly associated with Curculionidae, Melyridae
and Salpingidae (Fig. 4a). As for the trophic
categories, a high CWD PC1 score was posi-
tively associated with xylophagous species
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Fig. 3 - Interactions of the two

most abundant microhabitats
02 with saproxylic beetles’ families

(a-b) and trophic categories (c-
01 d)according to the Fourth-cor-
ner modeling results. GLMs and
legend are the same as in Fig. 1.
Abbreviations: Insehole, insect
galleries and bore holes; Perety,
perennial fungal fruiting bodies
(life span > 1 year).

and negatively associated with micetobion-
tic, saproxylophagous and xylophagous
species (Fig. 4¢).

Finally, a high score of the STUMP PC1
was negatively associated especially with
Eucnemidae, Melyridae, Monotomidae and

Fig. 4 - Interactions of dead-

wood characteristics (CWD) with
04 saproxylic beetles’ families (a)

and trophic categories (c) and
02 interactions of stump character-
istics (STUMP) with saproxylic
beetles’ families (b) and trophic
categories (d) according to the
Fourth-corner modelling results.
GLMs and legend are the same

as in Fig. 1.
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Salpingidae (Fig. 4b). All the trophic cate-
gories were negatively associated with a
high STUMP PC1 score (Fig. 4d).

Discussion

We studied the relationship between the
most abundant species in a saproxylic bee-
tle community and their niche dimensions,
including topographic variables, microhabi-
tats, abundance, and deadwood amount in
a Mediterranean-managed beech forest.
We also evaluated the role of the family
and trophic level of the species in explain-
ing these abundance-environment associa-
tions. Specifically, we found that the pre-
dictors affecting the abundance of single
saproxylic species were, in order of impor-
tance, stump-related, elevation, and CWD-
related variables (Fig. 5). Topographic pref-
erences and resource availability had a dif-
ferent impact on beetle species belonging
to different families and trophic categories:
xylophagous species (mostly Cerambyci-
dae and Ptinidae) were positively associ-
ated with low elevation and insect gal-
leries, whereas Melyridae and Eucnemidae
were negatively associated only with
stump characteristics.

Relative importance of environmental
drivers of species abundance and
richness

The most important drivers of beetle
abundance and richness in the four sectors
were the characteristics of the stumps pro-
duced by intensive forest management,
which occurred more often in our sample
plots, while the characteristics of CWD,
which was very scarce, played a limited
role. In general, high stumps and snags
might host higher saproxylic diversity than
lying deadwood, due to the different mi-
croclimatic conditions found along the
standing deadwood, i.e., being wetter at
the basis and drier and warmer at the top
(Bouget et al. 2012). Indeed, we found that
deadwood volume can be a poor predictor
for saproxylic species abundance and rich-
ness, in agreement with what Gétmark et
al. (2011) and Basile et al. (2023) found in
the boreal and Mediterranean managed
forests, respectively.

Although forest characteristics had a
large importance in determining beetle
abundance and richness patterns, eleva-
tion also played an important role. In fact,
saproxylic beetle abundance and species
richness were greater in the two sectors at
higher elevations (overall, 55% of the abun-
dance and 44% of the species) than in the
two sectors at lower elevations (overall,
45% of the abundance and 38% of the
species). The higher productivity in high-el-
evation sectors - in terms of species abun-
dance and diversity near the upper limit of
the forest - is surprising, given the scarce
availability of resources for saproxylic spe-
cies in terms of CWD, stumps, and snags
(Tab. 1). However, at higher altitudes differ-
ent types of microhabitats were found,
which were absent at lower altitudes, like

iForest 16: 155-164

Abundance of saproxylic beetles predicted in managed beech forests

Fig. 5 - Graphic representation of the ecological dynamics of saproxylic beetles in
managed beech forests (elaboration: F. Parisi). (LS): Low altitude and southern expo-
sure (in order of decreasing size: Lucanidae, Eucnemidae, Elateridae, Curculionidae,
Trogossitidae, Mycetophagidae, Erotylidae, Melyridae, and Salpingidae); (LN): Low
altitude and northern exposure (in order: Cerambycidae, Elateridae, Eucnemidae,
Ptinidae, Erotylidae, and Monotomidae); (HN): High altitude and northern exposure
(in order: Cerambycidae, Lucanidae, Elateridae, Ptinidae, Trogossitidae, Erotylidae,
Mycetophagidae, and Scarabaeidae); (HS): High altitude and southern exposure (in
order: Lucanidae, Scarabaeidae, Trogossitidae, Curculionidae, Mycetophagidae,

Melyridae, and Salpingidae).

woodpecker breeding cavities, concavities,
exposed sapwood and heartwood, that
may have a positive effect in enhancing
species abundance and diversity. Further-
more, the high-altitude sectors were lo-
cated at the forest edges, which are impor-
tant ecotones recognized as suitable habi-
tats for saproxylic beetles. Indeed, the
presence of a consistent herbaceous layer
in the forest understorey at high altitude
could be the reason for the presence of
saproxylic beetle species depending on
flowering plants (Wermelinger et al. 2007)
together with saproxylic species complet-
ing their entire life cycle on deadwood, and
this might have increased locally species
abundance and diversity (Campanaro &
Parisi 2021).

Exposure also had a minor but still impor-
tant role in driving species abundance and
richness patterns. We observed that sa-
proxylic beetle abundance and species rich-
ness were higher in the two south facing
sectors (overall, 28% of the abundance and
44% of the species) than in the two north
facing sectors (overall, 24% of the abun-
dance and 38% of the species). This higher
productivity in terms of biomass and diver-
sity is certainly driven by the higher avail-
ability of resources on the southern than
on the northern slopes, both in terms of
stumps and snags, even though on the
southern slopes CWD was lower than on
the northern slopes. The microhabitats
were substantially of the same type on
both southern and northern slopes, but
more abundant on the latter. Overall, on
the southern slopes, saproxylic species
may have benefited from the joint availa-

bility of more substrates and the positive
impact of warm microclimate on their re-
production and development (Wu et al.
2015). This is particularly true for species
like R. mordax (Cerambycidae), which was
positively associated with southern ex-
posed slopes. This is also in agreement
with what Lindhe et al. (2005) found in bo-
real forests. Specifically, Lindhe et al.
(2005) found that sun-exposed areas sup-
port a higher species abundance and rich-
ness, since beetle activity and larval devel-
opment are correlated with solar radiation.
For instance, it is known that a good solar
radiation is essential for early successional
saproxylic species, belonging to Cerambyci-
dae (e.g., R. mordax) and Curculionidae
(e.g., E. fagi), and specimens for these spe-
cies are frequently found on snags and sun-
exposed deadwood (Parisi et al. 2018,
2022a). Indeed, Seibold et al. (2016) found
a higher number of specimens and species
in sunny forest plots than in shady areas in
central European temperate forests.

The lower importance of microhabitats in
driving species richness and abundance
patterns likely derives from their scarce
abundance and diversity in all four sectors.
This can be a consequence of intensive for-
est management and limited availability of
data on microhabitats. In fact, forest man-
agement for timber production has cer-
tainly led to the lack of habitat trees and
large deadwood (Miiller & Bdtler 2010).
However, also the fact that the inventory
of microhabitats was available only for
deadwood limited its importance in de-
scribing patterns in species abundance. In-
cluding the data for microhabitats on living
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trees would have certainly increased their
importance in characterizing the niche of
some of the saproxylic beetle species.

Interactions of environmental variables
with trophic categories and families

Xylophagous species, like H. costatus
(Ptinidae), were positively associated with
low elevation, probably because of the
higher number of stumps, snags, and CWD
available in those sectors (Tab. 1). In fact,
at higher altitudes forest stands have been
historically less impacted by management
(Scarascia-Mugnozza et al. 2000). In accor-
dance with Johansson et al. (2017) for bo-
real forest, we observed that fungivore
and mycetophagous families (e.g., Mono-
tomidae) were negatively linked to high el-
evation, where the vegetative period is
generally shorter, which reduces the time
window available for these species to com-
plete their life cycle in the sporocarps. Con-
sequently, predator species like M. villosus
(Elateridae), feeding on xylophagous and
fungivorous organisms, may have found
better feeding opportunities in the low-alti-
tude sectors. On the contrary, Melyridae
species (e.g., D. plumbeus) preferred eco-
tone meadows at high elevations, espe-
cially in the HS sector, probably due to a
rich herbaceous layer. Indeed, Melyridae
species are rhyzophagous as larvae and
frequently occur on flowers as adults, since
they are pollinators (Mawdsley 2003).

Mycetophagous species such as Rhizoph-
agus bipustulatus (Monotomidae) were
positively associated with southern expo-
sure. In boreal forests, Johansson et al.
(2017) confirmed this pattern, observing
that fungivore species’ density was posi-
tively linked with south-exposed slopes,
probably due to a higher decomposition
rate and a higher fungal production.

We found that xylophagous and saproxy-
lophagous species, such as H. costatus (Pti-
nidae) and M. buprestoides (Eucnemidae),
were positively associated with specific mi-
crohabitats (i.e., insect galleries), as their
larvae, feeding on wood, might expand
cavities and build galleries (Parisi et al.
2020a). On the other hand, predator spe-
cies (e.g., D. plumbeus, Melyridae) feeding
on xylophagous and fungivore organisms
were associated with fungal fruiting bod-
ies. Thus, trophic categories and families
were generally assorted in specific micro-
habitats, which represented dimensions of
the spatial and feeding niche of the spe-
cies.

Positive associations were detected be-
tween strict xylophagous families (e.g., S.
sennii, Cerambycidae and H. costatus, Pti-
nidae) and CWD, and negative/less positive
associations between non-strictly xylo-
phagous (i.e., micetobiontic/saproxylopha-
gous) families such as Curculionidae, Mely-
ridae and Salpingidae, and CWD (Parisi et
al. 2019). Moreover, a strong positive asso-
ciation was also found between predator
species, like M. villosus (Elateridae), and
CWD-related variables, as large amounts of

162

lying deadwood might host a great variety
of larvae upon which this trophic group
feeds (Parisi et al. 2018).

Eventually, negative associations linked
stump-related variables to several families,
in particular to species belonging to Eucne-
midae (e.g., M. buprestoides), Melyridae
(e.g., D. plumbeus), Monotomidae, Myce-
tophagidae, and Salpingidae (e.g., S. plani-
rostris). This negative effect is explained by
the fact that these families are frequently
linked to standing deadwood, typical of un-
managed or old-growth forests, which was
poorly available in our study sectors.

Conclusions

Our results show that the patterns of
abundance and richness of our saproxylic
beetle communities were jointly affected
by the interaction of topographic variables
(elevation and exposure) with variables re-
lated to forest structure in this Mediter-
ranean managed forest ecosystem in Cen-
tral Italy. The existence of these significant
interactions means that management af-
fecting forest structure has different im-
pacts on the availability of resources for
saproxylic communities in different topo-
graphic conditions. For this reason, both
these drivers must be taken into account
when planning for forest management. To
acknowledge this complexity, we advocate
for landscape-level forest management
which supports the local diversity of beetle
assemblages maintaining a mosaic of semi-
natural forest characteristics in different
topographic contexts. We recommend
that closer-to-nature forest management
targeting deadwood retention and accu-
mulation and increasing the occurrence of
microhabitats should be practiced in for-
ests of different altitudes (i.e., forest edges
at high altitudes and forest cores at low al-
titudes) and exposures (i.e., sunny and
shaded areas - Parisi et al. 2020b). Further-
more, “passive” management should be fi-
nalized to the retention of large, old trees
(Carpaneto et al. 2010) and favored in dif-
ferent topographic contexts. These two
measures will favor the saproxylic commu-
nities in two ways: increasing locally the
amount and diversity of available micro-
habitats in living and dead wood, and re-
ducing local tree density, which increases
habitat heterogeneity (Parisi et al. 2020a).

Even in our managed forests, 15% of the
saproxylic species sampled were listed in
the Italian IUCN Red List (Carpaneto et al.
2015) as “high conservation priority”, be-
longing to Near Threatened (8 species) and
Vulnerable (2 species) categories (Tab. S1in
Supplementary material). To guarantee the
survival of these threatened species, the
EU Forest Strategy for 2030 (European
Commission 2021) has recommended the
development of sustainable forest man-
agement strategies, like those mentioned
above, and the improvement of monitoring
activities, as conducted in our study areas.
In fact, to be cost-effective, these two ac-
tivities should go hand-in-hand, as the ca-

pacity of closer-to-nature management in-
terventions of restoring the habitat of
threatened species can be evaluated only
implementing rigorous biodiversity assess-
ment and ecological monitoring programs
over the whole forest landscape.
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