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Bird response to forest structure and composition and implications for 
sustainable mountain forest management
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Assessing how bird richness across ecological guilds of mountain-breeding birds 
responds to changes in forest attributes may inform the development of sus-
tainable management strategies. In this study, we surveyed forest structure 
and bird communities across 148 sampling units in France and Italy to identify 
threshold values for stand variables that influence bird species richness. The 
sampling  covered  an  altitudinal  range  from 805 to  1555  m a.s.l.  and  was 
mainly dominated by mountain beech and Alpine coniferous forests. We mod-
elled species richness of overall  bird communities and individual ecological 
guilds in response to structural and compositional attributes and topographic 
variables using generalized modelling. Bird species richness was negatively as-
sociated with stand-level total tree density. However, higher silver fir density 
was associated with greater species richness across most bird guilds, which 
preferred mixed woods and heterogeneous  stand structure.  An increase in 
deadwood volume had a significant positive effect on all guilds, confirming the 
importance of old-growth forest features for forest birds. Threshold values in-
dicating a shift in species richness of bird guilds were identified only for some 
stand structural attributes (i.e., total basal area and deadwood volume). Our 
results suggest that the conservation of biodiversity in forest bird communities 
may benefit from management strategies that maintain mixed, relatively open 
canopies and promote deadwood retention to ensure the availability of associ-
ated habitats. Our approach lays the groundwork for further research, apply-
ing this methodology to additional variables and biodiversity metrics.

Keywords:  Forest  Biodiversity,  Deadwood,  Biodiversity  Indicators,  Woodland 
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Introduction
European forests are multiple-use socio-

ecosystems in which economic, social, and 
ecological  goals  are  pursued  within  the 
same area. Integrative forest management 
accounts  for  biodiversity  conservation 
alongside timber production and can lead 
to more resilient and productive habitats, 
with multiple long-term benefits (Geitzen-
auer et al. 2017).

A thorough understanding of biodiversity 
patterns in space and time could effectively 
drive a shift in forest management toward 
greater  sustainability.  However,  for  this 
process to occur, it is essential to reframe 
current  indicators  (Hagan  &  Whitman 
2006). Indeed, decision-makers in the for-
est sector have often been constrained by 
contradictory  and  confusing  information 
about the state of forest biodiversity and 
its  response  to  management  (Hagan  & 
Whitman 2006, Barbati et al. 2014).

Forests  provide  sites  for  reproduction, 
roosting, and foraging, as well as cover for 
local  and  long-distance  movements  for 
many  wildlife  species  and  assemblages 
(Bunce  et  al.  2013).  Forest  habitat  condi-
tions  are  therefore  potentially  related  to 
the  distribution  and  abundance  of  many 
animal species and populations (Bunce et 
al.  2013).  Forest  stands  have  thus  been 
used as a reference scale for collecting bio-

diversity data across taxa, which are differ-
entially  correlated  with  forest  features 
and, consequently, with management prac-
tices. Birds respond to forest composition 
and structure, and the importance of for-
est structural attributes to birds has been 
thoroughly  analyzed  (Bunce  et  al.  2013, 
Ram et al. 2017), also with the aim of test-
ing this taxon as an indicator of overall bio-
diversity (Gregory et al. 2005). The analysis 
of  links  between  bird  species  and  forest 
habitats  can  benefit  from  classifying  bird 
species  into  ecological  guilds  based  on 
habitat  use  and  species  ecology,  such  as 
trophic  level,  ecological  characteristics, 
specialization level, migration strategy, and 
elusiveness (Roberge & Angelstam 2006). 
The  rationale  for  using  bird  ecological 
guilds instead of individual  species is that 
species with similar ecological traits are ex-
pected  to  exhibit  more  consistent  re-
sponses to changes in forest variables. In-
deed,  Korlan  et  al.  (2013) demonstrated 
that guild structures in forest bird assem-
blages  largely  reflect  the  similarities  and 
differences in forest structure and the dis-
tribution  and  abundance  of  foraging  re-
sources. This approach can highlight differ-
ential responses among species guilds and 
enable a mechanistic understanding of the 
underlying  links,  thereby  supporting  con-
servation  strategies.  Additionally,  when 
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bird  species  show strong dependency on 
forest  structure  and  conditions,  they  can 
be considered forest specialists (Ram et al. 
2017) and, as is often the case, promoted 
as forest biodiversity indicators (Gregory et 
al. 2005).

In general, forest structure encompasses 
a  range  of  components,  including  tree 
height  and  diameter,  canopy  structure, 
deadwood  abundance,  shrub-layer  cover, 
and  gap  fraction  (Fuller  2003).  Birds  are 
highly  influenced  by  the  assemblage  of 
these  components.  In  particular,  vertical 
and horizontal habitat structure affect the 
composition, abundance, density, and sta-
bility  of  bird  communities  (Fuller  2003). 
Bird communities  thrive in  structurally  di-
verse woodland habitats, such as old, near-
natural forests (Braunisch et al. 2019). Re-
cently,  forest  specialist  bird  species  have 
shown  marked  declines,  especially  those 
dependent on old-growth, structurally het-
erogeneous forests with large amounts of 
deadwood (Gregory et al. 2019,  Reif et al. 
2022).  Based  on  this  evidence,  both  pro-
duction  and  biodiversity  conservation 
would benefit from a quantitative assess-
ment of the links among forest structure, 
tree species composition, and bird commu-
nities  (Bouvet  et  al.  2016,  Corkery  et  al. 
2020, Farwell et al. 2020).

Our study examines how forest structure, 
tree species composition, and topographic 
context influence patterns of species rich-
ness across bird ecological guilds. We aim 
at:  (i)  identifying  the  forest  stand  attrib-
utes that support forest bird communities 
most  effectively;  and  (ii)  analyzing  these 
links  across  ecological  guilds.  Given  that 
ecological  responses often exhibit  nonlin-

ear patterns, we also investigate whether 
changes in  species  richness occur  around 
specific thresholds in forest attributes,  or 
rather at values along the gradient of such 
attributes  at  which  the  effect  on  species 
richness  changes  markedly.  We  hypothe-
size that structure-related forest attributes 
exert  a  stronger  influence  (both  positive 
and  negative)  than  other  attributes  (i.e., 
tree species composition and topography) 
on bird species richness and that this influ-
ence varies across ecological guilds.

Materials and methods

Survey sites and plot selection
Our  database  merges  several  datasets 

collected  for  different  research  projects 
that  sampled  both  forest  structure  and 
birds  at  the  plot  level  (Burrascano  et  al. 
2018). From this database, we selected 148 
plots  having  information  on  forest  struc-
ture  and  bird  species  data,  located  in 
mountain forests (elevation >800 m a.s.l., 
up to a maximum of 1555 m a.s.l.)  across 
Italy (72 plots) and France (76 plots). Plot 
locations  range  from  southern  Italy, 
through the central Apennines and eastern 
Alps,  to northeastern France,  encompass-
ing  the  French  Alps,  Massif  Central,  and 
Vosges  Mountains  (Fig.  1).  Further  plot-
level  details  are provided in Tab.  S1  (Sup-
plementary material).

Survey plots were distributed across for-
est stands classified as mountainous beech 
(~67%,  96 plots),  Alpine coniferous (~33%, 
49  plots),  and  thermophilous  deciduous 
forests (~0.2%, 3 plots). Most plots included 
habitats of conservation concern according 
to the European Habitats Directive (Direc-

tive  92/43/EEC).  Forest  types  range  from 
mesophytic deciduous forests, beech, and 
montane  beech  forests  to  thermophilous 
deciduous forests and silver fir woodlands 
on calcareous substrates. Most data were 
collected  in  forests  dominated  (90 plots) 
or  co-dominated  (6  plots)  by  European 
beech (Fagus sylvatica L., totaling 96 plots). 
Several  sites were co-dominated (7 plots) 
or dominated by conifers (45 plots), partic-
ularly  silver  fir  (Abies  alba Mill.,  with  42 
plots dominated by the species) and Nor-
way spruce (Picea abies [L.] H. Karst., with 
3  plots  dominated  by  the  species).  The 
sampled  forests  varied  structurally,  com-
prising  one-layer  (~36%),  two-layer  (~5%), 
and  multi-layer  (~59%)  stands.  Manage-
ment  histories  included  coppice,  shelter-
wood, and selection systems; 34% of plots 
were located in forests that had not been 
managed for at least 20 years.

For each plot, we extracted elevation and 
aspect  from  numerical  surface  models  as 
synthetic topographic variables.

Despite some differences in sampling pro-
tocols across research projects (see the fol-
lowing subsections and Appendix 1 in Sup-
plementary  material),  our  database  adds 
value because,  unlike  most  breeding bird 
surveys,  it  links  forest  structure  and  bird 
data  at  the  plot  scale,  enabling  sensitive 
analyses of these relationships (Bouvet et 
al.  2016).  All  data  were  reported  at  the 
sample unit level to allow consistent com-
parisons across study areas. We also tested 
whether sampling effort influenced sample 
coverage  by  comparing  coverage  esti-
mates across sampling intensities and plot 
sizes.  No consistent  differences  were  ob-
served  across  sampling  protocols,  so  we 
excluded  sampling  effort  as  a  source  of 
bias (Appendix 1).

Data collection and variable selection

Bird surveys
In each plot, all birds seen or heard were 

recorded  using  point  counts  during  the 
breeding season (Gregory et al. 2004). Sur-
vey  duration  ranged  from  5  minutes 
(France) to 10 or 20 minutes (Italy). Plots in 
southern Italy were surveyed once in May, 
whereas  others  (in  France  and  Northern 
Italy)  were surveyed twice per year (typi-
cally  before and after  May 15th),  ensuring 
comparable  sampling  effort  across  sites. 
Differences  in  survey  protocol  were  ac-
counted for in the statistical analyses (Ap-
pendix 1 in Supplementary material). Birds 
of prey and owls (Strigiformes), which ac-
counted for  <1% of  all  observations,  were 
excluded because they are poorly detect-
able  by  point-count  methods  (Gregory  et 
al. 2004). We calculated total species rich-
ness and species richness within ecological 
guilds as the number of species observed 
per  plot  across  all  surveys.  Since  prelimi-
nary  analyses  revealed  a  high  correlation 
between  bird  abundance  and  richness 
(Spearman’s correlations between species 
richness and abundance ranged from 0.74 
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Fig. 1 - Distribution of the survey plots in France and Italy. Forest cover is indicated in  
green (from the “High Resolution Layer: Forest Type (FTY) 2018” of the EEA Coperni-
cus  Land  Monitoring  Service  -  https://land.copernicus.eu/pan-european/high-resolu-
tion-layers/forests/forest-type-1/status-maps/forest-type-2018).  Dots  represent  the 
sites, with their size proportional to the number of survey plots per site.
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Bird guild species richness and forest variables in mountain forests

to  0.97,  depending  on  guild),  we  used 
species richness as a standard biodiversity 
index,  assuming similar  patterns  of  abun-
dance.

Bird  species  were  grouped  into  three 
guild types based on ecological characteris-
tics: (i) forest habitat preference (general-
ists vs. specialists); (ii) foraging type (aerial, 
canopy, understory, ground foragers); and 
(iii)  nesting  type  (canopy,  understory, 
ground,  cavity  nesters).  Additionally,  we 
considered  a  guild  encompassing  the  en-
tire bird assemblage, or rather the set of 
species occurring in the same community 
(Fauth  et  al.  1996).  Species  with  flexible 
ecological traits were assigned to multiple 
guilds  within  a  given  category  (habitat 
preference, foraging, or nesting type – see 
Tab. S4 and Tab. S5 in Supplementary ma-
terial).  Classification  followed  an  a  priori 
approach, using information from Mikusin-
ski et al. (2018).

Forest structure and tree species richness
Forest structural attributes were derived 

from  measurements  of  living  and  dead 
trees within plots of varying size (Tab. S3, 
Fig. S1 in Supplementary material). Across 
all datasets, only trees with a diameter at 
breast  height  (DBH)  ≥  7.5  cm  were  in-
cluded,  and  values  were  standardized  to 
per-hectare units.

We  considered  total  deadwood  volume 
(m3 ha-1),  and volumes of  its  components 
(m3 ha-1):  logs,  snags (height >1.3 m),  and 
stumps (height <1.3 m). We calculated both 
average basal area (m2 ha-1) and tree den-
sity  (n  ha-1)  for  all  living trees,  as  well  as 
separately for the main species – beech, fir, 
and spruce. In addition, we considered tree 
species  richness,  expressed  as  the  total 
number of species per plot. These metrics 
are commonly used in forest management 
and  are  part  of  the  pan-European  indica-
tors  of  sustainable  forest  management 
(Forest Europe 2020).

Statistical analyses
We modelled bird species richness (over-

all and by ecological guild) as a function of 
forest structural attributes (basal area, tree 
density, number of tree species, and dead-
wood  volume)  and  topographic  variables 
(elevation  and  slope),  using  generalized 
modelling in R v. 3.5.2 (R Core Team 2018).

As richness is count data, we initially used 
a Poisson error distribution with a log link. 
Still,  we  observed  underdispersion  (vari-
ance-to-mean ratio < 1 across guilds), which 
indicated a risk of type I error. Dispersion 
was assessed using both mean-variance ra-
tios and the function “dispersiontest” from 
the “AER” package (Kleiber & Zeileis 2020). 
All guild-level response variables displayed 
underdispersion (variance-to-mean ratio  = 
0.53-0.92), further supported by significant 
results  of  the  formal  dispersion  test  for 
several guilds. Therefore, we applied a gen-
eralized Poisson distribution with log link, 
which  accommodates  both  over-  and  un-
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Tab. 1 - Results of the generalized linear mixed models fitted with a generalized Poisson error distribution. We used the Akaike Infor -
mation Criterion corrected for small samples (AICc) to select the best model. Species richness (SR) was modelled for the total bird  
community and the following ecological guilds: forest generalists, forest specialists, canopy foragers, aerial foragers, ground for -
agers, understory foragers, canopy nesters, understory nesters, ground nesters, and cavity nesters. Standard errors are reported in  
parentheses. (***): p < 0.001; (**): p < 0.01; (*): p < 0.05
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SR

0.09 
(0.042)

*

-0.284 
(0.041) 

***

- -0.194 
(0.039) 

***

- - 0.18 
(0.04)

***

0.051 
(0.022)

*

- - - - 0.142 
(0.036) 

***
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  Forest 
generalists 
SR

-1.436 
(0.062) 

***

-0.187 
(0.064) 

**

- -0.175 
(0.058) 

**

- - 0.223 
(0.058) 

***

- - - - - 0.171 
(0.055) 

**

Forest 
specialists 
SR

-1.437 
(0.061) 

***

-0.253 
(0.066) 

***

- -0.164 
(0.056) 

**

- - 0.225 
(0.057) 

***

- - -0.169 
(0.067)

*

- - 0.203 
(0.057) 

***

Fo
ra
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ng

 h
ab

it
s

Canopy 
foragers 
SR

-0.086 
(0.044)

*

-0.296 
(0.044) 

***

- -0.157 
(0.038) 

***

- - 0.202 
(0.04)

***

- - - - - 0.135 
(0.038) 

***

Aerial 
foragers 
SR

-2.471 
(0.103) 

***

-0.356 
(0.102) 

***

- - - - - - -0.535 
(0.214)

*

-0.266 
(0.113)

*

- 0.273 
(0.096) 

**

-

Ground 
foragers 
SR

-0.061 
(0.045) 

ns

-0.309 
(0.045) 

***

- -0.166 
(0.039) 

***

- - 0.197 
(0.041) 

***

- - - - - 0.143 
(0.039) 

***

Understory 
foragers 
SR

-0.07 
(0.043)

-0.299 
(0.043) 

***

- -0.173 
(0.038) 

***

- - 0.211 
(0.039) 

***

- - - - - 0.149 
(0.037) 

***

N
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ng

 h
ab
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s

Canopy 
nesters SR

-1.01 
(0.056) 

***

-0.275 
(0.056) 

***

- -0.138 
(0.049) 

**

- - 0.264 
(0.048) 

***

- - - 0.148 
(0.05)

**

- -

Understory 
nesters SR

-1.427 
(0.058) 

***

-0.341 
(0.058) 

***

- -0.22 
(0.055) 

***

- - 0.191 
(0.057) 

**

- - - - - 0.168 
(0.052)

*

Ground 
nesters SR

-2.262 
(0.084) 

***

-0.424 
(0.079) 

***

0.142 
(0.067)

*

- -0.187 
(0.089)

*

-0.468 
(0.104) 

***

- - - - 0.338 
(0.07)

***

- -

Cavity 
nesters SR

-1.072 
(0.056) 

***

-0.338 
(0.061) 

***

- -0.128 
(0.049) 

**

- - 0.146 
(0.054) 

**

- - -0.224 
(0.061) 

***

- 0.181 
(0.05)

***

-
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derdispersed  data  (Balakrishnan  et  al. 
2020, Del Castillo & Pérez-Casany 2005). To 
account for differences in survey effort, we 
added an offset equal to the total survey 
time  (individual  survey  multiplied  by  the 
number of visits to the same survey plot). 
This approach was preferred over individ-
ual-based  standardization  because  we 
found no effect of sampling effort on cov-
erage (Tab. S3 and Fig. S1 in Supplementary 
material).  Although  the  sampling  design 
was nested, we did not include site random 
effects to account for this source of vari-
ability because the generalized Poisson dis-
tribution  model  already  adjusts  for  vari-
ance, and adding both generalized Poisson 
error  and  site  random  effects  yielded  in-
consistent  variance  estimates.  The  sam-
pled  forests  shared  relatively  similar  eco-
logical conditions – or rather mature mon-
tane forests within a comparable elevation 
belt  – and were distributed across latitudi-
nal  and  longitudinal  gradients  with  bal-
anced plot numbers per site. Thus, we pri-
oritized a coherent variance estimate and 
correction for underdispersion over the in-
clusion of a random effect.

Model selection was based on an ascend-
ing Akaike Information Criterion corrected 
for small samples (AICc). We first fitted sin-
gle-variable  models  for  each  explanatory 
variable.  We  then  constructed  multivari-
able models by adding predictors sequen-
tially  using a  forward stepwise  approach. 
Selection stopped when AICc improvement 
was <2 points, or when seven variables had 
been included to avoid overfitting (Zuur et 
al. 2009, Zuur & Ieno 2016). This procedure 
identifies the most parsimonious model ex-
plaining species richness, which was our re-
sponse variable. At each round of variable 

selection,  we  checked  for  correlations 
among explanatory variables and excluded 
variables  with  Spearman’s  correlation  co-
efficients > 0.7 from the same model (Zuur 
et al. 2009). All explanatory variables were 
scaled to improve model convergence and 
facilitate  comparability  of  magnitudes. 
Models were fitted using the “glmmTMB” 
function  in  the  “glmmTMB”  R  package 
(Brooks  et  al.  2017).  AICc  model  compar-
isons  were performed with  the “AICcmo-
davg” package (Mazerolle 2019).

Threshold  values  in  forest  explanatory 
variables  were  subsequently  identified  in 
the best model to detect potential discon-
tinuities in the relationship trajectories be-
tween the response variable (bird species 
richness)  and  the  selected  independent 
variables (structural attributes). This analy-
sis  was  conducted  using  the  “chngptm” 
function of the “chgpt” package  (Fong et 
al. 2017). Threshold detection followed the 
method  of  Fong  et  al.  (2017).  This  tech-
nique allows the detection of a change in 
the  regression  coefficient  beyond  which 
further changes do not affect bird species 
richness. Each model was fitted using the 
Poisson error distribution, since the gener-
alized  Poisson  error  distribution  was  not 
available in this package. We also used the 
“segmented” threshold  model  type,  as  it 
most  closely  corresponded  to  our  ap-
proach  (continuous  explanatory  variables 
and the slope of the relationship that can 
vary along the explanatory variable gradi-
ent).

Results
A total of 56 bird species were recorded 

across the study sites (Tab. S4 in Supple-
mentary material). Mean bird species rich-

ness per plot was 11.2 ± 4.52 (mean ± stan-
dard deviation), ranging from 3 to 23 spe-
cies. The most observed species were the 
common chaffinch (Fringilla coelebs L.), Eu-
ropean robin (Erithacus rubecula L.), coal tit 
(Periparus ater L.), blackbird (Turdus meru-
la L.),  wren  (Troglodytes  troglodytes L.), 
and  song  thrush  (Turdus  philomelos B.). 
Rare  species  recorded  as  singletons  in-
cluded  goldfinch  (Carduelis  carduelis L.), 
greenfinch  (Chloris  chloris L.),  ring  ouzel 
(Turdus torquatus L.), Cetti’s warbler (Cet-
tia  cetti T.),  and  common quail  (Coturnix 
coturnix L.). The number of plots in which 
each species  was  recorded is  reported in 
Tab.  S4.  Total  bird  species  richness  de-
creased with increasing total basal area but 
increased  in  response  to  higher  silver  fir 
density and greater volumes of deadwood. 
Among the ecological guilds, significant re-
sponses were most often detected in rela-
tion to total basal area (9 out of 11 guilds), 
silver fir density (9 out of 11 guilds), and to-
tal  deadwood volume (7 out of 11  guilds) 
(Tab. 1, Fig. 2).

Among the topographic variables, only el-
evation  significantly  affected species  rich-
ness across all ecological guilds, with a gen-
erally negative effect (Tab. 1); species rich-
ness  decreased with  increasing elevation. 
Nearly  all  ecological  guilds  (except  aerial 
foragers and ground nesters) showed sig-
nificantly decreasing species richness with 
increasing basal  area.  In contrast,  ground 
nesters  were  negatively  influenced  by  in-
creasing values of spruce basal area and to-
tal tree density (Fig. 3a,  Fig. 3b). These re-
sponses  were  substantial:  an  increase  in 
spruce basal area from 0 to 17 m2 ha-1 was 
associated with a mean decrease of ~38% 
(-0.4  species)  in  the  number  of  ground-

21 iForest 19: 18-27

Fig. 2 - Relationships between bird species richness and key forest variables. Relationships between total bird assemblage species 
richness (left: a, c, e, g) and that of forest generalists and specialists (right: b, d, f, h) with the variables to which most of the ecolog -
ical bird guilds responded significantly: elevation (a, b), total basal area (c, d), silver fir density (e, f), and total deadwood volume (g, 
h). Only responses of three guilds are shown for clarity, as trend lines overlapped across guilds. Lines represent GLMs with Poisson 
error distribution; shaded areas indicate 95% confidence intervals. Note: graphics are illustrative, complementary visualizations of 
the overall relationships, rather than as direct representations of the model coefficients reported in Tab. 1.
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nesting species per plot. In comparison, an 
increase in total tree density from 0 to 634 
trees  ha-1 led  to  a  ~54%  decrease  (-1  spe-
cies).  Aerial  foragers  also  strongly  re-
sponded  to  spruce  tree  density,  with  a 
~98% decline in species richness, from 0 to 
390 trees ha-1 (maximum observed value – 
Fig.  3c).  All  other  guilds  exhibited  signifi-
cantly  positive relationships with silver fir 
density (Tab. 1).

Unexpectedly, forest specialists (Fig. 4a), 
aerial foragers (Fig. 4b), and cavity nesters 
(Fig. 4c) showed significant declines in spe-
cies  richness  with  increasing  tree  species 
richness. Increasing from 0 to 3 tree spe-
cies led to richness reductions of -37% for 
cavity  nesters,  -29%  for  forest  specialists 
(-0.8 species),  and -71% for aerial  foragers 
(-0.5 species).

Most ecological guilds showed significant 

increases  in  species  richness  with  total 
deadwood volume. However,  ground and 
canopy  nesters  responded  more  specifi-
cally  to  log  volume,  while  aerial  foragers 
and cavity nesters responded to snag vol-
ume (Fig. 5). For an increase of 13 m3 ha-1 in 
logs (corresponding to the mean value of 
logs  volume  in  our  sample),  the  species 
richness  of  ground  nesters  increased  by 
~25%  (+0.2  species),  and  that  of  canopy 
nesters by ~11% (+0.3 species). An increase 
of 13.5 m3 ha-1 in snag volume led to a 14% 
increase  in  aerial  foragers  (+0.8  species) 
and 9% in cavity nesters (+0.1 species) spe-
cies richness.

Significant thresholds were found mainly 
for two structural variables: (i) total dead-
wood volume was significant for total bird 
community  richness,  forest  generalists, 
canopy  foragers,  and  ground  foragers 

(Tab. 2). A threshold at 17.8 m3 ha-1 (except 
the value of 0.2 m3 ha-1 for canopy foragers) 
marked a shift:  below this value,  richness 
increased  with  deadwood  volume;  above 
it, the effect was null or negative. (ii) Total 
basal  area  of  living  trees  showed  thresh-
olds (~39 m2 ha-1 with very few variations) 
for  forest  generalists,  forest  specialists, 
canopy foragers, understory foragers, and 
cavity nesters. The pattern was the inverse 
of that for deadwood: the slope declined 
more strongly below the threshold.

Only  ground nesters  exhibited a  thresh-
old for total tree density (1245 trees ha-1). 
Thresholds related to elevation were found 
for  aerial  foragers,  canopy  nesters,  and 
ground nesters.  All  other tested variables 
were either not significant or yielded non-
convergent  models,  particularly  those  in-
volving living spruce or fir basal area.

iForest 19: 18-27 22

Fig. 3 - Guild-specific exceptions to forest structure effects on bird richness. Exceptions to general trends: relationships between  
ground nesters and (a) spruce basal area (m2 ha-1); (b) total tree density (N ha -1); and (c) between aerial foragers and spruce tree 
density (N/ha). Lines represent GLMs with Poisson error distribution; shaded areas indicate 95% confidence intervals. Graphics are 
illustrative only (see end of caption of Fig. 2).

Fig. 4 - Negative effects of tree species richness on selected bird guilds. Negative effect of tree species richness on (a) forest special-
ists, (b) aerial foragers, and (c) cavity nesters. Lines represent GLMs with Poisson error distribution; shaded areas indicate 95% confi-
dence intervals. Graphics are illustrative only (see end of caption of Fig. 2).
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23 iForest 19: 18-27

Tab. 2 - Results of the continuous two-phase regression model applied to the selected explanatory variables. Models were fitted 
using a Poisson error distribution and the “segmented” threshold type implemented in the chngptm function of the chngpt R pack -
age (Fong et al. 2017). The “change of slope” column reports the change in the slope at the estimated threshold changepoint. The  
adjacent columns indicate the lower and upper bounds of the 95% confidence intervals for both the threshold and slope change 
estimates.

Response Explanatory Threshold
Lower

CI
Upper

CI
Slope

change 
Lower

CI
Upper

CI
P value

Bird assemblage SR Total deadwood 17.8 17.3 18.3 -0.010 -0.01 -0.009 <0.001

Elevation 1027.0 608.0 1446.0 -0.001 -0.004 0.003 0.681

Total basal area 38.9 23.2 54.7 -0.008 -0.026 0.009 0.334

Forest generalists SR Total deadwood 17.8 5.3 30.3 -0.009 -0.015 -0.003 0.002

Elevation 1027.0 600.0 1454.0 -0.001 -0.004 0.002 0.727

Total basal area 38.9 38.1 39.8 -0.009 -0.013 -0.005 <0.001

Forest specialists SR Total deadwood 5.4 1.2 9.6 0.067 -0.478 0.612 0.810

Elevation 1265.0 1060.0 1470.0 -0.002 -0.004 0.001 0.198

Total basal area 40.4 39.8 41.1 -0.033 -0.036 -0.03 <0.001

Aerial foragers SR Elevation 1056.0 1042.0 1070.0 -0.005 -0.008 -0.002 0.001

Canopy foragers SR Total deadwood 0.2 -0.1 0.5 0.809 0.304 1.313 0.002

Elevation 1027.0 600.0 1454.0 -0.001 -0.004 0.003 0.767

Total basal area 40.4 39.8 41.1 -0.007 -0.009 -0.005 <0.001

Understory foragers 
SR

Total deadwood 14.0 0.3 27.8 -0.011 -0.491 0.47 0.965

Elevation 1000.0 546.0 1454.0 -0.001 -0.004 0.003 0.690

Total basal area 39.1 38.9 39.3 -0.007 -0.008 -0.006 <0.001

Ground foragers SR Total deadwood 17.8 10.7 24.9 -0.012 -0.018 -0.006 <0.001

Elevation 1014.0 574.0 1454.0 0.000 -0.003 0.002 0.731

Total basal area 39.1 19.6 58.6 -0.006 -0.041 0.03 0.760

Cavity nesters SR Elevation 1334.0 1214.0 1454.0 -0.001 -0.007 0.004 0.669

Total basal area 40.7 31.7 49.7 -0.015 -0.024 -0.006 0.001

Canopy nesters SR Elevation 1462.0 1060.0 1864.0 -0.002 -0.002 -0.001 <0.001

Total basal area 37.5 19.6 55.4 -0.013 -0.071 0.045 0.661

Understory nesters SR Elevation 1228.0 1002.0 1454.0 0.000 -0.003 0.004 0.808

Total basal area 41.8 20.2 63.5 -0.010 -0.062 0.043 0.720

Ground nesters SR Total tree density 1244.7 879.5 1609.8 0.001 -0.001 0.003 0.375

Elevation 1385.0 1316.0 1454.0 0.003 0.002 0.004 <0.001

Fig. 5 - Positive responses of bird guilds to deadwood components. Guild-specific responses to deadwood components: positive 
relationships between (a) log volume and richness of canopy and ground nesters, and snag volume and richness of aerial foragers  
(b) and cavity nesters (c). Lines represent GLMs with Poisson error; shaded areas represent 95% confidence intervals. Graphics are  
illustrative only (see end of caption of Fig. 2).
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Discussion
We assessed  the  relative  importance  of 

topographic variables and forest structural 
attributes on bird species richness. Among 
the former, elevation was the only variable 
that significantly affected all the bird guilds 
analyzed.  Among  structural  attributes, 
most guilds showed increased species rich-
ness  with  greater  volumes  of  deadwood 
and higher densities of silver fir,  whereas 
basal area had a generally negative effect. 
Some  guilds  exhibited  distinct  responses 
to specific structural or compositional for-
est variables.

Regarding threshold values,  some struc-
tural attributes showed consistent effects 
across  guilds,  providing  potentially  valu-
able information for forest management.

Elevation
As  expected,  species  richness  declined 

with increasing elevation across all ecologi-
cal guilds (Fuller 2003, McCain 2009). High-
elevation forests typically offer fewer eco-
logical niches due to lower net primary pro-
ductivity, a consequent reduction in troph-
ic  complexity,  and harsher climatic  condi-
tions  (Fuller  2003).  Nevertheless,  alpine 
forest  ecosystems  host  specialized  bird 
communities (Mollet et al. 2018), which are 
increasingly  threatened  by  land-use 
changes  and  the  climate  crisis  (Chamber-
lain et al. 2013). However, several environ-
mental  drivers  – particularly  vegetation 
structure – change concurrently with eleva-
tion (Seibold et al. 2024). In our case, the 
negative effect of elevation on species rich-
ness  was  inverted  by  higher  volumes  of 
logs  for  ground-nesting  birds,  which  may 
exploit coarse woody debris and log piles 
as suitable breeding substrates, which are 
attributes likely associated with longer har-
vesting rotations or reduced deadwood re-
moval (Díaz et al. 2005).

Living trees
We found that increasing basal area nega-

tively affected species richness in most bird 
guilds.  This  effect  appeared  weak  below 
~40  m2 ha-1 but  became  stronger  above 
that  value.  Notably,  the observed thresh-
old was slightly above the mean basal area 
in our dataset (35.7 m2 ha-1), and its confi-
dence  interval  included  the  threshold.  In 
general,  bird species richness tends to in-
crease with forest stand age and tree size 
(Ausden  2004).  However,  very  dense 
stands – common during intermediate suc-
cessional stages dominated by biomass ac-
cumulation processes  – often exhibit very 
closed canopies (Fuller & Robles 2018) that 
support  a  limited number  of  bird species 
(Mitchell et al. 2006,  Gil-Tena et al. 2007). 
Given that similar basal area values may re-
flect structurally distinct stand types (e.g., 
dense coppices  vs. open high forests with 
large trees), additional structural variables 
should  be  examined  to  confirm  this  pat-
tern.

Ground-nesters, a group showing marked 
declines in European forests (Gregory et al. 

2019), were negatively affected by increas-
ing spruce basal area. Although these spe-
cies require canopy cover for nesting (Hob-
son & Bayne 2000),  dense  spruce  stands 
generate microclimatic and edaphic condi-
tions that may limit biodiversity. These in-
clude low light intensity, colder air and soil 
temperatures,  high  acidity,  and  reduced 
nutrient availability,  all  of  which suppress 
understory vegetation and associated spa-
tial niches and trophic resources, with con-
sequences  on  ground-dwelling  wildlife 
(Saetre et al. 1997,  Hobson & Bayne 2000, 
Augusto et al. 2003, Mollet et al. 2018).

Spruce  density  also  negatively  affected 
aerial foragers, likely because they rely on 
more open canopy structures or the pres-
ence of  broadleaved species  (Roberge et 
al. 2018). Conversely, our results confirmed 
that  a  greater  proportion  of  silver  fir  in 
broadleaved-dominated  forests  supports 
higher avian richness (Gil-Tena et al. 2007, 
Mitchell et al. 2006, Sánchez et al. 2012).

Although  silver  fir  and  spruce  are  both 
conifers, they may differ in their ecological 
effects. Spruce-dominated stands typically 
exhibit dense, shaded canopies, limited un-
derstory  development,  colder  microcli-
mates, and reduced trophic resources (Ke-
brle et  al.  2023).  Silver  fir,  by contrast,  is 
more  frequently  associated  with  mixed 
stands containing broadleaves, which gen-
erally  promote  greater  structural  hetero-
geneity and more favorable conditions for 
foraging  and  nesting  (Bledy  et  al.  2024). 
Our  results  should  therefore  be  inter-
preted in light of the characteristics of the 
sampled  stands.  The  plots  where  spruce 
occurred  (30  plots)  were  often,  and  in 
many  cases  entirely,  dominated  by  coni-
fers. In such stands, an increase in spruce 
density is likely to lead to greater canopy 
closure  and,  consequently,  reduced  light 
availability  at  the forest  floor,  along with 
harsher microclimatic conditions (Kebrle et 
al. 2023). Conversely, in most plots where 
silver fir was present (67 out of 97), fir was 
the only conifer species recorded, and the 
overall conifer share represented less than 
half of the total basal area represented by 
beech.  In  these stands,  an  increase  in  fir 
density thus corresponds to an increase in 
species mixture, with potential positive ef-
fects  on  forest  structure,  resource  avail-
ability, and habitat diversity (Smyčková et 
al. 2024). Mixed forests typically offer more 
heterogeneous stands with a greater array 
of  features  than  pure  stands,  enhancing 
both  foraging  and  nesting  opportunities 
(Hobson & Bayne 2000, Fuller 2003, Batáry 
et al. 2014, Wesolowski & Martin 2018).

Interestingly, we observed a negative ef-
fect of tree species richness on forest spe-
cialists, aerial foragers, and cavity nesters. 
This finding may relate to increased preda-
tion risk, as more diverse stands are often 
associated  with  higher  density  of  mam-
malian predators (Batáry et al. 2014). These 
may particularly affect cavity-nesting birds, 
which  are  frequently  targeted  by  mam-
malian  predators  (Wesolowski  &  Martin 

2018).  Forest  specialists,  as  well  as  those 
species  having  specific  habitat  require-
ments (i.e., presence of cavities, structure 
of  canopy layers),  may have strict  prefer-
ences for  specific tree species;  therefore, 
increasing  tree  species  richness  could  re-
duce the relative availability of these pre-
ferred species (Mitchell  et al.  2006,  Fuller 
2003,  Gil-Tena et al. 2007). In the sampled 
forest  stands,  most  of  which  were  domi-
nated by beech, an increase in tree species 
richness is associated with a higher propor-
tion  of  conifers.  This  typically  entails 
denser mid-storey or upper-canopy layers, 
reducing  open  flight  space  and  visibility, 
both of which are essential  for aerial  for-
agers (Roberge et al.  2018). Moreover, as 
noted by  Birčák & Reif (2015), if increased 
tree-species heterogeneity is not accompa-
nied by a parallel enhancement of trophic 
resources  capable  of  supporting  larger 
numbers  of  individuals,  a  corresponding 
enrichment of the local bird community is 
unlikely to occur.  According to  Hobson & 
Bayne (2000), the benefits of an increased 
tree species richness may depend on which 
species  dominate  the stand;  added diver-
sity  may  either  enhance  or  reduce  niche 
availability. Consistent with previous stud-
ies  (Gil-Tena et  al.  2007),  our  results  con-
firm  that  tree  species  richness  exerts  a 
weaker influence on bird communities than 
forest structure overall (Fuller 2003).

Deadwood
Species richness in all bird guilds was pos-

itively  associated  with  increased  dead-
wood volume or specific deadwood com-
ponents. Deadwood indeed provides nest-
ing  and  foraging  substrates  critical  for 
many forest bird species (Fuller 2003,  Gil-
Tena et al. 2007,  Fuller & Robles 2018). In-
terestingly,  the  detected  threshold  for 
deadwood  was  lower  than  the  observed 
mean in our dataset (31.5 m3 ha-1) and lower 
than  previously  reported  thresholds  in 
montane ecosystems (30-40 m3 ha-1 – Mül-
ler  &  Bütler  2010).  This  suggests  that  al-
though overall  deadwood availability  may 
not  be  a  limiting  factor  in  our  montane 
study areas, local shortages could still con-
strain certain species (Bouvet et al. 2016). 
Snags, in particular, are key resources that 
enhance  habitat  quality  for  saproxylic  in-
sects  and  many  other  invertebrates,  and 
consequently  for  the  insectivorous  birds 
that feed on them (Ausden 2004, Drapeau 
et al. 2009, Uhl et al. 2022). They also serve 
as  nesting sites  for  both  primary  excava-
tors  (e.g.,  woodpeckers)  and  secondary 
cavity users (also called weak or non-wood 
excavators, such as nuthatches, tits, stock 
doves,  robins,  thrushes  – Wesolowski  & 
Martin 2018). Snags may additionally bene-
fit  aerial  foragers  by  contributing  to  an 
open forest canopy structure (Roberge et 
al.  2018).  Log  volume  also  emerged  as  a 
key structural  component,  providing shel-
ter  and  nesting  sites  for  wildlife  (Linden-
mayer et al. 2002). Díaz et al. (2005), for in-
stance,  found  that  some  ground-nesting 
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bird species were associated with piles of 
logs in the forest. In our study, log volume 
positively influenced canopy nesters, possi-
bly  because  it  is  a  proxy  for  old-growth 
conditions  and  structural  maturity,  as  its 
value increases with tree size and is higher 
in late-successional stands (Bull et al. 1997, 
Paillet  et  al.  2015).  Indeed,  relatively  ma-
ture trees are critical to provide breeding 
habitat  for  canopy  nesters  (Hobson  & 
Bayne 2000,  Mitchell et al. 2006). Overall, 
deadwood and its components are crucial 
for many bird guilds, and their occurrence 
is  heavily  influenced  by  forest  manage-
ment practices (Fuller 2003). As suggested 
by Ausden (2004), standing and fallen dead 
trees should be retained unless they pose 
safety risks. Management plans should en-
sure  the  retention  of  suitable  trees  and 
species to support the future availability of 
deadwood-associated  habitats  (Larrieu  et 
al. 2014, Wesolowski & Martin 2018, Duflot 
et al. 2025).

Limitations and opportunities
The  threshold  values  reported  here 

should be interpreted with caution, as they 
were calibrated only for birds and for mon-
tane,  beech-dominated  forest  stands  se-
lected for relatively similar conditions. Dif-
ferent taxa may respond to different thre-
sholds,  depending  on  conservation  goals 
and environmental gradients, and such an 
approach could probably be generalized to 
other taxa on a wider range of ecological 
and  forest  conditions  (Müller  &  Bütler 
2010).

Our study aimed to support the use of se-
lected forest-structure indicators to inform 
forest management. To maintain replicabil-
ity and applicability, we used a simple ap-
proach  that  could  be  extended  to  other 
variables  at  the  stand  or  landscape scale 
(e.g.,  understory, litter,  abiotic factors) or 
to  explore  interactions  among  different 
stand  structural  attributes.  Further  re-
search could also explore alternative biodi-
versity metrics, such as beta diversity, func-
tional diversity, and phylogenetic diversity. 
For  instance,  bird-related  response  vari-
ables could include traits such as diet pref-
erences  and  requirements  or  migratory 
strategies. For example,  Rigal et al. (2023) 
showed that forest cover generally exerts 
a  positive  influence  on  long-distance  mi-
grants.

Conclusion
Our  results,  based  on  an  innovative 

threshold-based  methodology,  confirmed 
the importance of specific forest stand at-
tributes  for  bird  conservation.  These  in-
clude  a  suitable  mixture  of  tree  species 
(Hobson  &  Bayne  2000),  relatively  open 
canopy structures, and deadwood (Gil-Tena 
et al. 2007,  Fuller & Robles 2018). As such, 
this  study contributes  to  a  shift  in  forest 
management toward greater sustainability, 
although the quantitative threshold values 
identified here may not yet be sufficient to 
inform  operational  management  directly. 

The  use  of  birds  as  indicators  for  forest 
management  planning  and  assessment 
should be promoted, as bird monitoring re-
lies  on  relatively  simple  survey  methods 
but provides valuable information on habi-
tat  conditions  and  other  forest  specialist 
taxa (Burrascano et al. 2018). Traditionally, 
management  strategies  have  focused  on 
maintaining  or  enhancing  plant  species 
richness or specific tree species, which are 
not  always  relevant  to  habitat  suitability 
for birds and other wildlife (Ausden 2004). 
Conversely,  when  bird-based  strategies 
have been implemented,  they have often 
been  reactive,  targeting  a  single,  fre-
quently threatened, species through “crisis 
management” approaches (Ausden 2004).

Future forest management should aim to 
support the structure and function of en-
tire  bird  communities,  addressing  both 
short- and long-term perspectives (Ausden 
2004,  Mitchell et al. 2006). In addition, in-
corporating  landscape-scale  variables  will 
be essential for better explaining patterns 
in bird presence, absence, and species rich-
ness (Mitchell et al. 2006).

Acknowledgements
AP  conceived  the  study,  developed  the 

methodology, curated the data,  managed 
the  project,  and  prepared  the  original 
draft; YP contributed to conceptualization, 
methodology,  formal  analysis,  and  draft 
preparation; LC performed formal analysis 
and contributed to review and editing; GT 
and TC curated data and participated in re-
view and editing; SB curated data, acquired 
funding,  supervised the  project,  and con-
tributed to review and editing; TS curated 
data,  supervised the project,  and contrib-
uted to review and editing. All authors read 
and approved the final manuscript.

We are grateful to Rafael De Andrade for 
contributing to data collection and elabora-
tion. We thank the numerous birders and 
foresters who contributed to data acquisi-
tion.  French data  were partly  granted by 
the French Ministry of Ecology (convention 
Cemagref-DEB  /  MEEDDAT,  Action  GNB 
through the “Biodiversité et Gestion Fores-
tière”  program  (convention  GNB  no. 
2100214651)  and  the  National  Forestry 
Board  (“Office  National  des  Forêts”,  con-
vention ONF-Cemagref, Action 5, 2008).

AP was supported by a PhD grant super-
vised by TS from the Fondazione Cariparo 
and  by  the  Short-Term  Scientific  Mission 
Grant provided by the COST Action 18207 
Bottoms-Up. This article was funded by the 
EU  Framework  Programme  Horizon  2020 
through  the  COST  Association  (https:// 
www.cost.eu): COST Action CA18207: BOT-
TOMS-UP -  Biodiversity  of  Temperate for-
est  Taxa  Orienting  Management  Sustain-
ability by Unifying Perspectives. SB, TC and 
TS  acknowledge  the  support  of  the  Na-
tional Biodiversity Future Center (NBFC) to 
the Sapienza University of Rome and Uni-
versity  of  Padova,  funded  under  the  Na-
tional  Recovery  and  Resilience  Plan 
(NRRP),  Mission  4  Component  2  Invest-

ment 1.4 - Call for tender No. 3138 of 16 De-
cember 2021, rectified by Decree n.3175 of 
18 December 2021 of Italian Ministry of Uni-
versity and Research funded by the Euro-
pean  Union  -  NextGenerationEU;  Project 
code  CN_00000033,  Concession  Decree 
No.  1034 of 17  June 2022 adopted by the 
Italian Ministry of University and Research, 
CUP:  B83C22002950007  and  C93C220028 
10006,  Project  title  “National  Biodiversity 
Future Center - NBFC”.

References
Augusto L, Dupouey J-L, Ranger J (2003). Effects 

of  tree species on understory vegetation and 
environmental conditions in temperate forests. 
Annals  of  Forest  Science  60:  823-831.  -  doi: 
10.1051/forest:2003077

Ausden  M  (2004).  Habitat  management.  In: 
“Bird Ecology and Conservation:  A Handbook 
of  Techniques”  (Sutherland  WJ,  Newton  I, 
Green  RE  eds).  Oxford  University  Press,  Ox-
ford, UK, pp.  329-369.

Barbati  A,  Marchetti  M,  Chirici  G,  Corona  P 
(2014).  European  forest  types  and  Forest  Eu-
rope  SFM  indicators:  tools  for  monitoring 
progress  on  forest  biodiversity  conservation. 
Forest Ecology and Management 321: 145-157. - 
doi: 10.1016/j.foreco.2013.07.004

Balakrishnan N, Colton T, Everitt B, Piegorsch W, 
Ruggeri  F,  Teugels  J  (2020).  Generalized Pois-
son distributions. Wiley StatsRef: Statistics Ref-
erence Online, John Wiley and Sons, Ltd., web-
site. - doi: 10.1002/9781118445112.stat08261

Batáry  P,  Fronczek S,  Normann C,  Scherber  C, 
Tscharntke T (2014).  How do edge effect and 
tree species diversity change bird diversity and 
avian nest survival in Germany’s largest decidu-
ous  forest?  Forest  Ecology  and  Management 
319: 44-50. - doi: 10.1016/j.foreco.2014.02.004

Birčák T,  Reif  J  (2015).  The effects of  tree age 
and tree species  composition on bird species 
richness in a Central European montane forest. 
Biologia  70  (11):  1528-1536.  -  doi:  10.1515/biolo 
g-2015-0171

Bledy M, Vacek S,  Brabec P,  Vacek Z,  Cukor J, 
Aerny J, Sevčík R, Brynychová K (2024). Silver 
fir  (Abies  alba Mill.):  review  of  ecological  in-
sights,  forest management strategies,  and cli-
mate  change’s  impact  on  European  forests. 
Forests 15 (6): 998. - doi: 10.3390/f15060998

Bouvet A, Paillet Y, Archaux F, Tillon L, Denis P, 
Gilg O, Gosselin F (2016). Effects of forest struc-
ture, management and landscape on bird and 
bat communities.  Environmental  Conservation 
43: 148-160. - doi: 10.1017/s0376892915000363

Braunisch V, Roder S, Coppes J, Froidevaux JS, 
Arlettaz R, Bollmann K (2019). Structural com-
plexity  in  managed  and  strictly  protected 
mountain  forests:  effects  on  the  habitat  suit-
ability for indicator bird species. Forest Ecology 
and Management 448: 139-149. - doi:  10.1016/j. 
foreco.2019.06.007

Brooks ME, Kristensen K, Van Benthem KJ, Mag-
nusson  A,  Berg  CW,  Nielsen  A,  Skaug  HJ, 
Maechler M, Bolker BM (2017). glmmTMB bal-
ances speed and flexibility among packages for 
zero-inflated  generalized  linear  mixed  model-
ing. The R Journal 9 (2): 378-400. - doi:  10.326 
14/RJ-2017-066

Bull  E L,  Parks C G, Torgersen TR (1997).  Trees 

25 iForest 19: 18-27

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1051/forest:2003077
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1016/j.foreco.2019.06.007
https://doi.org/10.1016/j.foreco.2019.06.007
https://doi.org/10.1017/s0376892915000363
https://doi.org/10.3390/f15060998
https://doi.org/10.1515/biolog-2015-0171
https://doi.org/10.1515/biolog-2015-0171
https://doi.org/10.1016/j.foreco.2014.02.004
https://doi.org/10.1002/9781118445112.stat08261
https://doi.org/10.1016/j.foreco.2013.07.004
https://www.cost.eu/
https://www.cost.eu/


Bird guild species richness and forest variables in mountain forests

and logs important to wildlife in the interior Co-
lumbia  River  basin.  General  Technical  Report 
PNW-GTR-391, USDA Forest Service, Pacific NW 
Research Station, Portland, OR, USA, pp. 55.

Bunce  RGH,  Bogers  MMB,  Evans  D,  Halada  L, 
Jongman RHG, Mücher CA, Bauch B, De Blust 
G, Parr TW, Olsvig-Whittaker L (2013). The sig-
nificance of habitats as indicators of biodiver-
sity and their links to species. Ecological Indica-
tors 33: 19-25. - doi: 10.1016/j.ecolind.2012.07.014

Burrascano S, De Andrade RB, Paillet Y, Odor P, 
Antonini G, Bouget C, Campagnaro T, Gosselin 
F, Janssen P, Persiani AM, Nascimbene J, Saba-
tini  FM,  Sitzia  T,  Blasi  C  (2018).  Congruence 
across  taxa and spatial  scales:  are  we asking 
too much of species data? Global Ecology and 
Biogeography 27: 980-990. - doi: 10.1111/geb.127 
66

Chamberlain DE, Negro M, Caprio E, Rolando A 
(2013). Assessing the sensitivity of alpine birds 
to potential future changes in habitat and cli-
mate to inform management strategies. Biolog-
ical Conservation 167: 127-135. - doi: 10.1016/j.bio 
con.2013.07.036

Corkery I, Irwin S, Quinn JL, Keating U, Lusby J, 
O’Halloran J (2020). Changes in forest cover re-
sult in a shift in bird community composition. 
Journal of Zoology 310 (4): 306-314. - doi: 10.1111 
/jzo.12757

Del  Castillo  J,  Pérez-Casany M (2005).  Overdis-
persed and underdispersed Poisson generaliza-
tions. Journal of Statistical Planning and Infer-
ence 134 (2): 486-500. - doi:  10.1016/j.jspi.2004. 
04.019

Díaz IA, Armesto JJ, Reid S, Sieving KE, Willson 
MF (2005). Linking forest structure and compo-
sition: avian diversity in successional forests of 
Chiloé Island, Chile. Biological Conservation 123 
(1): 91-101. - doi: 10.1016/j.biocon.2004.10.011

Drapeau P, Nappi A, Imbeau L, Saint-Germain M 
(2009). Standing deadwood for keystone bird 
species in the eastern boreal forest: managing 
for snag dynamics. The Forestry Chronicle 85: 
227-234. - doi: 10.5558/tfc85227-2

Duflot  R,  Heinrichs  S,  Balducci  L,  Chianucci  F, 
Hofmeister J, Paillet Y, Trentanovi G, Archaux F, 
Boch S, Bouget C, Dvolák D, Fischer M, Gosselin 
F,  Gosselin  M, Gossner MM, Holá E,  Hošek J, 
Jung K, Palice Z, Renner SC, Weisser WW, Nagel 
TA, Burrascano S,  Schall  P (2025). Sustainable 
forest  planning:  Assessing biodiversity  effects 
of Triad zoning based on empirical data and vir-
tual  landscapes.  Proceedings  of  the  National 
Academy  of  Sciences  USA  122  (39):  e2512683 
122. - doi: 10.1073/pnas.2512683122

Farwell  LS,  Wood PB,  Dettmers R,  Brittingham 
MC (2020).  Threshold responses of  songbirds 
to  forest  loss  and  fragmentation  across  the 
Marcellus-Utica shale gas region of central Ap-
palachia,  USA.  Landscape  Ecology  35:  1353-
1370. - doi: 10.1007/s10980-020-01019-3

Fauth  JE,  Bernardo J,  Camara  M,  Resetarits  Jr 
WJ, Van Buskirk J, McCollum SA (1996). Simpli-
fying the jargon of community ecology: a con-
ceptual approach. The American Naturalist 147 
(2): 282-286. - doi: 10.1086/285850

Fong Y, Huang Y, Gilbert PB, Permar SR (2017). 
chngpt: threshold regression model estimation 
and inference. BMC Bioinformatics 18 (1): 454. - 
doi: 10.1186/s12859-017-1863-x

Forest Europe (2020). State of Europe’s Forests 

2020 (Köhl M, Linser S, Prins K eds). Forest Eu-
rope Liaison Unit, Bratislava, Slovakia, pp. 394.

Fuller RJ (2003). Bird life of woodland and for-
est.  Cambridge  University  Press,  Cambridge, 
UK, pp. 244.

Fuller RJ, Robles H (2018). Conservation strate-
gies  and  habitat  management  for  European 
forest birds. In: “Ecology and Conservation of 
Forest Birds” (Mikusinski G, Roberge JM, Fuller 
RJ  eds).  Cambridge  University  Press,  Cam-
bridge, UK, pp. 455-507.

Geitzenauer M, Blondet M, De Koning J, Ferranti 
F, Sotirov M, Weiss G, Winkel G (2017). The chal-
lenge of financing the implementation of Nat-
ura  2000  -  Empirical  evidence  from  six  Euro-
pean Union Member States. Forest Policy and 
Economics 82:  3-13.  -  doi:  10.1016/j.forpol.2017. 
03.008

Gil-Tena A, Saura S, Brotons L (2007). Effects of 
forest composition and structure on bird spe-
cies richness in a Mediterranean context: impli-
cations for forest ecosystem management. For-
est  Ecology and Management  242:  470-476.  - 
doi: 10.1016/j.foreco.2007.01.080

Gregory RD, Gibbons DW, Donald PF (2004). Bird 
census  and survey  techniques.  In:  “Bird  Ecol-
ogy  and  Conservation:  A  Handbook  of  Tech-
niques”  (Sutherland WJ,  Newton I,  Green  RE 
eds). Oxford University Press, Oxford, UK, pp. 
17-56.

Gregory RD, Van Strien A, Vorisek P, Gmelig Mey-
ling  AW,  Noble  DG,  Foppen  RP,  Gibbons  DW 
(2005).  Developing  indicators  for  European 
birds.  Philosophical  Transactions  of  the  Royal 
Society  B:  Biological  Sciences  360:  269-288.  - 
doi: 10.1098/rstb.2004.1602

Gregory  RD,  Skorpilova  J,  Vorisek  P,  Butler  S 
(2019).  An analysis  of  trends,  uncertainty and 
species selection shows contrasting trends of 
widespread  forest  and  farmland  birds  in  Eu-
rope. Ecological Indicators 103: 676-687. - doi: 
10.1016/j.ecolind.2019.04.064

Hagan JM, Whitman AA (2006). Biodiversity indi-
cators for sustainable forestry: simplifying com-
plexity.  Journal  of  Forestry  104 (4):  203-210.  - 
doi: 10.1093/jof/104.4.203

Hobson KA, Bayne E (2000). Breeding bird com-
munities  in  boreal  forest  of  Western  Canada: 
consequences of  unmixing the mixed woods. 
The Condor 102: 759-769. - doi: 10.1093/condor/ 
102.4.759

Kebrle D, Hofmeister J, Kodet V, Hošek J (2023). 
Key structural factors and their thresholds for 
promoting  bird  diversity  in  spruce-dominated 
production  forests  of  central  Europe.  Forest 
Ecology and Management 550 (9): 121522. - doi: 
10.1016/j.foreco.2023.121522

Kleiber C, Zeileis A (2020). Package aer - Applied 
econometrics  with R.  R  package version 1(4), 
CRAN,  pp.  206.  [online]  URL:  http://cran.r-
project.org/web/packages/AER/AER.pdf

Korlan M, Holmes R, Recher H, Adamík P, Kropil 
R (2013). Convergence in foraging guild struc-
ture  of  forest  breeding  bird  assemblages 
across  three  continents  is  related  to  habitat 
structure and foraging opportunities. Commu-
nity Ecology 14 (1): 89-100. - doi: 10.1556/comec. 
14.2013.1.10

Larrieu L, Cabanettes A, Gonin P, Lachat T, Pail-
let Y, Winter S, Bouget C, Deconchat M (2014). 
Deadwood and tree microhabitat dynamics in 

unharvested  temperate  mountain  mixed  for-
ests: a life-cycle approach to biodiversity moni-
toring.  Forest  Ecology  and Management  334: 
163-173. - doi: 10.1016/j.foreco.2014.09.007

Lindenmayer  DB,  Claridge  AW,  Gilmore  AM, 
Michael D, Lindenmayer BD (2002). The ecolog-
ical roles of logs in Australian forests and the 
potential  impacts of harvesting intensification 
on log-using biota. Pacific Conservation Biology 
8 (2): 121-140. - doi: 10.1071/pc020121

Mazerolle MJ (2019). AICcmodavg: model selec-
tion  and  multimodel  inference  based  on 
(Q)AIC(c).  R  package  version  2:2-1,  website.  - 
doi: 10.32614/CRAN.package.AICcmodavg

McCain CM (2009). Global analysis of bird eleva-
tional diversity. Global Ecology and Biogeogra-
phy 18 (3): 346-360. - doi:  10.1111/j.1466-8238.20 
08.00443.x

Mikusinski  G,  Villero  D,  Herrando  S,  Brotons  L 
(2018). Macroecological patterns in forest bird 
diversity in Europe. In: “Ecology and Conserva-
tion  of  Forest  Birds”  (Mikusinski  G,  Roberge 
JM, Fuller RJ eds). Cambridge University Press, 
Cambridge, UK, pp. 137-182.

Mitchell MS, Rutzmoser SH, Wigley TB, Loehle C, 
Gerwin  JA,  Keyser  PD,  Lancia  RA,  Perry  RW, 
Reynolds CJ, Thill RE, Weih R, White D, Wood 
PB  (2006).  Relationships  between  avian  rich-
ness and landscape structure at multiple scales 
using multiple landscapes. Forest Ecology and 
Management 221 (1-3): 155-169. -  doi:  10.1016/j. 
foreco.2005.09.023

Mollet  P,  Bollmann  K,  Braunisch  V,  Alletaz  R 
(2018). Subalpine coniferous forests of Europe. 
Avian  communities  in  European  high-altitude 
woodlands.  In:  “Ecology and Conservation  of 
Forest Birds” (Mikusinski G, Roberge JM, Fuller 
RJ  eds).  Cambridge  University  Press,  Cam-
bridge, UK, pp. 231-252.

Müller  J,  Bütler  R  (2010).  A  review  of  habitat 
thresholds for dead wood: a baseline for man-
agement  recommendations  in  European  for-
ests. European Journal of Forest Research 129: 
981-992. - doi: 10.1007/s10342-010-0400-5

Paillet Y, Pernot C, Boulanger V, Debaive N, Fuhr 
M, Gilg O, Gosselin F (2015). Quantifying the re-
covery  of  old-growth  attributes  in  forest  re-
serves: a first reference for France. Forest Ecol-
ogy and Management 346: 51-64. - doi: 10.1016/ 
j.foreco.2015.02.037

Ram D, Axelsson AL, Green M, Smith HG, Lind-
ström A (2017). What drives current population 
trends in forest birds - forest quantity, quality 
or climate? A large-scale analysis from northern 
Europe. Forest Ecology and Management 385: 
177-188. - doi: 10.1016/j.foreco.2016.11.013

R Core Team (2018). R: A language and environ-
ment  for  statistical  computing.  R  Foundation 
for Statistical Computing, Vienna, Austria. [on-
line] URL: http://www.r-project.org

Reif  J,  Skálová  AJ,  Vermouzek  Z,  Voríšek  P 
(2022). Long-term trends in forest bird popula-
tions  reflect  management  changes  in  Central 
European  forests.  Ecological  Indicators  141: 
109137. - doi: 10.1016/j.ecolind.2022.109137

Rigal S, Dakos V, Alonso H, Auniņš A, Benkő Z, 
Brotons L, Chodkiewicz T, Chylarecki P, de Carli 
E, del Moral J C, Domşa C, Escandell V, Fontaine 
B, Foppen R, Gregory R,  Harris S, Herrando S, 
Husby M, Ieronymidou C, Jiguet F, Kennedy J, 
Klvaňová A, Kmecl P, Kuczynski L, Kurlavičius P, 

iForest 19: 18-27 26

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1016/j.ecolind.2022.109137
http://www.r-project.org/
https://doi.org/10.1016/j.foreco.2016.11.013
https://doi.org/10.1016/j.foreco.2015.02.037
https://doi.org/10.1016/j.foreco.2015.02.037
https://doi.org/10.1007/s10342-010-0400-5
https://doi.org/10.1016/j.foreco.2005.09.023
https://doi.org/10.1016/j.foreco.2005.09.023
https://doi.org/10.1111/j.1466-8238.2008.00443.x
https://doi.org/10.1111/j.1466-8238.2008.00443.x
https://doi.org/10.32614/CRAN.package.AICcmodavg
https://doi.org/10.1071/pc020121
https://doi.org/10.1016/j.foreco.2014.09.007
https://doi.org/10.1556/comec.14.2013.1.10
https://doi.org/10.1556/comec.14.2013.1.10
https://doi.org/10.1016/j.foreco.2023.121522
https://doi.org/10.1093/condor/102.4.759
https://doi.org/10.1093/condor/102.4.759
https://doi.org/10.1093/jof/104.4.203
https://doi.org/10.1016/j.ecolind.2019.04.064
https://doi.org/10.1098/rstb.2004.1602
https://doi.org/10.1016/j.foreco.2007.01.080
https://doi.org/10.1016/j.forpol.2017.03.008
https://doi.org/10.1016/j.forpol.2017.03.008
https://doi.org/10.1186/s12859-017-1863-x
https://doi.org/10.1086/285850
https://doi.org/10.1007/s10980-020-01019-3
https://doi.org/10.1073/pnas.2512683122
https://doi.org/10.5558/tfc85227-2
https://doi.org/10.1016/j.biocon.2004.10.011
https://doi.org/10.1016/j.jspi.2004.04.019
https://doi.org/10.1016/j.jspi.2004.04.019
https://doi.org/10.1111/jzo.12757
https://doi.org/10.1111/jzo.12757
https://doi.org/10.1016/j.biocon.2013.07.036
https://doi.org/10.1016/j.biocon.2013.07.036
https://doi.org/10.1111/geb.12766
https://doi.org/10.1111/geb.12766
https://doi.org/10.1016/j.ecolind.2012.07.014
https://cran.r-project.org/web/packages/AER/AER.pdf
https://cran.r-project.org/web/packages/AER/AER.pdf


Portaccio A et al. - iForest 19: 18-27

Kålås J A, Lehikoinen A, Lindström A, Lorrillière 
R, Moshoej C, Nellis R, Noble D, Eskildsen D P, 
Paquet  J,  Pélissié  M,  Pladevall  C,  Portolou  D, 
Reif J, Schmid H, Seaman B, Szabo Z D, Szép T, 
Florenzano  GT,  Teufelbauer  N,  Trautmann  S, 
van  Turnhout  C,  Vermouzek  Z,  Vikstroem  T, 
Vorísek I,  Weiserbs A, Devictor V (2023). Farm-
land practices  are  driving bird  population de-
cline across Europe. Proceeding of the National 
Academy of Sciences USA 120 (21): e2216573120 
– doi: 10.1073/pnas.2216573120

Roberge JM, Angelstam P (2006). Indicator spe-
cies  among  resident  forest  birds:  a  cross-re-
gional evaluation in northern Europe. Biological 
Conservation  130:  134-147.  -  doi:  10.1016/j.bio 
con.2005.12.008

Roberge JM, Virkkala R,  Mönkkönen M (2018). 
Boreal forest bird assemblages and their con-
servation.  In:  “Ecology  and  Conservation  of 
Forest Birds” (Mikusinski G, Roberge JM, Fuller 
RJ  eds).  Cambridge  University  Press,  Cam-
bridge, UK, pp. 183-230.

Saetre P, Saetre LS, Brandtberg PO, Lundkvist H, 
Bengtsson J (1997). Ground vegetation compo-
sition  and  heterogeneity  in  pure  Norway 
spruce and mixed Norway spruce-birch stands. 
Canadian  Journal  of  Forest  Research  27  (12): 
2034-2042. - doi: 10.1139/x97-177

Sánchez S, Cuervo JJ, Moreno E (2012). Vegeta-
tion  structure  in  beech-fir  forests:  effects  on 
the avian community. Revue d’Écologie (Terre 
et  Vie)  67:  213-222.  -  doi:  10.3406/revec.2012. 
1635

Seibold S, Richter T, Geres L, Seidl R, Martin R, 
Mitesser  O,  Senf  C,  Griem L,  Müller  J  (2024). 

Soundscapes and airborne laser scanning iden-
tify vegetation density and its interaction with 
elevation as  main  driver  of  bird diversity  and 
community composition. Diversity and Distribu-
tions 30 (12): 3905. - doi: 10.1111/ddi.v30.12

Smyčková M, Koutecky T, Ujházyová M, Ujházy 
K, Verheyen K, Volarík D, Sebesta J,  Friedl M, 
Malis F, Hofmeister J (2024). Herb layer species 
richness declines with heterogeneity of the for-
est structure in primary beech-dominated for-
ests  while  proportion  of  forest  specialists  in-
creases. Forest Ecology and Management 556: 
121728. - doi: 10.1016/j.foreco.2024.121728

Uhl  B,  Krah FS,  Baldrian P,  Brandl  R,  Hagge J, 
Müller J,  Thorn S, Vojtech T, Bässler C (2022). 
Snags, logs, stumps, and microclimate as tools 
optimizing  deadwood  enrichment  for  forest 
biodiversity.  Biological  Conservation  270  (5): 
109569. - doi: 10.1016/j.biocon.2022.109569

Wesolowski  T,  Martin K (2018).  Tree holes and 
hole-nesting  birds  in  European  and  North-
American forests.  In:  “Ecology and Conserva-
tion  of  Forest  Birds”  (Mikusinski  G,  Roberge 
JM, Fuller RJ eds). Cambridge University Press, 
Cambridge, UK, pp. 79-134.

Zuur AF, Ieno EN (2016). A protocol for conduct-
ing  and  presenting  results  of  regression-type 
analyses. Methods in Ecology and Evolution 7: 
636-645. - doi: 10.1111/2041-210X.12577

Zuur AF, Ieno EN, Elphick CS (2009). A protocol 
for data exploration to avoid common statisti-
cal  problems.  Methods  in  Ecology and Evolu-
tion  1:  3-14.  -  doi:  10.1111/j.2041-210X.2009.000 
01.x

Supplementary Material

Appendix 1 - Testing the differences among 
protocols.

Appendix  2 -  Main  characteristics  of  the 
bird-related variables categories.

Fig. S1 -  Boxplot of sample coverage esti-
mates  grouped  by  combinations  of  sam-
pling  duration  and  area  across  the  three 
regions. 

Tab.  S1 -  Information for  each of  the 148 
forest  plots,  including  topographic  vari-
ables, management strategy (managed or 
unmanaged),  European  forest  categories 
(EEA, 2006), and Habitat Directive codes.

Tab. S2 - Summary of the number of plots 
assigned to each Habitat Directive habitat 
type, as derived from Tab. S1. 

Tab. S3 - Summary of the main characteris-
tics of the bird sampling protocols adopted 
across the different sites. 

Tab. S4 - List of observed bird species with 
ecological traits and plot frequency. 

Tab.  S5 -  Species  overlap  among  bird 
guilds.

Link: Portaccio_4921@suppl001.pdf

27 iForest 19: 18-27

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.1111/2041-210X.12577
https://doi.org/10.1016/j.biocon.2022.109569
https://doi.org/10.1016/j.foreco.2024.121728
https://doi.org/10.1111/ddi.v30.12
https://doi.org/10.3406/revec.2012.1635
https://doi.org/10.3406/revec.2012.1635
https://doi.org/10.1139/x97-177
https://doi.org/10.1016/j.biocon.2005.12.008
https://doi.org/10.1016/j.biocon.2005.12.008
http://iforest.sisef.org/pdf/Portaccio_4921@suppl001.pdf
https://doi.org/10.1073/pnas.2216573120

	Bird response to forest structure and composition and implications for sustainable mountain forest management
	Introduction
	Materials and methods
	Survey sites and plot selection
	Data collection and variable selection
	Bird surveys
	Forest structure and tree species richness

	Statistical analyses

	Results
	Discussion
	Elevation
	Living trees
	Deadwood
	Limitations and opportunities

	Conclusion
	Acknowledgements
	References
	Supplementary Material


