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ABSTRACT
Aims: Forests classified as Natura 2000 priority Habitat 9210* (Apennine beech forests with Taxus baccata and Ilex aquifolium) 
cover most of the European beech distribution along the Italian peninsula. Most of these forests have been coppiced for centuries 
until 60–70 years ago, and today, some are lapsed coppices and others in conversion to high forests. In both cases there is a lack 
of knowledge on the ongoing ecological dynamics, especially with regard of species composition changes, that is a base for their 
sustainable management.
Location: Central Apennines (Italy).
Methods: We analyzed forest structure and their impact on plant diversity from 50 plots in three sites where forests have been 
differently managed also in relation to their private, common or public ownership. We assessed the relationships between forest 
structure and understory plant diversity, applying multivariate statistical analysis and running regression models for estimating 
the influence of forest structure variables on species richness.
Results: We appraised the heterogeneity of the 9210* Apennines beech forests featuring five floristic-vegetation groups with 
cluster analysis in four structure stand types: lapsed coppices (LPC), coppices in conversion (CCO), two-layer coppices (TLC) 
and recolonized stored coppices (RSC). The Non-metric multidimensional scaling ordination shows that CCO, the most common 
structural type investigated, is not clearly related to any specific variable. The best models suggested that the mean cambial age 
and tree height can positively predict all dependent richness variables.
Conclusions: The structural and compositional diversities of these forests require an innovative management approach inte-
grating silvicultural options commonly considered divergent (coppice vs. high forests) for providing new ecosystem services and 
socioeconomic opportunities for local mountain communities, to support biodiversity, and to increase forest resilience to natural 
disturbances.
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1   |   Introduction

The forest cover transition that occurred in Europe throughout 
the last 500 years can be mainly attributed to relevant socioeco-
nomic changes and their effects on land management systems 
(Debussche, Lepart, and Dervieux 1999; Chauchard, Carcaillet, 
and Guibal  2007; McGrath et  al.  2015; Malandra et  al.  2019). 
Nowadays, European forests and other wooded lands cover 
approximately 225 million hectares, more than one-third of 
Europe's land surface (MCPFE  2020; Ferrara et  al.  2021). 
Reliable statistics on forest management are not fully available 
for all EU member countries, but it is estimated that approxi-
mately 25–30 million ha (15%) of the productive forests of Europe 
are managed as coppices (sensu Schuck et al. 2002), especially 
in France, Italy, Spain, Turkey, Greece and other Balkan coun-
tries (Unrau et al. 2018). These are forests mainly composed of 
stool-shoots or root suckers with or without retention seed trees, 
called standards. Coppices, are a significant part of Europe's 
seminatural forests and in Italy they cover more than 3.7 million 
hectares (42% of total cover) according to the last National Forest 
Inventory (2015) (https://​www.​inven​tario​fores​tale.​org/​). Since 
Neolithic times, coppicing with its numerous local variants has 
been used for domestic needs as fuelwood, utensils, fodder and 
building materials, or in former industries producing iron ore, 
glass and tanbark (Bartha et al. 2008; Buckley and Mills 2015). 
Since the beginning of the XX century, but more intensively after 
the 1950s, populations of rural and mountainous areas migrated 
toward cities. Extensive portions of regularly coppiced forests 
were then abandoned and shifting toward lapsed coppiced, a 
preliminary stage of the conversion to even-aged high forest, 
generally resulting in a single storey forest (Schuck et al. 2002), 
especially in beech forests (Coppini and Hermanin 2007).

In the Central Apennines, coppicing has been largely applied 
for centuries to deciduous mixed forests dominated by Quercus 
cerris, Ostrya carpinifolia, Fraxinus ornus, Quercus pubescens, 
Castanea sativa, Quercus ilex and Fagus sylvatica, in decreas-
ing order (Fabbio and Cutini 2017). Beech forests, due to their 
high-altitude distribution (from 1000 to 1800 m a.s.l.), were tra-
ditionally managed as multifunctional silvo-pastoral systems 
along their elevation gradient. There is still evidence of: (i) the 
release of permanent protection belts (portions of unmanaged 
forest) at the upper forestlines to hinder livestock access and 
rocks or debris sliding from upper slopes; (ii) coppicing with 
prolonged rotation periods at upper elevations and on steeper 
slopes to ensure the same productivity in harsher environments; 
(iii) coppicing with shorter rotations at intermediate elevations 
for firewood and mainly charcoal production; (iv) at lower el-
evations wood pastures and a few high forest stands for live-
stock grazing and some timber production (Urbinati et al. 2014). 
Today, this mosaic-structured mountain landscape has almost 
disappeared. Stand abandonment and widespread conversion 
of coppices toward even-aged high forests, encouraged by Rural 
Development Program directives, Natura 2000 guidelines, and 
also enforced by forest laws and regulations caused a clear stan-
dardization of forest structure.

Since the 1970s, nature conservation issues gained increas-
ing attention in Italy, both at the national and regional scales 
(Lovari and Cassola  1975; Cassola and Lovari  1976; Romano 
et  al.  2021). Today the Italian Natura 2000 network includes 

more than 2600 sites, covering about 19% of the total land sur-
face (Trentanovi et al. 2018) and around 30% of that of Italian 
forests (European Commission 2014). In addition, a composite 
network of national and regional protected areas designated 
under the Italian National Law 1991/394, overlaps with over 50% 
of the surface area of the Natura 2000 sites (Marchetti, Cullotta, 
and Di Marzio 2005).

The 9210* Apennine beech forests with Taxus baccata and Ilex 
aquifolium is one of the more widespread forest habitats in 
Italy. Its extended cover along the entire peninsular distribution 
of beech generated controversial debate. The Italian Manual 
of Habitat Interpretation (Biondi et  al.  2009) stated that all 
Apennine beech forests could be included in this habitat even 
if English yew (Taxus baccata L.) and holly (Ilex aquifolium L.) 
are only locally occurring and attributing this fact to forest over-
exploitation. However, according to ad hoc studies, the 9210* 
habitat in Central Apennines should be split in two distinct 
ones because Taxus and Ilex are fitting two different ecological 
niches (Scarnati et al. 2009), more mesic the former and more 
xeric the latter. In addition, these authors found structural dif-
ferences in beech forests hosting respectively the two target spe-
cies. Nonetheless, despite the unique habitat classification, the 
variable geomorphic and bioclimatic features of the Apennines 
reflect a complex vegetation structure and syntaxonomy of 
beech stands (Di Pietro 2009). Their wide latitude range (around 
1000 km along the peninsula) and high elevation gradient (from 
1000 to 1800 m a.s.l.), together with some differences in local 
forest management can explain the differing compositions of the 
forest layers, especially at the ground layer.

The assessment of land use legacy on forests has gained attention in 
vegetation science studies (Garbarino and Weisberg 2020), partic-
ularly the effects of stand management history on understory spe-
cies composition (Bricca et al. 2023). Several studies have assessed 
the effects of past land-use on forest plant species composition and 
diversity using old maps, archive data, interviews and soil anal-
yses, where the comparison between past and present cover was 
based on relative differences in forest species composition (Hermy 
and Verheyen  2007; Cervellini et  al.  2017). Other studies, as in 
the southern Pyrenees, found that land use legacies and site vari-
ables are controlling the understory plant communities in beech-
dominated forests (Fortuny, Carcaillet, and Chauchard 2014). The 
livestock type (e.g., cattle vs. sheep) and the past forest manage-
ment were the two main factors affecting the vegetation changes, 
also influenced by macrosite environmental variables (i.e., slope, 
elevation, precipitation, temperature) and microsite features (i.e., 
soil moisture and LAI) (Fortuny, Carcaillet, and Chauchard 2014). 
In French Mediterranean mountain forests, land use legacies 
were assessed at the landscape scale, and stand diversity was ex-
plained by previous management and by recent land abandon-
ment (Chauchard, Guibal, and Carcaillet 2013). The consequences 
of forest management withdrawal on understory plant diversity is 
another important and related topic. In Germany, Mölder, Streit, 
and Schmidt  (2014) reported how forest management cessation 
results in decreasing herb-layer diversity and productivity in 
many Central European deciduous woodlands. In Switzerland 
and Czech Republic, the cessation of management, especially cop-
picing, decreased the species richness also at the tree layer (Heiri 
et al. 2009; Altman et al. 2013). The coppicing abandonment after 
centuries of practice can indeed trigger important ecological 
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changes, mainly linked to the decreasing amount of available light 
below the canopy, on stand structure and understory species com-
position (Heiri et al. 2009; Kopecký, Hédl, and Szabó 2013; Mölder, 
Streit, and Schmidt 2014). In temperate broadleaf forests, Verheyen 
et al. (2012) reported that the increase in total canopy cover can 
facilitate litter decomposition due to a higher presence of species 
producing more easily decomposable litter, as well as an overall 
eutrophication caused by significantly increased nitrogen deposi-
tion rates. They called this accumulated nitrogen a “time bomb” 
capable of stimulating a flush of nutrients when the canopy opens 
again after thinning, felling or re-coppicing, and triggering a shift 
in vegetation type.

The presence/absence of each herbaceous species or their cover 
share variation within the stand can be indicators of ecologi-
cal changes (Scolastri, Cancellieri, et al. 2017). Several studies 
proved how differently stand structures can affect the richness 
and diversity of understory vegetation (Garadnai et  al.  2010; 
Müllerová, Hédl, and Szabó 2015; Horvat, Biurrun, and García-
Mijangos  2017; Canullo et  al.  2017; Tinya et  al.  2023; Saulino 
et al. 2022) and how the occurrence of sporadic, non-dominant 
tree species could enhance understory plant richness (Tardella 
et  al.  2017). The conservation of stand structure diversity is 
therefore a key issue of the Sustainable Forest Management 
(SFM) guidelines within the “conservation of biological diver-
sity” criterion (Bertini et  al.  2019). Stand structure attributes 
can be used as indicators of ecological diversity to assess the 
effects of different silvicultural options (Staudhammer and 
LeMay 2001; McElhinny et al. 2005).

In this study, we focused on Central Apennines 9210* beech for-
ests of different ownership: public, shared and private. Besides 

some local difference in management objectives, all forests have 
been traditionally used to provide fuelwood and/or livestock pas-
ture. This study aimed: (i) to detect the diversity of stand struc-
tures, (ii) to measure the vegetation heterogeneity associated to 
forest structure and former forest management, (iii) to assess the 
possible influence of forest structures on plant diversity, and (iv) 
to propose suitable and sustainable silvicultural approaches in 
Apennines beech forests, for improving their resilience to nat-
ural disturbances, also in relation to their important role in the 
mountainous landscapes.

2   |   Material and Methods

2.1   |   Study Sites

We selected European beech (Fagus sylvatica L.) forests of the 
Italian Central Apennines included in Habitat 9210* (Apennine 
beech forests with Taxus and Ilex). Two sites are in the Marche 
region (Mt. Acuto, ACU and Val di Castro, VDC) and one in 
the Umbria region (Mt. Coscerno, COS) (Figure  1). Each has 
a different property type that may have influenced the forest 
management practices and goals (Table 1). All surveyed forests 
grow within an elevation range of 800–1300 m a.s.l. and pertain 
to mountain landscapes largely shaped by millennia of human 
influence. Bedrocks are mostly calcareous as well as most soil 
types, and the climate is mainly oceanic-temperate (sensu 
Rivas-Martinez  2004), with average annual precipitation of 
about 1200 mm and annual mean temperature ranging from 7°C 
to 11°C (Table 1). We obtained topographic variables from the 
TINITALY DEM (Tarquini et al. 2023), and climate data from 
the free global CHELSA dataset (Karger et al. 2017). All study 

FIGURE 1    |    Location of the three study sites (ACU, VDC, COS) (yellow dots in upper left image) and spatial distribution of the 50 forest sampled 
plots (white dots).

 1654109x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.70008 by C

ochraneItalia, W
iley O

nline L
ibrary on [04/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 13 Applied Vegetation Science, 2025

sites belong to or border the Sites of Community Importance 
(SCIs) and Special Protection Areas (SPAs) of the Natura2000 
network (Table 1).

2.2   |   Data Collection

Forest structure data were collected in multiple field cam-
paigns carried out between 2012 and 2014 at the three study 
sites (ACU, VDC and COS) within a total of 50 plots, mapped 
in the field with a sub-metric GNSS receiver. For the tree layer 
survey, following the national forest inventory protocol, we 
used circular plots of variable radius of 7–15 m according to 
stand density, to collect at least 20 individual stems (trees or 
coppice shoots) with a diameter at breast height (DBH) ≥ 5 cm. 
For each tree, we measured its DBH and total tree height 
(HGT). Two circular 2 m radius subplots were randomly lo-
cated within each forest plot to survey natural seed regen-
eration. Within each larger plot, with a Pressler increment 
borer we cored 20% of the trees at 1.30 m selected according 
to the DBH distribution, to determine their cambial age and 
the mean age class distribution of each structural type. We 
mounted and glued the cores on wooden supports, polished 
them thoroughly with progressively finer sandpaper, counted 
tree rings and measured them with the semiautomatic 
LINTAB system. Within each plot, we also measured the size 
(diameter and height or length) of coarse woody debris (CWD) 
after individual classification of each specimen as stump, snag 
(standing deadwood) or log (laying deadwood), following the 
guidelines of the Italian National Forest Inventory INFC 
(Gasparini et al. 2021).

The centroid of the same 50 plots was used to delimit subplots 
of 400 m2 where we carried out complete floristic-vegetational 
surveys on vascular plants. For each occurring species, we 
estimated their cover/abundance according to the Braun-
Blanquet (1928) in three distinct layers according to life forms 
classification (Raunkiaer  1934; Pignatti  1982): tree layer 
(Phanerophytes, high > 5 m), shrub layer (Nanophanerophytes, 
Chamaephytes and Phanerophytes up to 5 m) and herbaceous 
layer (Therophytes, Geophytes, Hemicryptophytes and herba-
ceous Chamaephytes).

2.3   |   Data Analysis

We assigned each sample plot to a forest structure type (STR) 
based on stand physiognomy, signs of former management (e.g., 
coppice stumps, large standards, seed trees), mean values of 
stand variables (DBH, tree height, total and beech basal area), 

volume and type of deadwood (snags, logs and stumps) and 
abundance of beech seedlings/saplings (Table  S1). The forest 
structures found in the 50 plots could be assigned to four main 
types (Figure 2): (i) lapsed coppices (LPC) (n = 15); (ii) coppices 
in conversion to high forests (CCO) (n = 25); (iii) two-layer cop-
pices (TLC) (n = 5) and (iv) recolonized stored coppices (RSC) 
(n = 5). LPCs are coppiced stands left to grow beyond their nor-
mal rotation length as a planned forestry practice or just as a 
result of abandoned management. CCO are former coppice 
stands shifting toward high forest through the practice of sin-
gling, where all but one of the regrowing stems are progressively 
cut, leaving the remaining one to grow as if it were a maiden 
(uncut) tree. According to the growth phase and the site condi-
tions (e.g., canopy cover), some regeneration from either seeds or 
sprouts can occur in the understory. TLC are stands with a more 
stratified vertical structure than the previous ones, probably 
originated from compound coppices or coppices with standards. 
The trees of the two layers are very distinct in size and age, and 
regeneration (from both seeds and sprouts) can occur in the un-
derstory. The RSC are marginal stands featuring more irregu-
lar structures, located either at forest borders or in formerly less 
dense beech coppices, where suitable light conditions favored 
the occurrence of other tree species.

For each plot we assessed total and within layer (tree, shrub, 
herbaceous) species richness, calculated the Shannon diversity 
index (H) for the tree layer and, only for the herbaceous layer, 
we assessed the social behavior types [SBT1, beech forest spe-
cialist species; SBT2, forest generalist species; SBT3, non-forest 
species; SBT4, marginal species (weeds, exotic, ruderal or crop-
related species); SBT5, gap species (linked to forest edges and 
gaps)] (Bartha et al. 2008) and the life forms [Therophytes (T); 
Geophytes (G); Hemicryptophytes (H), Chamaephytes (Ch)] 
(Raunkiaer  1934; Pignatti  1982) (Table  S2). In addition, we 
considered as nemoral species the sum of SBT1 and SBT2 spe-
cies, sensu Bartha et al. (2008) and the mean number of target 
species of 9210* habitat richness (on total species) following 
the Italian Manual of the Habitat Directive (Biondi et al. 2009). 
The taxonomic nomenclature of vascular plants follows the 
checklist of Italian flora (Bartolucci et al. 2018). For each STR, 
we calculated the specific mean number values of all the above 
listed variables. Furthermore, after transforming the matrix 
with the vegetation data according to the van der Maarel scale 
(van der Maarel 1979), in order to identify vegetation groups 
according to the species composition we performed a cluster 
analysis (CA) using ‘vegan’ package (Oksanen et  al.  2022) 
for the R software (R Core Team 2020) and the ‘Indicspecies’ 
package (De Cáceres and Legendre 2009) to detect the indica-
tor species (IS) of the vegetation groups identified through the 
CA (Table S3).

TABLE 1    |    Main topographical and climatic variables of the three study sites.

Site

Forest 
ownership 

type
Lat 

[Dd]
Long 
[Dd]

Mean 
elevation 
[m a.s.l.]

Mean 
slope [°]

Main 
aspect

Mean annual 
temperature 

[°C]

Mean annual 
precipitation 

[mm] SCI code SPA code

ACU Collective 43.477 12.671 1193 28 NW 7.2 1240 IT5210005 IT5310031

VDC Private 43.364 13.040 808 23 NE 11.0 1243 IT5320012 IT5330025

COS Public 42.671 12.902 1319 16 NW 7.7 1258 IT5210063 —

Abbreviations: SCI, Sites of Community Importance; SPA, Special Protection Areas.
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Aiming to detect the effects of the stand structure on the under-
story species composition, we applied generalized linear mixed-
effects models (GLMMs) using the glmer function of the ‘lme4’ 
package (Bates et al. 2015), with the Poisson error distribution 
and the sites as random effects. We used richness, nemoral spe-
cies and SBT1 as dependent variables and structural features 
as fixed independent terms. We excluded the DBH as fixed ef-
fect in order to avoid multi-collinearity (highly correlated with 
HGT). We selected the best-fitted models showing the lowest 
Akaike information criterion (AIC) values (Burnham and 
Anderson 2002) using the dredge function of the ‘MuMln’ pack-
age (Barton 2013). We calculated the marginal and conditional 
R2 (Nakagawa and Schielzeth 2013) using the r.squaredGLMM 
function of the ‘MuMln’ package (Barton 2013), to represent re-
spectively the variance explained by the fixed effects and by the 
entire model, including both fixed and random effects. All sta-
tistical analyses were run using R software (R Core Team 2020). 
Finally, we performed a Non-metric multidimensional scaling 
(NMDS) analysis on the forest structure variables with Gower 
function as distance measure, using the statistical software 

‘PCORD v7’ (McCune and Grace 2002). The significance was 
tested using a Monte Carlo permutation method based on 250 
runs with randomized data. We overlaid understory vegetation 
groups as centroids and on-field forest structure classification 
as convex hull polygons on the ordination biplot, to explore 
the correlation pattern among STR and VEG. Additionally, we 
overlaid the significant correlation of topographic features (ele-
vation, slope and north-eastness index) derived by a digital ele-
vation model (ASTER GDEM2) with a spatial resolution of 30 m 
(Tachikawa et al. 2011).

3   |   Results

3.1   |   Forest Structure Diversity

Despite some physiognomic differences, the mean age distribu-
tions of the four structural types are all bell-shaped (Figure 2). 
The mean age varies between 58 and 101 years, but all the 
modes range between 50 and 70 years. CCO and TLC have 

FIGURE 2    |    Mean cambial age distributions (left column), original sketches (central column) and field pictures (right column) of the four struc-
tural types: Lapsed coppices (LPC), coppices in conversion (CCO), two-layer coppices (TLC) and recolonized stored coppices (RSC). AM, Acer pseu-
doplatanus; AR, Acer platanoides; LA, Laburnum anagyroides; OC, Ostrya carpinifolia; QC, Quercus cerris; SA, Sorbus aria; SC, Salix caprea. Trees 
with no label are Fagus sylvatica (drawings by coauthor G. Iorio).
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a bimodal curve (70 and 100 years) suggesting two cohorts of 
trees. Lapsed coppices in average have the lowest mean size 
(DBH = 9 cm, height = 9 m) and age (58 years) and the high-
est deadwood volume, especially stumps (STU = 13.3 m3 ha−1) 
(Table 2). Coppices in conversion show the highest mean beech 
share (94%) and natural regeneration density (31,188 n ha−1) and 
the lowest mean tree species diversity (mean Shannon diversity 
index H = 0.7). Two-layer coppices are the oldest stands (mean 
age 101 years) and have the largest mean size (DBH = 26 cm; 
tree height = 19 m) and basal area (45 m2 ha−1). The recolonized 
coppices have the highest mean tree species diversity (mean 
H = 1.6) (Figure 2) and CWD volume (snags 18.5 m3 ha−1; logs 
4 m3 ha−1) but the lowest basal area (BAS = 27 m2 ha−1), beech 
share (60%) and beech regeneration (1415 n ha−1) (Table 2).

3.2   |   Structural Types and Vegetation Variables

The mean value of total species richness varies between 33.0 
in RSC and 15.8 in TLC, whereas CCO and LPC have inter-
mediate values (23.2 and 26.5, respectively) (Table  2). The 
mean richness of single layers is not very different in the 
tree and shrub layers of the four types but varies in the herb 
layer, with 23.0 species in RSC, 9.2 in TLC,19.1 in LPC and 
17.9 in CCO. However, the share of nemoral herbaceous spe-
cies (SBT1 + SBT2) is very similar (between 14.9 and 17.6) in 
the CCO, LCP and RSC structure types. The exception is the 
TLC forest structure, which has the lowest average number 
of nemoral species, but this should be regarded in relation to 
a very low total species richness. The beech forest specialist 

TABLE 2    |    Mean and standard deviations (in bracket) values of the variables measured in the 50 plots divided into the four structural types (STR): 
LPC, Lapsed Coppices; CCO, Coppices in conversion to high forest; TLC, Two-Layered Coppices; RSC, Recolonized Stored Coppices.

Variable

Forest structural type

LPC CCO TLC RSC

N. plots (ACU-VDC-COS) 15 (10-3-2) 25 (12-6-7) 5 (1-0-4) 5 (0-0-5)

Diameter at breast height (DBH) [cm] 9 (1) 22 (7) 26 (12) 13 (2)

Total basal area (BAS) [m2 ha−1] 38 (6) 40 (9) 45 (6) 27 (4)

Beech relative basal area (FAG) [%] 84 96 89 60

Tree height (HGT) [m] 9 (2) 16 (3) 19 (5) 12 (1)

Cambial age (AGE) [years] 58 (17) 80 (18) 101 (25) 69 (11)

Beech regeneration (REG) [n ha−1] 10,399 (10783) 31,188 (46753) 5901 (6350) 1415 (2399)

Snag volume (SNA) [m3 ha−1] 0.2 (0.5) 1.3 (3.8) 0.0 (0.0) 18.5 (28.0)

Log volume (LOG) [m3 ha−1] 2.6 (3.6) 2.8 (4.0) 1.0 (1.5) 4.0 (2.1)

Stump volume (STU) [m3 ha−1] 13.3 (19.5) 3.3 (3.8) 3.3 (4.3) 0.0 (0.1)

Tree layer Shannon diversity index (H) 1.2 (0.5) 0.7 (0.5) 1.1 (0.6) 1.6 (0.4)

Total richness [n] 26.4 (12) 23.2 (10.6) 15.8 (14.1) 33.0 (13.0)

Trees layer richness [n] 3.7 (1.8) 2.44 (1.4) 3.8 (2.5) 5.2 (1.8)

Shrubs layer richness [n] 3.8 (2.3) 2.9 (1.9) 2.8 (2.5) 4.8 (2.8)

Herbs layer richness [n] 19.1 (10.7) 17.9 (9.2) 9.2 (9.5) 23.0 (10.0)

Nemoral species richness [n] 15.3 (8.0) 14.9 (9.9) 7.6 (7.0) 17.6 (5.4)

Beech forest specialist species (SBT1) [n] 5.0 (3.0) 6.6 (3.6) 2.4 (2.2) 4.8 (1.1)

Generalist forest species (SBT2) [n] 10.3 (5.7) 8.3 (4.7) 4.8 (5.1) 12.8 (5.6)

Non-forest species (SBT3) [n] 2.1 (1.9) 1.6 (1.9) 0.8 (1.1) 4.4 (4.8)

Margin species (SBT4) [n] 0.3 (0.8) 0.3 (0.6) 0.0 (0.0) 0.2 (0.4)

Gap species (SBT5) [n] 1.3 (1.2) 1.0 (1.1) 0.8 (1.8) 0.8 (1.1)

Chamaephytes (Ch) [n] 0.4 (0.5) 0.8 (0.7) 0.0 (0.0) 0.6 (0.5)

Geophytes (G) [n] 6.4 (3.6) 8.2 (4) 4.4 (3.4) 5.6 (1.5)

Hemicryptophytes (H) [n] 10.8 (6.2) 7.8 (5.4) 3.8 (5) 15.2 (7.7)

Therophytes (T) [n] 1.5 (1.6) 1.0 (1.1) 1.0 (1.4) 1.6 (0.9)

Target species 9210* richness [n] 5.4 (3.3) 7.3 (3.6) 4.4 (2.3) 7.0 (2.1)

Note: The number of plots is reported as total number and, in bracket as divided for each site (respectively ACU-VDC-COS). Nemoral, Social Behavior Type (SBT), 
Raunkiaer's and target species are specifically referred to the herbaceous layer.
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herbaceous species (SBT1) had the highest shares in CCO (6.6) 
and lower ones in TLC (2.4). Generalist species (SBT2), such as 
Melica uniflora and Festuca heterophylla, are rather common 
within the 4 types, with the maximum values in RSC (12.8) and 
minimum in TLC (4.8). The relative occurrence of non-forest 
species (SBT3) is higher in RSC (4.4) compared to the others 
(between 0.8 and 1.6), showing a legacy with the grassland 
origin of these newly formed forest stands. Marginal species 
(SBT4) are infrequent (0–0.3), and gap species (SBT5) are also 
not very common (0.8–1.3) (Table 2). Regarding Raunkiaer's 
life forms of the herbaceous species, geophytes (G) and hemic-
ryptophytes (H) make up approximately 90% of the total spe-
cies. The former had maximum values in CCO (8.2), and the 
latter had maximum values in RSC (15.2). Therophytes (T) 
are scarcely represented in general (1–1.6), with maximum in 
RSC, and Chamaephytes (Ch) are infrequent (0–0.8). Finally, 
9210* habitat target species ranged between 7.3 (CCO) and 4.2 
(TLC) (Table 2).

3.3   |   Relations Between Forest Structural Types 
and Vegetation Groups

The cluster analysis applied to floristic-vegetational data 
detected five vegetation types (Cardamine kitaibelii group, 
Luzula forsteri group, Neottia nidus-avis group, Saxifraga 
rotundifolia group and Lonicera alpigena group) each char-
acterized by a group of species identified through the ISA 
(Table S3).

The NMDS ordination (Figure  3) shows that CCO, the most 
common structural type found, featuring a widespread distri-
bution over 50% of the plots (n = 25) (Table  2), is not clearly 
related to any specific variable. The partial eccentricity of the 
CCO convex hull is negatively associated with H of the tree 
layer, CWD volume and slope (SLO). Positive relationships 
occur with the relative dominance of Fagus sylvatica, the total 
basal area and the beech regeneration density. Cardamine ki-
taibelii, Luzula forsteri and partially Neottia nidus-avis vegeta-
tion groups are included in the same convex hull. The second 
largest structure type is that of LPC, occurring in over 33% of 
the plots (n = 15) and negatively influenced by AGE, HGT and 
DBH but positively associated with H and a larger deadwood 
(LOG and STU) share. LPC occur mainly on steeper slopes, 
and they contain the centroid of the Saxifraga rotundifolia 
group. The RSC convex hull indicates a clustered and limited 
distribution within the plots. This type has the largest share 
of SNA, and it is partially associated with the Lonicera alpi-
gena group. Finally, TLC is slightly positively associated with 
AGE, HGT and DBH and with the Neottia nidus-avis vegeta-
tion group.

3.4   |   Modeling the Influence of Forest Structure 
on Species Richness

The best models for estimating the influence of forest struc-
ture variables on species richness suggested that AGE and H 
can positively predict all dependent variables except for SBT1 
species, whereas HGT is positively related only to SBT1 species 
occurrence. Conversely, BAS is a negative predictor of total and 

herbaceous species richness and of nemoral and SBT1 species 
occurrence (Table  3). FAG has a negative influence on total 
and herbaceous species richness. The contribution of the SITE 
as random effect was proved by the conditional R2 calculated, 
but the standard deviations among sites were very low for all 
models.

4   |   Discussion

4.1   |   The Effects of Past Management on Current 
Stand Structure and Vegetation Composition

The widespread occurrence of Apennine beech-dominated for-
ests is the synergistic result of long-term intensive land use, that 
in most cases, outweighed by far the effects of macroecological 
constraints (Brown et al. 2013), and late Holocene cooling and 
moistening, which caused the decline in species-rich mixed silver 
fir forests (Morales-Molino et al. 2021). In the last centuries and up 
to 1950s, local populations heavily shaped the structure and com-
position of these forests for their subsistence needs (production 
of charcoal, fuelwood, forest litter, construction timber, pasture, 
etc.) (Nocentini  2009). The management options applied were 
calibrated to forest productivity (soil fertility), available cutting 
tools (from axes, handsaws to chainsaws) and traditional harvest-
ing practices. Furthermore, the different forest ownership (pub-
lic in COS, private in VDC and shared in ACU) influenced the 

FIGURE 3    |    Non-metric multidimensional scaling (NMDS) anal-
ysis with forest structure variables (black arrows). The five floristic-
vegetation groups (VEG) are overlaid as centroids (black crosses), and 
the four structural types (STR) are outlined by convex hull polygons 
with the relative plot distribution (n = 50 colored dots). The gray ar-
rows indicate the only significant correlations of topographic variables. 
AGE, Age (years); BAS, Mean basal area (m2); DBH, Mean dbh (cm); 
ELE, Average elevation (m a.s.l.); FAG, Portion of Fagus sylvatica (%); 
H, Shannon's diversity index of tree layer; HGT, Height (m); LOG, Log 
portion of deadwood volume (m3); REG, Mean regeneration density (n 
ha−1); SLO, Average slope (%); SNA, Snag portion of deadwood volume 
(m3); STU, Stump portion of deadwood volume (m3).
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management and the harvesting intensity (Urbinati et al. 2014). 
Our results are consistent with specific studies (Chelli et al. 2023; 
Chiarucci et al. 2019; Scolastri, Cancellieri, et al. 2017) highlight-
ing the link between structure and vegetation diversity of central 
Apennines beech forests, as indicated by the detection of four 
types and five groups respectively.

We can envisage a forest maturity gradient from RSC to CCO due 
to structure and vegetation diversity as a result of combined natu-
ral and anthropogenic dynamics in formerly coppiced stands. The 
CCO stands are among the oldest ones and have a high basal area 
(lower only to TLC) together with the highest number of beech 
forest specialist species (SBT1), geophytes and habitat 9210* tar-
get species (e.g., Cardamine kitaibelii, Actaea spicata, Corydalis 
cava). This suggests that this structural type is the closest to the 
typical mature conditions of natural unmanaged and/or ancient 
forests (Hermy et al. 1999; Scolastri, Bricca, et al. 2017). The long-
term withdrawal of coppice periodic harvesting is driving these 
stands toward a mainly even-aged high forest with homogeneous 
structure and density that limits the entrance of solar radiation 
at ground level. Nonetheless variability within the CCO stands is 
probably related to their higher plot frequency and some diversity 
in site conditions (e.g., altitude and slope) as indicated also by some 
vegetation differences. The three prevailing types (Cardamine ki-
taibelii, Luzula forsteri and the Neottia nidus-avis groups) express 
the different CCO ecological and structural features but could 
also be referred to the different ownership existing between the 
stands. On the other hand, the RSC stands are the least evolved 
forests from a successional perspective. In fact, the highest spe-
cies richness of tree and shrub layers and the lowest BAS suggest 
a legacy to past coppicing of sparse forests. This is supported also 
by the higher richness of non-forest species (SBT3), typical of semi-
natural open communities (Bartha et al. 2008), and of hemicryp-
tophytes (e.g., Thalictrum aquilegiifolium and Gentiana lutea). The 
occurrence of non-forest species and the higher herbaceous species 

richness, may confirm the ecotonal position of RSC stands where 
the reduced canopy cover increase understory light availability 
and may reduce the microclimatic buffering (De Pauw et al. 2021).

Moreover, the higher amount of deadwood and tree species di-
versity indicate ongoing forest dynamics caused by abiotic distur-
bances and recent forest succession under canopy gaps (Hilmers 
et al. 2018). LPC are stands of intermediate successional matu-
rity according to the heterogeneous values of structural and veg-
etation variables between plots, that could be influenced by the 
geomorphological features of the study sites, and by the past cop-
picing. This could favor the coexistence of disturbance related 
species with the ones typical of more mature habitats (Scolastri, 
Bricca, et al. 2017). The high scores of nemoral and generalist 
forest species (SBT2) can be related to a shifting successional 
stage toward more mature forests (Campetella et al. 2016). The 
stand structure of TLC is anthropogenic and quite uncommon 
in the central Apennines. Detailed literature on their species 
richness is also unavailable. TLC have a diversified tree layer 
with large and isolated standard seeding trees, legacy of former 
wood pasturing, mainly practiced on warmer and mild slopes. 
The lowest herbaceous species richness seems related to a more 
pronounced soil erosion caused by an intensive and prolonged 
pastoral use, which hampered the grass species recolonization.

The applied GLMMs estimated how forest structure could influ-
ence the forest species richness. Tree age is positively correlated 
with total richness and that of herb layer, nemoral and 9210* 
habitat target species. This outcome may seem controversial: on 
one hand several studies have shown that the understory spe-
cies richness is decreasing with tree age due to light limitation 
at the forest floor (Bartha et al. 2008; Storch et al. 2023); on the 
other, same studies indicate that older trees can also increase the 
heterogeneity of the canopy and therefore the number of species 
(Hilmers et al. 2018).

TABLE 3    |    Results of the best GLMM models applied with the glmer function (with Poisson error distribution) and selected with the dredge 
function.

Independent variables Total richness Herbaceous richness Nemorals SBT1 Target 9210*

BAS −0.10** −0.11** −0.10*

FAG −0.07* −0.09*

HGT +0.13ns

AGE +0.11* +0.13** +0.10. +0.12*

H +0.22*** +0.13** +0.15*** +0.17**

REG

SNA

LOG

STU

Marginal R2 0.49 0.31 0.23 0.04 0.20

Conditional R2 0.75 0.69 0.56 0.45 0.20

SD of random effect (SITE) 0.21 0.27 0.23 0.38 0.00

Note: +/− intercept values indicate a positive or negative significant effect of fixed terms. The variable SITE was considered as a random effect in all models. BAS, total 
basal area [m2 ha−1]; FAG, beech relative basal area [%]; HGT, height [m]; AGE, cambial age [years]; H, Shannon index of tree layer; REG, beech regeneration [n ha−1]; 
SNA, snag volume [m3 ha−1]; LOG, logs volume [m3 ha−1]; STU, stumps volume [m3 ha−1]. Empty cells indicate variables excluded from the automated model selection 
procedure. Significant code p values are reported (not significant ‘ns’): 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1.
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The same richness indices were also positively correlated with 
the tree layer Shannon index. Overstory tree species diversity 
can increase understory species diversity (Mölder, Bernhardt-
Römermann, and Schmidt  2008; Vockenhuber et  al.  2011; 
Durak 2012; Ampoorter et al. 2020). According to a recent study 
with multi-taxa approach in mixed forests, the most influential 
drivers of forest biodiversity are under the direct control of the 
current silvicultural management. Heterogeneous stand struc-
ture and tree species composition promote the different organ-
ism groups in various ways (Tinya et  al.  2023). In particular 
tree species can influence the herb layer by changing resource 
availability and environmental conditions in lower forest layers 
(Barbier, Gosselin, and Balandier 2008; Ampoorter et al. 2016). 
For example, the litter depth can induce the formation of a thick 
humus layer, a physical barrier for the herbaceous species germi-
nation. Therefore, a high tree species diversity with different de-
grees of litter decomposition can affect the depth of the organic 
layer (Vockenhuber et  al.  2011). Therefore, stands with a low 
tree diversity or full beech dominance forming a thicker organic 
layer than other broadleaved tree species (Jacob et  al.  2010), 
could reduce herbaceous species richness. Indeed we found a 
negative correlation between the beech basal area and the total 
and herbaceous layer richness. In addition, the basal area is also 
negatively related to species richness (total, herbaceous and 
nemoral) (Chiarucci and Bonini  2005; Campetella et  al.  2016; 
Scolastri, Cancellieri, et  al.  2017; Lelli et  al.  2019; Ampoorter 
et al. 2020). A higher basal area, in our study, means denser and 
darker stands, lowering the understory diversity (Ampoorter 
et al. 2020), since light is the main limiting factor for ground for-
est cover (Barbier, Gosselin, and Balandier 2008). Vockenhuber 
et al. (2011) confirmed that increased light availability promotes 
the coexistence of plant species in forest and grassland ecosys-
tems, without specific adaptations to the low light conditions of 
the forest understory. The light conditions within forest stands 
are largely influenced by the tree crown architecture and can-
opy density. Specifically, the dense canopies of Fagus sylvatica 
reduce light transmission compared to those of other broad-
leaved (Ellenberg and Leuschner 2010).

At a landscape scale, a marked variation in understory species 
communities can be related to previous impacts occurred even 
a century or more ago (Foster et al. 2003). In general, the under-
story herbaceous species richness is lower in unmanaged than 
in managed deciduous forests, suggesting that disturbances 
caused by management usually increase plant species richness. 
Therefore, total plant species richness is not always a suitable 
indicator of forest conservation quality, but it can better signal 
previous disturbances (Boch et al. 2013).

4.2   |   Sustainable Silviculture in Apennine 
Coppiced Beech Forests

Besides its general decline, coppicing is still currently practiced 
in southern Europe, whereas in central and eastern Europe it 
has been almost completely replaced by high forest management 
(Kozdasová et al. 2024). Especially in these regions there is an 
increasing interest, where possible, to restore or reintroduce 
coppice management for conservation purposes (Buckley 2020; 
Johann 2021; Vollmuth 2022). Differently, in central Apennines 
regions coppicing is still practiced mainly for energy wood 

production. On the other hand, as we try to demonstrate here, 
Central Apennines beech forests today, are largely over-aged 
coppices whose rotation cuts are now prohibited. The regional 
forest laws and regulations, Rural Development Program di-
rectives and Natura 2000 guidelines have enforced high forest 
conversion, but almost exclusively toward even-aged structures, 
at the risk of an extensive standardization of forest structures. 
We found that habitat target tree species such as Abies alba, 
Taxus baccata, Ilex aquifolium, or other broadleaves are rare 
and occurring with few individuals or clusters. Closed canopy 
cover, high competition with beech sprouts and ungulate brows-
ing hamper their regeneration and growth (Miozzo, Ducci, and 
Montini 2014). The structural features and vegetation types of 
these forests, suggest that ad hoc and diversified management 
options should be implemented to maintain this diversity and 
increase their uneven-aged traits. Landscape-scale conventional 
coppice conversion should be reduced in favor of diversified 
options, ensuring a longer-term conservation of floristic diver-
sity (Gartner and Reif  2005), a more heterogeneous structure 
and the provision of multiple ecosystem services. At landscape 
scale the importance of forest diversity with co-occurrence of 
differently managed forests including coppice systems in their 
multiple forms has been suggested for decades (Rackham 1976) 
and recently reiterated to enhance the provision of multiple 
ecosystem services and the resilience to climate change effects 
(Coppini and Hermanin 2007; Johann 2021; Slach, Volařík, and 
Maděra 2021). In some cases hotspots of remaining, active cop-
pice systems are of special interest because they are managed 
as socioecological systems by close-knit village communities 
(Kamp  2022). Different structures can guarantee fluctuating 
open phases and their functional diversity by providing habi-
tats for a suite of early-successional and cosmopolitan species 
and creating structural and composition mosaics at local and 
regional scales, increasing the value of forest conservation and 
biodiversity (Buckley  2020). Small-scale sylvicultural options 
are widely available and include: (i) “single tree orientated sil-
viculture” (Larrieu et al. 2016, 2019; Manetti et al. 2016), based 
on the retention of some target trees selected by frequent and 
diversified thinning to become valuable timber or conservation 
trees; (ii) coppice with “clustered standards” embedded within 
the coppice to enhance the growth of selected retention trees 
(Mairota et  al.  2016); (iii) group or individual selective thin-
ning or cuts, (iv) retention of deadwood, senescent trees or is-
lands, veteran trees with dendrothelms and/or microhabitats. 
Several biodiversity indices, such as those of saproxylic and non-
saproxylic beetle communities, could benefit from deadwood 
retention, habitat heterogeneity and canopy openness (Parisi 
et al. 2021). Unfortunately, these treatments are often economi-
cally unsustainable unless funded by specific programs adapted 
to such general objectives (Cutini et al. 2021).

5   |   Conclusions

This study on forest structure and vegetation diversity of 9210* 
habitat beech forests in Central Apennines (Italy) confirmed 
what several studies have recently underlined: the importance 
of the co-occurrence of differently managed forests, where cop-
pices, in its multiple forms, should have renewed recognition 
given their ecosystem values and resilience to climate change ef-
fects (Johann 2021; Slach, Volařík, and Maděra 2021). Hotspots 
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of remaining, active coppice systems are often under the radar 
of national and international forest and conservation authorities 
because they can also have a socioecological value (Kamp 2022). 
The effects of such forest management can be monitored using 
also herbaceous layer diversity as an indicator of environmen-
tal changes (Horvat, Biurrun, and García-Mijangos 2017). The 
coexistence of diverse management options, calibrated with the 
specific environmental conditions and the socioeconomic con-
text, can be very beneficial, at local or regional scales. Forest 
complexity at all operational scales requires an increasingly in-
terdisciplinary approach to provide the diverse ecosystem ser-
vices of Apennine forests (Cutini et al. 2021).

Finally, forest laws, classification and management regulations 
should foster the appreciation of heterogeneous forest structures 
and understory diversity. At regional scale forest planning is 
very useful to set conservation priorities especially in Natura 
2000 Network sites (Trentanovi et  al.  2018). Nonetheless, we 
are aware that herb-layer species and structural complexity can-
not always be effective surrogates of multitaxa biodiversity in 
European beech forests (Sabatini et al. 2016). Other taxonomic 
groups, such as bryophytes and lichens, should also be included 
in further studies for a better understanding of the management 
effect on plant diversity. Additionally, the impacts of multiple 
environmental change drivers on the growth of European beech 
should be accounted for when evaluating current and future 
changes in forest ecosystem functioning, given the differences 
in management history (Mausolf et al. 2020).

Author Contributions

A.V. and G.T. wrote the original draft; A.V., G.T., M.G., M.A. and C.U. 
conceived of the research idea and methodology; G.T., M.A., G.I. and 
C.U. collected data; A.V. with contributions from G.T. and M.G. per-
formed statistical analyses; A.V. and G.T. curated data; M.A., G.I. and 
C.U supervised the research; C.U. acquired the funds; all authors dis-
cussed the results and commented on the manuscript.

Acknowledgments

We wish to thank the following institutions and people: Comunità 
Montana Valnerina, Fondazione MeditSilva, Cooperativa Agricola 
San Romualdo, Azienda Speciale Consortile del Catria, and Università 
Agraria degli Uomini Originari di Frontone for providing authoriza-
tion and logistic support. Various former students and collaborators: 
Francesco Renzaglia, Valeria Gallucci, Alma Piermattei, Matteo Giove, 
Emidia Santini, Silvia Agnoloni, Cecilia Ottaviani and Simone Pesaresi, 
for field sampling and laboratory assistance.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

Altman, J., R. Hedl, P. Szabo, et  al. 2013. “Tree-Rings Mirror 
Management Legacy: Dramatic Response of Standard Oaks to Past 

Coppicing in Central Europe.” PLoS One 8: 1–11. https://​doi.​org/​10.​
1371/​journ​al.​pone.​0055770.

Ampoorter, E., L. Barbaro, H. Jactel, et al. 2020. “Tree Diversity Is Key 
for Promoting the Diversity and Abundance of Forest-Associated Taxa 
in Europe.” Oikos 129: 133–146. https://​doi.​org/​10.​1111/​oik.​06290​.

Ampoorter, E., F. Selvi, H. Auge, et al. 2016. “Driving Mechanisms of 
Overstorey–Understorey Diversity Relationships in European Forests.” 
Perspectives in Plant Ecology, Evolution and Systematics 19: 21–29. 
https://​doi.​org/​10.​1016/j.​ppees.​2016.​02.​001.

Barbier, S., F. Gosselin, and P. Balandier. 2008. “Influence of Tree 
Species on Understory Vegetation Diversity and Mechanisms Involved – 
A Critical Review for Temperate and Boreal Forests.” Forest Ecology and 
Management 254: 1–15. https://​doi.​org/​10.​1016/j.​foreco.​2007.​09.​038.

Bartha, S., A. Merolli, G. Campetella, and R. Canullo. 2008. “Changes 
of Vascular Plant Diversity Along a Chronosequence of Beech Coppice 
Stands, Central Apennines, Italy.” Plant Biosystems 142: 572–583. 
https://​doi.​org/​10.​1080/​11263​50080​2410926.

Bartolucci, F., L. Peruzzi, G. Galasso, et al. 2018. “An Updated Checklist 
of the Vascular Flora Native to Italy.” Plant Biosystems 152, no. 2: 179–
303. https://​doi.​org/​10.​1080/​11263​504.​2018.​1441197.

Barton, K. 2013. “MUMIn: Multi-Model Inference.” Package Version 
1.9.5.

Bates, D., M. Mächler, B. Bolker, and S. Walker. 2015. “Fitting Linear 
Mixed-Effects Models Using Lme4.” Journal of Statistical Software 67, 
no. 1: 1–48. https://​doi.​org/​10.​18637/​​jss.​v067.​i01.

Bertini, G., C. Becagli, U. Chiavetta, and F. Ferretti. 2019. “Exploratory 
Analysis of Structural Diversity Indicators at Stand Level in Three Italian 
Beech Sites and Implications for Sustainable Forest Management.” 
Journal of Forestry Research 30: 121–127. https://​doi.​org/​10.​1007/​s1167​
6-​018-​0616-​7.

Biondi, E., C. Blasi, S. Burrascano, et  al. 2009. Italian Interpretation 
Manual of the Habitats (92/43/EEC Directive) (Italian). SBI, MATTM, 
DPN. Available online at http://​vnr.​unipg.​it/​habit​at/​. [Accessed on 11 
March 2024]

Boch, S., D. Prati, J. Müller, et al. 2013. “High Plant Species Richness 
Indicates Management-Related Disturbances Rather Than the 
Conservation Status of Forests.” Basic and Applied Ecology 14, no. 6: 
496–505. https://​doi.​org/​10.​1016/j.​baae.​2013.​06.​001.

Braun-Blanquet, J. 1928. Plant Sociology. Basic Features of Vegetation 
Science (German). Vienna, Austria: Springer.

Bricca, A., G. Bonari, J. P. Padullés Cubino, and M. Cutini. 2023. “Effect 
of Forest Structure and Management on the Functional Diversity and 
Composition of Understorey Plant Communities.” Applied Vegetation 
Science 26, no. 1: e12710. https://​doi.​org/​10.​1111/​avsc.​12710​.

Brown, A. G., J. Hatton, K. A. Selby, N. J. Leng, and N. Christie. 
2013. “Multi-Proxy Study of Holocene Environmental Change and 
Human Activity in the Central Apennine Mountains, Italy.” Journal of 
Quaternary Science 28: 71–82. https://​doi.​org/​10.​1002/​jqs.​2591.

Buckley, P. 2020. “Coppice Restoration and Conservation: A European 
Perspective.” Journal of Forest Research 25, no. 3: 125–133. https://​doi.​
org/​10.​1080/​13416​979.​2020.​1763554.

Buckley, P., and J. Mills. 2015. “Coppice Silviculture: From the 
Mesolithic to the 21st Century.” In Europe's Changing Woods and Forest: 
From Wildwood to Managed Landscapes, edited by K. J. Kirby and C. 
Watkins, 77–92. CABI International: Wallingford, UK.

Burnham, K. P., and D. R. Anderson. 2002. Model Selection and 
Multimodel Inference: A Practical Information-Theoretic Approach. 
Second ed. New York, NY: Springer.

Campetella, G., R. Canullo, A. Gimona, et al. 2016. “Scale-Dependent 
Effects of Coppicing on the Species Pool of Late Successional Beech 

 1654109x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.70008 by C

ochraneItalia, W
iley O

nline L
ibrary on [04/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1371/journal.pone.0055770
https://doi.org/10.1371/journal.pone.0055770
https://doi.org/10.1111/oik.06290
https://doi.org/10.1016/j.ppees.2016.02.001
https://doi.org/10.1016/j.foreco.2007.09.038
https://doi.org/10.1080/11263500802410926
https://doi.org/10.1080/11263504.2018.1441197
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/s11676-018-0616-7
https://doi.org/10.1007/s11676-018-0616-7
http://vnr.unipg.it/habitat/
https://doi.org/10.1016/j.baae.2013.06.001
https://doi.org/10.1111/avsc.12710
https://doi.org/10.1002/jqs.2591
https://doi.org/10.1080/13416979.2020.1763554
https://doi.org/10.1080/13416979.2020.1763554


11 of 13

Forests in the Central Apennines, Italy.” Applied Vegetation Science 19, 
no. 3: 474–485. https://​doi.​org/​10.​1111/​avsc.​12235​.

Canullo, R., E. Simonetti, M. Cervellini, et  al. 2017. “Unravelling 
Mechanisms of Short-Term Vegetation Dynamics in Complex Coppice 
Forest Systems.” Folia Geobotanica 52: 71–81. https://​doi.​org/​10.​1007/​
s1222​4-​016-​9264-​x.

Cassola, F., and S. Lovari. 1976. “Nature Conservation in Italy: Proposed 
National and Regional Parks and Other Areas Deserving Protection.” 
Biological Conservation 9, no. 4: 243–257. https://​doi.​org/​10.​1016/​0006-​
3207(76)​90048​-​3.

Cervellini, M., S. Fiorini, A. Cavicchi, et al. 2017. “Relationships Between 
Understory Specialist Species and Local Management Practices in 
Coppiced Forests – Evidence From the Italian Apennines.” Forest Ecology 
and Management 385: 35–45. https://​doi.​org/​10.​1016/j.​foreco.​2016.​11.​027.

Chauchard, S., C. Carcaillet, and F. Guibal. 2007. “Patterns of Land-
Use Abandonment Control Tree-Recruitment and Forest Dynamics in 
Mediterranean Mountains.” Ecosystems 10: 936–948. https://​doi.​org/​10.​
1007/​s1002​1-​007-​9065-​4.

Chauchard, S., F. Guibal, and C. Carcaillet. 2013. “Land-Use Legacies: 
Multi-Centuries Years-Old Management Control of Between-Stands 
Variability at the Landscape Scale in Mediterranean Mountain Forests, 
France.” Journal of Forest Science 59, no. 1: 1–7. https://​doi.​org/​10.​
17221/​​42/​2012-​JFS.

Chelli, S., M. Cervellini, G. Campetella, and R. Canullo. 2023. “Beyond 
Commonplace: Effects of Coppice Management on Understory Plants.” 
Evidences From Italian Forests, Plant Biosystems 157, no. 3: 530–539. 
https://​doi.​org/​10.​1080/​11263​504.​2023.​2165569.

Chiarucci, A., and I. Bonini. 2005. “Quantitative Floristic as a Tool for 
the Assessment of Plant Diversity in Tuscan Forests.” Forest Ecology and 
Management 212: 160–170. https://​doi.​org/​10.​1016/j.​foreco.​2005.​03.​041.

Chiarucci, A., J. Nascimbene, G. Campetella, et  al. 2019. “Exploring 
Patterns of Betadiversity to Test the Consistency of Biogeographical 
Boundaries: A Case Study Across Forest Plant Communities of 
Italy.” Ecology and Evolution 9: 11716–11723. https://​doi.​org/​10.​1002/​
ece3.​5669.

Coppini, M., and L. Hermanin. 2007. “Restoration of Selective Beech 
Coppices: A Case Study in the Apennines (Italy).” Forest Ecology and 
Management 249: 18–27. https://​doi.​org/​10.​1016/j.​foreco.​2007.​04.​035.

Cutini, A., M. Ferretti, G. Bertini, et  al. 2021. “Testing an Expanded 
Set of Sustainable Forest Management Indicators in Mediterranean 
Coppice Area.” Ecological Indicators 130: 108040. https://​doi.​org/​10.​
1016/j.​ecoli​nd.​2021.​108040.

De Cáceres, M., and P. Legendre. 2009. “Associations Between Species 
and Groups of Sites: Indices and Statistical Inference.” Ecology 90: 
3566–3574. https://​doi.​org/​10.​1890/​08-​1823.​1.

De Pauw, K., C. Meeussen, S. Govaert, et  al. 2021. “Taxonomic, 
Phylogenetic and Functional Diversity of Understorey Plants Respond 
Differently to Environmental Conditions in European Forest Edges.” 
Journal of Ecology 109: 2629–2648. https://​doi.​org/​10.​1111/​1365-​2745.​
13671​.

Debussche, M., J. Lepart, and A. Dervieux. 1999. “Mediterranean 
Landscape Changes: Evidence From Old Postcards.” Global Ecology 
and Biogeography 8: 3–15. https://​doi.​org/​10.​1046/j.​1365-​2699.​1999.​
00316.​x.

Di Pietro, R. 2009. “Observations on the Beech Woodlands of the 
Apennines (Peninsular Italy): An Intricate Biogeographical and 
Syntaxonomical Issue.” Lazaroa 30: 89–97.

Durak, T. 2012. “Changes in Diversity of the Mountain Beech Forest 
Herb Layer as a Function of the Forest Management Method.” Forest 
Ecology and Management 276: 154–164. https://​doi.​org/​10.​1016/j.​foreco.​
2012.​03.​027.

Ellenberg, H., and C. Leuschner. 2010. The Vegetation of Central Europe 
and the Alps: Ecological, Dynamic and Historical Perspective (German). 
6th ed. Stuttgart, Germany: UTB.

European Commission. 2014. Directorate-General for Agriculture 
and Rural Development, Rural Development in the EU: Statistical and 
Economic Information: Report 2013. Brussels, Belgium: Publications 
Office.

Fabbio, G., and A. Cutini. 2017. “The Coppice Today: What Management 
Beyond the Definitions? (Italian).” Forest 14: 257–274. https://​doi.​org/​
10.​3832/​efor2​562-​014.

Ferrara, A., M. Biró, L. Malatesta, et al. 2021. “Land-Use Modifications 
and Ecological Implications Over the Past 160 Years in the Central 
Apennine Mountains.” Landscape Research 46: 932–944. https://​doi.​
org/​10.​1080/​01426​397.​2021.​1922997.

Fortuny, X., C. Carcaillet, and S. Chauchard. 2014. “Land Use Legacies 
and Site Variables Control the Understorey Plant Communities in 
Mediterranean Broadleaved Forests.” Agriculture, Ecosystems & 
Environment 189: 53–59. https://​doi.​org/​10.​1016/j.​agee.​2014.​03.​012.

Foster, D., F. Swanson, J. Aber, et al. 2003. “The Importance of Land-
Use Legacies to Ecology and Conservation.” Bioscience 53: 77–88. 
https://​doi.​org/​10.​1641/​0006-​3568(2003)​053[0077:​TIOLUL]​2.0.​CO;​2.

Garadnai, J., A. Gimona, E. Angelini, M. Cervellini, G. Campetella, and 
R. Canullo. 2010. “Scales and Diversity Responses to Management in 
Beech Coppices of Central Apennines (Marches, Italy): From Floristic 
Relevés to Functional Groups.” Braun-Blanquetia 46: 3543.

Garbarino, M., and P. J. Weisberg. 2020. “Land-Use Legacies and Forest 
Change.” Landscape Ecology 35: 2641–2644. https://​doi.​org/​10.​1007/​
s1098​0-​020-​01143​-​0.

Gartner, S., and A. Reif. 2005. “The Response of Ground Vegetation 
to Structural Change During Forest Conversion in the Southern Black 
Forest.” European Journal of Forest Research 124: 221–231. https://​doi.​
org/​10.​1007/​s1034​2-​005-​0065-​7.

Gasparini, P., A. Floris, M. Rizzo, et al. 2021. “The Third Italian National 
Forest Inventory INFC2015: Procedures, Tools, and Applications 
(Italian).” GEOmedia 24, no. 6: 1767.

Heiri, C., A. Wolf, L. Rohrer, and H. Bugmann. 2009. “Forty Years of 
Natural Dynamics in Swiss Beech Forests: Structure, Composition, and 
the Influence of Former Management.” Ecological Applications 19, no. 
7: 1920–1934. https://​doi.​org/​10.​1890/​08-​0516.​1.

Hermy, M., O. Honnay, L. Firbank, C. Grashof-Bokdam, and J. E. 
Lawesson. 1999. “An Ecological Comparison Between Ancient and 
Other Forest Plant Species of Europe, and the Implications for Forest 
Conservation.” Biological Conservation 91, no. 1: 9–22. https://​doi.​org/​
10.​1016/​S0006​-​3207(99)​00045​-​2.

Hermy, M., and K. Verheyen. 2007. “Legacies of the Past in the Present-
Day Forest Biodiversity: A Review of Past Land-Use Effects on Forest 
Plant Species Composition and Diversity.” Ecological Research 22, no. 3: 
361–371. https://​doi.​org/​10.​1007/​s1128​4-​007-​0354-​3.

Hilmers, T., N. Friess, C. Bässler, et  al. 2018. “Biodiversity Along 
Temperate Forest Succession.” Journal of Applied Ecology 55, no. 6: 
2756–2766. https://​doi.​org/​10.​1111/​1365-​2664.​13238​.

Horvat, V., I. Biurrun, and I. García-Mijangos. 2017. “Herb Layer in 
Silver Fir – Beech Forests in the Western Pyrenees: Does Management 
Affect Species Diversity?” Forest Ecology and Management 385: 87–96. 
https://​doi.​org/​10.​1016/j.​foreco.​2016.​11.​037.

Jacob, M., K. Viedenz, A. Polle, and F. M. Thomas. 2010. “Leaf 
Litter Decomposition in Temperate Deciduous Forest Stands With a 
Decreasing Fraction of Beech (Fagus sylvatica).” Oecologia 164: 1083–
1094. https://​doi.​org/​10.​1007/​s0044​2-​010-​1699-​9.

Johann, E. 2021. “Coppice Forests in Austria: The Re-Introduction of 
Traditional Management Systems in Coppice Forests in Response to 

 1654109x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.70008 by C

ochraneItalia, W
iley O

nline L
ibrary on [04/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/avsc.12235
https://doi.org/10.1007/s12224-016-9264-x
https://doi.org/10.1007/s12224-016-9264-x
https://doi.org/10.1016/0006-3207(76)90048-3
https://doi.org/10.1016/0006-3207(76)90048-3
https://doi.org/10.1016/j.foreco.2016.11.027
https://doi.org/10.1007/s10021-007-9065-4
https://doi.org/10.1007/s10021-007-9065-4
https://doi.org/10.17221/42/2012-JFS
https://doi.org/10.17221/42/2012-JFS
https://doi.org/10.1080/11263504.2023.2165569
https://doi.org/10.1016/j.foreco.2005.03.041
https://doi.org/10.1002/ece3.5669
https://doi.org/10.1002/ece3.5669
https://doi.org/10.1016/j.foreco.2007.04.035
https://doi.org/10.1016/j.ecolind.2021.108040
https://doi.org/10.1016/j.ecolind.2021.108040
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1111/1365-2745.13671
https://doi.org/10.1111/1365-2745.13671
https://doi.org/10.1046/j.1365-2699.1999.00316.x
https://doi.org/10.1046/j.1365-2699.1999.00316.x
https://doi.org/10.1016/j.foreco.2012.03.027
https://doi.org/10.1016/j.foreco.2012.03.027
https://doi.org/10.3832/efor2562-014
https://doi.org/10.3832/efor2562-014
https://doi.org/10.1080/01426397.2021.1922997
https://doi.org/10.1080/01426397.2021.1922997
https://doi.org/10.1016/j.agee.2014.03.012
https://doi.org/10.1641/0006-3568(2003)053%5B0077:TIOLUL%5D2.0.CO;2
https://doi.org/10.1007/s10980-020-01143-0
https://doi.org/10.1007/s10980-020-01143-0
https://doi.org/10.1007/s10342-005-0065-7
https://doi.org/10.1007/s10342-005-0065-7
https://doi.org/10.1890/08-0516.1
https://doi.org/10.1016/S0006-3207(99)00045-2
https://doi.org/10.1016/S0006-3207(99)00045-2
https://doi.org/10.1007/s11284-007-0354-3
https://doi.org/10.1111/1365-2664.13238
https://doi.org/10.1016/j.foreco.2016.11.037
https://doi.org/10.1007/s00442-010-1699-9


12 of 13 Applied Vegetation Science, 2025

the Decline of Species and Landscape and Under the Aspect of Climate 
Change.” Forest Ecology and Management 490: 119–129. https://​doi.​org/​
10.​1016/j.​foreco.​2021.​119129.

Kamp, J. 2022. “Coppice Loss and Persistence in Germany.” Trees, 
Forests and People 8: 100227. https://​doi.​org/​10.​1016/j.​tfp.​2022.​100227.

Karger, D. N., O. Conrad, J. Böhner, et al. 2017. “Climatologies at High 
Resolution for the Earth Land Surface Areas.” Scientific Data 4: 170122. 
https://​doi.​org/​10.​1038/​sdata.​2017.​122.

Kopecký, M., R. Hédl, and P. Szabó. 2013. “Non-Random Extinctions 
Dominate Plant Community Changes in Abandoned Coppices.” 
Journal of Applied Ecology 50: 79–87. https://​doi.​org/​10.​1111/​1365-​
2664.​12010​.

Kozdasová, A., L. Galčanová Batista, R. Hédl, and P. Szabó. 2024. 
“Coppice Reintroduction in The Czech Republic: Extent, Motivation 
and Obstacles.” European Journal of Forest Research 143: 305–317. 
https://​doi.​org/​10.​1007/​s1034​2-​023-​01626​-​0.

Larrieu, L., A. Cabanettes, N. Gouix, L. Burnel, C. Bouget, and M. 
Deconchat. 2016. “Development Over Time of the Tree-Related 
Microhabitat Profile: The Case of Lowland Beech–Oak Coppice-With-
Standards Set-Aside Stands in France.” European Journal of Forest 
Research 136: 37–49. https://​doi.​org/​10.​1007/​s1034​2-​016-​1006-​3.

Larrieu, L., A. Cabanettes, N. Gouix, L. Burnel, C. Bouget, and M. 
Deconchat. 2019. “Post-Harvesting Dynamics of the Deadwood Profile: 
The Case of Lowland Beech-Oak Coppice-With-Standards Set-Aside 
Stands in France.” European Journal of Forest Research 138, no. 2: 239–
251. https://​doi.​org/​10.​1007/​s1034​2-​019-​01164​-​8.

Lelli, C., H. Bruun, A. Chiarucci, et  al. 2019. “Biodiversity Response 
to Forest Structure and Management: Comparing Species Richness, 
Conservation Relevant Species and Functional Diversity as Metrics in 
Forest Conservation.” Forest Ecology and Management 432: 707–717. 
https://​doi.​org/​10.​1016/j.​foreco.​2018.​09.​057.

Lovari, S., and F. Cassola. 1975. “Nature Conservation in Italy: The 
Existing National Parks and Other Protected Areas.” Biological 
Conservation 8, no. 2: 127–142. https://​doi.​org/​10.​1016/​0006-​3207(75)​
90037​-​3.

Mairota, P., M. C. Manetti, E. Amorini, et al. 2016. “Opportunities for 
Coppice Management at the Landscape Level: The Italian Experience.” 
iForest 9, no. 5: 775–782. https://​doi.​org/​10.​3832/​ifor1​865-​009.

Malandra, F., A. Vitali, C. Urbinati, P. J. Weisberg, and M. Garbarino. 
2019. “Patterns and Drivers of Forest Landscape Change in the 
Apennines Range, Italy.” Regional Environmental Change 19: 1973–
1985. https://​doi.​org/​10.​1007/​s1011​3-​019-​01531​-​6.

Manetti, M. C., C. Becagli, D. Sansone, and F. Pelleri. 2016. “Tree-
Oriented Silviculture: A New Approach for Coppice Stands.” iForest 9, 
no. 5: 791–800. https://​doi.​org/​10.​3832/​ifor1​827-​009.

Marchetti, M., S. Cullotta, and P. Di Marzio. 2005. “Protected Area 
Systems in Italy and Their Contribution to Forest Conservation 
(Italian).” L'Italia Forestale e Montana 4: 559–581.

Mausolf, K., W. Hӓrdtle, D. Hertel, C. Leuschner, and A. Fichtner. 2020. 
“Impacts of Multiple Environmental Change Drivers on Growth of 
European Beech (Fagus sylvatica): Forest History Matters.” Ecosystems 
23: 529–540. https://​doi.​org/​10.​1007/​s1002​1-​019-​00419​-​0.

McCune, B., and J. B. Grace. 2002. PCORD Analysis of Ecological 
Communities. Gleneden Beach, OR: MJM Software Design.

McElhinny, C., P. Gibbons, C. Brack, et al. 2005. “Forest and Woodland 
Stand Structural Complexity: Its Definition and Measurement.” Forest 
Ecology and Management 218, no. 1–3: 1–24. https://​doi.​org/​10.​1016/j.​
foreco.​2005.​08.​034.

McGrath, M. J., S. Luyssaert, P. Meyfroidt, et al. 2015. “Reconstructing 
European Forest Management From 1600 to 2010.” Biogeosciences 12: 
4291–4316. https://​doi.​org/​10.​5194/​bg-​12-​4291-​2015.

Ministerial Conference on the Protection of Forests in Europe. 2020. 
“FOREST EUROPE, 2020: State of Europe's Forests 2020.” https://​fores​
teuro​pe.​org/​state​-​of-​europ​es-​fores​ts/​.

Miozzo, M., F. Ducci, and P. Montini. 2014. Regeneration of 
Predominantly Beech Woods With Abies Alba (Silver Fir) in the Apennine 
Mountains of the Tuscan and Marche Regions (Italian). Arezzo, Italy: 
DREAM.

Mölder, A., M. Bernhardt-Römermann, and W. Schmidt. 2008. “Herb-
Layer Diversity in Deciduous Forests: Raised by Tree Richness or Beaten 
by Beech?” Forest Ecology and Management 256: 272–281. https://​doi.​
org/​10.​1016/j.​foreco.​2008.​04.​012.

Mölder, A., M. Streit, and W. Schmidt. 2014. “When Beech Strikes Back: 
How Strict Nature Conservation Reduces Herb-Layer Diversity and 
Productivity in Central European Deciduous Forests.” Forest Ecology 
and Management 319: 51–61. https://​doi.​org/​10.​1016/j.​foreco.​2014.​
01.​049.

Morales-Molino, C., M. Steffen, S. Samartin, et  al. 2021. “Long-Term 
Responses of Mediterranean Mountain Forests to Climate Change, Fire 
and Human Activities in the Northern Apennines (Italy).” Ecosystems 
24: 1361–1377. https://​doi.​org/​10.​1007/​s1002​1-​020-​00587​-​4.

Müllerová, J., R. Hédl, and P. Szabó. 2015. “Coppice Abandonment 
and Its Implications for Species Diversity in Forest Vegetation.” Forest 
Ecology and Management 343: 88–100. https://​doi.​org/​10.​1016/j.​foreco.​
2015.​02.​003.

Nakagawa, S., and H. A. Schielzeth. 2013. “A General and Simple 
Method for Obtaining R2 From Generalized Linear Mixed-Effects 
Models.” Methods in Ecology and Evolution 4: 133–142. https://​doi.​org/​
10.​1111/j.​2041-​210x.​2012.​00261.​x.

Nocentini, S. 2009. “Structure and Management of Beech (Fagus syl-
vatica L.) Forests in Italy.” iForest 2, no. 3: 105–113. https://​doi.​org/​10.​
3832/​ifor0​499-​002.

Oksanen, J., L. Gavin, F. Simpson, et  al. 2022. “Vegan: Community 
Ecology Package.” R Package Version 2.6-4. https://​CRAN.​R-​proje​ct.​
org/​packa​ge=​vegan​.

Parisi, F., M. Innangi, R. Tognetti, F. Lombardi, G. Chirici, and M. 
Marchetti. 2021. “Forest Stand Structure and Coarse Woody Debris 
Determine the Biodiversity of Beetle Communities in Mediterranean 
Mountain Beech Forests.” Global Ecology and Conservation 28: e01637. 
https://​doi.​org/​10.​1016/j.​gecco.​2021.​e01637.

Pignatti, A. 1982. Flora of Italy (Italian). Bologna: Edagricole.

R Core Team. 2020. R: A Language and Environment for Statistical 
Computing. Vienna, Austria: R Foundation for Statistical Computing.

Rackham, O. 1976. Trees and Woodlands in the British Landscape. 
London, UK: J.M. Dent & Sons Ltd.

Raunkiaer, C. 1934. The Life Forms of Plants and Statistical Plant 
Geography. Oxford, UK: Clarendon Press.

Rivas-Martinez, S. 2004. “Global Bioclimatics (Clasificación 
Bioclimática de la Tierra).” Worldwide Bioclimatic Classification 
System. Phytosociological Research Center. http://​www.​globa​l-​biocl​
imati​cs.​org.

Romano, B., F. Zullo, L. Fiorini, and A. Marucci. 2021. “"The Park 
Effect"? An Assessment Test of the Territorial Impacts of Italian 
National Parks, Thirty Years After the Framework Legislation.” Land 
Use Policy 100: 104920. https://​doi.​org/​10.​1016/j.​landu​sepol.​2020.​
104920.

Sabatini, F. M., S. Burrascano, M. M. Azzella, A. Barbati, S. De Paulis, 
and D. Di Santo. 2016. “One Taxon Does Not Fit all: Herb-Layer Diversity 
and Stand Structural Complexity Are Weak Predictors of Biodiversity in 
Fagus sylvatica Forests.” Ecology Indicators 69: 126–137. https://​doi.​org/​
10.​1016/j.​ecoli​nd.​2016.​04.​012.

 1654109x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.70008 by C

ochraneItalia, W
iley O

nline L
ibrary on [04/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.foreco.2021.119129
https://doi.org/10.1016/j.foreco.2021.119129
https://doi.org/10.1016/j.tfp.2022.100227
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1111/1365-2664.12010
https://doi.org/10.1111/1365-2664.12010
https://doi.org/10.1007/s10342-023-01626-0
https://doi.org/10.1007/s10342-016-1006-3
https://doi.org/10.1007/s10342-019-01164-8
https://doi.org/10.1016/j.foreco.2018.09.057
https://doi.org/10.1016/0006-3207(75)90037-3
https://doi.org/10.1016/0006-3207(75)90037-3
https://doi.org/10.3832/ifor1865-009
https://doi.org/10.1007/s10113-019-01531-6
https://doi.org/10.3832/ifor1827-009
https://doi.org/10.1007/s10021-019-00419-0
https://doi.org/10.1016/j.foreco.2005.08.034
https://doi.org/10.1016/j.foreco.2005.08.034
https://doi.org/10.5194/bg-12-4291-2015
https://foresteurope.org/state-of-europes-forests/
https://foresteurope.org/state-of-europes-forests/
https://doi.org/10.1016/j.foreco.2008.04.012
https://doi.org/10.1016/j.foreco.2008.04.012
https://doi.org/10.1016/j.foreco.2014.01.049
https://doi.org/10.1016/j.foreco.2014.01.049
https://doi.org/10.1007/s10021-020-00587-4
https://doi.org/10.1016/j.foreco.2015.02.003
https://doi.org/10.1016/j.foreco.2015.02.003
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.3832/ifor0499-002
https://doi.org/10.3832/ifor0499-002
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1016/j.gecco.2021.e01637
http://www.global-bioclimatics.org
http://www.global-bioclimatics.org
https://doi.org/10.1016/j.landusepol.2020.104920
https://doi.org/10.1016/j.landusepol.2020.104920
https://doi.org/10.1016/j.ecolind.2016.04.012
https://doi.org/10.1016/j.ecolind.2016.04.012


13 of 13

Saulino, L., A. Rita, M. Allegrezza, et  al. 2022. “Clonality Drives 
Structural Patterns and Shapes the Community Assemblage of the 
Mediterranean Fagus sylvatica Subalpine Belt.” Frontiers in Plant 
Science 13: 947166. https://​doi.​org/​10.​3389/​fpls.​2022.​947166.

Scarnati, L., F. Attorre, M. De Sanctis, et al. 2009. “A Multiple Approach 
for the Evaluation of the Spatial Distribution and Dynamics of a Forest 
Habitat: The Case of Apennine Beech Forests With Taxus Baccata and 
Ilex aquifolium.” Biodiversity and Conservation 18: 3099–3113. https://​
doi.​org/​10.​1007/​s1053​1-​009-​9629-​z.

Schuck, A., R. Päivinen, T. Hytönen, and B. Pajari. 2002. Compilation 
of Forestry Terms and Definitions; Internal Report. Joensuu, Finland: 
European Forest Institute.

Scolastri, A., A. Bricca, L. Cancellieri, and M. Cutini. 2017. “Understory 
Functional Response to Different Management Strategies in 
Mediterranean Beech Forests (Central Apennines, Italy).” Forest 
Ecology and Management 400: 665–676. https://​doi.​org/​10.​1016/j.​
foreco.​2017.​06.​049.

Scolastri, A., L. Cancellieri, M. Iocchi, and M. Cutini. 2017. “Old Coppice 
Versus High Forest: The Impact of Beech Forest Management on Plant 
Species Diversity in Central Apennines (Italy).” Journal of Plant Ecology 
10: 271–280. https://​doi.​org/​10.​1093/​jpe/​rtw034.

Slach, T., D. Volařík, and P. Maděra. 2021. “Dwindling Coppice Woods 
in Central Europe – Disappearing Natural and Cultural Heritage.” 
Forest Ecology and Management 501: 119687. https://​doi.​org/​10.​1016/j.​
foreco.​2021.​119687.

Staudhammer, C. L., and V. M. LeMay. 2001. “Introduction and 
Evaluation of Possible Indices of Stand Structural Diversity.” Canadian 
Journal of Forest Research 31, no. 7: 1105–1115. https://​doi.​org/​10.​1139/​
x01-​033.

Storch, F., S. Boch, M. M. Gossner, et al. 2023. “Linking Structure and 
Species Richness to Support Forest Biodiversity Monitoring at Large 
Scales.” Annals of Forest Science 80: 3. https://​doi.​org/​10.​1186/​s1359​5-​
022-​01169​-​1.

Tachikawa, T., M. Kaku, A. Iwasaki, et al. 2011. ASTER Global Digital 
Elevation Model Version 2 – Summary of Validation Results. Washington, 
DC: NASA.

Tardella, F. M., N. Postiglione, A. Vitanzi, and A. Catorci. 2017. “The 
Effects of Environmental Features and Overstory Composition on the 
Understory Species Assemblage in Sub-Mediterranean Coppiced Woods: 
Implications for a Sustainable Forest Management.” Polish Journal of 
Ecology 65: 167–182. https://​doi.​org/​10.​3161/​15052​249PJ​E2017.​65.2.​001.

Tarquini, S., I. Isola, M. Favalli, A. Battistini, and G. Dotta. 2023. 
TINITALY, a Digital Elevation Model of Italy With a 10 Meters Cell Size 
(Version 1.1). Roma, Italy: Istituto Nazionale di Geofisica e Vulcanologia 
(INGV).

Tinya, F., I. Doerfler, M. de Groot, et al. 2023. “A Synthesis of Multi-Taxa 
Management Experiments to Guide Forest Biodiversity Conservation in 
Europe.” Global Ecology and Conservation 46: e02553. https://​doi.​org/​
10.​1016/j.​gecco.​2023.​e02553.

Trentanovi, G., T. Campagnaro, A. Rizzi, and T. Sitzia. 2018. “Synergies 
of Planning for Forests and Planning for Natura 2000: Evidences and 
Prospects From Northern Italy.” Journal for Nature Conservation 43: 
239–249. https://​doi.​org/​10.​1016/j.​jnc.​2017.​07.​006.

Unrau, A., G. Becker, R. Spinelli, et al. 2018. Coppice Forests in Europe. 
Freiburg i. Br., Germany: Albert Ludwig University of Freiburg.

Urbinati, C., G. Iorio, M. Allegrezza, and P. D'Ottavio. 2014. 
“FORESTPAS 2000 Forests and Pastures of the Natura 2000 Network 
- Guidelines for Sustainable Management in Central Italy (Italian).”

van der Maarel, E. 1979. “Transformation of Cover-Abundance Values 
in Phytosociology and Its Effects on Community Similarity.” Vegetatio 
39, no. 2: 97–114. https://​doi.​org/​10.​1007/​BF000​52021​.

Verheyen, K., L. Baeten, P. De Frenne, et  al. 2012. “Driving Factors 
Behind the Eutrophication Signal in Understorey Plant Communities of 
Deciduous Temperate Forests.” Journal of Ecology 100: 352–365. https://​
doi.​org/​10.​1111/j.​1365-​2745.​2011.​01928.​x.

Vockenhuber, E. A., C. Scherber, C. Langenbruch, M. Meissner, D. 
Seidel, and T. Tscharntke. 2011. “Tree Diversity and Environmental 
Context Predict Herb Species Richness and Cover in Germany's Largest 
Connected Deciduous Forest.” Perspectives in Plant Ecology, Evolution 
and Systematics 13, no. 2: 111–119. https://​doi.​org/​10.​1016/j.​ppees.​2011.​
02.​004.

Vollmuth, D. 2022. “The Changing Perception of Coppice With 
Standards in German Forestry Literature up to the Present Day—From 
a Universal Solution to a Defamed and Overcome Evil—And Back? 
Trees.” Forests and People 10: 100338. https://​doi.​org/​10.​1016/j.​tfp.​2022.​
100338.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 1654109x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.70008 by C

ochraneItalia, W
iley O

nline L
ibrary on [04/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fpls.2022.947166
https://doi.org/10.1007/s10531-009-9629-z
https://doi.org/10.1007/s10531-009-9629-z
https://doi.org/10.1016/j.foreco.2017.06.049
https://doi.org/10.1016/j.foreco.2017.06.049
https://doi.org/10.1093/jpe/rtw034
https://doi.org/10.1016/j.foreco.2021.119687
https://doi.org/10.1016/j.foreco.2021.119687
https://doi.org/10.1139/x01-033
https://doi.org/10.1139/x01-033
https://doi.org/10.1186/s13595-022-01169-1
https://doi.org/10.1186/s13595-022-01169-1
https://doi.org/10.3161/15052249PJE2017.65.2.001
https://doi.org/10.1016/j.gecco.2023.e02553
https://doi.org/10.1016/j.gecco.2023.e02553
https://doi.org/10.1016/j.jnc.2017.07.006
https://doi.org/10.1007/BF00052021
https://doi.org/10.1111/j.1365-2745.2011.01928.x
https://doi.org/10.1111/j.1365-2745.2011.01928.x
https://doi.org/10.1016/j.ppees.2011.02.004
https://doi.org/10.1016/j.ppees.2011.02.004
https://doi.org/10.1016/j.tfp.2022.100338
https://doi.org/10.1016/j.tfp.2022.100338

	Influence of Previous Coppice Management on Stand Structure and Vegetation Diversity of 9210* Habitat Beech Forests in the Central Apennines (Italy)
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Study Sites
	2.2   |   Data Collection
	2.3   |   Data Analysis

	3   |   Results
	3.1   |   Forest Structure Diversity
	3.2   |   Structural Types and Vegetation Variables
	3.3   |   Relations Between Forest Structural Types and Vegetation Groups
	3.4   |   Modeling the Influence of Forest Structure on Species Richness

	4   |   Discussion
	4.1   |   The Effects of Past Management on Current Stand Structure and Vegetation Composition
	4.2   |   Sustainable Silviculture in Apennine Coppiced Beech Forests

	5   |   Conclusions
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


