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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-
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ing this methodology to additional variables and biodiversity metrics.

Keywords: Forest Biodiversity, Deadwood, Biodiversity Indicators, Woodland
Birds, Forest Structure, Forest Composition, Bird Guilds

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-
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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-
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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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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 15%), 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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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
(i) 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).

Bird guild species richness and forest variables in mountain forests

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 c¢m were in-
cluded, and values were standardized to
per-hectare units.

We considered total deadwood volume
(m3 ha"), and volumes of its components
(m3 ha"): logs, snags (height >1.3 m), and
stumps (height <1.3 m). We calculated both
average basal area (m> ha") and tree den-
sity (n ha") 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-

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 (AlCc) 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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é"} nesters SR (0.084) (0.079) (0.067) (0.089) (0.104) (0.07)
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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. S1in 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 (AlCc). 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 AlCc improvement
was <2 points, or when seven variables had
been included to avoid overfitting (Zuur et
al. 2009, Zuur & leno 2016). This procedure
identifies the most parsimonious model ex-
plaining species richness, which was our re-
sponse variable. At each round of variable

Species richness

Species richness

750 1000 1500 50

1250
Elevation (m a.s.l)

bird assemblage

Species richness

Species richness

0 250 500 750 0
Silver fir density (n/ha)
bird assemblage

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). AlCc model compar-
isons were performed with the “AlCcmo-
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-

Species richness

e - ———

1250 1500 o 25 50
Elevation (m a.s.l.)

forest generalists — forest specialists bird assemblage

Species richness

Total basal area (m*/ha)

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 m? ha" was
associated with a mean decrease of ~38%
(-0.4 species) in the number of ground-

Species richness

75 0 25 50 75
Total basal area (m¥/ha)
forest generalists — forest specialists

Species richness

|

250 500 750 0 50 100
Total deadwood volume (m*ha)

Silverfir density (n/ha)

forest generalists — forest specialists bird assemblage

150 0 50 100 150
Total deadwood volume (m*/ha)
forest generalists — forest specialists

Fig. 2 - Relationships between bird species richness and key forest variables. Relationships between total bird assemblage species
richness (left: a, ¢, 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 (¢, 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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Bird guild species richness and forest variables in mountain forests
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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 (m? ha"); (b) total tree density (N ha"); 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).

nesting species per plot. In comparison, an
increase in total tree density from o to 634
trees ha' 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 o to
390 trees ha' (maximum observed value -
Fig. 3¢). 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 o 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

Species richness
N

-

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' 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" 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

Species richness
N

-

(Tab. 2). A threshold at 17.8 m3 ha" (except
the value of 0.2 m3 ha" 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 m? ha" 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”).
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.

Species richness
N

g

2 4 6
Tree species diversity (n/ha)

— forest specialists

2 4 6
Tree species diversity (n/ha)

— aerial foragers

2 4 6
Tree species diversity (n/ha)

— cavity nesters

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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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).

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.

Lower Upper Slope Lower Upper

Response Explanatory Threshold cl cl change cl cl 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  Total deadwood 14.0 0.3 27.8 -0.011 -0.491 0.47 0.965
SR 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
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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 (Dfaz 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 m* ha' but became stronger above
that value. Notably, the observed thresh-
old was slightly above the mean basal area
in our dataset (35.7 m? ha'), 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.
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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, Sdnchez 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 (Smyckova 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, Batary
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 (Batary 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 Bir¢dk & 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") and lower
than previously reported thresholds in
montane ecosystems (30-40 m3 ha' - Mul-
ler & Butler 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). Diaz 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
etal. 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 (Miller & Biitler
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.

25

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).
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