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Assessing forest resilience after windthrow: linking deadwood, 
regeneration, and landscape-scale susceptibility - A case study in a Pre-
Alpine forest in Italy

Thu Uyen Bui, 
Giorgio Vacchiano

Severe windstorms account for nearly half of all damage to European forests. 
South of the Alps, windstorms such as Storm Vaia in 2018 and Storm Alex in 
October 2020 have left forest managers uncertain on how to assist habitat re-
covery and how to prevent further damage in the intact portions of the forest.  
Since storms did not occur regularly in this part of Europe, questions remain 
about  whether  to  remove  windthrown  deadwood  and  which  stand,  topo-
graphic,  and microclimatic  traits  most  strongly predispose forests to future 
windthrow. This study investigates the characteristics affecting the likelihood 
of windthrow and the effects of windthrow severity on forest regeneration and 
habitat recovery across three study sites in Alto Verbano, Lombardy, Italy. The 
objectives of the study were twofold: (i) to examine the relationship between 
deadwood accumulation and forest regeneration, and (ii) to assess the influ-
ence of forest structure, topography, and microclimate on windthrow suscepti-
bility. We combined field sampling with drone-based optical imagery to collect 
detailed data on deadwood biomass and cover, as well as forest regeneration. 
We investigated the relationship between deadwood and regeneration indices 
using Generalized Linear Models and Structural Equation Modeling to test for 
effects both direct and indirect, i.e., through changes in topographical and en-
vironmental  factors.  To assess windthrow susceptibility,  we used Sentinel-2 
satellite  data,  integrated  with  microtopographic  information  from  satellite 
products, to assess landscape-level vulnerability to windthrow using non-para-
metric machine learning methods. The results reveal a negative influence of 
deadwood on regeneration, irrespective of topographical features and threats 
to  regeneration  levels  at  the  sites  (i.e.,  ungulate  browsing).  On  the other 
hand, forest structure, topography, and microclimate had a critical role in de-
termining forest vulnerability to windthrow. These findings emphasize the im-
portance of  carefully  considering  deadwood management  and future  forest 
structural features when carrying out forest restoration actions. Assessing the 
consequences of deadwood accumulation and understanding forest vulnerabil-
ity  to  windthrow  are  essential  for  optimizing  forest  regeneration  and  re-
silience.

Keywords: Post-windthrow, Forest Recovery, Ecological Resilience, Deadwood-
regeneration Relationship

Introduction
Windstorms represent the leading natural 

disturbance affecting European forests, be-
ing responsible for about 46% of  all  dam-
age caused by disturbances from 1950 to 
2019  (Patacca  et  al.  2023).  The  conse-
quences of windthrow are substantial from 
both  economic  and  environmental  per-
spectives,  with  average  annual  timber 
losses  reaching  43.8  million  cubic  meters 
over the last seven decades (Patacca et al. 
2023).  Such  large-scale  windthrows  pro-
foundly  disrupt  forest  ecosystems,  creat-
ing  canopy gaps  that  increase  light  avail-
ability in the understory and trigger a cas-
cade of ecological changes (Turton & Alam-
gir 2024). These effects range from the loss 
of mature trees to shifts  in soil  microbio-
logical communities, collectively transform-
ing the original  structure and function of 
the habitat (Duelli et al. 2002, Kooch et al. 

2011). Over time, the absence of vegetation 
in disturbed areas leads to severe soil ero-
sion and a decline in soil organic matter, al-
tering  humus  quality  and significantly  im-
pacting  soil  communities  (Visentin  et  al. 
2024).  These  effects  make  windthrow  a 
critical  ecological  concern in  forest areas, 
especially those not traditionally hit by this 
damaging  agent  until  now.  Here,  under-
standing  which  characteristics  influence 
the likelihood of windthrow and the effects 
on habitat recovery post-windthrow is es-
sential  for  assessing  the  vulnerability  of 
forested habitats and assisting their recov-
ery. We hereby operate the assessment of 
forest resilience based on its ability to re-
cover  pre-disturbance  structure  and com-
position  (also  known  as  engineering  re-
silience).

Remote sensing is a widely used technol-
ogy for monitoring various stages of disas-
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ter management, delivering rapid and rele-
vant information to support planners, sci-
entists,  and  decision-makers  (Boccardo  & 
Tonolo 2015). This technology enables the 
collection  of  detailed  information  on 
changes in spectral characteristics, vegeta-
tion  indices  (e.g.,  NDVI),  and  red-edge 
channels,  providing  critical  insights  into 
forest structure and tree health (Einzmann 
et al. 2017, Olmo et al. 2021, Molnár & Király 
2024). Additionally, remote sensing can be 
used to assess topographic variables such 
as slope, elevation, and aspect, which influ-
ence wind exposure and forest vulnerabil-
ity.  Environmental  conditions,  particularly 
soil  moisture  and  precipitation  patterns, 
can  also  be  indirectly  monitored  using 
radar and multispectral  imagery,  enabling 
the detection of fluctuations in soil water 
content  and  vegetation  stress  following 
storm events (Molnár & Király 2024,  Fass-
nacht et al. 2024).

Remote  sensing  can  also  support  man-
agement  decisions  following  windthrow 
events.  Traditional  ground  surveys,  while 
essential for calibrating ecological models, 
are too labour-intensive to track the highly 
patchy  and  rapidly  evolving  successional 
mosaic  that  follows  a  major  windthrow 
(Seidl et al. 2014, Senf & Seidl 2021). Recent 
advances in high-resolution satellite, UAV, 
and LiDAR remote sensing can provide spa-
tially  continuous,  multi-temporal  data  on 
canopy structure, deadwood volume, and 
early  regeneration  signals  across  entire 
landscapes (Fassnacht et  al.  2024).  Lever-
aging these observations allows managers 
to  prioritize  intervention  zones,  optimise 
deadwood removal, and target assisted re-
generation  or  other  active  restoration 
where  the  greatest  ecological  and  safety 
benefits  can  be  achieved  (Thom  et  al. 
2020).

This study aims to (i) examine the recov-
ery patterns of wind-damaged habitats by 
assessing the regeneration stages,  distur-
bance  legacies,  and  species  composition 
within the affected areas.  By focusing on 
the structural and compositional dynamics 
of the forest during regeneration, we seek 
to  understand  how  these  ecosystems  re-
spond  to  severe  disturbances  over  time. 
This study also aims to (ii) evaluate the en-
vironmental, topographical, and structural 
drivers  of  forest  vulnerability  to  wind-
throw,  to  assess  the risk  of  further  wind 
damage in other sectors of the study area.

Methodology

Site description
The study was conducted in the Alto Ver-

bano Mountain Community, located in the 
Varese  province  of  Lombardy,  Italy,  with 
coordinates ranging from 45° 53′ 24″ N, 08° 
36′ 07″ E to 46° 07′ 13″ N, 08° 51′ 48″ E. This 
area is part of the Varese Prealps, charac-
terized by diverse topographical features, 
including steep slopes, valleys, and ridges, 
with elevations ranging from 120 m a.s.l. in 
the valleys to 1545 m at the highest peaks. 

The  region  supports  temperate  forests 
with  a  mix  of  broadleaf  and  conifer 
species,  including European beech (Fagus 
sylvatica),  Oak  (Quercus  spp.),  Maples 
(Acer  spp.), Birch (Betula  spp.), Ash (Fraxi-
nus  spp.).  in  the  past  century,  extensive 
conifer plantation was also carried out, us-
ing Norway spruce (Picea abies) and Euro-
pean larch (Larix decidua) for pulp produc-
tion and recreation purposes.

The  climate  is  classified  as  Dfb  (Warm-
summer humid continental) and Cfb (Tem-
perate oceanic), according to the Köppen-
Geiger  system.  Based  on  weather  data 
from  the  weather  station  “Aviosuperficie 
Mascioni” (45° 53′ 56″ N, 08° 43′ 17″ E) re-
corded between January  2021  and Febru-
ary 2025, the region experiences peak tem-
peratures in July and August, with an aver-
age maximum temperature of 17.9 °C and a 
minimum of 7.4 °C. Precipitation is highest 
in May, with an average precipitation rate 
of  8.7%,  while  July  is  the  driest  month. 
Winds in the region are typically strongest 
in  April,  with  an  average  speed  of  3.7 
knots,  and  the  prevailing  wind  direction 
varies throughout the year, predominantly 
from the northwest.

Regeneration profile before disturbance
Pre-disturbance  regeneration  conditions 

were  characterized  using  data  from  the 
Italian National Forest Inventory (NFI) sam-
pled in 2015, extracted from sample plots 
in  the western part  of  the Lombardia  re-
gion, which corresponds to the study area. 
Regeneration attributes were analyzed by 
selecting plots according to the main for-
est  types  present  within  the  windthrow 
gaps,  namely  “Faggete”  (beech  forests), 
“Castagneti”  (chestnut  forests),  “Aceri” 
(maple- and mixed broadleaf forests), and 
forests under anthropogenic management 
(see Tab. S3 in Supplementary material for 
details).

Overall,  the  regeneration  structure  dif-
fered  markedly  among  forest  types. 
Faggete exhibited  a  predominantly  top-
heavy regeneration profile, with regenera-
tion  largely  concentrated  in  the  tallest 
height/diameter  class,  while  smaller  sap-
lings were sparse or absent in many plots. 
This  uneven vertical  distribution  indicates 
limited recent recruitment relative to past 
successful  establishment  events.  In  con-
trast,  Castagneti showed a more balanced 
and dynamic regeneration structure,  with 
high densities in both small and intermedi-
ate classes and a  substantial  contribution 
of  younger  cohorts  to  total  regeneration 
biomass and carbon, consistent with con-
tinuous multi-cohort regeneration.

Anthropogenically  managed  forests  dis-
played a discontinuous regeneration layer, 
strongly dominated by taller  saplings and 
characterized  by  weak  or  absent  recruit-
ment in the smallest size class. Regenera-
tion  biomass  and  carbon  were  therefore 
concentrated  in  the  upper  regeneration 
layer,  reflecting  episodic  regeneration 
linked to  past  management  interventions 

rather than continuous establishment. Con-
versely,  Aceri forests were clearly bottom-
heavy,  with  regeneration  dominated  by 
very small saplings and only sporadic pres-
ence of intermediate individuals, while the 
tallest  regeneration  class  was  largely  ab-
sent. Biomass and carbon stocks were con-
sequently concentrated in the smallest size 
class,  indicating recent,  locally  intense re-
cruitment  pulses  that  had  not  yet  trans-
lated into  a  well-developed tall  regenera-
tion layer.

Taken  together,  these  patterns  indicate 
that, prior to the storm disturbance, regen-
eration dynamics across forest types rang-
ed  from  structurally  mature  but  recruit-
ment-limited  systems  (Faggete),  through 
actively  regenerating  and  vertically  struc-
tured stands (Castagneti), to regeneration 
layers  shaped  by  management  legacies 
(anthropogenic  forests),  and  finally  to 
early-stage,  recruitment-dominated  sys-
tems (Aceri). These contrasting pre-distur-
bance regeneration profiles provide an es-
sential  baseline  for  interpreting  post-
windthrow regeneration responses.

Pre-disturbance deadwood profile
Pre-disturbance  deadwood  conditions 

were  characterized  using  data  from  the 
Italian National Forest Inventory (NFI) car-
ried out in 2015. Data were extracted from 
sample  plots  in  the  western  part  of  the 
Lombardia  region  corresponding  to  the 
study area and stratified by the dominant 
forest types present within the windthrow 
gaps.  Deadwood  structure  differed  sub-
stantially  among  forest  types,  both  in 
quantity and in the relative importance of 
standing versus downed components (Tab. 
S4 in Supplementary material).

Faggete (beech stands) exhibited the rich-
est  and  most  structurally  complex  dead-
wood profile. Deadwood was clearly domi-
nated by standing dead trees, with gener-
ally  high  snag  densities  and  substantial 
basal area and volume, indicating the pres-
ence  of  medium-  to  large-diameter  dead 
stems. Standing deadwood accounted for 
a large share of  total  deadwood biomass 
and carbon,  while  downed coarse woody 
debris  (CWD)  was  highly  heterogeneous, 
ranging from nearly absent to locally abun-
dant. This combination reflects mature or 
partially unmanaged stand conditions with 
strong  spatial  variability  in  mortality  and 
deadwood retention.

In  Castagneti (chestnut  stands),  dead-
wood was characterized by relatively low 
snag  densities  but  large  individual  dead 
stems,  resulting  in  substantial  snag  basal 
area,  volume,  and  carbon  stocks  despite 
the limited number of  snags.  In  contrast, 
downed  CWD  was  scarce  across  most 
plots, indicating a deadwood profile domi-
nated by standing elements and limited ac-
cumulation  of  ground  material.  This  pat-
tern  is  consistent  with  managed  stands 
where large dead trees persist as structural 
legacies, while downed wood is either re-
moved or does not accumulate.
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Assessing forest resilience after windthrow in the Italian Alps

Anthropogenically  managed  forests 
showed  the  sparsest  deadwood  profile 
overall. Standing dead trees were generally 
few and of  smaller  diameter,  resulting  in 
low to moderate deadwood biomass and 
carbon stocks.  Downed  CWD was  almost 
absent  across  plots,  yielding  a  simplified 
deadwood  structure  with  limited  vertical 
and  horizontal  complexity  compared  to 
more natural forest types.

Aceri forests (maple- and mixed broadleaf 
stands) displayed an intermediate but dis-
tinctive  deadwood  profile,  with  consis-
tently  high snag densities  combined with 
moderate basal  area and volume, indicat-
ing  numerous  small-  to  medium-diameter 
standing dead trees. Ground CWD was vari-
able but occasionally substantial, contribut-
ing  to  a  more  balanced  distribution  be-
tween  standing  and  downed  deadwood 
than in  managed forest  types.  This  struc-
ture  suggests  active  mortality  processes 
and partial retention of deadwood prior to 
disturbance.

Overall,  before  the  storm  disturbance, 
deadwood  conditions  ranged  from  snag-
rich, structurally diverse systems (Faggete) 
through snag-dominated, managed stands 
(Castagneti)  to  simplified  anthropogenic 
forests with minimal deadwood, and finally 
to  Aceri stands  with abundant  snags  and 
variable downed wood. These contrasting 
deadwood  legacies  provide  an  important 
baseline  for  interpreting  post-windthrow 
structural changes, habitat availability, and 
carbon dynamics.

On the night of October 2-3, 2020, Storm 
Alex  swept  across  southeastern  France 
and Northwest Italy, including the area of 
Alto  Verbano.  Severe  thunderstorms  and 
heavy rainfall, along with sirocco winds, im-
pacted the region. The weather station at 
the GV Schiaparelli  Astronomical Observa-
tory, located at Punta Paradiso on Mount 
Campo dei Fiori, recorded wind speeds of 
113  km  h-1 before  the  instruments  lost 

power and ceased functioning. This severe 
weather caused significant damage to our 
mountains, resulting in the falling of thou-
sands of trees,  including beech, chestnut, 
and ash (VareseNews 2023).  Some of  the 
affected areas are included in the system 
of regional parks and the EU Natura 2000 
network,  leaving  managers  with  open 
questions about how best to assist the re-
covery of habitat quality and forest value 
for biodiversity.

In this study, the assessment of the wind-
throw event is focused on the territories of 
Sasso del Ferro, Monte Nudo, and Scereda, 
included in the Site of Community Impor-
tance  IT2010019  “Monti  della  Valcuvia”, 
where  the  following  habitat  types  occur: 
Sub-Atlantic and mid-European oak or oak-
hornbeam  forests  of  the  Carpinion  betuli  
(9160),  Asperulo-Fagetum beech  forests 
(9130), and  Tilio-Acerion forests of slopes, 
screes, and ravines (9180*). While the most 
severe damage in Monte Nudo (75.5%) was 
to  coniferous  vegetation,  in  Scereda  and 
Sasso  del  Ferro,  all  the  damaged vegeta-
tion was broadleaf.

Some  salvage  logging  and  soil  stabiliza-
tion  measures  have  already  been  carried 
out in Monte Nudo and Sasso del Ferro be-
fore  this  study.  According  to  the  salvage 
logging plan obtained from the owner of 
the company entitled to the works, 80% of 
the damaged area in Monte Nudo has al-
ready been cleared. In Sasso del Ferro, sal-
vage  logging was  less  extensive,  with  an 
estimated 20% of the area cleared. Logging 
activities in Scereda have been scarce due 
to a landslide that has further limited ac-
cess to the site.

Damage mapping
To identify and map windthrow gaps, we 

used  Sentinel-2  satellite  images  due  to 
their high spatial resolution (10 m) and suit-
ability  for  large-scale  analysis.  To  ensure 
optimal  visibility  of  windthrow  gaps,  im-

ages were pre-screened using the follow-
ing  criteria:  clear  identification  of  wind-
throw  gaps,  consistent  color  representa-
tion, and a maximum cloud cover of 30%. 
The  Sentinel-2  L2A  true-color  image from 
June  10,  2021,  was  selected  as  the  most 
suitable dataset.

We manually digitized 19 gaps (estimated 
area:  18.93  ha)  and  13  adjacent  non-gap 
patches  (estimated area:  24.05 ha)  as  re-
gions of interest to train a model for super-
vised  classification  of  gaps  across  the 
whole study area. We then trained a Ran-
dom  Forest  (RF)  algorithm  (number  of 
trees = 500) using the Red, Blue, and Green 
bands of the True Color Sentinel 2 image to 
classify  windthrow  gaps  within  the  im-
agery. The execution of this algorithm was 
done using the “ranger” package (Wright 
& Ziegler 2017) for R (R Core Team 2021). 
Post-classification  filtering  was  applied  to 
exclude non-windthrow gaps, such as agri-
cultural areas and barren soil, by leveraging 
supplementary  datasets,  including  barren 
soil  and  agricultural  land-use  layers  from 
the Copernicus Land Cover map for Europe 
(June 2019). Windthrow gaps were refined 
by intersecting these polygons with the ini-
tial classification, excluding non-windthrow 
sub-areas. This ensured that the final data 
set accurately represented true windthrow 
gaps from the 2020 disturbance event (Fig.
1).

Field survey
Twenty-six 10 × 10 m survey points were 

established to collect detailed data on for-
est regeneration in areas affected by wind-
throw.  Areas  cleared  post-disturbance 
were avoided.  Sampling points  were allo-
cated  based  on  the  proportion  of  the 
windthrow  area  at  each  location,  with  11 
random points assigned to Monte Nudo, 4 
random points to Scereda, and 11 random 
points to Sasso del Ferro, to ensure com-
prehensive representation of the different 
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Fig. 1 - Location of 
windthrow after random 

forest classification and 
post-classification filtering.
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conditions  in  the  windthrow  areas.  To 
avoid spatial  overlap, the sampling points 
were located at least 100 meters apart. In 
each  plot,  the  following  parameters  re-
lated to seedling regeneration (individuals 
with  heights  from  5  to  330  cm)  were 
recorded: Species identity, Seedling count 
per species, Percent cover of each species, 
Total  percent  seedling cover,  Mean seed-
ling height per plot. Moreover, three main 
deadwood parameters were assessed: Per-
cent  soil  cover  by  coarse  deadwood 
(CWD),  biomass,  and  decay  classification. 
Deadwood biomass was converted to car-
bon content (C) using species-specific con-
version factors reported by Birdsey (1992). 
Specifically, for broadleaves (eqn. 1):

(1)

and for conifers (eqn. 2):

(2)

where V is the volume of CWD (m3 ha-1), es-
timated  using  the  line-intersect  sampling 
method (eqn. 3):

(3)

where  d is the diameter (cm) at the point 
of  intersection,  L is  the  length  of  the 
downed log (m),  measured using a  Leica 
laser  distance  device.  Deadwood  pieces 
were  further  classified  into  decay  stages 
following  the  classification  scheme  de-
scribed in Waddell (2002).

Drone survey
We collected optical aerial images using a 

DJI  Mavic  Pro  2  drone  to  complement 
ground-based surveys. The drone captured 
high-resolution  images  of  windthrow-af-
fected areas, documenting spatial patterns 
of regenerating vegetation, deadwood dis-
tribution, and overall  soil conditions in ar-
eas  difficult  to  reach  from  the  ground. 
Drone imagery was analyzed to derive re-
generation metrics – including total area of 
regeneration  cover,  identification  and  as-
sessment  of  occupancy  by  dominant  re-
generating species  – and deadwood met-
rics  – including  total  soil  cover  by  dead-
wood (%), hereby referred to as deadwood 
occupancy,  estimation for  deadwood bio-
mass (eqn. 1, eqn. 2), decay stage identified 
from image characteristics of the plot.

To derive deadwood measurements from 
UAV imagery, we placed a 2-meter ground-
truth ruler within each plot prior to drone 
flight.  The  high-resolution  UAV  images  (2 
cm spatial resolution) were then geometri-
cally scaled in QGIS v. 4.0 (https://qgis.org/) 
using  this  reference  object.  Once  scaled, 
the diameter (d) of downed wood at the 
intersection  point  and  the  log  length  (L) 
were measured directly from the orthomo-
saic using the distance measurement tool. 
These  measurements  were  used  to  esti-
mate coarse woody debris volume (m3 ha-1) 

and biomass using the same formula (eqn. 
1, eqn. 2) as for field data, enabling consis-
tent comparison between field and image-
derived estimates. Each field plot was cov-
ered by a 20×20 m UAV orthomosaic; plot-
level deadwood estimates were cross-vali-
dated  between  field  and  UAV  data  (R2 = 
0.89).

This  multisource  approach,  combining 
field surveys and drone imagery, provided 
a  comprehensive  understanding of  forest 
regeneration  dynamics  and  deadwood 
characteristics within the study area.

Effect of deadwood on regeneration
The structure and composition of regen-

eration in damaged sites were summarized 
by identifying the species present and their 
respective current occupancy in each plot.

We fitted Gamma General Linear Models 
(GLM)  to  examine  the  relationship  be-
tween  standardized  deadwood  indices 
(i.e., percent soil cover, biomass, and decay 
stage)  and regeneration indices  (i.e.,  per-
cent  seedling  cover  and  mean  seedling 
height) for 26 field survey plots. GLMs in-
cluded the site as a fixed effect to control 
spatial clustering. This analysis aimed to re-
veal in-depth the significant association be-
tween the presence of deadwood and re-
generation  dynamics.  We  pre-screened 
GLMs by assessing the explanatory power 
and parsimony of all possible combinations 
of  predictors using the Bayesian Informa-
tion  Criterion  (BIC)  from  the  package 
“leaps” in R (R Core Team 2021).

We then used Structural Equation Model-
ling (SEM) to further explore the influence 
of  deadwood  on  regeneration  through 
both direct and indirect effects. We devel-
oped  two  models:  (i)  Direct  Influence 
Model: this model hypothesized a direct re-
lationship where deadwood affects regen-
eration without intermediate variables. (ii) 
Indirect Influence Model: this model posits 
that deadwood indirectly influences regen-
eration through its effect on microtopogra-
phy and seedling vulnerability to damage. 
To account for ungulate browsing, we used 
field  data  collected  in  September  2024 
across  80  systematically  distributed  plots 
within  the  same  research  area  extent 
(methodology in Bui & Vacchiano 2025). At 
each  plot  (225  m2),  regeneration  was  re-
corded  as  the  number  of  seedlings  and 
saplings (5-270 cm), alongside evidence of 
ungulate  damage  classified  as  browsing, 
fraying,  or  debarking  (Berretti  &  Motta 
2005).  Ungulate  browsing  pressure  was 
calculated as  the  proportion  of  damaged 
seedlings  over  the total  number  of  seed-
lings in each plot. This pressure index was 
then interpolated into a continuous raster 
surface using the Inverse Distance Weight-
ing  (IDW) method,  providing spatially  ex-
plicit  estimates  of  browsing  exposure 
across the study area.

Windthrow vulnerability of remaining 
forests

Both  in  windthrow  and  non-windthrow 

patches  manually  digitized,  we  extracted 
the values of the following variables driv-
ing forest vulnerability to wind, to fit a Ran-
dom Forest model of windthrow probabil-
ity:  (i)  Slope  was  sourced  from  the  DTM 
available at  the  GeoPortale  della  Lombar-
dia  (2015).  (ii)  The most  recent  pre-wind-
throw  data  for  tree  cover  density  (2018) 
from the Copernicus Land Monitoring Ser-
vice (retrieved from:  https://doi.org/10.290 
9/59b0620c-7bb4-4c82-b3ce-f16715573137). 
(iii) Canopy height was acquired from the 
Global  Canopy  Height  Dataset  developed 
by  Lang et al.  (2023).  Images used in the 
model  were  collected  between  May  and 
September 2020, making them highly rep-
resentative of forest structures prior to the 
windthrow event in October 2020.  Forest 
height  heterogeneity  was  then  derived 
from this data using the Gray-Level Co-Oc-
currence Matrix index of Dissimilarity, with 
a  3×3  window  and  a  shift  of  1.1  (Park  & 
Guldmann 2020, Zvoleff 2020). (iv) Data on 
the  dominant  forest  type  for  2018  were 
also  obtained  from  the  Copernicus  Land 
Monitoring Service (https://doi.org/10.2909 
/7b28d3c1-b363-4579-9141-bdd09d073fd8). 
(v)  Soil  properties,  including  soil  packing 
density and soil bulk density for depths of 
0-10 cm and 10-20 cm, were sourced from 
Panagos  et  al.  (2024).  (vi)  Wind  regime 
data,  measured at  a  height  of  50 meters 
above  ground  level,  were  retrieved  from 
the  Global  Wind  Atlas  (https://globalwind 
atlas.info).

Values were extracted from each source 
raster layer at its original spatial resolution, 
then resampled to 10 meters using bilinear 
interpolation.

We ran a  t-test to estimate each predic-
tor’s  contribution  to  the  gap  vs. no-gap 
classification. We then divided the dataset 
into training  (70%)  and testing (30%)  sub-
sets and used them to fit a Random Forest 
model (number of trees = 500).  We com-
puted  permutation  importance  for  each 
variable to identify key factors influencing 
gap formation. Using the trained Random 
Forest  model,  we  then  extrapolated  pre-
dictions  across  the  raster  stack  that  en-
compassed  all  Natura  2000  sites  in  the 
study  area.  This  provided  spatial  predic-
tions of the probability of windthrow dam-
age  for  every  forested  pixel  across  the 
landscape,  under  the  implicit  assumption 
that  such  forests  would  be  exposed  to 
events similar in magnitude and character-
istics  to  the  Alex  storm  (i.e.,  peak  wind 
speed during the event was not explicitly 
accounted for in this analysis).

Results

Effect of deadwood on regeneration
Faggete (beech  stands)  represents  late-

successional  native beech forests that re-
generate  primarily  through  natural  seed 
dispersal  in  canopy  gaps,  forming  shade-
tolerant cohorts within uneven-aged struc-
tures  typical  of  old-growth  dynamics. 
Castagneti (chestnut  stands)  are  cultural 
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forests, often of planted or selected origin, 
that regenerate via prolific stump sprout-
ing and seed production,  supporting con-
tinuous  recruitment  under  managed  cop-
pice systems. Anthropogenic forests arise 
from  human  interventions  such  as  refor-
estation or afforestation, relying on plant-
ed stock with limited natural regeneration 
pathways, shaped by site preparation and 
species  choice.  Aceri (Aceri-frassineti and 
aceri-tiglieti) are  mixed  late-successional 
broadleaf  stands dominated by shade-tol-
erant native maples, ashes, and limes that 
regenerate naturally from advance growth 
and small-scale disturbances. These pre-dis-
turbance  characteristics  explain  the  ob-
served  profiles:  top-heavy  in  Faggete and 
anthropogenic forests from episodic native 
pulses, bottom-heavy in  Aceri from recent 
shade-tolerant  recruitment,  and  balanced 
in  Castagneti through vegetative propaga-
tion. Deadwood biomass varied across for-
est  types  and  sites.  In  Sasso  del  Ferro 
broadleaf  stands,  values  were  moderate, 
with most plots below 10 m3 ha-1 and a me-
dian  around  6-7  m3 ha-1.  Monte  Nudo 
conifer stands showed the widest variabil-
ity, with a median near 8 m3 ha-1, but some 
plots exceeded 20 m3 ha-1, indicating local-
ized accumulation. Monte Nudo broadleaf 
and Scereda broadleaf forests had compa-
rable  levels,  centered  around  6-7  m3 ha-1, 
though Scereda displayed slightly  greater 
spread.  Monte  Nudo  mixed  stands  were 
more  uniform,  consistently  around  10  m3 

ha-1 with  little  variation,  suggesting  more 
homogeneous conditions.

The identification of dominant species in 
the  regeneration  layer  was  consistent 
across  field  surveys  and  drone  imagery 
(Tab. 1,  Tab. 2). In Monte Nudo (MN), pio-
neer species like  Betula spp. and  Larix de-
cidua dominate the regeneration scenario 
(totally 70.95% area of regenerating species 
from the field survey  – Tab. 1, 58.85% area 
of  regenerating  species  from  the  drone 
survey – Tab. 2), but the height variability in 
Betula spp. (75.8 ± 126 cm – Tab. 1) and the 
low  cover  of  European  larch  (1.68%  and 
10.36%  for  the  regenerating  proportion 
from field and drone surveys, respectively) 
suggests  uneven  regeneration  success  or 
establishment  at  different  time.  Corylus 
avellana (common hazel),  an early-succes-
sional species, ranked second in coverage, 
showing  robust  growth  where  it  occurs 
(22.35% area of regenerating species), and 
potentially  creating  favorable  microenvi-
ronments  for  late-successional  species. 
Late-successional  species  (e.g.,  European 
beech and Norway spruce) are present but 
not yet significantly contributing to the site 
regeneration  (3.35%  of  regenerating  spe-
cies). The height of these late-successional 
species indicates that they are likely in the 
initial  establishment  phase  (30  ±  22.3  cm 
for beech,  6.5 ± 2.12  cm for spruce).  This 
suggests an early phase of forest recovery 
in Monte Nudo, where pioneer species are 
crucial for stabilizing the site.

In  Sasso  del  Ferro  (SdF),  field  survey 

showed that pioneer species like birch are 
well-established in terms of height (153.75 
± 69.9 cm). Common hazel showed robust 
growth and was a significant contributor to 
regeneration,  indicating  the  transition  of 
dominance  from  pioneer  to  early-succes-
sional species. The coverage proportion at 
this site was skewed towards late succes-
sional  species,  such as  beech.  This  group 
was widespread in the understory,  cover-
ing 260 and 672 m² according to field and 
drone  surveys,  respectively.  This  repre-
sents 43.70% and 97.11% of the area occu-
pied by regenerating species. However, the 
shorter height of late successional species 

suggests that they are still competing with 
faster-growing  early  successional  species 
(average height:  87.71  ±  53  cm  vs.  390 ± 
36.1 cm for beech and hazel, respectively). 
This  competition  is  concerning,  especially 
in  the  presence  of  the  invasive  Robinia 
pseudoacacia (Tab. 2). This site represents a 
transitional stage of regeneration. Pioneer 
species  are  well-established,  early  succes-
sional species are thriving, and late-succes-
sional  species  are  becoming  increasingly 
abundant.

At the Scereda site, the pioneer species is 
Ailanthus altissima, an invasive species with 
rapid growth (90.91% and 100% area of re-
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Tab. 1 - Summary of the structure and composition of regeneration from field obser-
vation.

Site
Regenerating
species

Successional
group

Cover
(m2)

Regeneration
proportion

(%)

Mean height
(cm)

MN Betula spp. Pioneer species 62 69.27 75.8 ± 126

Fagus sylvatica Late successional 3 3.35 30 ± 22.3

Larix decidua Pioneer to mid-
successional

1.5 1.68 11 ± 5.66

Corylus avellana Early successional 20 22.35 350 ± 84.2

Picea abies Mid- to late-
successional

3 3.35 6.5 ± 2.12

SdF Betula spp. Pioneer species 120 15.13 153.75 ± 69.9

Fagus sylvatica Late successional 260 43.70 87.71 ± 53

Corylus avellana Early successional 215 36.13 390 ± 36.1

Scereda Ailanthus altissima Invasive pioneer 
species

10 90.91 300 ± 62.1

Castanea sativa Mid-successional 1 9.09 50 ± 13.5

Tab. 2 - Summary of the structure and composition of regeneration from drone obser-
vation.

Site
Regenerating
species

Successional
group

Cover
(m2)

Regeneration
cover (%)

MN Acer spp. Mid to late succession 14 1.50

Betula spp. Pioneer 454 48.50

Fagus sylvatica Late succession 371 39.64

Larix decidua Pioneer 97 10.36

SdF Fagus sylvatica Late succession 672 97.11

Robinia pseudoacacia Invasive early successional 20 2.89

Scereda Ailanthus altissima Invasive pioneer 150 100.00

Tab. 3 - Site-specific correlation between regeneration indices and deadwood indices. 
(N) Number of plots; (*): p<0.05; (**): p<0.01; (***): p<0.001.

Site N

Correlation pair

Regeneration coverage vs. Regeneration height vs.

DW
occupancy

DW
biomass

DW
decay

DW
occupancy

DW
biomass

DW
decay

MN 12 -0.56 *** -0.31 *** -0.11 -0.71 *** -0.34 -0.27

Scereda 10 -0.32 -0.31** -0.51 -0.38 0.04 0.71*

SdF 4 -0.41*** 0.04 0.10 -0.47 -0.03 0.07

All site 26 -0.51*** -0.26 -0.15 -0.62*** -0.36 -0.002
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generating species, respectively, according 
to field and drone surveys) and dominant 
(height: 300 ± 62.1 cm) among the regener-
ating species. The lack of native early-suc-
cessional species at this site may be due to 
high competition from the rapidly growing 
invasive pioneer species. No other pioneer 
or  early  successional  species  were  regis-
tered.

In Monte Nudo, regeneration cover and 
regeneration height were significantly and 
negatively correlated with deadwood occu-
pancy  and  deadwood  biomass  (Tab.  3), 
meaning that this site has the more dead-
wood occupancy, the less cover (β = -0.56) 
and the shorter regeneration (β = -0.71). In 
Sasso del Ferro, the same negative correla-
tion  between  regeneration  coverage  and 
deadwood  occupancy  was  observed,  al-
though  less  pronounced  than  in  Monte 
Nudo  (β  =  -0.41),  meaning  that  for  the 
same  increase  in  deadwood  occupancy, 
the decrease in regeneration is less intense 

than in Monte Nudo. In Scereda, the lower 
deadwood  biomass  is  associated  with 
higher regeneration cover. We found a sig-
nificant  positive  correlation  between  re-
generation  height  and  deadwood  decay 
class (β = 0.71).

The GLMs for  deadwood soil  cover  and 
deadwood biomass, as a function of regen-
eration height and cover,  revealed signifi-
cant  negative  effects  on  both  response 
variables (Tab. 4).

After standardizing the predictors to facil-
itate direct comparison of effect sizes, we 
found  that  deadwood  occupancy  consis-
tently exhibited a stronger influence on re-
generation  metrics  than  deadwood  bio-
mass  across  all  models.  In  the  general 
model,  a  one-standard-deviation  increase 
in  deadwood  occupancy  was  associated 
with significant decreases in both regener-
ation height (β = -1.14, p < 0.001) and cover-
age  (β  =  -1.24,  p  <  0.001),  suggesting  a 
strong negative impact of deadwood occu-

pancy on overall regeneration.
For  the  Beech-specific  model,  the  stan-

dardized effect of deadwood occupancy on 
regeneration height was relatively weaker 
(β = -0.67, p = 0.05), while its effect on cov-
erage was remarkable (β = -1.29, p < 0.05). 
This indicates that, while deadwood occu-
pancy modestly suppresses beech regener-
ation height, it exerts a stronger negative 
influence  on  its  coverage.  In  contrast, 
deadwood biomass  had no significant  ef-
fect on either height or coverage in beech, 
confirming its limited role in shaping regen-
eration for this species.

The Birch-specific model showed moder-
ate  sensitivity  to  deadwood  occupancy, 
with  significant  negative  effects  on  both 
height (β = -0.88, p < 0.01) and coverage (β 
=  -0.92,  p  <  0.05),  though  weaker  than 
those observed in the pooled model. Dead-
wood  biomass  showed  no  significant  ef-
fect, confirming that deadwood occupancy 
is the more influential predictor.

Overall,  standardization  clarified  that 
deadwood  occupancy  is  a  consistently 
stronger  predictor  of  seedling  regenera-
tion than deadwood biomass,  particularly 
for explaining regeneration coverage. This 
highlights  that  structural  occupancy  by 
deadwood may create microsite conditions 
or  competition  effects  that  constrain  re-
generation  more  than  the  quantity  of 
deadwood itself.

The direct SEM model revealed a signifi-
cant  negative  correlation  between  dead-
wood  occupancy  and  regeneration  cover 
(β  =  -0.532,  p  <  0.001),  indicating  that 
higher deadwood occupancy is associated 
with  lower  regeneration  cover.  However, 
other  deadwood  indices,  such  as  dead-
wood  biomass  and  decomposition  stage, 
did  not  significantly  affect  regeneration. 
Deadwood  biomass  had  a  marginally  sig-
nificant  effect  on  dominant  regeneration 
species (β = -0.059, p = 0.059), suggesting 
that  deadwood  biomass  may  influence 
which species regenerate, favoring species 
such  as  Chestnut,  Tree-of-heaven,  Birch, 
Robinia,  and  European  beech,  while  sup-
pressing  regeneration  of  species  such  as 
Norway  spruce,  European  larch,  and 
Maples.  Other  deadwood  indices  did  not 
show  a  significant  direct  influence  on  re-
generating species (Fig. 2).

In the indirect model, none of the dead-
wood indices had a significant intermediat-
ing effect on microsite slope. However, the 
decay stage varied significantly across sites 
(p < 0.001), with more advanced decompo-
sition at Sasso del Ferro and less advanced 
at Monte Nudo and Scereda. Decay stage 
significantly affected ungulate pressure (β 
= -3.048, p = 0.047), indicating that higher 
decomposition  was  associated  with  re-
duced ungulate pressure. Slope had a small 
but significant positive effect on regenera-
tion cover (β = 0.016, p = 0.032). The site 
also showed a positive (β = 0.325) and sig-
nificant (p-value = 0.003) effect, suggesting 
that regeneration cover was higher in Sas-
so  del  Ferro  and  Monte  Nudo  than  in 
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Tab. 4 - Detailed results of Gamma GLM.

Independent
variable

Variables
General
model

Beech-specific
model

Birch-specific
model

Regeneration
height

Intercept 4.29*** 4.17*** 4.63***

Deadwood occupancy -1.14*** -0.67* -0.88**

Regeneration
height

Intercept 4.58*** 4.49*** 4.68***

Deadwood biomass -0.77*** 0.31 -0.39

Regeneration
coverage

Intercept 2.57*** 3.00*** 2.87***

Deadwood occupancy -1.24*** -1.29* -0.92*

Regeneration
coverage

Intercept 2.86*** 3.59*** 2.90***

Deadwood biomass -0.58* 0.28 -0.02

Fig. 2 - SEM models of A - Direct impacts of deadwood indices on regeneration indices 
and B- Indirect impacts of deadwood indices via slope, site, and ungulate pressure 
characteristics on the regeneration indices. (DW_c): Deadwood soil cover; (DW_m): 
Deadwood biomass;  (dcm):  Deadwood decomposition stage;  (rg_p):  Regeneration 
cover; (rg_s): Regenerating species (order: Castanea sativa, Ailanthus altissima, Betula 
spp.,  Robinia,  European beech, Norway spruce, European larch,  Acer);  (slp):  Slope; 
(sit): Site (order: Scereda, Monte Nudo, Sasso del Ferro); (u_P): Ungulate pressure.
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Scereda.
For the regeneration composition, all  in-

termediate variables had a significant influ-
ence. Slope had a positive influence on re-
generation  genus,  indicating  seedlings  of 
certain species prefer different slope condi-
tions. Ungulate pressure had a negative in-
fluence on regeneration, indicating that un-
gulates  suppressed  certain  regenerating 
species, such as  Castanea sativa, Ailanthus 
altissima, and Betula spp.

Vulnerability to future windthrow
Areas with windthrow gaps differed from 

undamaged areas in several ways. These in-
cluded soil bulk density at a depth of 10-20 
cm,  dominant  leaf  type,  canopy  height, 
height heterogeneity, soil packing density, 
slope,  tree  cover  density,  and  average 
wind speed (Fig. 3). The boxplot compari-
son shows that gap probability is strongly 
linked to structural and environmental dif-
ferences between forest stands. Gaps are 
more  frequent  in  lower-canopy  stands, 
suggesting  that  shorter  stands  are  more 
vulnerable  to  windthrow,  whereas  taller 
canopies  contribute  to  stability.  Similarly, 
tree  cover  density,  height  heterogeneity, 
and packing density are slightly reduced in 
gap  areas,  indicating  that  denser,  more 
heterogeneous stands provide greater me-
chanical resistance to wind disturbance. In 
contrast, bulk density at 20 cm is lower in 
gap areas, indicating looser soils that may 
weaken anchorage and increase the risk of 
uprooting. Slope is also shallower in gaps, 
implying  that  steeper  terrain  may  buffer 
against  windthrow.  Among  vegetation 
traits, the dominant leaf type differs signifi-
cantly,  with  certain  broadleaf  morpholo-
gies more associated with gap formation, 
possibly due to aerodynamic effects. As ex-
pected,  wind speed is  consistently higher 
in gap areas,  directly  increasing the likeli-
hood  of  disturbance.  Meanwhile,  aspect 

and bulk density at 10 cm differ little, sug-
gesting a negligible role in gap probability. 
Overall,  these results  highlight  that  wind-
throw risk is amplified by weaker soil prop-
erties,  lower  stand  structural  complexity, 
and higher wind exposure.

After we entered all variables with signifi-
cant differences between gap and non-gap 
areas into our Random Forest model, wind 
speed emerged as the most critical deter-
minant  of  windthrow  likelihood.  The  sec-
ond-  and  third-most  important  predictors 
of windthrow were canopy height, under-
scoring the significance of forest structural 
characteristics,  and  soil  packing  density 
(Fig. 4).

The extrapolation of the Random Forest 
model  highlighted  areas  with  high  wind-
throw vulnerability, such as those in Monte 
Gradisea, Alpe Chedo, Monte Colmegnino, 
Alpe Ca’  del  Sasso,  Monte Sirti,  North  of 
Lago Delio in the North of the study area; 

and Sasso del Ferro, Monte Nudo, Alpe San 
Michele, San Martino, Pian Cuvinicc in the 
South  of  study  area.  These  areas  require 
prioritized mitigation strategies to reduce 
their vulnerability to windthrow (Fig. 5).

Discussion

Regeneration pre- vs. post-disturbance
Pre-disturbance  regeneration  in  beech 

forests  (Faggete)  showed  top-heavy  pro-
files  dominated  by  taller  class  3  saplings 
(795-1989 ind ha-1), reflecting episodic natu-
ral seed-based recruitment of shade-toler-
ant  late-successional  beech under  canopy 
gaps. After disturbance at sites like Monte 
Nudo and Sasso del Ferro, pioneer  Betula 
spp.  (69%  field  cover,  heights  76-154  cm) 
and early-successional  Corylus avellana (22-
36%  cover,  350-390  cm)  surged  ahead  of 
late-successional  species  like  Fagus  sylvat-
ica (3-44% cover, shorter 30-88 cm), signal-
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Fig. 3 - Boxplots of values 
of potential vulnerability 

predictors in Gap (1) vs. 
Non-Gap (0) areas. 

(***): p < 0.001.

Fig. 4 - Variable importance for the probability of gap occurrence calculated from the 
Random Forest model.
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ing  a  shift  to  faster-establishing  species 
that stabilize soil and create microsites for 
future  beech  ingrowth.  Chestnut  stands 
(Castagneti) maintained balanced densities 
across classes via vegetative sprouting, but 
post-disturbance  scenarios  favor  hazel 
dominance  alongside  invasives  such  as 
Robinia  pseudoacacia (3%  drone  cover  in 
SdF),  potentially  delaying chestnut  recov-
ery without intervention.

Antropogene stands  pre-disturbance  ex-
hibited discontinuous, top-heavy regenera-
tion from planted pulses, contrasting with 
post-disturbance  reliance  on  birch  and 
larch  pioneers  (up to  59% drone cover  in 
MN)  that  fill  gaps  left  by  anthropogenic 
legacies.  Aceri-frassineti/tiglieti displayed 
bottom-heavy  small-sapling  dominance 
pre-disturbance, aligning with shade-toler-
ant  advance  growth;  after  disturbance, 
however,  invasive  pioneers  like  Ailanthus 
altissima monopolize  Scereda  (91-100% 
cover, 300 cm height), suppressing natives 
and  inverting  expected  late-successional 
pathways. Overall, disturbance accelerates 
pioneer shifts across types,  with negative 
correlations  between  regeneration  cover/
height and deadwood occupancy (β = -0.56 
to -0.71 in MN/SdF), indicating legacy con-
straints on native recovery (Tab. 3).

Deadwood pre- vs. post-disturbance
Pre-disturbance  beech  forests  hosted 

rich,  snag-dominated  deadwood  (18-2100 
trees ha-1, 6-17 Mg ha-1 C), supporting high 
biodiversity, while chestnut stands empha-
sized  large  veteran  snags  (9-18  Mg  ha-1) 
with scant downed CWD due to manage-
ment. Post-disturbance, Monte Nudo coni-
fer/mixed stands exhibit  elevated variabil-
ity (median 8 m3 ha-1, peaks >20 m3 ha-1) and 
occupancy  that  suppresses  regeneration 

(GLM β = -1.14 for height), as dense legacies 
hinder pioneer establishment despite facili-
tating microsites in advanced decay (Tab.
4).  Antropogene  pre-disturbance  sparsity 
(low snags/CWD) persists post-event,  mir-
roring uniform MN mixed stands  (~10 m3 

ha-1),  but  with  amplified  patchiness  that 
limits structural diversity.

“Aceri”  deadwood  balanced  moderate 
snags (94-180 trees ha-1, 1-4 Mg C ha-1) and 
variable  CWD  pre-disturbance,  yet  SdF/
Scereda  broadleaves  maintain  6-7  m3 ha-1 

medians  post-disturbance,  where  occu-
pancy strongly curbs cover (β = -1.24) more 
than biomass,  favoring invasives  over  na-
tives.  SEM confirms direct  negative dead-
wood  occupancy-regeneration  links  (β  = 
-0.532),  with  biomass  marginally  shaping 
composition, suppressing spruce and larch, 
boosting  birch,  beech,  and  chestnut; 
(β=-0.059 – Fig. 2). Disturbance thus boosts 
deadwood  volume  2-3× in  variable  sites 
(e.g.,  MN),  inverting  pre-disturbance  pat-
terns and constraining late-successional re-
covery  unless  decay  advances  to  reduce 
occupancy barriers.

Deadwood occupancy limits 
regeneration cover and height

Our results illustrate early stages of sec-
ondary  succession  following  a  stand-re-
placing disturbance. The observed regener-
ation patterns fit the disturbance-response 
framework, in which pioneer species domi-
nate  early  phases,  but  site  legacies  (e.g., 
deadwood, invasive presence) mediate the 
transition toward mature composition. The 
regeneration  profiles  across  the  three 
study sites, Monte Nudo, Sasso del Ferro, 
and  Scereda,  reveal  distinct  recovery  tra-
jectories and therefore require site-specific 
management responses. While SEM aggre-

gated  the  dataset  to  test  general  path-
ways,  site-specific  GLMs  and  correlations 
(Tab. 3) reveal distinct local processes (e.g., 
strong physical obstruction at Monte Nudo 
vs. facilitative  decay  effects  at  Scereda). 
This  multiscale  approach  reconciles  local 
heterogeneity with overarching drivers. At 
Monte  Nudo,  the  regeneration  is  domi-
nated  by  pioneer  birch  and larch  and ro-
bust  patches  of  hazel;  this  pattern,  com-
bined with  high variability  in  birch height 
and  low  larch  cover,  indicates  an  early-
stage, spatially uneven recovery where pio-
neer species stabilize the substrate but do 
not  yet  form  a  uniform  successional  ad-
vance to late-successional taxa. The strong, 
negative  association  between  deadwood 
occupancy  and  both  regeneration  cover 
and  height  at  Monte  Nudo  implies  that 
when  fallen  wood  occupies  soil  surface 
area,  it  can  substantially  reduce  available 
seedbed and growing space for seedlings 
(general model β for deadwood occupancy 
on  cover  and  height  – Tab.  4).  This  sup-
ports targeted interventions such as creat-
ing localized openings in dense deadwood 
patches or redistributing logs to preserve 
nurse-log microsites, while freeing ground 
space for seedling establishment (Bolton & 
D’Amato 2011, Swanson et al. 2023).

At  Sasso  del  Ferro,  the  system  appears 
transitional:  pioneer  birch  and  vigorous 
hazel  co-occur  with  an  increasingly  wide-
spread beech regeneration that is shorter 
than  the  faster-growing  hazel.  Although 
deadwood occupancy again shows a nega-
tive relationship with regeneration indices 
(albeit  weaker than at Monte Nudo),  our 
models suggest that deadwood effects can 
be species-specific: for beech, the negative 
effect  was  stronger  on  horizontal  cover 
than on height (Beech-specific model). One 
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Fig. 5 - Prediction of the 
probability of windthrow 
from the Random Forest 
model.
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plausible explanation is  that beech estab-
lishes  by  lateral  spread  and  clumped  re-
cruitment  under  partial  canopy  openings 
before committing to rapid height growth; 
therefore, deadwood that limits horizontal 
space will disproportionately reduce cover 
but  not  immediately  reduce  vertical 
stature, a mechanism proposed based on 
ecological  strategy  and  our  standardized-
effect results (Collet et al. 2011).

Scereda  is  dominated  by  the  invasive 
tree-of-heaven, which occupies all regener-
ating  cover  essentially  and  attains  large 
sapling height. The near-absence of native 
early-successional  species  suggests  com-
petitive  exclusion  by  the  invasive  and  a 
strong  seed  rain/sprouting  advantage  for 
tree-of-heaven  at  this  site.  Management 
should prioritize invasive control  (cut  tar-
geted herbicide or integrated methods re-
viewed  by  Soler  &  Izquierdo  2024)  and 
combine this with selective deadwood re-
tention/removal:  retain  or  arrange  some 
deadwood to maintain fungal and soil lega-
cies  while  removing  or  redistributing  ob-
structive  log  accumulations  that  are  di-
rectly  associated  with  reduced  seedling 
ground cover in our models (Brabcová et 
al. 2022, Mayer et al. 2022).

Our  analysis  of  windthrow  vulnerability 
aligns  closely  with  broader  empirical  and 
modelling studies;  wind speed repeatedly 
emerges  as  the  most  critical  driver  of 
windthrow  likelihood,  followed  by  struc-
tural  forest  attributes  (such  as  canopy 
height,  height  heterogeneity,  and  stand 
density), soil physical properties (including 
compaction  and  packing  density),  slope 
and  topographic  exposure,  and  species-
specific rooting traits.  These factors com-
bine to determine mechanical stability and 
wind resistance at both tree- and stand-lev-
els  (Correa  et  al.  2019,  Quine  et  al.  2021, 
Stadelmann et al. 2024).

Contrasting our results with the broader 
literature  highlights  why  deadwood  may 
show both strongly  positive  and strongly 
negative effects on regeneration, depend-
ing  on  context.  Numerous  studies  have 
documented beneficial microsite effects of 
coarse  and  downed  woody  debris,  e.g., 
nurse-log effects that provide moisture, nu-
trient hotspots, and reduced competition, 
and experiments showing improved seed-
ling  survival  and  growth  near  logs  under 
heat or drought stress (Bolton & D’Amato 
2011, Swanson et al. 2023). Likewise, reten-
tion of deadwood buffers soil fungal com-
munities and belowground functioning af-
ter disturbance (Brabcová et al. 2022, May-
er et al. 2022). These positive mechanisms 
are particularly important in water- or tem-
perature-limited environments, where logs 
moderate  extremes  and  conserve  mois-
ture, thereby promoting seedling establish-
ment (Swanson et al. 2023).

By contrast, our sites show net negative 
effects of deadwood occupancy on regen-
eration cover and height. Several hypothe-
ses  reconcile  this  apparent  contradiction. 
First,  the  dominance  of  negative  dead-

wood effects in our GLMs and SEM may re-
flect  the  occupancy  measure  (proportion 
of soil surface covered by logs), which di-
rectly reduces available seedbed area and 
physically hampers seedling establishment; 
this structural obstruction can outweigh fa-
cilitative microclimate benefits  in  systems 
where moisture and temperature are not 
strongly  limiting.  Second,  pre-disturbance 
stand structure may co-vary with post-dis-
turbance deadwood (i.e.,  dense pre-wind-
throw stands lead to more high log cover, 
meaning fewer pre-existing advance regen-
eration),  therefore  the  observed  correla-
tions may partly capture legacy effects of 
stand density  or  composition rather  than 
purely  contemporary  log-mediated  micro-
site processes, and an alternative explana-
tion  consistent  with  literature  on  pre-dis-
turbance legacies (Sommerfeld et al. 2018). 
Third, species-specific regeneration strate-
gies  will  modulate  responses:  pioneer 
species such as birch can exploit disturbed, 
exposed mineral soil and may be less hin-
dered  by  log  cover  than  species  that  re-
quire  fine  seedbeds;  conversely,  species 
that recruit on nurse logs will benefit from 
retaining  deadwood  (Bolton  &  D’Amato 
2011,  Brabcová  et  al.  2022).  Our  results 
show  deadwood  occupancy  having  a 
stronger standardized negative effect than 
deadwood  biomass,  which  is  consistent 
with the idea that spatial obstruction (oc-
cupancy)  is  more  limiting  to  ground-cov-
ered  sapling  recruitment  than  the  mere 
amount of woody material in the stand.

Management  implications,  therefore, 
need to be nuanced. Blanket salvage log-
ging to remove all deadwood would likely 
harm  soil  fungal  communities  and  long-
term soil functioning (Brabcová et al. 2022, 
Mayer et al. 2022). Instead, a triage or het-
erogeneity-oriented  approach  is  prefer-
able:  (i)  remove  or  redistribute  dense 
patches of surface-occupying logs that ef-
fectively eliminate seedbed availability, es-
pecially  where  pioneer  recruitment  is  de-
sired;  (ii)  retain  or  create  nurse-log  ar-
rangements  (or  leave  standing  snags) 
where logs provide microclimate buffering 
that  increases  seedling  survival  in  dry  or 
heat-prone  microsites  (Swanson  et  al. 
2023,  experimental  evidence);  and  (iii)  in 
stands  with  problematic  invasive  recruit-
ment (e.g., tree-of-heaven or black locust), 
pair  invasive  control  with  targeted  dead-
wood  manipulation  to  allow  native  seed-
lings  to  re-establish.  The  positive  role  of 
deadwood for fungal communities and nu-
trient cycling argues for selective retention 
rather  than wholesale  removal  (Brabcová 
et al. 2022, Mayer et al. 2022).

Windthrow vulnerability assessment
Our windthrow-vulnerability  analysis  fur-

ther informs prioritization of interventions. 
Wind speed, canopy height, and soil pack-
ing density emerged as primary predictors 
of  gap  occurrence  in  the  random-forest 
model; this aligns with other modelling and 
empirical studies identifying wind exposure 

and stand structure as principal controls on 
windthrow  risk  (Stadelmann  et  al.  2024) 
and agreeing with the critical environmen-
tal  factors  include wind speed and storm 
intensity;  sustained winds of 95 km h-1 or 
higher,  or  gusts  reaching 130 km h-1,  sub-
stantially elevating the likelihood of wind-
throw  by  over  50%  (Taylor et  al.  2019). 
However, some of the directions in our gap 
vs. non-gap comparisons  require  cautious 
interpretation.  For  instance,  gaps  in  our 
data  were  associated  with  lower  canopy 
height  and  lower  height  heterogeneity 
(Fig. 3), a pattern opposite to some expec-
tations,  as  in  the  studies  of  Taylor et  al. 
(2019) and Forzieri et al. (2021), shows that 
taller  stands  face  greater  bending  stress, 
and  dense,  uniform  plantations  are  more 
prone  to  windthrow  than  mixed,  natural 
forests. Several factors could explain this: 
(i) selective removal of taller trees by past 
disturbances  or  logging  leaving  shorter 
remnant canopies where subsequent wind-
throw occurs; (ii) local site exposure inter-
acting with stand architecture (e.g.,  short 
uniform  stands  on  exposed  ridges  being 
more vulnerable than taller heterogeneous 
stands  on  sheltered  slopes);  or  (iii)  sam-
pling scale effects where within-gap mea-
sures  reflect  remnant  stumps  and  re-
sprouts  rather  than  pre-failure  canopy 
structure.  Therefore,  we  cannot  verify 
which  mechanism  predominates  without 
pre-disturbance  tree-level  data,  especially 
the slenderness ratio between diameter at 
breast height and tree height as a principal 
parameter  of  tree  vulnerability  to  wind-
throw.

Soil  packing  (bulk  density)  also  showed 
an association with gap occurrence. Mech-
anistically, compacted soils restrict rooting 
depth and root development, reducing an-
chorage and increasing susceptibility to up-
rooting during storms (Correa et al. 2019). 
In-depth studies on the structural vulnera-
bility  of  tree  species  such  as  Norway 
spruce (Picea abies) in Europe and balsam 
fir (Abies balsamea) in North America show 
that it is primarily due to shallow root sys-
tems  and  rigid  stems  (Taylor et  al.  2019, 
Morimoto et  al.  2019).  This  also  suggests 
that  soil  physical  status,  including  com-
paction  from  past  human use or  machin-
ery, should be considered in risk-reduction 
planning. Finally, a landscape-level prioriti-
zation  for  windthrow  mitigation  should 
combine  predicted  vulnerability  (random 
forest  extrapolation)  with  regeneration 
and invasion status; zones predicted to be 
both vulnerable  and lacking desirable  na-
tive  regeneration  (or  dominated  by  inva-
sive recruits) demand special attention for 
active restoration.

Our analysis confirmed the central role of 
forest structure, but proxies of naturalness 
(height  heterogeneity,  mixed-species  cov-
er)  also  affected susceptibility,  consistent 
with  the  idea  that  structural  complexity 
confers mechanical buffering and adaptive 
capacity (Quine et al. 2021, Bebi et al. 2023). 
The limitation of the available data’s spatial 
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resolution  (10  m)  also  limits  the  model’s 
ability  to  detect  fine-grained  heterogene-
ity.

Limitations
The ability  of  Sentinel-2  imagery to cap-

ture  windthrow-related  features  in  struc-
turally  complex  forests  is  inherently  con-
strained by its spatial resolution (10-20 m), 
which limits the reliable detection of small 
or  narrow  canopy  openings,  fragmented 
deadwood patches, and early-stage regen-
eration beneath partially intact canopies. In 
heterogeneous  stands,  windthrow  often 
results in fine-scale gap mosaics and irregu-
lar accumulations of coarse woody debris 
that may fall  below the sensor’s effective 
detection threshold or be spectrally mixed 
with  the surrounding intact  canopy.  As  a 
consequence,  Sentinel-2-based  classifica-
tions are more sensitive to extensive, high-
severity disturbances than to subtle struc-
tural damage or incipient regeneration pro-
cesses. These limitations are further ampli-
fied by canopy complexity, where residual 
overstory trees and uneven vertical struc-
tures can obscure ground-level signals as-
sociated with deadwood and seedling es-
tablishment.

In this context, the use of supervised ran-
dom  forest  classification  introduces  addi-
tional  sources  of  uncertainty.  While  ran-
dom  forest  models  are  robust  to  multi-
collinearity  and  non-linear  relationships, 
their performance strongly depends on the 
quality and representativeness of the train-
ing data. Manual digitization of windthrow 
gaps, although necessary, introduces a de-
gree of subjectivity in defining gap bound-
aries,  particularly  in  transitional  zones 
where  partial  canopy  cover  persists.  This 
subjectivity, combined with spectrally het-
erogeneous forest cover, may lead to mis-
classification  between  lightly  disturbed 
stands, shadowed areas, and intact forest. 
We  therefore  interpret  the  classification 
outputs  as  indicative  of  relative  distur-
bance patterns rather than precise spatial 
delineations  of  windthrow  gaps  or  dead-
wood  distribution,  and  emphasize  that 
higher-resolution  imagery  or  LiDAR  data 
would  be  required  to  fully  resolve  fine-
scale  disturbance  and  early  regeneration 
dynamics.

Our  observational  design  and  the  post-
hoc nature of distinguishing pre-  vs. post-
windthrow regeneration mean that  some 
effects  attributed  to  deadwood  could  re-
flect pre-existing stand structure and seed-
source  limitations  rather  than  solely  log-
mediated microsite processes. We did not 
separate advance regeneration (pre-distur-
bance) from post-disturbance recruits at all 
sites; future work should measure age co-
horts (e.g., bud-scale, whorl counts, or den-
dro  methods)  to  disentangle  pre-existing 
regeneration  from  post-windthrow  estab-
lishment. Our data represent early post-dis-
turbance trajectories (4-5 years after Storm 
Alex), when regeneration signals primarily 
reflect  immediate  microsite  conditions 

rather  than  full  successional  reorganiza-
tion. Longer-term monitoring is needed to 
assess whether the observed negative ef-
fects of deadwood occupancy persist or di-
minish  as  decomposition  advances.  Also, 
where  we  recommend  partial  deadwood 
removal/redistribution,  experimental  ma-
nipulations  (salvage  logging  treatments, 
controlled  log  redistribution,  paired  inva-
sive-control  interventions)  would  provide 
stronger causal evidence for optimal man-
agement prescriptions.

Management implications
Overall,  our  results  indicate  that  dead-

wood  is  neither  unambiguously  harmful 
nor  purely  beneficial.  Its  net  effect  de-
pends  on  spatial  occupancy,  species-spe-
cific regeneration strategies, the presence 
of  invasions,  and  local  site  constraints 
(moisture,  temperature,  soil  compaction). 
A  management  approach  that  promotes 
spatial  heterogeneity  (retaining  some 
deadwood  and  removing  obstructive 
patches) is most consistent with both fos-
tering regeneration and preserving below-
ground  ecosystem  functioning  (Brabcová 
et al. 2022,  Mayer et al. 2022,  Swanson et 
al. 2023).

The findings from this research are critical 
for  informing habitat  conservation strate-
gies  before  and  after  extreme  climate 
events,  using  cost-effective  remotely 
sensed  input.  By  evaluating  the  current 
state of forest recovery, the study will help 
identify  the  role  of  windthrow-induced 
deadwood in regeneration processes.  Ad-
ditionally, the evaluation of environmental, 
topographical,  and  structural  drivers  of 
windthrow  vulnerability  will  provide  a 
workflow for wind risk assessment across 
forests,  highlighting priority areas for tar-
geted  preventive  actions.  These  insights 
will  support  evidence-based  conservation 
planning,  ensuring  long-term  ecological 
stability and the sustained provision of crit-
ical  ecosystem  services  that  forests  offer 
amid increasing climatic uncertainties.

Our results suggest that post-windthrow 
management should move beyond uniform 
salvage or non-intervention strategies and 
instead  adopt  context-dependent  ap-
proaches that account for deadwood spa-
tial configuration, forest structure, and re-
generation  trajectories.  In  particular,  the 
strong  negative  relationship  between 
deadwood occupancy and early regenera-
tion indicates that excessive surface cover-
age  by  coarse  woody  debris  can  hinder 
seedling establishment,  especially  in  sites 
dominated  by  even-aged  stands  and  lim-
ited microsite heterogeneity. This supports 
management  strategies  that  retain  dead-
wood while avoiding continuous, high-cov-
erage accumulations, for example, through 
partial redistribution rather than complete 
removal.

At the same time, the observed variability 
among sites highlights that deadwood can-
not be treated as a universally negative or 
positive legacy.  In  more structurally  com-

plex stands, deadwood may contribute to 
long-term  resilience  by  enhancing  habitat 
diversity and future microhabitat availabil-
ity,  even  if  short-term  regeneration  is  lo-
cally  constrained.  This  implies  that  selec-
tive retention of deadwood, coupled with 
targeted interventions to create regenera-
tion niches, may reconcile biodiversity con-
servation goals with forest recovery objec-
tives.

The windthrow susceptibility analysis fur-
ther indicates that forests characterized by 
high  canopy  height  and  structural  homo-
geneity  are  disproportionately  vulnerable 
to extreme wind events. From a preventa-
tive perspective,  this  underscores the im-
portance of promoting structural diversity 
and mixed-species stands as part of long-
term forest planning, particularly under in-
creasing disturbance regimes linked to cli-
mate change.  Whether such structural  di-
versification  consistently  reduces  wind 
damage across broader spatial and tempo-
ral scales remains to be tested with long-
term datasets.

Overall,  our  findings  advocate  for  adap-
tive,  site-specific  management  that  inte-
grates  disturbance  legacies  into  restora-
tion planning, rather than relying on fixed 
post-disturbance  prescriptions.  Continued 
monitoring  is  essential  to  determine 
whether  early  negative  effects  of  dead-
wood on regeneration persist or transition 
into facilitative roles as decomposition pro-
gresses.

Conclusions
This study provides valuable insights into 

the  regeneration  dynamics  of  wind-dam-
aged  forests  and  the  key  environmental, 
structural, and topographical factors influ-
encing  windthrow  vulnerability  across 
three sites in the Pre-Alps of Varese (Italy): 
Monte Nudo, Sasso del Ferro, and Scereda. 
Our  findings  highlight  that  regeneration 
success  varies  across  sites,  with  distinct 
species compositions and responses to dis-
turbance legacies.  While  Monte Nudo ex-
hibits  early-successional  patterns  domi-
nated by birch and European larch, Sasso 
del  Ferro  demonstrates  a  transition  to-
wards a more stable forest structure, and 
Scereda faces challenges due to the domi-
nance  of  the  invasive  Ailanthus  altissima. 
These  variations  emphasize  the  need  for 
site-specific management strategies to pro-
mote successful forest recovery.

A  critical  factor  affecting  regeneration 
across all sites is deadwood accumulation, 
which  negatively  influences  regeneration 
cover and height by limiting available space 
and altering microclimatic conditions.  The 
results  from  both  the  Gamma  GLM  and 
SEM models confirm that excessive dead-
wood occupancy suppresses regeneration, 
though its effects vary among species. Eu-
ropean beech  exhibits sensitivity in lateral 
expansion  due  to  deadwood  occupancy, 
whereas  Betula spp.  shows  a  more  bal-
anced response in both height and cover-
age. These findings highlight the complex-
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ity of deadwood’s role in post-windthrow 
dynamics and reinforce the need for adap-
tive  deadwood  management  to  optimize 
species-specific regeneration processes.

Beyond  regeneration,  our  study  under-
scores the drivers of forest vulnerability to 
windthrow identified by the Random For-
est  model.  Wind speed remains the most 
influential  factor,  followed  by  canopy 
height and topographical features such as 
slope inclination and aspect. Soil character-
istics, particularly packing density, also play 
a crucial role in determining forest stability. 
Additionally,  species  composition  and 
structural  heterogeneity  influence  wind-
throw  susceptibility,  with  pure  stands  of 
Norway  spruce  and  forests  with  high 
broadleaf exposure during leaf-on periods 
being  more  vulnerable.  These  insights 
stress the importance of integrating struc-
tural  and  compositional  factors  into 
windthrow risk assessments.

From  a  conservation  perspective,  these 
results  provide  a  decision-making  frame-
work for enhancing forest resilience before 
and after disturbance events. Targeted ac-
tions, such as regulating deadwood levels, 
controlling invasive species, and promoting 
wind-resistant  species  mixtures,  can 
strengthen  recovery  capacity.  Moreover, 
spatially  explicit  vulnerability  maps  can 
help  prioritize  interventions  both  within 
Natura 2000 sites and across the broader 
landscape. Embedding these measures into 
adaptive management will support ecosys-
tem  stability,  safeguard  biodiversity,  and 
sustain  forest  services  under  intensifying 
climate-related disturbances.
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