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l. Introduction

Forests are one of the most important habitats for biodiversity. These habitats represent
31% of the world's surface area and are home to 60% of all plant species, 68% of all mammals,
75% of all birds, and 80% of amphibians, highlighting their crucial role for all terrestrial groups
(FOA, 2022). They provide protection, resources such as food or nesting opportunities and
diverse ecological niches to many specialist species.

In France, forests cover 31% of the total surface area, with 75% of these forests privately
owned and many managed for timber production (IGN, 2022). Although forest cover is increasing
across Europe, this change is primarily due to agricultural abandonment since the 1940s and
earlier regulations established to rationalize forest use, dating back to policies implemented by
Colbert. Despite this increase, European forests are becoming less diverse (Langridge et al.,
2023). One proposed solution to counteract this biodiversity loss is the implementation of
sustainable forest management (Miina et al., 2020).

Measuring forest biodiversity and health involves characterizing the forest structure
(Spies, 1998). Diversity in forest structure has been shown to increase overall forest biodiversity
(Bouvet et al., 2016; Myllymaki et al., 2024). Various metrics and habitats are used to assess
forest maturity and health, including the amount of dead wood, tree age and size, tree species
composition (Myllymaki et al., 2024), and the vertical and horizontal variations in canopy density
(Spies, 1998). These traditional measurements, historically focused on wood production, often
fall short in explaining the full distribution of biodiversity within forests. An essential additional
metric is the number of microhabitats on trees (Vuidot et al., 2011; Yoan Paillet et al., 2018),
which include diverse features such as tree crown skeletons, crown deadwood, fungal conks,
cavities, cracks, and specific bark characteristics (Larrieu et al., 2018). Microhabitats are not only
easier and cheaper for forest managers to characterize but also more representative of animal
diversity than standard structural measurements (Paillet et al., 2018). Both microhabitat and
traditional structural measurements are used to characterize forest stands as structural forest
indicators.

To achieve sustainable forest management, it is crucial to develop and use biodiversity
indicators alongside structural forest indicators. These indicators address challenges such as
limited time, workforce, and expertise while providing traceability and robustness in

management practices (Oettel and Lapin, 2021). Biodiversity indicators are metrics or
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measurements that are indicative of how biodiverse an area is, how many and which species are
present or even if the community is healthy (Oettel and Lapin, 2021). Many forest-specific
indicators are currently employed such as species persistence, ecosystem area or ecosystem
health (Rowland et al., 2020). Each of these indicators can be calculated from measurements or
observations made over time but large-scale indicators are not the only ones used in the field. In
animal biodiversity assessment, an indicator will often be a chosen species that is relatively
common, easy to identify or track and sensitive to environmental variation (Oettel and Lapin,
2021).

In forests, one of the most common taxonomic groups used as indicators of bird diversity

and mature forest habitats are woodpeckers (Grzegorz Mikusinski et al., 2001; Drever et al.,
2008; Oettel and Lapin, 2021; Basile et al., 2022). Woodpecker species (Picidae) are often
considered umbrella species for forest dwelling bird conservation as they require large relatively
unmanaged forested areas as well as sufficient volumes of dead wood (Garmendia, Carcamo and
Schwendtner, 2006; Bell et al., 2015; Basile et al., 2022) but also provide cavities for other species
(Cockle, Martin and Wiebe, 2008; Colmant, 2016; Puverel et al., 2019). Different species are
considered indicators of different habitats. For instance, the white-backed woodpecker
(Dencocopos leucotos) is often referred to as an indicator of mature forests with high levels of
both standing and lying dead wood (Garmendia, Carcamo and Schwendtner, 2006; Bell et al.,
2015). The presence of woodpeckers does not only concern dead wood volume, woodpeckers
act as ecosystem engineers - due to their ability to modify their environment - as the cavities
excavated by woodpeckers provide many other species such as fungi, other birds and mammals
with access to the heart of trees as well as shelter (Cockle, Martin and Wesotowski, 2011;
Colmant, 2016; Zahner, Bauer and Kaphegyi, 2017; Edworthy et al., 2018; Puverel et al., 2019;
Trzcinski et al., 2022).
There are 10 woodpecker species in Europe (Gorman, 2015), the largest of which is the Black
woodpecker (Dryocopus martius). Though Black woodpeckers are forest specialists, they are also
considered one of the more generalist woodpecker species as they do not rely solely on dead
wood to excavate or feed (Pirovano and Zecca, 2014) and their range is ever expanding from
Scandinavia to southern Europe and even the Middle-East (Rolstad, Majewski and Rolstad, 1998;
Olano et al., 2015; Karimi et al., 2018; Fernandez-Garcia, 2022)(Figure 1).



Figure 1: Black woodpecker (Dryocopus martius) distribution (source: Lynx Edicions/ Birdlife

International).

The cavities of Black woodpeckers are of particular importance due to their size. These

cavities can range from 20 to 25 cm in width and 40 to 55 cm in depth (Puverel et al., 2019 ; Cusin,

1967) (Figure 2).
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Figure 2: Edited Black woodpecker cavity representation indicating the average size of a cavity

entrance (in yellow and orange), the cavity’s width (in green) and its depth (in blue).



Black woodpecker cavities are excavated in living trees (Garmendia, Cadrcamo and Schwendtner,
2006; Khanaposhtani et al., 2012; Pirovano and Zecca, 2014) with a strong preference, in Western
Europe, for trees over 25 cm in diameter within Beech tree stands (Pirovano and Zecca, 2014;
Olano et al., 2015; Zahner, Bauer and Kaphegyi, 2017). The excavated cavities are not only nesting
holes but can also simply be roosting sites (Bocca, Carisio and Rolando, 2007; Pirovano and Zecca,
2014; Olano et al., 2015). Excavation can accelerate the decomposition rate of the tree by
providing access to the heart wood for fungi as well as saproxylic insects (Jusino et al., 2016;
Hebda and Btoszyk, 2024). With ever increasing forest management practices and the reduction
of mature and old forest patches across the landscape (Miina et al., 2020; Oettel and Lapin,
2021), these cavities can be especially important to large forest cavity nesters that cannot create
their own cavities such as the Boreal Owl (Aegolius funereus), Pygmy Owl (Glaucidium
passerinum), Stock doves (Columba oenas) and even some mammals such as the Pine martin
(Martes martes) or Red squirrels (Sciurus vulgaris) (Brambilla et al., 2013; Pirovano and Zecca,
2014; Colmant, 2016; Zahner, Bauer and Kaphegyi, 2017). Therefore, the size of both the cavities
and home ranges of Black woodpeckers make it an important species to consider in European
forestry and biodiversity retention. In this case, the cavity, acting as a structural forest indicator,
could also be used as an indirect biodiversity indicator due to the presumed role of the Black
Woodpecker in forest communities.

How we monitor avian indicator species is evolving. Bird point counts are still in effect in
many studies but the rapid technological progress made in recent years has led to the increased
use of passive monitoring devices in scientific studies (Budka, Kutaga and Osiejuk, 2021;
Sandbrook et al., 2021; Symes et al., 2022). When monitoring specific bird species or a
community, the most adapted passive monitoring devices are acoustic recorders. The use of
autonomous sound recorders is comparable to human-led point count surveys with studies
achieving statistically similar results using either method (Darras et al., 2018; Blake, 2021). Some
of the advantages of recordings are the standardisation of data collection and that these
technologies allow for sampling in difficult conditions. Passive recorders can be set in the field to
record at pre-determined times and do so automatically for long periods of time given the
appropriate battery life.

Growing with the use of passive recording devices is the development of Artificial Intelligence

software (Al) capable of identifying species. One of the most prominent Als used for bird
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identification is BirdNet ( https://github.com/kahst/BirdNET ), a convolutional neural network

created and maintained by the Cornell Lab of Ornithology (Kahl et al., 2021; Pérez-Granados,
2023; Ware et al., 2023). Convolutional neural networks are capable of learning from ever
increasing datasets thanks to citizen science programs and imputed data to enable large amounts
of data to be processed automatically with automated species identification (Clark et al., 2023).
Acoustic recordings do not only allow for the identification of animals on a species level. The field
of ecoacoustics has developed around the use of passive recordings in research (Sueur and
Farina, 2015). Acoustic recordings enable the isolation and study of the soundscape, the totality
of sounds occurring at a location (Pijanowski et al.,, 2011; Gasc et al., 2017), of a given
environment. One of the most important means of communication in natural soundscapes is
through the production of sound by individuals, most especially in complex bird communities.
Representing species diversity, anthropogenic noise or even the complexity of soundscapes from
a recording requires acoustic indices. These acoustic indices are metrics calculated from the
amplitude, frequency and duration of sounds in a recorded environment (Barbaro et al., 2022).

With the increasing use of technology in research, acoustic indices and convolutional neural
networks can be used to study the communities around vocal indicator species such as the Black
woodpecker.

This study is part of the wider TRAMETES project (https://trametes.hub.inrae.fr/le-projet-
trametes) with a focus on recorded bird communities around Black woodpecker cavities in five
forest habitats across France. We are considering the Black woodpecker as an ecosystem
engineer that, through the excavation of large cavities, could act as an indicator species in mature
forest habitats.

Therefore, we first hypothesised that the presence of Black woodpecker cavities at a given
site would increase the number of bird species detected then in the absence of a cavity. Since
the response of species may depend on different ecological traits this hypothesis was tested on
four levels: the whole bird community, cavity nesting species, then forest specialist species and
finally on an individual species level. Cavity nesting species are expected to increase in numbers
in cavity plots and rely more on the presence of a cavity. Forest specialists and overall species
numbers are also expected to increase in cavity plots as they include many cavity nesting species.
Due to the environmental preferences of Dryocopus martius, we also hypothesised that the

composition of a community would change between cavity nesting individuals and non-forest



specialists depending on the type, with or without a cavity, of the plot with more mature forest
specialist species preferring cavity prone areas.

Then, we wanted to investigate whether it is the presence of the cavity itself or the
influence of the surrounding environment that could impact any species distributions. We
included environmental variables that represent the cavity excavation site preferences of Black
woodpeckers to evaluate how higher forest maturity could lead to an increase of species (Bouvet
et al., 2016), as opposed to just the presence of a cavity.

Finally, as recordings were used for this study, we investigated two ecoacoustic
hypotheses. First of all, we hypothesised that anthropogenic noise would be reduced in cavity
plots as an anthropogenic avoidance tactic of the black woodpecker when excavating the cavity.
We also hypothesised that the soundscape in cavity plots would be more diverse and result in
higher acoustic index scores.

The main objective of this study was to demonstrate the relative importance of Black
woodpecker cavities, as a structural biodiversity indicator, to forest bird communities. In order
to reach this objective as well as utilise the format of our data, the second objective of this study
was to use both classic biodiversity indices (species richness calculations) and more novel

acoustic indices to represent and study the biodiversity of forest bird communities.

1. Materials and Methods

I.1. Study design

Eighty plots were selected across 5 forest sites in Metropolitan France (Map 1). The plots are
paired and half have a Black woodpecker cavity on a beech tree at their centre and the other half
are control plots with no cavity on the central tree. Only the cavities on the central trees of plots
were confirmed as genuine cavities. Therefore, though other tree cavities were noted, we focused
on the central tree and did not retain the total number of potential cavities on a plot in our
analyses. The paired plots were selected randomly within an 850m zone around the chosen cavity
plot prior to fieldwork so that they are both within the Black Woodpecker’s extended home range.
Each pair of plots must also be within a difference of altitude of no more than 100 m, a similar
slope (less than 20 % difference) and have the same exposure and forest type. The cavity plots

were selected from data collected in the field by forest managers, these sites were randomly
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selected from this data and the supposed cavities were then confirmed to be genuine cavities

using a camera on an extendable pole in the field. Each site contains at least 5 pairs.

} AUBERIVE
LOCHES

y f
0 2.75.55km

VOLCANS

CEVENNES

Map 1: Map of the 5 forest sites and 80 plots. All French public forests are shown in green on

the central map of Metropolitan France.

The sites were distributed across two types of forest: 30 in lowland (Loches and Auberive) and 50
in mountainous (Volcans, Cevennes and Alps) forests. All plots were in locations away from high
levels of human activity such as towns, roads and highly used footpaths. All the forests are
managed except the Hauts plateaux du Vercors which is an unmanaged strict forest reserve in the

Alps (Vercors).

11.2. The dendrometric variables
At every site, dendrometric measurements were taken. Dendrometric measurements are
measurements of tree and stand attributes. The Protocole de Suivi Dendrométrique des Réserves

Forestiéres (PSDRF) protocol was used to collect tree measurements in every plot (Appendix 1).



This protocol was created by French forestry organisations (the Office National des Foréts (ONF),
INRAE, AgroParisTech and ENGREF (Ecole national du genie rural, des eaux et des foréts, the
Réserves Naturelles de France (RNF), CEMAGREF (Centre d’Etudes du Machinisme Agricole, du
Génie Rural, des Eaux et Foréts) and the Observatoire des Foréts sentinelles) in order to
standardize dentrometric measurements in forest reserves on a national scale, and more
specifically to enable consistent data collection on dead wood volume and continuity. The
protocol is applied to permanent plots which can be measured originally to represent an initial
forest conservation status and then again at a later date to measure any changes in composition
or structure over time or after a change in management strategy.

At the centre of each plot is a living tree either with or without a cavity. There are multiple
categories of measurements: living trees, dead trees, regeneration in the understory and
microhabitat identification. Measurements representing the environmental preferences of Black
woodpecker cavity excavation behaviour were retained: mean living tree diameter (mean DBH :
measured at breast height (130 cm)), the percentage of Beech trees (Beech %) and the total dead
wood volume (V.DW : both standing and lying dead trees).

The mean DBH measurements were recorded in three steps as detailed by Cateau et al.
(2024). Any living trees and snags (standing dead trees over 1.30 m) within 7.5 to 30 cm of
diameter (DBH) were measured within 10 m of the central tree (314 m?) (Figure 3).

Living trees with a DBH over 30 cm were recorded using a fixed angle plot method within a
relascopic angle of 3 % (Figure 3). The height and DBH of the smallest living trees, with under 7.5
cm DBH, were included within three 1.5 m radius subplots.

Snags with a DBH over 30 cm were recorded within 20 m of the central plot point (Figure 3).
Lying dead wood was included with a DBH between 5 and 30 cm and when it came into contact
with one of 3 transects. These 20 m transects started at the centre of the plot and were at 0, 133
and 240 degrees (Figure 3) (Cateau et al., 2024). Lying and standing dead wood values were added

together to calculate one total dead wood volume metric.
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Figure 3: Graphical representation of the dendrometric sampling methods performed in each

plot. DBH: Diameter at breast height, SDT: Standing dead wood (Cateau et al., 2024).

Volume and basal area were estimated per tree and then added together to calculate a plot wide
metric per hectare. Specific beech tree basal area was calculated to be represented per hectare
following the equation: g = (mxDBH12)/(40000) x eqn (4) (Cateau et al., 2024).
Volume was determined from four production tables (Cateau et al., 2024). The percentage of
Beech trees per plot was determined from the Beech tree basal area in order to best represent
Beech tree coverage per hectare.

One pair of plots in Loches had to be removed from the study due to the presence of an
undetected cavity on the control plot. A further four pairs, one in the Cevennes, two in Auberive
and one in the Alps, were also removed due to the previously recorded cavities in the

experimental plots actually being cavity initiations (Appendix 2: Table A).

11.3. The recordings
Over a period of 5 months, between bird migration seasons, one recorder (Figure 4), designed
and maintained by fold ecosystemics for this study (https://eco.fold.ai/), was installed at the

centre of each cavity and control plot. Two sessions of 30 minutes were recorded at a maximum



of 16 kHz with 10 minutes either side up to 110 kHz. One session took place 25 minutes before
sunrise and one session 25 minutes before sunset. Over 11 700 hours of recording which equates
to 6.6 terabytes of data were collected. Only the morning sessions with recordings up to 16 kHz

were retained emulating an extended bird point count each morning.

©YoanPaillet

Figure 4: Photograph of a foldAl ecoacoustic recorder in place on a central tree.

The recording period included spring and summer, excluding most of the bird migratory
period. Due to technical difficulties, the number of successful recording days was highly variable
with one plot only recording for 5 days whereas other sites recorded over 100 days. Due to
devices being stolen or malfunctioning, recordings in Auberive had to be repeated in 2023, as
opposed to 2022 when the recordings originally took place. Many sites recorded until early July,
however the one in the Volcans recording only started in July. Therefore, in order to best address
the unequal number of recorded days over an extended period, the recording period was set
from 01-05 to 23-09 in both 2022 and 2023 and 5 days were randomly selected for each plot
(Appendix 3). The recordings retained represented a total of two and a half hours of acoustic bird

surveys per plot between migration periods.

11.4. Species data preparation

The audio files were downloaded and compiled by foldAl onto a hard drive. This data was
then fed into BirdNET where species were automatically detected and identified. This step was
undertaken at INRAE Avignon by Thomas Delattre and processed on their servers over a three

week period.
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Only detections identified with over 95% confidence by BirdNET’s Al were retained. The table
was reduced by selecting the species name, plot, date and time of day of each BirdNET
identification event to generate a table containing the species present in the morning on the pre-
selected days for each plot. The dendrometric measurements were then added to this table for
analysis. The species data was then split into four categories: the species richness per plot, cavity
specialists and forest specialists (calculated with the vegan package (Oksanen et al., 2024)) as well
as on an individual species level. When considering occurrence analysis, as in Bouvet et al. (2016),
the more typical 20-80 % species retention range was expanded to 15 - 85% over the total dataset
(Appendix 4). This adjustment was made to exclude species that are either overly common and
dominant or very rare, while still retaining species of interest to our study, particularly cavity
specialists. In order to assess the influence of each variable on the individual bird species
retained, the presence or absence of each species was ascertained for each plot.

During this process, one pair of plots in the Alps was removed from the analysis due to one
of the plots not containing any species identifications above the 95% threshold after extraction

from BirdNET. Sixty-eight plots were therefore retained for the analysis (Appendix 2 : Table B).

11.5. Acoustic diversity indices

Five acoustic indices were calculated from the left channel (Gasc et al., 2017): Acoustic
Complexity Index (ACI), Acoustic Diversity Index (ADI), Bioacoustic Index (BI), Normalised
Difference Sound Index (NDSI) and Number of frequency peaks (NP).
Acoustic Complexity Index is a metric used to quantify the diversity and complexity of
soundscapes by measuring the variation in sound intensity across different frequency bands and
time intervals, reflecting the richness and abundance of acoustic activity such as bird song. ACI
values vary from 800 to 2000 in our data and higher values represent higher richness and
abundance of acoustic activity (Pieretti, Farina and Morri, 2011; Alcocer et al., 2022). This index
is considered one of the less sensitive to anthropogenic noise because it focuses on the variability
of sound intensities, which is a characteristic of biotic sounds, while human generated noise (e.g.

motors) tend to be more constant.

Acoustic Diversity Index enables the diversity of sound sources to be assessed by quantifying the
variety of acoustic signals, analysing the distribution of sound energy across frequency bands and

time envelopes. It is based on a derivation of the classical Shannon index. Higher values of ADI
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reflect greater diversity of sound producing species (Sueur, 2018; Alcocer et al., 2022). ADI values
vary between 0 and 2.05 in our data. This index should be interpreted with caution in the
presence of dominant background anthropogenic noise, as it may lead to counter-intuitive

results.

Bioacoustic Index quantifies the intensity of biophonic activity across specific frequency ranges.
Higher values indicate greater biological activity (Boelman et al., 2007; Alcocer et al., 2022). BI

scores in our data varied between 0 and 50.

Normalised Difference Sound Index is used to evaluate the balance between sounds of human
and natural origin within an environment. Higher values indicate a greater presence of natural
sounds relative to anthropophonic sounds (Sueur, 2018; Alcocer et al., 2022). NDSI values are
calculated with a score between 0 and 1.
Number of frequency peaks is a metric representing individual or overlapping vocalisations, or
sound events, in an environment. High NP values indicate greater acoustic complexity and activity
(Sueur, 2018). The NP values in our data varied between 0 and 40. NP is based on the assumption
that more species produce more frequency peaks. It is considered insensitive to noise as residual
frequency peaks should be automatically discarded. However, it may be sensitive to single species
producing intense, noise-like sounds (e.g. Cicadas) which may give higher NP than several species
producing pure tones.

In order to homogenise the acoustic and species variables, the same 5-day period was applied
to the generation of acoustic indices. These indices were calculated over each 1-minute period
of recorded data using the “seewave” package in RStudio (Sueur et al., 2008) and subsequently

averaged per morning and plot following Barbaro et al. (2022).

I1.6. Statistical analysis

Generalised mixed models were built using the “glmmTMB” package in RStudio (Brooks et al.,
2017). We tested a total of 8 biodiversity and acoustic indices as response variables, 3 species
richness calculations and 5 acoustic indices. Each of the 20 species retained for our occurrence
analysis were also individually tested as response variables.

In order to answer our main hypothesis investigating any influence of the presence of a cavity

and the surrounding bird community, the interaction between the three environmental variables
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and the altitude of each plot with the type of plot were used to build the full model. The three
environmental variables retained as explanatory variables in this analysis, mean DBH, percentage
beech trees and VDW, were scaled in order to compare the magnitudes between effects as well
as to aid model convergence. These variables were chosen as they are considered important to
Black woodpecker cavity excavation behaviour and will be used to check whether the
environment around cavities is the actual biodiversity driver compared to the presence of a cavity.
The variables were tested for any potential correlations (“corrplot” package (Wei and Simko,
2021)). In addition to these 3 response variables, the altitude and type of plot (cavity vs. control)
were also included as explanatory variables (lowland vs. mountain). Data exploration revealed a

potential interaction between the altitude and the type of plots.

Finally, the forest site and pair to which each plot belongs was set as a random effect to control

for the higher resemblance between paired plots within a given site.

However, due to the small size of the datasets and the fact that multiple species are absent from
both experimental (cavity) and control (non-cavity) plots when reduced to species specific level,
the random effect for the 20 species specific models was set to include only the forest site as the

similarity of plots is encapsuled in the similarities of the site too.

Furthermore, the Middle-spotted woodpecker was only detected in lowland sites and so

mountainous sites were excluded for this species.

The three measures of species richness were slightly under-dispersed, meaning the variance
was less than the mean. To account for this, we modelled them using the Conway-Maxwell
Poisson (COM-Poisson) distribution with a log link, as implemented in the "glmmTMB" package.
This distribution is flexible and can handle both over-dispersed and under-dispersed count data,

making it suitable for our needs.

The NDSI data was continuous but constrained between 0 and 1, suggesting a beta
distribution with a logit link. The beta distribution is ideal for modelling proportions and
continuous data bounded within the [0, 1] interval, as it can take on a variety of shapes depending

on its parameters.
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Other bio-acoustic response variables, including the BI, ACI, ADI, and NP, were continuous and
positive. These variables were skewed or exhibited high variability and were not confined within
the 0 to 1 range. Therefore, we modelled them using the Gamma distribution (with a log link),
which is well-suited for positive continuous data that are skewed. The Gamma distribution can
effectively handle data with a wide range of variability, providing a flexible fit for our bio-acoustic

measurements.

The presence data for each species was binary, indicating whether the species was present or
absent. This type of data follows a Bernoulli distribution, which is appropriate for modelling

binary outcomes.

Backward elimination, with an AlCc 2-point difference, was performed on the remaining
models from the full model. After which, when the difference was below 2 AICc points, the model
with the lowest number of parameters was retained. The full model tests one of the response
variables against the four interactions mentioned previously: the type of plot (cavity or control)
interacting with the Altitude of each plot, mean DBH, VDW and the percentage cover of Beech

trees for each plot. An example of a full model is written below:

glmmTMB( Plot_Species_Richness ~ Type * Altitude + Type * scale (V.DW) + Type * scale (mean
DBH) + Type * scale (Beech %) + (1| Code massif/Pair), data, family = compois (link = "log") )

Due to full model convergence problems, where the full model was overfitted, the low
detection rates for the Middle-spotted woodpecker in both experimental and control plots and
the low numbers of Green woodpeckers in control plots, all possible model combinations were
tested manually and the model with lowest Corrected Akaike Information Criterion (AlCc) value

by 2 points was selected.

l. Results

I11.1. Biodiversity indices
After a Pearson’s correlation test (“Hmisc” package (Harrell, 2024)) with a p-value
threshold of 0.05, none of the three variables tested were correlated and could be added as
independent fixed effects (Table 1).
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Table 1: Correlation matrix of the chosen environmental variables. On the bottom-left, in grey,

are the correlation slopes and top-right, in blue, their associated p-values.

Beech % DBH V.DW
Beech % - 0.62 0.20
DBH - 0.05 - 0.76
V.DW -0.13 0.03 -

The final models for each of the 8 diversity indices studied retained just one explanatory

variable each (Table 2).

Table 2: Final generalised linear mixed biodiversity index models after backward elimination.
The estimators were standardised with the scaling of numeric values. Standard error values are

indicated in brackets. The significance of each effect is indicated by “”, “*”, “**” gand “***”,

Indices Intercept | Cavity plot| Lowland | Mean diameter
: Plot 1.88 (0.05)*** : y 0.1 (0.05)*
Species
richnesses Cavity specialists | 1.03 (0.12)*** - - 0.2 (0.06)***
Forest specialists : 1.34 (0.09)*** - - 0.17 (0.06)**
Bl 3.1 (0.06)*** = = %
Acoustic ( )
indices ACI 6.85 (0.04)*** = - =
Eer ADI 0.69 (0)*** - -0.01 (0)* -
Ie&‘)g NDSI 0.61 (0.09)*** - 0.53 (0.16)** .
NP 3.04 (0.07)***  0.04 (0.02)* - -

All three levels of species richness (plot specific, cavity specialists and forest specialists) showed
a positive relationship with living tree mean diameter (DBH) only. The larger the trees per plot
the more species would be present (Table 2). Cavity and forest specialists were influenced twice
as strongly as the overall species count per plot.

The null model was selected for two of the ecoacoustic indices, Bl and ACI. ADI was very slightly
lower in lowland plots, whereas NDSI was higher in lowland plots. NP was significantly higher in

plots with a cavity then control plots (Table 2).
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lll.1.a. Species richness indices

As the average living tree diameter increases across sites, all three species richness metrics

also increase. An increase in 20 cm of mean diameter increases species richness by one species

per plot and around one and half species for forest and cavity specialists. The strongest effect by

a very small margin was seen for cavity species (Figure 5).

Predicted Plot Species Richness

Mean living tree diameter (cm)

Predicted Cavily Species Richness

Type | Type

. CA

Predicted Forest Species Richness

SaEEE B 888

Mean living tree diameter (cm)

B

e AL L= P * CA

Mean living tree diameter (cm)

Figure 5: Graphical representations of the predictions generated by each of the species

richness final models. Each species richness is plotted against mean DBH. The values for

each control (CT, in red) and cavity plot (CA, in blue) are represented on each graph. Plot

species richness is on the top left; Forest specialist richness on the top-right and cavity

“xn

specialist species richness on the bottom. The significance of each effect is indicated by f

“ ” “« ”
%k %k and ***.
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111.1.b. Bio-acoustic indices

The bio-acoustic index ADI had a marginally higher range in mountainous areas. The

opposite is true for NDSI where lowland plots experience higher levels of NDSI associated sounds

(Figure 6).
200 44 * % *\“
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b= Altitude % Altitude
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Altitude Altitude

Figure 6: Barplot representing the variation in ADI (left) and NDSI (right) according to the
Altitude of the plot. Mountain plots are in green and lowland plots are in yellow. The

significance of each effect is indicated by “*” and “**”.

The NP index was slightly elevated in cavity plots compared to control sites (Figure 7).
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Figure 7: Barplot representing the variation in NP according to the Type of plot. Cavity plots (CA)

are in blue and control plots (CT) in red. The significance of the effect is indicated by “*”.
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111.2. Species specific results

Twenty species were retained in the final presence analysis. Many of the models retained per

species were the null model (Table 3).

Table 3: Final generalised linear mixed species models after backward elimination. The Middle-

spotted woodpecker was only found in lowland plots (“). The estimators were standardised with

the scaling of numeric values. Standard error values are indicated in brackets. The significance

of each effect is indicated by “”, “*”, “**” and “***”

Species Intercept Cavity plot Lowlands | Mean diameter | Percentage Beech trees | Dead wood volume
Black Woodpecker -0.81 (0.26)** - - -
Green Woodpecker -3.34 (1.18)** 2.24 (1)* - - -
v Middle Spotted Woodpecker"! 1.86(1.57) -3.79 (3.01) - 4.64 (2.35)* -2.64 (1.42). -
. g Stock Dove -2.67 (0.65)*** - 2.59 (0.71)*** - = -1.55 (0.71)*
E ; Eurasian nuthatch -0.18(0.27) - - 0.68 (0.28)* -
= = Common Treecreeper -0.95 (1.01) - - -
§ o Short-toed Treecreeper -1.77 (0.38)*** - -
Ed Crested Tit -1.91 (0.99). = =
$ Coal Tit -1.65 (0.81)* : :
Eurasian Jay -2.48 (0.74)*** 1.58(0.75)* -
Common firecrest -3.47 (0.91)*** 1.72(0.79)* 3.28 (0.97)***
i Goldcrest -1.71 (0.63)** - -
'% Common wood Pigeon -1.01 (0.49)* - -
& Eurasian blackcap -2.62 (0.6)*** - 2.28 (0.73)**
4 &4 Common Chaffinch -1.54 (0.32)*** - -
® S Common Cuckoo -1.65 (0.62)** - -
g_ § European Robin 1.24 (0.48)** | -1.49 (0.56)** -
5 Mistle Thrush -0.74 (0.26)** - - -
z Song Thrush 1.06 (0.53)* | -1.33 (0.57)* . 0.74 (0.38).
Wren -1.35 (0.35)*** - - -

The presence of the Green woodpecker,

Eurasian Jay and European Robin was impacted by

the type of plot: cavity or control (Table 3 and Figure 8). Both the Green woodpecker and the

Eurasian Jay were predicted to occur more often in plots with a cavity than control plots. The

European Robin however is predicted to prefer control plots without cavities (Figure 8).

18



-
-

Type
cT
oA

=
=

=
2
b

L )
g9
Predicted Robin Presence Probability

Predicted Green woodpecker Presence Prababidity

s

Type Type

-
L
h

3

Boas

&

g —
g :
3. A
3

o

:

LULER |

Type
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European Robin (top right) and the Eurasian Jay (bottom) according to whether the plot is a
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The Eurasian Blackcap was present more often in lowland plots. Common Firecrest

presence increased in lowland plots with a cavity on the central tree (Table 3 and Figure 9).
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Figure 9: Barplots representing the predicted presence of the Eurasian Blackcap according to

the Altitude of the plot (left) and the Firecrest according to both the Altitude (Mountain or

Lowland) and Type (cavity or control). Mountain plots are in green and lowland plots in yellow

for the Blackcap barplot (left). Cavity plots (CA, in blue) and control plots (CT, in red) are

represented by colour in the Firecrest barplots (right). The significance of each effect is

indicated by “*” and “**”. The altitudinal effect, between lowland and mountain plots, was also

strongly significant for the Firecrest (p-value: < 0.001).

However, for the Eurasian Nuthatch it was the increase in mean living tree diameter that

increased its presence in plots (Table 3 and Figure 10).
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Figure 10: Graphical representation of the predicted presence of the European Nuthatch

according to the mean diameter of living trees. The significance of the effect is indicated by

“uxn
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Stock Doves were found more often in lowland plots with lower total volumes of dead wood.
Song thrushes were more likely to be in control plots with higher volumes of dead wood (Table 3

and Figure 11).
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Figure 11: Graphical representations of the predicted presence of Stock Doves according to
the total volume of dead wood and the Altitude (Mountain in green, Lowland in yellow) of
plots (left); and the predicted presence of Song Thrushes according to the total volume of
dead wood and the Type (cavity (CA) in blue and control (CT) in red) of the plot (right). The
altitudinal effect, between lowland and mountain plots, was significant for the Stock Dove
(p-value: < 0.001). The effect of total dead wood volume was significant for the Stock Dove
(p-value: 0.029), and was marginal for the Song Thrush (p-value: 0.052). The effect of Type

was significant for the Song Thrush (p-value: 0.02).

Finally, the Middle-spotted woodpecker was present more often in plots with a higher
percentage of Beech trees and a higher mean DBH (Table 3). An important comment must be
made about the Middle-spotted woodpecker as it was only found in lowland plots and in few

numbers. The results are therefore based on a very small dataset and need further investigation.
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1. Discussion

The study aimed to assess the impact of Black Woodpecker (Dryocopus martius) cavities on
forest bird communities, using both species-based and acoustic indices across 68 plots. Contrary
to our hypothesis, the presence of these cavities did not significantly affect community-level
species richness. However, forest structure (mean diameter at breast height) of trees was
positively correlated with species richness across all bird groups: total bird species, cavity-nesting
species, and forest specialists. The strongest effect was seen for cavity specialists, then forest
specialists and the smallest effect was detected for the total number of species (Table 2 and Figure
5). Acoustic indices showed a more complex soundscape in cavity plots, suggesting some indirect
influence of cavities on avian diversity.

The environment a cavity is in appears to be more influential than the presence of the cavity
itself. This suggests that mature forests, characterized by larger trees, are inherently more
attractive to a higher number of bird species. These results are supported in the literature as
mature forests with larger average tree diameters were found to increase species richness (Yoan
Paillet et al., 2010; Lelli et al., 2019; Komlds et al., 2024). The presence of large trees, often
associated with mature forests, can indirectly promote biodiversity by providing a variety of
microhabitats and resources (Vuidot et al., 2011; Regnery, Couvet, et al., 2013; Regnery, Paillet,
et al., 2013). The increase of microhabitats in large trees could explain the strength of the effect
mean living tree diameter has on cavity species in particular. Cavity species are reliant on either
naturally formed or excavated microhabitats (Cockle, Martin and Wiebe, 2008) and so would
benefit from larger trees that can provide these niches. Another consideration is that forests also
tend to be less dense around large diameter trees creating a more favourable habitat for foliage-
gleaners, such as larger crowns to nest and hide in, as well as cavity-nesters (Komlés et al., 2024).

On an individual level, certain species, such as the Middle-spotted woodpecker (Leiopicus
medius) and Eurasian Nuthatch (Sitta europaea), were directly influenced by mean DBH (Table 3
and Figure 10), highlighting its role as a proxy for other ecological factors at larger scales,
especially for cavity and forest specialists. It is important to note that the analyses on an individual
scale were performed on a reduced number of species and the strength of mean DBH seen at a
species richness level could be associated with the most commonly detected species that do not

appear in our analysis.
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However, further examination of individual retained species responses revealed nuanced
interactions with cavity presence (Table 3). Green woodpecker (Picus viridis), Eurasian lJay
(Garrulus glandarius), and Common Firecrest (Regulus ignicapilla) showed a preference for cavity
plots, while European Robin (Erithacus rubecula) and Song Thrush (Turdus philomelos), two non-
cavity specialists, occurred less in these areas (Figures 8 and 11). This indicates that while some
forest specialist species are slightly more attracted to cavity plots (Table 3), the overall effect is
not strongly significant (Table 2). Though these results suggest only a small change in community
composition between cavity and non-cavity plots, it is important to note that the similarity in
species numbers at both types of plots is due to two species avoiding cavities and three species
being more present around cavities. This balance results in the difference not being detected in
species richness analyses on a plot scale. Some forest specialists favour cavity sites and would be
present when non-specialists deterred by cavities are absent. For instance, the Green
Woodpecker, a weak excavator, can benefit from living trees weakened by Black Woodpecker
cavity excavation. These smaller woodpecker species can more easily access insects hiding behind
the bark or even excavate their own cavities once the tree has been initially excavated by a Black
Woodpecker. In contrast, the Eurasian Jay, a canopy specialist, may use cavities as rest sites,
benefiting from the additional habitat structure. On top of this, some cavity avoidance could be
due to species competition or even predation with smaller species, such as the European Robin,
avoiding potentially predatory species such as the Eurasian Jay as opposed to the cavity itself
(Mallord et al., 2012; Yin et al., 2023).

The composition of forest bird communities was influenced by a variety of factors especially the
presence of a cavity but also the location of the site with 4 species, the Middle-spotted
woodpecker, Stock Dove, Common Firecrest and Eurasian blackcap favouring lowland plots
(Figures 9 and 11).

Interestingly, the Stock Dove (Columba oenas), often associated with Black Woodpecker cavities,
was negatively influenced by the volume of dead wood, which aligns with an independence of
Black Woodpeckers from dead wood when selecting cavity sites (Pirovano and Zecca, 2014).

The exploration of acoustic indices provided additional insights into the soundscape and
bird community composition of cavity versus non-cavity plots. The Acoustic Complexity Index
(ACIl) and Bioacoustic Index (BI) did not show significant differences based on cavity presence,
altitude, or total dead wood volume (Table 2). This aligns with previous findings (Barbaro et al.,

2022) suggesting ACl may not be well-suited for woodland environments.
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However, the average number of frequency peaks (NP) was higher in cavity plots (Figure 7),
indicating a more complex soundscape with a variety of bird calls. This could reflect a more
diverse avian community at sites with cavities, even if overall species richness metrics did not
capture this diversity.

According to the Acoustic Diversity Index (ADI), a slightly higher diversity of species calls was
detected in mountain plots (Figure 7) suggesting a more complex community in the Mountains.
Additionally, anthropogenic noise, as measured by the Normalized Difference Soundscape Index
(NDSI), was lower in mountainous regions (Figure 6), potentially due to increased human activity
such as helicopter or plane traffic.

The combined results of NP, ADI and NDSI suggest that Mountainous cavity plots could contain
the most diverse soundscapes with a higher variety of calls produced to combat the higher
amount of anthropogenic noise heard at these sites.

While the Black Woodpecker is recognized as an ecosystem engineer and an umbrella
species for specific forest birds, such as the Boreal Owl, the presence of its cavity alone does not
significantly increase the overall number of species in a forest habitat. However, the presence of
a cavity does seem to have a subtle impact on the composition of species present, favouring forest
specialists. This effect could be due to factors such as competition, predator avoidance, or niche
provisioning (Eggers et al., 2005; Deeming and Reynolds, 2015; Bonaparte and Cockle, 2017;
Zahner, Bauer and Kaphegyi, 2017).

When investigating whether the surrounding environment chosen by the Black Woodpecker for
cavity excavation more strongly influenced species distributions, we found that forest maturity,
indicated by mean DBH, plays a significant role. However, Black Woodpecker cavities are typically
excavated in large trees, over 20 cm in diameter (Cusin, 1967; Pirovano and Zecca, 2014; Olano
et al., 2015; Zahner, Bauer and Kaphegyi, 2017) and are often situated near areas with dead
wood, which the woodpeckers use for feeding (Si et al., 2023). Thus, their presence can still serve
as an indicator of mature forests, which are characterized by dead wood and large, older trees
(Cusin, 1967; Olano, 2015; Puverel et al., 2019). This finding underscores the importance of
preserving mature forests, not only for the presence of cavities but also for the broader ecological
benefits they provide.

This study has several limitations that should be acknowledged. The small dataset, comprising

only 34 plot pairs and five days of recordings, may not fully capture the variability and complexity
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of forest bird communities. Fixing and improving the recorders for future studies should enable a
longer recording periods as well as improved species detection.

The analysis performed on acoustic indices was exploratory in this study. A meta-analysis by
Alcocer et al. (2022) found that acoustic indices were limited concerning their use as proxies for
alpha biodiversity and provide more information on smaller scales. In our study, two and a half
hours of recordings were sampled per plot, a much larger sample size than a classic bird point
count which is no more than two 20-minute sessions (Fuller and Langslow, 1984; Darras et al.,
2018). In order to discover in more detail exactly how the soundscape is influenced by the
surrounding environment and the presence of a cavity requires more in depth and precise
analysis. Studying the acoustic indices over 30-minute periods or even randomly selected 1-
minute periods from which the indices are calculated would provide much more in-depth and
telling results. It is often by listening to the 1-minute recorded sections that the exact causes of
variation or strong index scores can be deduced (Alcocer et al., 2022; Barbaro et al., 2022).
However, using only recordings from morning sessions, as we did for this study, is recommended
to avoid comparing high detections from active morning sessions with sessions in throughout the
day where there are decreasing numbers of detected species (Budka, Kutaga and Osiejuk, 2021).
Additionally, future studies should consider beta diversity to better understand the interactions
between cavity presence, environmental variables, and bird communities. We did not specifically
test for forest specialists against non-forest specialist species in our analysis, investigating the
differences between them explicitly could provide us with more concrete results on the
community composition differences highlighted above. Studying beta diversity directly between
cavity and non-cavity plots, and separately from dendrological data, could provide more nuanced
insights. In our study, we chose to eliminate the cavity from our analysis during the backward
elimination process and did not individually assess potential impacts of cavities on each index as
the cavity was determined to be less influential than the surrounding environment.
Furthermore, integrating more microhabitat data would further enhance our understanding of
species-habitat relationships in French forests. Including the presence of bark peeling away from
the trunk providing smaller species, such as Treecreepers, shelter, or evidence of woodpecker
feeding patches where the heart of deadwood is more exposed enabling a variety of birds to
access previously hidden insects could help to explain the distribution of the species retained in

our final analyses.
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Though the use of convolutional neural networks to identify species in recordings is both efficient
and comparable to human point counts (Darras et al., 2018; Blake, 2021), there are still issues
being discussed and worked on in BirdNET. BirdNET identifications can be highly reliable when
considering a high confidence score and especially when using large recording periods. However,
some species are easily mistaken by the software and the performance of BirdNET would be
significantly improved by tailoring the minimum confidence scores required by species (Funosas
et al., 2024). Thomas Delattre and Raphael Minguet are currently working on gathering which
minimal confidence intervals are necessary per target species to increase the accuracy of BirdNET

identifications.

1. Conclusion

This study aimed to assess the influence of Black Woodpecker (Dryocopus martius) cavities
on forest bird communities, employing species-based and acoustic indices across 68 forest plots
distributed over 5 sites in France. Contrary to our initial hypothesis, the presence of these cavities
did not significantly enhance community-level species richness. However, the mean diameter at
breast height of trees emerged as a critical factor, positively correlating with species richness
across all bird groups. This finding underscores the importance of forest maturity in supporting
diverse avian communities. While the cavities themselves had a subtle impact on the occurrence
of species present, favouring forest specialists, it is the broader environmental context,
particularly the presence of mature trees, that exerts a stronger influence on bird diversity.
Individual species responses revealed nuanced interactions with cavity presence, highlighting the
importance of considering specific habitat preferences and species interactions, such as
competition and predation. The study also emphasized the role of acoustic indices in providing
additional insights into the soundscape and bird community composition, despite some
limitations in their application to woodland environments.

The findings of this research underscore the necessity of preserving mature forests with
large trees, which not only support cavity-nesting birds but also offer broader ecological benefits
such as tree microhabitats. Though the presence of a cavity on its own is not sufficient to infer
higher numbers of bird species, Black woodpecker cavities are still an important mature forest
indicator for forest managers and should still be maintained. Future studies should incorporate

more detailed microhabitat data, explore beta diversity, and extend recording periods to capture

26



a fuller picture of forest bird communities. Additionally, refining the use of acoustic indices and
leveraging advances in species identification technology, such as BirdNET, will enhance our
understanding and monitoring of biodiversity in forest ecosystems.

Ultimately, this study highlights the complexity of forest ecosystems and the multifaceted nature
of biodiversity conservation. Preserving mature forests with large trees is crucial for maintaining
diverse bird communities and ensuring the long-term health and resilience of these habitats.
Moving forward, integrating detailed habitat analyses and advanced acoustic monitoring
techniques will be essential in developing effective conservation strategies and deepening our

understanding of forest biodiversity dynamics.

IV. SWOT analysis
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. Appendices

Appendix 1:
Figure A: Graphical representations and field aid for dendrometric measurements adapted from
the PSDRF protocol.
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Appendix 2:

Table A: Table listing the plots that were removed from our analysis and the reasons for their

removal. The Mountain range (Massif), Altitude and Type of each plot is stated. CA stands for

cavity plots, CT stands for control plots and the pair indicates which plots are paired together as

a cavity and control duo.

Plots removed from the final analysis

Plot Pair Type Massif Altitude
Cavity in LOC-CA-82 LoCsz2 CA Loches Lowland
control plot ; LOC-CT-82 LOC82 CcT Loches Lowland
AlG-CA-41 AlG41 Ch Cévénnes i Mountain
AlG-CT-41 AlGA1 cT Cévénnes | Mountain
. P AUB-CA-23 AUB23 CA Auberive Lowland
False cavity in

Z AUB-CT-23 AUB23 CT Auberive Lowland

experimental .
ot AUB-CA-24 AUB24 ChA Auberive Lowland
: AUB-CT-24 AUB24 CcT Auberive Lowland
ECO-CA-8 ECO8 CA Alps Mountain
ECO-CT-8 ECO3 CT Alps Mountain
Mo species (HAU-CA-125: HAUI125 CA Alps Mountain
identification {HAU-CT-125; HAU125 CT Alps Mountain
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Table B: Table listing all 68 plots retained in the final analysis along with their Mountain range

(Massif), Altitude and Type. CA stands for cavity plots, CT stands for control plots and the pair

indicates which plots are paired together as a cavity and control duo.

Plots retained in the final analysis

Plot Pair Type Massif Altitude Plot Pair Type Massif Altitude
AlG-CA-1 AlG1 CA Cévénnes | Mountain | AUB-CA-10 AUB10 CA Auberive Lowland
AlIG-CT-1 AlG1 CT Cévénnes { Mountain | AUB-CT-10 AUB10 CT Auberive Lowland

AIG-CA-114] AIG114 CA Cévénnes { Mountain | AUB-CA-14 AUB14 CA Auberive Lowland
AlIG-CT-114: AIG114 CT Cévénnes i Mountain | AUB-CT-14 AUB14 CT Auberive Lowland
AIG-CA-116i AIG116 CA Cévénnes { Mountain | AUB-CA-16 AUB16 CA Auberive Lowland
AIG-CT-116: AIG116 cT Cévénnes | Mountain | AUB-CT-16 AUB16 cT Auberive Lowland
AIG-CA-137¢  AIG137 CA Cévénnes { Mountain | AUB-CA-2 AUB2 CA Auberive Lowland
AIG-CT-137{ AIG137 CT Cévénnes i Mountain | AUB-CT-2 AUB2 CT Auberive Lowland
AlG-CA-17 AIGL7 CA Cévénnes i Mountain | AUB-CA-21 AUB21 CA Auberive Lowland
AIG-CT-17 AIGL7 CT Cévénnes : Mountain | AUB-CT-21 AUB21 CT Auberive Lowland
AlG-CA-45 AlGAS CA Cévénnes | Mountain | AUB-CA-4 AUBA CA Auberive Lowland
AlG-CT-45 AlGAS CT Cévénnes { Mountain | AUB-CT-4 AUB4 CT Auberive Lowland
AlG-CA-52 AlG52 CA Cévénnes | Mountain | AUB-CA-5 AUBS CA Auberive Lowland
AIG-CT-52 AlG52 CT Cévénnes i Mountain | AUB-CT-5 AUBS CT Auberive Lowland
AlG-CA-63 AIG63 CA Cévénnes { Mountain | AUB-CA-56 AUB56 CA Auberive Lowland
AIG-CT-63 AlGE3 cT Cévénnes | Mountain | AUB-CT-56 AUBSE CcT Auberive Lowland
AlG-CA-85 AIG8S CA Cévénnes ! Mountain | LOC-CA-16 LOC16 CA Loches Lowland
AIG-CT-85 AIGE5 CcT Cévénnes | Mountain | LOC-CT-16 LOC16 CcT Loches Lowland
ECO-CA-136! ECO136 CA Alps Mountain | LOC-CA-27 Loc27 CA Loches Lowland
ECO-CT-136; ECO136 Ci Alps Mountain | LOC-CT-27 Loc27 cT Loches Lowland
HAU-CA-109! HAU109 CA Alps Mountain | LOC-CA-42 LOC42 CA Loches Lowland
HAU-CT-109! HAU109 Ci Alps Mountain | LOC-CT-42 Loc4a2 cT Loches Lowland
HAU-CA-33 HAU33 CA Alps Mountain | LOC-CA-77 LOC77 CA Loches Lowland
HAU-CT-33 HAU33 Ci Alps Mountain | LOC-CT-77 LOC77 cT Loches Lowland
HAU-CA-85 HAUBS ChA Alps Mountain | VOL-CA-19 VOL19 CcA Valcans Mountain
HAU-CT-85 HAUBS CT Alps Mountain | VOL-CT-19 VOL19 cT Volcans Mountain
SEM-CA-28 SEM28 CA Alps Mountain | VOL-CA-22 VoL22 CA Vaolcans Mountain
SEM-CT-28 SEM28 CT Alps Mountain | VOL-CT-22 VaL22 CT Volcans Mountain
SEM-CA-31 SEM31 CA Alps Mountain |VOL-CA-247: VOL247 CA Volcans Maountain
SEM-CT-31 SEM31 CT Alps Mountain | VOL-CT-247 voL247 CT Vaolcans Mountain
SEM-CA-32 SEM32 CA Alps Mountain | VOL-CA-4 VOL4 CA Volcans Mountain
SEM-CT-32 SEM32 CT Alps Mountain VOL-CT-4 VOoL4 CT Vaolcans Mountain
SEM-CA-34 SEM34 CA Alps Mountain | VOL-CA-54 VOL54 CA Volcans Mountain
SEM-CT-34 SEM34 CT Alps Mountain | VOL-CT-54 VOL54 CT Volcans Maountain
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Appendix 3:

Figure B: Graphical representation of the 5 randomly selected days per plot sampled in 2022.
Each site is represented by an individual colour: Aigual (AlG) in blue, Ecouges (ECO) in orange,
the Haut plateaux (HAU) in purple and the Semnoz (SEM) in pink.
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Figure C: Graphical representation of the 5 randomly selected days per plot sampled in 2023.
Each site is represented by one colour for all the plots of that site: Auberive (AUB) in red,

Loches (LOC) in dark blue and Volcans (VOL) in green.
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Appendix 4:

Table C: Table listing the 20 bird species retained in the final analysis.

English name

French name

Latin name

Black Woodpecker
Green Woodpecker

Middle Spotted Woodpecker

Stock Dove
Eurasian nuthatch
Common Treecreeper
Short-toed Treecreeper
Crested Tit
Coal Tit
Eurasian Jay
Common firecrest
Goldcrest
Common wood Pigeon
Eurasian blackcap
Common Chaffinch
Common Cuckoo
European Robin
Mistle Thrush
Song Thrush

Wren

Pic noir
Pic vert
Pic mar
Pigeon colombin
Sittelle torchepot
Grimpereau des bois

Mésange huppée
Mésange noire
Geai des chénes
Roitelet triple-bandeau
Roitelet huppé
Pigeon ramier
Fauvette a téte noire
Pinson des arbres
Coucou gris
Rougegorge familier
Grive draine
Grive musicienne
Troglodyte mignon

Grimpereau des jardins

Dryocopus martius
Picus viridis
Dendrocopos medius
Columba oenas
Sitta europaea
Certhia familiaris
Certhia brachydactyla
Parus cristatus
Periparus ater
Garrulus glandarius

Regulus ignicapillus
Regulus regulus
Columba palumbus
Sylvia atricapilla
Fringilla coelebs
Cuculus canorus
Erithacus rubecula
Turdus viscivorus

Turdus philomelos

Troglodytes troglodytes
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VIl. Back cover

VIII.1. English Abstract

This study assesses the impact of Black Woodpecker (Dryocopus martius) cavities on forest
bird communities in French temperate forests across 68 plots. Generalised linear mixed models
tested eight indices (species richness and acoustic) against four environmental variables (cavity
presence, altitude, total dead wood volume and mean tree diameter). Contrary to our main
hypothesis, cavity presence did not significantly enhance overall species richness. Instead, forest
structure, particularly mean diameter at breast height of trees (mean DBH), explained species
distribution across plots. As mean DBH increased so did species richness across all bird groups:
total bird species, cavity-nesting species, and forest specialists. Acoustic indices suggested
increased complex soundscape in cavity plots, indicating indirect influence of cavities on avian
diversity. Individual species analyses revealed nuanced interactions, with species including
Green Woodpecker and Eurasian Jay favouring cavity plots, while the European Robin and Song
Thrush preferred control plots. Bio-acoustic indices indicated higher acoustic diversity in
mountainous regions. Altitudinal distribution has an effect on both plots’ soundscapes and
species distributions and must be considered in French studies. These findings highlight the
importance of mature forests with large trees in supporting diverse bird communities,
suggesting that broader environmental context is more influential than cavity presence alone.
Preserving mature forests is crucial for maintaining bird diversity and ecological resilience.
These results do not indicate that cavity trees should no longer be preserved by forest
managers, only that the presence of a cavity on its own is not sufficient to infer higher numbers

of bird species.

Keywords: Black Woodpecker, forest bird communities, species richness, forest structure,

acoustic indices.

41



VIII.2. Résumé frangais

Cette étude évalue I'impact des cavités de pic noir sur les communautés d'oiseaux dans
68 parcelles de foréts tempérées francaises. Huit indices (richesse et acoustique) ont été testés
avec des modeéles linéaires mixtes généralisés selon quatre variables environnementales.
Contrairement a notre hypotheése, la présence de cavités n'a pas amélioré la richesse en
especes. La structure forestiere, notamment le diametre moyen des arbres (mean DBH),
expligue mieux la distribution des especes. Une augmentation du mean DBH entraine une plus
grande richesse en espéces pour : I'ensemble des oiseaux, les especes nichant dans les cavités
et les spécialistes de la forét. Les indices acoustiques suggérent un paysage sonore plus
complexe dans les parcelles a cavités, indiquant une influence indirecte sur la diversité aviaire.
Les analyses des especes individuelles montrent des interactions nuancées : le pic vert et le geai
d'Europe favorisent les parcelles a cavités, tandis que le merle et la grive musicienne préférent
les parcelles sans cavités. Les indices bioacoustiques montrent une plus grande diversité
acoustique en montagne. La distribution altitudinale influence les paysages sonores et la
distribution des espéces, et doit étre considérée dans les études francaises. Ces résultats
soulignent I'importance des foréts matures avec de grands arbres pour soutenir des
communautés d'oiseaux diversifiées, suggérant que le contexte global est plus influent que les
cavités seules. La préservation des foréts matures est essentielle pour maintenir la diversité des
oiseaux. Les gestionnaires doivent préserver les arbres a cavités, mais comprendre que leur

présence seule n'augmente pas nécessairement le nombre d'espéces d'oiseaux.

Mots-clés : Pic noir, communautés d'oiseaux forestiers, richesse en espeéces, structure

forestiére, indices acoustiques.
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